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Abstract

Chemical and isotopic compositions (Sr isotopic ratio, major elements, trace elements, rare earth elements, total carbon,
nitrogen, and sulfur contents) of rock samples collected from middle Miocene to early Pliocene sedimentary rocks on the Oga
Peninsula, northern Japan, were analyzed to elucidate the paleo-oceanic environment of the Japan Sea. The rocks studied were
shales from the Nishikurosawa, Onnagawa and Funakawa formations in stratigraphically ascending order. The Onnagawa
sedimentary rocks in the lower (ca. 12.6—11.4 Ma), middle (ca. 10.6—9.0 Ma) and upper (ca. 8.3—7.0 Ma) horizons have high Mo/
Al, Ni/Al, and Ba/Al ratios and high total organic carbon as well as high K/Ti and 37St/*Sr ratios and a positive Eu anomaly. These
geochemical variations imply high primary productivity, and reducing conditions indicative of a deep paleo-ocean. The formation
of petroleum source rocks on these horizons is attributed to increasing of nutrient delivery from the terrigenous system, which may
have been induced by strong wind from Asian continent related to the uplift of Himalayan and Tibetan regions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction for fossil-fuel resources (oil and natural gas). The

Miocene sedimentary rocks on the Oga Peninsula,

Highly siliceous sedimentary rocks of Miocene age
are widely distributed in the Circum-Pacific region
including Japan (lijima, 1994), California (Ingle,
1981), Kamchatka (Bazhenova and Arefiev, 1990),
and Sakhalin (Ivanov and Shcherban, 1983). These
rocks, known as hard shale, have been the subject of
extensive geological investigation in the exploration
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northern Japan, have been the focus of many strati-
graphic, paleontological and structural studies because
this region hosts an almost complete record of succes-
sive sedimentations. Previous studies of this region
established the standard Tertiary stratigraphic succes-
sion of Japan. The Tertiary stratigraphy of the Penin-
sula is regarded as a type locality of the Miocene green
tuff belt of northern Japan, and is characterized by a
thick sequence of more than 1000 m of marine
volcanic and sedimentary rocks, with intense hydro-
thermal and diagenetic alteration.
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Complementing these geological studies, the
change in the paleo-oceanic environment of the Japan
Sea during the Miocene has been investigated by a
number of authors (e.g., Tada, 1991; Watanabe et al.,
1994; Yamamoto and Watanabe, 1994). Watanabe et
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al. (1994) and Yamamoto and Watanabe (1994)
obtained bulk compositional data for sedimentary
rocks from several localities in an attempt to elucidate
the depositional environment of the Onnagawa sili-
ceous organic-rich deposits. However, no systematic
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Fig. 1. Geologic map of the Oga Peninsula, northeast Japan (modified after Huzioka and Takayasu, 1965). (A) Daijima route (Nishikurosawa
Formation), (B) Onnagawa route (Onnagawa Formation), (C) Nomura route (Funakawa Formation).
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geochemical study has been carried out for a compre-
hensive sequence of sedimentary rocks from the early
to late Miocene to the early Pliocene.

The Kuroko ore deposit, a volcanogenic massive
sulfide-sulfate deposit in Japan, has been reported to
have been formed by hydrothermal venting from the
seafloor, related to an extensional environment in the
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Japan Sea in the middle Miocene (14—16 Ma; Shika-
zono, 1988). The formation of the Kuroko deposits
indicates that the Japan Sea at the Nishikurosawa
stage was host to intense hydrothermal activity, which
continued after the middle Miocene to form the
Kuroko deposit. Utada et al. (1982) suggested based
on studies of the hydrothermal alteration that this

50m

Nk-01-05

Fig. 2. Schematic stratigraphic and lithologic section of the study area. Numbers indicate sampling points. Age data are from Koizumi and

Matoba (1991).
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hydrothermal activity continued from the end of the
Nishikurosawa to late in the Onnagawa stage, al-
though the activity decreased in the Kuroko mining
area, northern Honshu, Japan. It is possible that this
hydrothermal activity influenced the geochemistry of
sedimentary rocks. However, this possibility has yet
to be examined.

The objective of the present study was to deduce
the paleo-oceanic environmental change during the
mid-late Miocene into the early Pliocene based on
systematic geochemical data obtained for middle
Miocene—early Pliocene sedimentary rocks (12.9 to
5.8 Ma) from the Oga Peninsula, northern Japan. The
causes of the observed geochemical variations are
discussed with respect to implications for biogenic
productivity, bottom water redox condition, and cli-
mate change in relation to the tectonics of the Asian
continent.

2. Geologic setting and sample descriptions

The study area was located in the west of the Oga
Peninsula, northern Honshu Island, Japan (Fig. 1).
The area is composed mostly of Miocene—Pliocene
sedimentary rocks. Rocks of the Nishikurosawa,
Onnagawa and Funakawa Formations were examined
(Fig. 1).

The Nishikurosawa Formation, 180 m in thickness,
is mainly composed of siltstone, mudstone, conglom-
erate and sandstone. The tuffaceous sandstone con-
tains Miogypsina and Operculina fossils, while the
siltsimes and mudstones contain foraminiferal fossils
such as G. birnageal, and G. denseconnexa, indicating
Zone N.9 by Blow (1969). The upper part of the
formation is characterized by glauconite-bearing sed-
imentary rock. The 300-m-thick Onnagawa Forma-
tion, conformably overlying the Nishikurosawa
Formation, is dominantly composed of siliceous shale
(hardshale) and shale. The hardshale is a well-known
potential rock for petroleum exploration (e.g. Taguchi,
1961). The sedimentary rocks are characterized by
organic-rich laminated diatomaceous deposits, sili-
ceous microfossils, fish scales and fish bones, but
very poor in foraminiferal fossils. The Onnagawa
Formation is estimated to have deposited from 12.9
to 5.8 Ma based on diatoms (Koizumi and Matoba,
1991). The Onnagawa Formation is unconformably

underlain by the Funakawa Formation, with thickness
of about 1000 m. The Funakawa Formation is com-
posed of siltstone with intercalated tuff and tuffaceous
siltstone and occasional foraminiferal fossils and sili-
ceous microfossils.

A total of 38 samples were collected from three
routes, Daijimazawa, Onnagawa and Nomura routes
(13, 21 and 4 samples from the Nishikurosawa,
Onnagawa and Funakawa Formations, respectively).

The samples from the Nishikurosawa Formation on
the Daijimazawa route are massive shale containing
small amounts of carbonate nodules and glauconite.
The samples from the Onnagawa Formation are dark-
colored hardshale rarely containing rare carbonate
nodule. The samples from the Funakawa Formation
on the Nomura route are light-colored massive shale,
with very rare carbonate.

The stratigraphic horizons of the 38 samples are
shown in the columnar section (Fig. 2).

3. Analytical procedure and results
3.1. X-ray diffraction analysis and optical microscopy

The minerals were identified by X-ray diffrac-
tion (XRD) analysis and observation under optical
microscope.

The analytical results are given in Table 1, and
typical XRD patterns for the Nishikurosawa, Onna-
gawa and Funakawa sedimentary rocks are shown in
Fig. 3.

The major minerals in the Nishikurosawa Forma-
tion are quartz, feldspar, pyrite, dolomite and smec-
tite. Quartz is round in shape with grains of 20—40
um in size, suggesting a detrital origin. The grain size
of the feldspar and smectite is generally 10 — 30 um,
but rarely up to 1 mm for feldspar. Relics of

Table 1

Mineralogy of the sedimentary rocks studied

Lithology Formation Mineralogy

Shale Funakawa Qz, Fd, Sm, Ill, Ch, Py
Hard shale Onnagawa Qz, Fd, 1ll, Sm, Ch Py
Shale Nishikurosawa Qz, Fd, Do, Sm, Py

Qz: quartz, Fd: feldspar, Sm: smectite, III: illite, Ch: chlorite, Py:
pyrite, Do: dolomite.
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Fig. 3. X-ray diffraction pattern of representative samples studied. (A) Funakawa shale (Sample No. FK-04), (B) Onnagawa hard shale (Sample

No. OG-8), and (C) Nishikurosawa shale (Sample No. NK-07).

foraminiferal fossils are filled with carbonate with a
grain size of more than 100 pm. Euhedral pyrite of
5-20 pm are also present. Quartz is dominant in the
Onnagawa sedimentary rocks and is microcrystalline
(<5 pm) and round in shape, suggesting a diatoma-
ceous origin. Accessory minerals include pyrite,
feldspar, illite, chlorite and smectite. Most pyrite
larger than 100 pum is framboidal. Microcrystalline
feldspar and clay minerals are less than 2 pm in
diameter. The interstitial matrix consists of dolomite
and organic matter.

The major minerals of the Funakawa shale are
quartz, feldspar, pyrite, illite, smectite and chlorite.
Detrital quartz is 10—40 pm in size, while feldspar,
illite, smectite and chlorite are 2—30 pm in diameter.
Rare relicts of diatoms (siliceous shells) can also be
found.

The abundance of quartz is distinctly different in
each formation. Quartz is very abundant in the Onna-
gawa Formation but not in the Funakawa and Nishi-
kurosawa Formations, the later containing abundant
carbonate of foraminiferal fossil origin.



Table 2
Major elements, N, S, and C contents of sedimentary rocks studied

Daizima-sawa area Onnagawa-sawa area
Sample No. NK-01 NK-02 NK-03 NK-04 NK-05 NK-06 NK-07 NK-08 NK-09 NK-10 NK-11 NK-12 NK-13 0G-01 0G-02 0G-03 0G-04 0G-05
Lithology sh sh sh sh sh sh sh sh sh sh sh sh sh h. sh h. sh h. sh h. sh h. sh
Color dk. gn. dk. gn. dk. gn. dk. gn. dk.gn. dk. gn. dk. gn. dk. gn. dk.gn. dk. gn. dk.gn. dk gn. dk. gn. dk. and dk.and dk. and dk.and dk. and

Igt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr.
Si0, (wt.%) 59.11 5749 5795 5887 5894 57.53 57.56 5639 53.01 5647 5621 59.83 60.58 86.79 80.38 83.48 89.50 91.44

TiO, 0.95 0.96 0.90 0.89 0.90 0.92 0.89 0.95 0.91 0.96 0.92 0.89 0.90 0.16 0.28 0.19 0.12 0.12
Al,O3 15.7 16.4 15.4 15.5 16.5 17.3 16.5 16.5 16.2 16.8 17.0 16.5 16.6 4.5 6.9 4.8 2.6 3.1
Fe,O3* 7.76 7.85 7.99 7.89 7.70 7.74 7.98 7.35 7.92 8.36 9.63 7.72 7.62 1.29 2.95 1.98 1.14 0.95
MnO 0.037 0.037 0.037 0.031 0.015 0.012 0.041 0.067 0.172 0.031 0.017 0.015 0.017 0.007 0.017 0.025 0.015 0.010
MgO 4.14 4.45 4.44 4.38 4.03 4.11 3.84 4.34 4.89 4.39 4.05 3.87 3.87 0.59 1.10 0.59 0.25 0.39
CaO 2.16 2.47 1.92 2.04 2.55 3.14 3.84 4.56 6.59 3.71 3.22 2.45 2.54 0.23 0.36 0.42 0.27 0.28
Na,O 0.76 0.80 0.40 0.50 1.05 1.29 1.36 1.25 1.28 1.30 1.52 1.05 1.08 0.14 0.25 0.14 0.07 0.06
K,O 1.22 1.28 1.21 1.27 1.69 1.70 1.62 1.71 1.74 1.46 1.97 1.67 1.67 0.68 1.17 0.92 0.51 0.52
P,05 0.105 0.125 0.084 0.093 0.108 0.083 0.112 0.127 0.262 0.152 0.116 0.089 0.089 0.013 0.062 0.125 0.058  0.080
LOI 8.09 8.15 9.63 8.48 6.51 6.16 6.29 6.76 7.06 6.36 5.34 5.96 5.00 5.65 6.52 7.36 5.47 3.08
™ (wt%) 0.23 0.22 0.05 0.05 0.03 0.03 0.03 0.03 0.03 n.a. 0.03 0.03 0.03 0.12 0.16 0.18 0.14 0.09
TS 3.05 2.72 2.71 2.77 1.65 2.02 2.83 1.88 1.22  na. 1.26 1.33 1.14 0.95 1.73 1.52 1.07 0.14
TOC 0.71 0.64 0.77 0.78 0.50 0.34 0.43 0.40 0.32 na. 0.29 0.40 0.41 2.49 2.46 3.60 2.74 1.46
Carbonate 0.06 0.05 0.12 0.08 0.02 0.23 0.53 1.07 n.a. 0.03 0.02 0.01 0.02 0.07 0.08 0.07 0.04
carbon

TOC/TN 3.12 299 1554 17.18 1517 1229 1258 12.67 11.11 na. 10.63  13.75 1475 2041 15.62 2044 1993 16.95
dk. gn.; dark greenish, Igh gr; light grayish, sh; shale, h. sh; hard shale, n.a.; not analysed. No entry below detection limit.
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Nomura area

0G-06 OG-07 0OG-08 OG-09 OG-10 0OG-11 O0G-12 0OG-13 0G-14 0OG-15 0OG-16 0G-17 0OG-18 OG-19 0G-20 OG-21 FK-01 FK-02 FK-03 FK-04

h.sh  h.sh h.sh  h.sh h.sh  h.sh h.sh  h.sh h.sh  h.sh h.sh  h.sh  h.sh h.sh  h.sh h. sh sh sh sh sh

dk. and dk. and dk. and dk. and dk. and dk. and dk.and dk.and dk.and dk.and dk.and dk.and dk.and dk.and dk.and dk.and Igt. gr. lgt. gr. lgt. gr. Igt. gr.

Igt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. Igt. gr. lgt. gr. lgt. gr. lIgt. gr.

8098 7996 86.99 8498 77.25 8048 9196 81.19 85.60 84.19 86.77 8534 86.09 8393 82.88 80.61 6743 69.40 6744 65.71
0.25 0.30 0.20 0.21 0.32 0.21 0.11 0.32 0.22 0.23 0.20 0.19 0.20 0.23 0.24 0.32 055 054 061 059
7.1 7.3 5.0 5.7 9.5 5.6 3.0 72 5.7 8.0 4.9 4.8 5.5 6.1 7.6 8.6 146 139 155 155
2.23 2.90 1.73 1.45 2.21 3.12 0.89 1.79 2.53 0.82 0.86 2.29 1.22 1.88 1.95 2.19 496 438 420 522
0.016  0.030 0.020  0.029 0.004  0.033 0.015 0.005 0.009 0.076 0.014 0.063 0.068 0.037 0.057
1.21 1.16 0.60 0.58 1.31 0.62 0.35 0.83 0.81 0.85 0.51 0.60 0.74 0.75 1.04 1.02 220 197 198 245
0.52 0.55 0.14 0.17 0.38 0.33 0.28 0.28 0.37 0.20 0.16 0.39 0.32 0.14 0.36 0.38 2.01 .69 122 1.18
0.18 0.25 0.02 0.08 0.11 0.15 0.01 0.14 0.11 0.07 0.11 0.08 0.13 0.14 0.34 .16 142 119 122
1.18 1.33 0.89 1.05 1.33 1.22 0.48 1.58 1.05 1.13 0.93 1.02 0.99 1.18 1.11 1.49 202 210 208 228
0.043 0.081 0.030 0430 0.684 0.413 0.053 0.041 0.044 0.020 0.312 0.059 0.020 0.024 0.024 0.037 0.084 0.070 0.068 0.080
6.29 6.14 443 5.35 6.92 7.85 2.90 6.62 3.51 4.47 5.38 5.50 4.83 5.58 4.61 5.03 490 443 729 568
0.14 0.13 0.11 0.13 0.14 0.19 0.06 0.19 0.08 0.09 0.13 0.13 0.11 0.13 0.09 0.12 0.08 009 009 0.53
1.45 1.89 0.14 0.20 1.63 1.47 0.09 0.96 0.08 0.11 0.19 0.70 0.84 1.01 0.07 0.98 069 074 044 049
2.44 2.12 1.76 2.42 2.45 4.09 1.22 3.38 1.17 1.60 2.69 2.87 2.10 2.32 1.06 1.66 0.60 071 076 0.87
0.06 0.05 0.05 0.14 0.20 0.04 0.02 0.02 0.07 0.25 025 0.12 0.09

1724 15779 1647 1873 17.41 22.01 1991 17.65 1547 1841 2130 2231 1997 17.89 11.62 14.36 7.09 776 876 1.62
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Pyrite is abundant in the Nishikurosawa Formation,
but decreases in abundance in the Onnagawa and
Funakawa Formations.

Clay minerals also differ, with the Nishikurosawa
Formation being characterized by smectite, the Onna-
gawa Formation containing an illite + chlorite assem-
blage, and the Funakawa Formation having smectite +
illite + chlorite.

3.2. Organic carbon, carbonate carbon, sulfur and
nitrogen contents

Total carbon, sulfur and nitrogen were analyzed
using an automatic element analyzer (NA2500, CE
Instrument) in NCS mode. The results are given in
Table 2. The analytical uncertainty was =+ 3% for total
carbon (TC), total organic carbon (TOC), and total
sulfur (TS).

The organic carbon content is higher in the Onna-
gawa hard shale (av. 2.29 wt.%) than in the Nishikur-
osawa (av. 0.50) and the Funakawa (av. 0.73) shales.

Shales from the Onnagawa Formation also have
ratios of TOC/N which range up to high values than
those of Nishikurosawa and Funakawa shales.

Average carbonate carbon content of the Nishikur-
osawa, Onnagawa and Funakawa is 0.18 +0.31,
0.06 £0.07, 0.12+0.10 wt.%, respectively. The
higher carbonate carbon content from Nishikurosawa
Formation probably relates to greater occurrences of
relics of foraminiferal fossils in the shales than in the
Onnagawa and Funakawa shales.

Average TS content of the Nishikurosawa, Onna-
gawa and Funakawa is 2.05, 0.82, and 0.59 wt.%,
respectively.

3.3. Major element contents

Major element contents were analyzed by X-ray
fluorescence spectroscopy (XRF) according to the
method of Irino (1997). The analytical uncertainties
were better than 2.0%.

The data are listed in Table 2, and the average
analytical data are compared with Post-Archean Aus-
tralian Shale (PAAS; Taylor and McLennan, 1985) in
Fig. 4.

The average elemental compositions of the Nish-
ikurosawa shale are similar to the PAAS (including
SiO, and AlLOs), except for higher Fe,O%, MgO

and CaO contents, and lower MnO and K,O
content.

In contrast, the average SiO, content of the Onna-
gawa Formation is much higher (89.12 wt.%), while
the major elements are lower.

The average major element contents of the Funa-
kawa Formation are similar to the PAAS, with slightly
lower TiO,, Al,O3, Fe,0%, MnO, K,O and slightly
higher contents of all other elements.

3.4. Minor element and rare earth element contents

Minor element and rare earth element (REE) con-
tents were analyzed by inductively coupled plasma
mass spectroscopy (ICP-MS) according to method of
Imai (1990). The analytical uncertainty was = 2%.
The minor element data are given in Table 3 and are
compared with the PAAS (Taylor and McLennan,
1985) in Fig. 5.

The Zn (av. 1160 ppm) contents of the Nishikur-
osawa Formations are very high, while all other
elements occur are at the same level as the PAAS.

The average contents of minor elements of the
Onnagawa Formation are mostly lower than those of
the Nishikurosawa Formation and typically less than
half the abundance given for the PAAS. However, the
Cu, Zn, Mo, Ba and U contents anomalously high
compared to the PAAS. The average minor element
contents of the Funakawa Formation are lower than the
PAAS.

The average contents of minor element contents of
the Funakawa Formation are lower than the PAAS,
due to the slightly higher SiO, content of the Funa-
kawa Formation.

The REE data are given in Table 4. The REE
patterns of the Nishikurosawa, Onnagawa and Funa-
kawa shales normalized against the NASC REE
content (Goldstein and Jacobsen, 1988) are shown
in Fig. 6.

The Eu anomaly (Eu/Eu*), Ce anomaly (Ce/Ce*)
and La/YD ratio were calculated using the following
equations.

Eu/Eu* = (2Eu/Euyagc)/ (Sm/Smy,gc + Gd/Gdyase)
Ce/Ce* = (3Ce/Ceypsc)/(2La/Layagc +Nd/Ndyyse)

La/Yb = (La/Laysc)/(Yb/Ybyasc)
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Fig. 4. Average abundance of major elements of sedimentary rocks relative to the PAAS by Taylor and McLennan (1985). (A) Nishikurosawa

shale, (B) Onnagawa hard shale, (C) Funakawa shale.

The REE pattern of the Nishikurosawa shale
exhibits a slight light REE enrichment (La/Yb;
0.55 £ 0.09) and plots close to the line of the NASC
normalized value=1. A positive Ce anomaly (Ce/
Ce*; 1.13 £0.08) and positive Eu anomaly (Euw/Eu*;

1.27 £0.06) were also identified in the Nishikuro-
sawa Formation.

The REE patterns of the Onnagawa shale are
plotted within 0.1-1 of the NASC normalized
value. The Ce and Eu anomalies are variable,



Table 3

Minor elements contents of sedimentary rocks studied

Daizima-sawa area

Onnagawa-sawa area

Sample No. NK-01 NK-02 NK-03 NK-04 NK-05 NK-06 NK-07 NK-08 NK-09 NK-10 NK-11 NK-12 NK-13 OG-01 OG-02 0OG-03 0G-04 OG-05
Lithology  sh sh sh sh sh sh sh sh sh sh sh sh sh h. sh h. sh h. sh h. sh h. sh
Color dk. gn. dk. gn. dk. gn. dk. gn. dk. gn. dk. gn. dk. gn. dk.gn. dk.gn. dk.gn dk. gn. dk.gn.  dk.gn dk. and dk.and dk.and dk. and dk. and
Igt. gr. lgt. gr. gt gr. lgt. gr. lgt. gr.

Sc (ppm) 17.59 21.18 17.05 16.99 18.71 1473 1644 17.13 1830 16.40 14.97 1570 17.81 3.36 5.98 1.59 1.86 2.63
\% 107.69 139.26 106.55 99.04 90.02  98.49 103.34 127.51 120.61 120.22 98.52 99.13 108.60  59.07 5884 99.16 87.13  43.04
Cr 41.69 5099 5233 5286 4224 4265 5511  69.88 5346 57.27 49.83 6225 37.15 2486 3287 3543 2470 17.63
Co 1432 1853 17.05 1439 17.66 1512 1776 1891  21.54 20.54 1545 15.63 14.98 740 1532 11.15  12.54 7.95
Ni 2734 27.58 39.15 29.86 30.01 20.87 2500 2598 2833 31.54 19.25 62770 19.52 3500 4486 48.11 4569 10.15
Cu 20.11 2370 25.76 2296 18.28 1399  17.39  20.59 19.03 19.65 11.86 1594 1562 5386 59.12 5531 36.79 2538
Zn 99.22 380.90 165.73 334.02 295.59 9739 27995 9040 87.89 97.22 72.68 1295647 131.23 13836 16643 9498  81.50 19.11
Rb 3574 37.17 37774 4034 48.62 3696  36.70  34.03  30.92 33.73 5294 47.66 4857 2346 4095 23.08 1695 1826
Sr 142.07 175.00 124.58 13824 202.27 27391 29544 30890 364.64 235.72 266.45 21090 23829  30.33 3825 22.11 2733 2833
Y 3221 3740 2731 27.68 3124 1977 17.54 2216  46.52 29.62 22.75 2295 2325 3.05 8.65 4.53 4.95 8.18
Zr 161.71 172.23 16594 171.11 176.23 151.77 12596 123.19 11530 120.54 123.09  152.24 154.08 3528 60.52 4250 23.10  29.96
Nb 833 839 914 876 871 8.32 8.10 6.68 652 679  7.65 8.06  8.50 2.40 3.65 2.89 1.68 2.87
Mo 10.83 12.11 1222 923 475 1.29 2.81 1.39 091 438 0.85 1.85 1.31 1038 1420 22.18  17.67 4.96
Ba 208.87 389.88 225.84 24995 864.36 1391.72 1692.49 2469.89 2390.52 796.79 859.20  841.16 601.75 1504.61 1169.25 1346.12 1375.12 1281.03
Hf 353 340 367 382 356 3.29 2.86 2.88 247 2,69 290 321 341 0.81 1.37 0.95 0.55 0.64
Ta 0.57  0.51 056  0.56 0.5 0.57 0.52 0.48 043 045 051 0.53  0.55 0.21 0.36 0.23 0.12 0.17
Th 3.07 3.06 3.05 353 355 3.44 3.30 2.87 2,65 257 286 3.08 335 2.70 4.18 1.91 1.76 2.07
U 328 270 339 323 3.04 1.52 1.18 1.68 145 148  1.02 1.71 1.47 3.59 7.62 3.31 4.77 4.63

Abbreviations are the same as those in Table 2. No entry below detection limit.
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Nomura area

0G-06 OG-07 0OG-08 OG-09 OG-10 OG-11 0G-12 0G-13 0G-14 0OG-15 0OG-16 OG-17 0G-18 OG-19 0G-20 O0OG-21 FK-01 FK-02 FK-03 FK-04
h.sh  h.sh h. sh h. sh h. sh h. sh h. sh h. sh h. sh h. sh h.sh  h.sh h.sh  h.sh h. sh h. sh sh sh sh sh

dk. and dk. and dk. and dk. and dk. and dk. and dk. and dk. and dk.and dk.and dk.and dk. and dk. and dk. and dk. and dk. and Igt. gr. Igt. gr. Igt. gr. lgt. gr.
lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr.

6.69 5.43 3.73 3.54 8.58 431 1.51 6.18 4.09 476 3.1 3.18  3.63 5.13 4.39 486 7.07 584 729 672
4844 5329 61.37 18226 46.59 13.16 13.18 2430 2635 3589 68.02 64.75 4057 3573 30.86 3338 55.69 47.32 5572 59.00
31.08 2794 2406 37.08 3836 39.64 1443 3425 2334 2459 2687 2922 22.11 25.19  19.27 27.47 21.10 2093 19.77 2232
1554 20.34 2.24 1.55 1332 1095 1.17  10.04 12.34 2.61 1.01 1121 792 857 2194 1158 7.01 6.80 458 6.60
4387  55.82 7.07 17.16 4445 64.65 10.03 2977 1511 12,07 6.72 3233 2829 3144 1943 3092 1555 3643 1270 13.68
56.44 5671 30.38 6440 10891 60.25 23.11 252.69 3578 45.05 2932 5025 79.35 12512 2353 9411 16.50 12.53 15.84 16.00
2090 26558 45.13  83.19 186.23 641.62 5428 3226 7128 5133 639  86.18 108.31 13440 5559 177.18 82.65 79.76 58.34 59.64
3773 39.06 3033 3272 3795 39.14 1642 47.02 3191 3099 2639 2939 24.02 31.62 31.85 3878 5243 47.66 4421 55.03
4232 3720 1881 22.14 2992 3813 1880 2939 2598 2130 1524 27.56 2122  26.68 33.04 3586 107.38 93.89 79.56 79.72
10.75 12.15 4.86 530 11.69 1797 5.41 7.69 838 2746 9.55 6.18  7.56 8.79 9.57 7.34 1471 1441 18.07 17.44
48.31 5733 4440 4196 55.69 4123 2044 5995 4299 4321 3326  38.08 3548 4237 4350 5696 73.06 60.65 72.66 75.92

3.76 3.41 3.18 3.12 3.97 3.07 1.90 4.49 2.80 311 249 2.61 252 3.53 2.99 447 557 531 582  6.00

7.17 8.96 848 20.71 11.21  19.02 463 1538 4.82 2,67 827 14.78 10.77 12.33 6.67 789 247 196 1.89 0.90

997.36 1180.32 1045.05 1022.74 1683.73 6769.83 2297.28 2118.78 1591.49 1294.31 838.98 1634.39 951.26 1022.86 1056.85 2072.42 654.31 638.16 688.37 742.34

1.32 1.50 1.00 1.03 1.53 0.97 0.60 1.61 1.17 122 0.88 097 1.10 1.27 1.27 170  2.70 233 276 272

0.36 0.33 0.25 0.32 0.36 0.30 0.12 0.44 0.26 032 0.24 024 0.27 0.32 0.35 045 0.66 0.66 0.67 0.69

3.81 3.36 2.73 3.58 4.55 4.06 1.87 5.99 3.66 389  6.72 3.59 333 3.92 4.19 3.62 673 659 645 7.9

422 4.92 4.86 9.06 21.05 13.00 1.67 7.28 4.05 4.01  3.75 7.35  9.05 5.46 4.55 499 191 206 3.11 322
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Fig. 5. Average abundance of minor elements of sedimentary rocks relative to the PAAS by Taylor and McLennan (1985). (A) Nishikurosawa
shale, (B) Onnagawa hard shale, (C) Funakawa shale.

and the La/Yb ratio of the Onnagawa shale is 3.5. Sr isotopic ratio
0.56 £ 0.14.

The Funakawa Formation exhibits a weak Eu and The ¥’St/*®Sr ratio of bulk rock samples was
Ce anomaly (Eu/Eu*; 1.09 £0.05, Ce/Ce*; analyzed using a Finnigan MAT-262 mass spectrom-

1.20 £ 0.01). eter. The analytical uncertainty was 0.000011.
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The data are shown in Table 5 and Fig. 7. The
87Sr/%Sr ratios of the Onnagawa Formation are higher
(av. 0.710851) than those of the Nishikurosawa For-
mation (av. 0.706237) and the Funakawa Formation
(av. 0.708068).

4. Discussion

The influences of terrigenous components, biogenic
productivity and hydrothermal activity on the chemical
and isotopic compositions of sedimentary rocks are
considered below based on the above geochemical and
mineralogical data.

A correlation coefficients between the content of
analyzed elements relative to Al,Oz are shown in
Table 6.

4.1. Terrigenous components

Fig. 8 shows that the TiO,, Sc, Nb, Hf, and Zr
contents positively correlate to Al,O5 content. Al,O3,
TiO,, Sc, Nb, Hf and Zr are thought to be largely of
terrigenous origin (e.g. Murray et al., 1991).

The relationship between Al,O3; and TiO,
differs markedly between the Nishikurosawa and
Funakawa Formations. The terrigenous compo-
nents of the Nishikurosawa are relatively rich in
TiO, compared with the Onnagawa and Funakawa
Formations.

The *¥’St/*Sr ratios are consistent with the Al,O5
and TiO, data. The average ®’Sr/**Sr ratio of the
Nishikurosawa is 0.706237 which is similar to that of
the average andesitic (island arc) rock region, while the
Onnagawa (0.710851), and Funakawa (0.708068)
samples are plotted in the region of average acidic
rocks.

The acidic rock component has two possible sour-
ces; continental or island-arc origin. The Sc and Zr
contents of continental rocks (mainly granitic and
gneissose rocks) are higher than those of island arc-
type volcanic rocks (Miyashiro and Kushiro, 1977).
As Sc and Zr are more abundant in the Onnagawa
Formation than in the Funakawa Formation, the
terrigenous components of the Onnagawa Formation
are considered to be derived mostly from the Asian
continent, while those of the Funakawa Formation
would have originated from the Japanese Island. This

speculation is supported by the Rb—Al,O5 relation-
ships (Fig. 9).

The clay mineralogy also supports this interpreta-
tion. The dominant clay minerals in the Nishikuro-
sawa and Onnagawa Formations are smectite and
illite, while the Funakawa Formation is characterized
by chlorite and smectite. The XRD patterns (peak
width of illite) indicate that illite in the Nishikurosawa
is not diagenetic component (Kubler, 1968).

Mineralogical studies on Quaternary sediments of
the Japan Sea (Liu, 1985; Inoue and Naruse, 1990)
indicate that illite is dominant in the terrigenous
component derived from the continent. This argument
suggests that the K/Ti ratio of sedimentary rocks
should reflect the proportion of terrigenous input in
the sediments. Therefore, the high K/Ti ratio for the
periods ca 10.6-9.0 and 8.0—7.3 Ma (Onnagawa
stage) (Fig. 10) may imply that considerable amounts
of illite were input into the system from the Asian
continent as eolian dust.

4.2. Paleo-oceanic redox conditions

Generally, the Mo, V, Co, Ni, Cu, Zn, and U
contents of marine sediments reflect the redox con-
ditions of deep seawater (Dean et al., 1997). Mo is
particularly important as a paleoredox indicator as it is
the most diagnostic of all of these redox elements
(Jacobs et al., 1987; Emerson and Huested, 1991).

Fig. 11 shows the temporal variations in Mo/Al, Ni/
Al and TOC. Mo/Al and Ni/Al increased rapidly at the
Nishikurosawa/Onnagawa boundary, then decreased
from the Onnagawa/Funakawa boundary. These data,
particularly the Mo/Al ratio, suggest that the bottom
water environment during the Onnagawa stage was
reducing, with the most reductive periods being 12.7—
11.7, 10.6—9 and 8.3—-7.0 Ma.

The Ce anomaly is not positively correlate with
Mo/Al or Ni/Al ratios. Probably, paleo-redox state
recorded by Ce anomaly of sedimentary rocks studied
were masked by terrigeneous components, hydrother-
mal effect and diagenetic process (e.g. Murray et al.,
1991).

4.3. Biogenic productivity

It is generally accepted that the abundance of Si, P,
and Ba in sedimentary rocks reflects the sea-surface



Table 4
Rare earth elements contents of sedimentary rocks studied

Daizima-sawa area Onnagawa-sawa area

Sample No. NK-01 NK-02 NK-03 NK-04 NK-05 NK-06 NK-07 NK-08 NK-09 NK-10 NK-1I NK-12 NK-13 0OG-01 0G-02 0G-03 0G-04 0OG-05
Lithology  Sh Sh sh sh sh sh sh sh sh sh sh sh sh h. sh h. sh h. sh h. sh h. sh

Color dk. gn. dk. gn. dk. gn. dk. gn. dk. gn. dk.gn. dk. gn. dk.gn. dk.gn. dk. gn. dk.gn. dk.gn. dk. gn. dk.and dk.and Dk. And dk.and dk. and
Igt. gr. lgt. gr. lgt. Gr. lgt. gr. lgt. gr.

La (ppm) 16.9 18.3 16.4 16.3 193 169 10.5 12.7 22.9 16.3 179 173 17.4 3.6 8.4 3.7 4.1 5.7
Ce 43.1 46.2 453 44.7 505 414 27.6 31.8 49.3 36.9 40.1 393 39.9 7.0 20.6 9.3 16.9 19.5
Pr 4.6 5.0 4.6 4.5 5.1 43 33 4.0 5.9 4.6 4.8 4.5 4.5 0.7 1.9 0.9 1.3 1.6
Nd 20.1 21.4 20.2 19.4 218 175 14.5 17.4 25.9 20.0 20.6 18.6 19.1 2.5 7.3 3.8 5.1 6.8
Sm 4.47 4.79 4.71 451 5.04  4.04 3.54 4.24 6.03 4.76 480 4.12 419 051 1.62 0.80 1.22 1.66
Eu 1.21 1.31 1.15 1.17 1.36 1.12 1.06 1.28 1.65 1.38 136 1.13 1.16  0.15 0.37 0.21 0.31 0.43
Gd 444 487 443 4.39 515 413 4.44 5.32 7.45 4.72 473 395 410 0.53 1.46 0.73 1.09 1.61
Tb 0.89 0.95 0.85 0.83 0.99 0.70 0.59 0.79 1.20 0.92 0.83  0.70 0.76  0.08 0.28 0.13 0.18 0.30
Dy 4.84 5.22 4.61 4.61 5.18  3.60 3.25 431 6.59 4.82 427 378 3.84 052 1.49 0.73 0.98 1.56
Ho 0.98 1.02 0.88 0.88 093  0.65 0.59 0.77 1.32 0.91 0.78  0.77 0.76  0.11 0.35 0.17 0.19 0.35
Er 2.95 3.00 2.55 2.63 2.83 201 1.81 2.35 3.88 2.60 2,15 222 224 035 1.02 0.48 0.50 1.02
Tm 0.43 0.45 0.40 0.38 0.45 031 0.28 0.36 0.66 0.43 031 036 034 0.06 0.18 0.08 0.09 0.16
Yb 2.77 2.83 2.37 2.44 2.64 2.03 1.69 221 3.93 2.56 1.87 222 231 041 1.36 0.59 0.53 1.12
Lu 0.42 0.43 0.35 0.36 039  0.29 0.25 0.32 0.58 0.36 0.28 033 035  0.08 0.22 0.09 0.08 0.18
Total REEs 108.1 115.7 108.8 107.2 121.6 99.0 73.5 87.8 137.4 1012 1048 99.2 101.0  16.5 46.6 21.7 32.6 42.1
Ce/Ce* 1.17 1.16 1.24 1.25 122 118 1.12 1.08 1.00 1.03 1.04 1.08 1.08  1.06 1.26 1.26 1.84 1.56
Eu/Eu* 1.27 1.27 1.18 1.23 125 1.28 1.24 1.24 1.14 1.37 1.34 131 1.31 131 1.13 1.13 1.25 1.23
La/Yb 0.48 0.51 0.54 0.53 0.57  0.65 0.49 0.45 0.46 0.50 0.75  0.61 0.59  0.69 0.49 0.49 0.62 0.40

Abbreviations are the same as those in Table 2. No entry below detection limit.

811

62101 (F002) #91 450j0an) Livpusuiipag / v 12 panwLy 'S



Nomura area

0G-06 0OG-07 0OG-08 0G-09 0OG-10 OG-11 OG-12 0G-13 0G-14 OG-15 0OG-16 OG-17 0G-18 0OG-19 0G-20 0G-21 FK-01 FK-02 FK-03 FK-04

h.sh  h.sh h.sh h.sh hsh hsh hsh hsh hsh hsh hsh hsh hsh hsh hsh hsh sh sh sh sh

dk. and dk. and dk. and dk. and dk. and dk.and dk. and dk. and dk. and dk. and dk.and dk.and dk. and dk. and dk. and dk.and Igt. gr. lgt. gr. lgt. gr. Igt. gr.

lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. lgt. gr. Igt. gr

11.2 10.7 5.6 39 9.8 14.6 3.1 9.3 8.1 21.6 53 5.6 10.8 13.1 12.3 8.3 17.6 173 205 194

40.0 42.8 14.6 12.7 30.1 40.9 3.5 21.2 20.5 59.5 265 17.8 32.6 33.7 332 23.5 433 420 51.8  46.7
3.0 3.1 1.1 1.4 2.8 4.7 0.7 2.1 2.0 6.1 32 1.5 2.7 2.6 2.5 1.7 44 43 5.4 4.7
12.2 12.6 3.9 5.9 12.3 19.3 33 7.5 8.0 248 16.1 6.0 10.5 9.5 9.3 6.1 17.8  16.7 21,6 192
2.64 2.57 0.70 1.62 3.39 4.96 0.66 1.64 1.77 5.08 4.86 1.39 2.18 1.81 1.82 1.13 376 3.65 478  4.06
0.59 0.64 0.21 0.41 0.82 1.16 0.19 0.33 0.40 .16 1.17 0.32 0.51 0.40 0.43 0.30 091 0.79 1.07 091
2.73 2.68 0.84 1.47 2.98 433 0.92 1.51 1.85 4.87 420 1.45 2.12 1.93 2.13 1.32 3.69 3.42 466 421
0.42 0.43 0.13 0.23 0.51 0.72 0.14 0.24 0.31 0.87 0.76 0.24 0.36 0.30 0.35 0.20 0.69 0.64 0.87 0.72
2.07 243 0.69 1.24 2.47 3.67 0.78 1.36 1.70 456 3.78 1.28 1.89 1.73 1.86 1.17 3.66 3.36 462  3.90
0.43 0.44 0.15 0.23 0.45 0.69 0.15 0.29 0.38 0.87 0.63 0.26 0.38 0.35 0.36 0.24 0.71 0.68 091  0.77
1.20 1.33 0.55 0.71 1.40 1.83 0.57 0.99 1.14 251  1.86 0.85 1.14 1.14 1.05 0.82 2,16 2.12 2,66  2.36
0.20 0.21 0.10 0.12 0.22 0.31 0.08 0.19 0.19 037 027 0.14 0.19 0.19 0.19 0.15 035 035 046  0.39
1.39 1.41 0.79 0.81 1.45 1.94 0.54 1.32 1.26 237  1.96 1.07 1.23 1.37 1.20 0.99 229  2.06 2.87 238
0.19 0.21 0.14 0.12 0.21 0.29 0.09 0.23 0.19 030 0.25 0.16 0.21 0.19 0.18 0.14 036 035 041 037

78.3 81.5 29.6 30.8 68.9 99.4 14.7 48.1 47.8 1350 708 38.0 66.8 68.3 66.9 46.1 101.6 97.7 1225 110.1
1.69 1.83 1.43 1.34 1.38 1.23 0.55 1.20 1.24 1.28 141 1.51 1.49 1.40 1.44 1.49 1.20 1.20 121 118
1.04 1.13 1.27 1.25 1.21 1.17 1.11 1.00 1.04 1.10  1.22 1.06 1.11 1.01 1.01 1.11 1.15  1.05 1.06  1.04
0.63 0.60 0.56 0.38 0.53 0.59 0.45 0.55 0.50 072 0.21 0.41 0.69 0.75 0.81 0.69 0.60 0.66 0.56  0.64
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Fig. 6. The NASC-normalized REE pattern of sedimentary rocks studied.

biogenic productivity at the period of deposition (Si;
Broecker and Peng, 1982; P; Arthur and Dean, 1998,
Ba; Elderfield, 1990; Dean et al., 1997).

The abundances of these elements may also be
related to hydrothermal activity and diagenesis. For

example, SiO, and P are removed during diagenesis
(e.g. Murray et al.,, 1991; Tada, 1991). The Si/Al,
P/Al, and Ba/Al ratios does not solely reflect the sea-
surface biogenic productivity. However, Fig. 12
indicates that the variations in P/Al, Si/Al and
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Table 5

87Sr/%6Sr ratio, and Rb and Sr contents of sedimentary rocks studied
Sample  Lithology  Rb Sr 87Qr/308r 20M
No. (ppm)  (ppm)

FK-04 sh 79.72 17.44 0.708506 + 12
FK-03 sh 79.56 18.07  0.707861 + 13
FK-02 sh 93.89 14.41  0.708053 + 16
FK-01 sh 52.43 107.38  0.707851 + 14
0G-21 h. sh 38.78 35.86 0.711132 + 24
0G-20  h.sh 31.85 33.04  0.709667 + 27
0G-19 h. sh 31.62 26.68 0.711197 + 15
OG-18  h.sh 24.02 21.22  0.710414 + 21
0G-17 h. sh 29.39 27.56  0.710174 + 19
0G-16  h.sh 26.39 1524 0.714244 + 19
OG-15 h. sh 30.99 21.30 0.711527 + 18
0G-14  h.sh 31.91 2598  0.710774 + 13
0G-13 h. sh n.a.

0G-12  h.sh 16.42 18.80  0.709241 + 25
0OG-11 h. sh 39.14 38.13  0.711130 + 13
OG-10  h.sh 37.95 29.92  0.710995 + 14
0G-09 h. sh 32.72 22.14  0.713542 + 26
0G-08  h.sh 30.33 18.81  0.712186 + 21
0G-07 h. sh 39.06 3720 0.710625 + 13
0G-06  h.sh 37.73 4232 0.709744 + 17
0G-05 h. sh 18.26 28.33  0.709142 + 9
0G-04  h.sh 16.95 27.33  0.709803 + 17
0G-03 h. sh 23.08 22.11 0.710413 £ 21
0G-02  h.sh 40.95 3825  0.711373 + 21
0G-01 h. sh 23.46 30.33  0.709695 + 12
NK-13 sh 48.57 23829  0.706159 + 23
NK-12 sh 47.66 21090  0.706065 =+ 22
NK-11 sh 5294 26645 0.706063 + 22
NK-10 sh 3373 23572 na.

NK-09 sh 3092 364.64 0.706189 =+ 17
NK-08 sh 34.03 308.90  0.706085 =+ 16
NK-07 sh 36.70 29544  0.706043 + 25
NK-06 sh 36.96 27391  0.705907 + 26
NK-05 sh 48.62 20227  0.705962 + 15
NK-04 sh 40.34 138.24  0.706542 + 19
NK-03 sh 37.74 124.58  0.706833 + 21
NK-02 sh 37.17 175.00  0.706425 + 22
NK-01 sh 35.74 142.07 0.706548 + 17

Abbreviations are the same as those in Table 2. Data for granite,
andesite and basalt is from Miyashiro and Kushiro (1977).

Ba/Al are roughly correlated with those in Mo/Al
and Ni/Al. Therefore, the variations in these abun-
dances may imply that a reducing deep-sea envi-
ronment formed in association with a period of high
biogenic productivity.

The TOC/N ratio between 8 and 9 indicates that
TOC and N are marine planktonic origin (Redfield
et al., 1963), as typical terrestrial organic matter has

the TOC/N ratio greater than 20 (Hedges et al.,
1986). Thus, the TOC and N contents of the
Onnagawa shale are more influenced by terrestrial
organic matter compared to the Nishikurosawa and
Funakawa shales (Fig. 13).

4.4. Hydrothermal activity

Hydrothermal solution venting from mid-ocean
ridges and back-arc basins is known to have a
positive Eu anomaly (Michard et al., 1983; Klink-
hammer et al., 1985; Michard, 1989; Shikazono,
1999). Therefore, the positive Eu anomaly of the
sedimentary rocks is thought to be due at least in
part to such a hydrothermal source. The following
equation was used to estimate Euw/EuZ.,yawer Which
represents the positive Eu anomaly of seawater at
that time.

Eu/Eu;x:)ck = n(Eu/Eu;keawater) + (1 - I’l)
x (Eu/Euf )

seawater

where, n is the proportion of terrigenous component
in the sediments, Eu/Euf. is the positive Eu
anomaly of sedimentary rocks, and Ew/Eufigenous
is the positive Eu anomaly of the terrigenous
component. The value of n was calculated based
on the average Zr content of the sedimentary rock
and the Zr content of NASC (Zr=160 ppm; Gromet
et al., 1984) for 100% terrigenous sediment.

Fig. 14 shows the positive Eu anomaly of seawater
at the Nishikurosawa, Onnagawa, and Funakawa
stages. It seems likely from the Eu anomaly that
intense hydrothermal activity occurred during the
Nishikurosawa stage.

The intensity of hydrothermal activity decreased
from the Nishikurosawa/Onnagawa boundary to-
wards the Funakawa stage. However, it is notewor-
thy that hydrothermal activity also occurred at
ca.12.6, 10.6, and 8.2 Ma. The hydrothermal signal
at these ages is consistent with that for the Kuroko
and vein-type mineralization ages. However, these
are other explanation for the Eu anomaly.

It is also possible that feldspar with a positive Eu
anomaly was entrained in the sedimentary rocks.
However, there is no positive correlation between
the Eu anomaly and the Al content, suggesting that
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Fig. 7. Temporal variation in *”Sr/%°Sr ratio of the sedimentary rocks studied. Solid squares: Nishikurosawa shale, open circles: Onnagawa hard

shale, open squares: Funakawa shale.

feldspar does not contribute appreciably to the Eu
anomaly.

The ratios of S/C ratios of the Onnagawa and
Funakawa Formations are within the range typical
for sedimentary rock, while that of the Nishikur-
osawa is comparatively high, suggestive of a supply
of hydrothermal sulfur during the Nishikurosawa
stage. The anomalously high Zn, and Ba of the
Nishikurosawa sediments may reflect the presence
of sphalerite and barite, again suggesting a hydro-
thermal contribution during the Nishikurosawa
stage.

Table 6
Correlation coefficient (r) values, sedimentary rocks studied
ALO; ALO; ALO;
TiO, 0.96 Sc 0.89 La 0.81
Fe,05* 0.94 \% 0.53 Ce 0.70
MnO 0.45 Cr 0.66 Nd 0.80
MgO 0.94 Co 0.49 Sm 0.77
CaO 0.82 Ni —0.04 Eu 0.82
Na,O 091 Cu —0.42 Gd 0.81
K,0 0.80 Zn 0.20 Tb 0.82
P,05 0.00 Rb 0.68 Dy 0.83
Sr 0.84 Ho 0.83
Y 0.79 Er 0.84
Zr 0.88 Tm 0.83
Nb 0.94 Yb 0.81
Mo —0.59 Lu 0.83
Ba —0.31 Ce/Ce* —0.44
Hf 0.96 Eu/Eu* 0.31
Ta 0.90
Th 0.23
U —0.47

4.5. Paleo-oceanic environment of the Japan Sea

The paleo-oceanic environmental change of the
Japan Sea from the late Nishikurosawa to early Funa-
kawa stage can be reconstructed based on the above
geochemical data.

The Nishikurosawa stage (ca.16—12.9 Ma) is char-
acterized by bimodal (basic and acidic) volcanism
(Konda, 1974). The seawater depth at this time was
shallow due to intense volcanic activity related to
ascent of the asthenosphere. The depth estimated by
Hasegawa et al. (1989) was between 30 and 200-—
1000 m. Terrigenous detritus was supplied from the
island arc to shallow-depth seawater.

During the Nishikurosawa stage, intense hydrother-
mal activity is expected to have occurred, as deduced
from the positive Eu anomaly of the sedimentary
rocks. In particular, the positive Eu anomaly at the
Nishikurosawa/Onnagawa boundary is very high
(2.4), at a level similar to that of sediments below
the hydrothermal pool of the Red Sea (Fish debris, Eu/
Eu*=2.4—-4.9; Oudin and Cocherie, 1988) (Fig. 14).

Foraminifera was dominant in the Nishikurosawa
stage, while radiolarian was dominant in the Onna-
gawa stage. The microfossil data, together with the
molluscan fossil data, indicate that the northern part
of the Japan Sea during the Nishikurosawa stage was
closed, and that a warm paleo-Kuroshio current
entered through the Tsushima gateway. A cold
paleo-Oyashiro current may have been introduced
into the Japan Sea from the Pacific Ocean during the
Onnagawa stage, as the southern part of the Japan
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Fig. 8. Al,O3 content vs. selected element content. Symbols are the same as in Fig. 7.

Sea was closed probably due to the rapid clock-wise
rotation of the Japanese Islands and the resultant
opening of the Japan Sea basin (Chinzei, 1991).

Bimodal volcanism ceased during the Onnagawa
stage and subsidence occurred during 13-8 Ma
(Sato and Amano, 1991). According to Hasegawa
et al. (1989), the depth of the Japan Sea became
considerably deep (1000—2000 m) at the Nishikur-
osawa/Onnagawa boundary. Due to the subsidence,
the island arc-derived component decreased in abun-
dance and eolian dust (terrigenous component) from
the Asian continent increased.

Mo/Al and Ni/Al, which are good indicators of
the reduction state of bottom seawater, increased at
the Nishikurosawa/Onnagawa boundary (ca.12.6

Ma), indicating that the deep sea changed rapidly
from oxic condition to reducing condition at this
boundary. This environmental change is considered
to have been caused by stratification of the Japan
Sea due to the introduction of the paleo-Oyashio
current from the Pacific Ocean, having very low O,
content (Kajiwara, 1983). However, the P/Al and
Ba/Al ratios also increased at the Nishikurosawa/
Onnagawa boundary, suggesting high biogenic pro-
ductivity at the boundary. This high production
probably also contributed to the reducing conditions
of bottom seawater due to decomposition of sinking
organic matter from the sea surface.

As already noted, the periods of 10.6—9 and 8.3—
7.0 Ma are characterized by high TOC, Mo/Al, Ni/Al
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and K/Ti ratios (Figs. 10 and 11). This stage also
features a high proportion of terrigenous detritus,
probably derived from the continent by wind. The
continental eolian origin of the terrigenous component
is likely because the ®’Sr/*®Sr, K/Ti, and Rb/Ti ratios
are high. Agitation of the surface seawater by the
strong winds from the continent will also have main-
tained the high biogenic production rate at the surface.

As shown in Fig. 13, the close relationship be-
tween the TOC and terrigenous content suggests that
the organic matter adsorbed readily onto the surface of

S. Kimura et al. / Sedimentary Geology 164 (2004) 105-129

terrigenous particles, which might have resulted in
aggregates with relatively high resistance to bacterial
degradation (Waseda et al., 1995).

It is widely accepted that intensification of the
Asian monsoon since the middle Miocene was relat-
ed to the uplift and elevation of the Himalayan and
Tibetan Plateau regions. In fact, a number of micro-
fossils with activities related to the monsoon climate
have been found in sediments of the Indian Sea
(Prell and Kurtzbuck, 1992). Furthermore, the 6'°C
record of the Pakistani Siwalik sediments shows that
the monsoonal dynamics changed at about 8.5 Ma
(Cerling et al., 1997, 1998).

Fig. 15 shows the ®’Sr/*®Sr ratio of the terrigenous
component of the Onnagawa Formation, as estimated
using the following equation.

87 86 87 86
SI‘/ Stiock = I’l) SI‘/ Srterrigenous

+ (I’l - 1)87sr/86srseawater

It is obvious from the figure that at 10.0 and 8.0 Ma,
a terrigenous component with high *’St/*°Sr ratio was
mixed with the sediments. This suggests a high eolian
input of material with a high *’Sr/*®Sr ratio derived
from the Asian continent.

In the Funakawa stage, the sediments included
a higher detrital component compared to the Onna-
gawa sediments. The major elements, minor elements,
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Fig. 10. Temporal variation in K/Ti ratio of the sedimentary rocks studied. Symbols are the same as in Fig. 7.
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total REE and ®Sr/*Sr ratio of the Funakawa sedi-
mentary rocks indicate that the terrigenous detritus
component was supplied dominantly from an island
arc environment. The increase in the smectite com-
ponent of the Funakawa sedimentary rocks also sup-
ports this interpretation.

According to Sato and Amano (1991), the tectonic
situation in the northeastern Japan arc was changed
from subsidence to compressional at 8 Ma. This
resulted in the uplift of the back-arc region of the
Japan Sea shallower, giving rise to the increased
supply of island arc materials.

5. Summary and conclusions

XRF and ICP-MS analytical studies of Miocene
sedimentary rocks formed in the Japan Sea back-arc
basin revealed that each formation (Nishikurosawa,
Onnagawa and Funakawa) has different features;
The biogenic SiO, content of the Onnagawa For-
mation is very high (av. 84.3 wt.%), compared to
that of the Nishikurosawa (av. 57.69 wt.%) and
Funakawa (av. 67.5 wt.%) Formations, while the
Al,O3 content of the Nishikurosawa and Funakawa
Formations is high compared to that of the Onna-
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gawa Formation, indicating a small proportion of The Ba/Al and P/Al of the Onnagawa Formation
terrigenous component in the Onnagawa sediment, are higher than in the Nishikurosawa and Funakawa
and higher proportion in the Nishikurosawa and Formations, suggesting that the high biogenic pro-

Funakawa rocks. ductivity in the Onnagawa stage. Furthermore, the
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Mo/Al, Ni/Al, Ba/Al and P/Al ratios are roughly
correlated with each other, suggesting that the high
biogenic productivity gave rise to a reducing paleo-
oceanic deep-sea environment due to the consump-
tion of dissolved O, by the decomposition of
organic matter.

The *’St/*°Sr ratio of the Onnagawa sedimentary
rocks at 10.0 and 5.8 Ma are high (av. 0.71085),
suggesting a high proportion of the terrigenous com-
ponent derived from the Asian continent, probably as
eolian dust, in the Onnagawa rocks.

The *’Sr/*°Sr ratio also roughly correlates with
the P/Al and Ba/Al ratios which indicate biogenic
activity, and the Mo/Al, and Ni/Al ratios, which
reflect reducing conditions of bottom seawater. This
correlation suggests that the input of terrigenous
detritus, high biogenic productivity in the surface
seawater, and reducing conditions at the sea bottom
are interrelated.

The uplift of the Himalayan—Tibetan region, which
took place during 10—8 Ma, has been associated with
the intensification of the Asian monsoon. The wind
associated with this intensification is thought to be
responsible for the increased influx of terrigenous
eolian dust and caused the upwelling of deep seawater
leading to the intense biogenic activity in the surface
seawater. Settling of organic matter and terrigenous
material to the bottom of the sea would then have
promoted the formation of the reducing environment
at the sea bottom.

The most important finding of this study is that
the geochemical features of sedimentary rocks of the
Japan Sea back arc basin reflect not only the input
of terrigenous material, hydrothermal activity, bio-
genic productivity, and ocean circulation pattern, but
also regional climate change caused by change in
the tectonic situation of the Asian continent, prob-
ably related to the uplift of the Himalayan—Tibetan
region.
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