
1. Introduction

Cherts are volumetrically minor but widespread in
Palaeozoic and Mesozoic orogenic belts in the world,
and their origins and depositional environments have
long been controversial. Various origins for cherts
have been proposed: silicification of tuffaceous sedi-
ments, evaporites and carbonates, biogenic accumula-
tion of silica (e.g., radiolarian ooze), and precipitation
of hydrothermally-derived silica (e.g. Knauth, 1994;
Adachi, Yamamoto & Sugisaki, 1986; Yamamoto,
1984, 1987). Detailed mineralogical and sedimento-
logical studies of bedded cherts have not always been
successful, because they consist mostly of microcrys-
talline quartz with minor authigenic minerals and very
fine-grained detrital material. Many authors (e.g.
Matsumoto & Iijima, 1983; Murray et al. 1991;
Shimizu & Masuda, 1977; Steinberg, Bonnot-Courtis
& Tlig, 1983; Sugisaki, Yamamoto & Adachi, 1982;
Yamamoto, 1983) have taken geochemical approaches
toward the origins and depositional environments of
cherts.

Concentrations of some transition metals such as
Fe and Mn in marine sediments are different between
hemipelagic, pelagic and hydrothermal (near ridge)
sediments; in general, their concentrations gradually

decrease from near mid-ocean ridges to land
(hydrothermal (near ridge) > pelagic > hemipelagic)
(e.g. Sugisaki, 1984; Boström, Kraemer & Gartner,
1973). Therefore, origins and sedimentary environ-
ments of cherts can be examined by comparing chemi-
cal compositions of cherts with those of marine
sediments from various depositional settings and ori-
gins (Sugitani et al. 1991; Sugisaki, Yamamoto &
Adachi, 1982; Yamamoto, 1983; Murray, 1994;
Adachi, Yamamoto & Sugisaki, 1986; Girty et al.
1996). However, diagenetic remobilization of these
elements such as fractionation between cherts and
shale-partings of bedded cherts, which evidently 
constrains the availability of geochemical indicators
(e.g. Murray, 1994), has not always been sufficiently
discussed.

In this study, we discuss the geochemical character-
istics of Triassic radiolarian bedded cherts in the Mino
Belt, central Japan. The bedded chert sequence shows
an abrupt facies change from the lower part to the
upper; grey–black bedded cherts enriched in carbona-
ceous matter and pyrite are overlain by purple-red and
brick-red hematitic bedded cherts (Isozaki, 1997;
Nakao & Isozaki, 1994; Kubo, Isozaki & Matsuo,
1996). The facies change is expected to be closely
related to the fluctuation of sedimentary environment
and diagenetic process. The subjects addressed here
are (1) revealing stratigraphic variations of organic,
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authigenic and clastic components in the bedded
cherts and (2) appraisal of factors controlling deposi-
tion and preservation of carbonaceous matter in the
bedded cherts. The detailed geochemical examinations
of the bedded cherts, combined with our recent knowl-
edge of palaeoceanography and ocean chemistry,
could provide us with important information about
the sedimentary environments and origins of Triassic
bedded chert in the Mino Belt, central Japan.

2. Geological background, stratigraphy and sampling

The Mino Belt, one of the major geological units in
southwest–central Japan, consists of chaotically mixed
Permian to Triassic bedded cherts, limestones, basalts,
and Jurassic turbidite sandstones and shales (Wakita,
1988) (Fig. 1). To the north of the Mino Belt, a geologi-
cal unit containing Precambrian quartzo-feldspathic
gneisses and schists is present (Hida Belt; Fig. 1) and is
interpreted as originating from Precambrian continen-
tal fragments formerly attached to the Asian continent
before the opening of the Sea of Japan. Sources 
for Jurassic terrigenous sediments (turbidite sand-
stones and shales) in the Mino Belt are derived at least
partially from these older rocks (Adachi, 1976).

The Palaeozoic–Mesozoic geological history of cen-
tral–southwest Japan is often interpreted by the
processes of steady-state accretion of oceanic crusts
and microcontinents and subduction-related igneous
activities (e.g. Taira et al. 1992; Maruyama & Seno,
1986). The Mino Belt is generally thought to be a repre-
sentative of an accretional prism (mélange) formed at
ancient subduction zone (Matsuda & Isozaki, 1991).
Bedded cherts in the Mino Belt occurring as blocks or
lenses of various sizes within the ‘matrix’ turbidite
sequences are thought to have been deposited in
pelagic regions far from continents and accreted at an
ancient subduction zone (along the Asian continental
margin) (Matsuda & Isozaki, 1991). However, Cluzel
(1991) claimed that the continental rifting and the
extensional opening of a small oceanic basin and sub-
sequent back-collision of the detached continental
block were major orogenic processes for central–
southwest Japan from the Middle Carboniferous to the
Triassic. Adachi (1976) and Suzuki, Adachi & Tanaka
(1991) suggested the previous presence of Precambrian
continents or continental fragments on the basis of
palaeocurrent data and geochronological data for
Jurassic turbidite sequences. They also showed that to
the south of the Mino Belt, continents or continental
blocks geochronologically similar to the rocks of the
Hida Belt were exposed, and implied that the site of
deposition of the Mino Belt was an east–west trending
elongated basin where two major detrital sources were
exposed to the north and the south of the basin.

We collected bedded chert samples (cherts and their
shale-partings) at an outcrop along the Kiso River,
Kagamigahara City, Gifu Prefecture (Fig. 1), where

three Triassic chert units (CH1, CH2, CH3; Yao,
Matsuda & Isozaki, 1980) occur as large blocks within
Jurassic turbidite sequences. At the sampling site (the
asterisk in the local geological map of Fig. 1), the bed-
ded chert sequence (CH2) is well stratified and five
colour types of cherts are recognized by Nakao &
Isozaki (1994), who subdivided the sequence into four
units: from the base upwards, grey–black bedded cherts,
brownish-yellow chert, purple-red chert, and brick-red
bedded cherts occur (Fig. 2). The brownish-yellow chert
and purple-red chert lack shale-partings, whereas the
grey–black bedded cherts and brick-red cherts consist
of an alternation of chert beds and shale-partings up to
several centimetres thick. Shale-partings within the bed-
ded chert at the sampling site are generally thicker than
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Figure 1. Tectonic divisions of central–southwest Japan
(after Mizutani, 1987) and local geological map of our sam-
pling site (after Geological Survey of Japan, 1992). Hd: Hida
Belt, Mz: Maizuru Belt; Sg: Sangun Belt; Sb: Sambagawa
Belt; Ry: Ryoke Belt; Sh: Shimanto Belt; Ch: Chichibu Belt.
The star in the tectonic division map shows the area of our
sampling site. The asterisk in the local geological map shows
the sampling site along the Kiso River.



those in typical Triassic bedded chert found in the Mino
Belt (< 1 cm). Middle Triassic (Anisian) radiolaria were
extracted from this bedded chert sequence, and the
brownish-yellow chert approximately corresponds to
the biostratigraphic boundary between the T. coronata
Zone and T. deweveri Zone (Sugiyama, 1995).

3. Petrological characteristics

Optically identifiable components in the bedded cherts
are carbonaceous matter, framboidal and euhedral
pyrite, tests of siliceous organisms (mostly radiolaria),
authigenic quartz (chalcedony and microcrystalline
quartz), fine silicate minerals, red clay (very fine
red–brown material; Nisbet & Price, 1974) and yellow-
ish clay. Nakao & Isozaki (1994) and Kubo, Isozaki &
Matsuo (1996) showed the presence of hematite (prob-
ably the major constituent of the red clay) by X-ray
diffractometry and 57Fe Mössbauer analyses. The yel-
lowish clay characteristically present in the brownish-
yellow chert is very fine material and its individual
grains cannot be optically identifiable; 57Fe Mössbauer
analysis operated by Kubo, Isozaki & Matsuo (1996)
shows that the yellowish clay is composed of goethite.
Abundances of these components are quite different
between types of chert and detailed descriptions are
given below.

3.a. Grey–black bedded chert

The grey–black bedded cherts, especially black bedded
cherts, are characterized by abundant carbonaceous
matter and pyrite, and do not contain hematite
(Nakao & Isozaki, 1994; Kubo, Isozaki & Matsuo,
1996). Other constituents are microcrystalline quartz,
radiolarian tests and fine silicate minerals.
Carbonaceous matter in the grey–black bedded cherts
is generally structureless and fine-grained, but in some
portions shows microbial structures. Minute spheroids
(< 5 µm) thinly-walled with carbonaceous matter are
common, and large spheroids (~ 20 µm) containing
carbonaceous spherules are rarely found (Fig. 3a).
These carbonaceous spheroids are possible relicts of
micro-organisms. Pyrite in the grey–black bedded
chert occurs as euhedral grains or framboids.
Euhedral pyrite grains are generally present inside
radiolarian tests that have been filled with fibrous
microcrystalline quartz, whereas framboidal pyrite
generally occurs in the matrix which is composed of
microcrystalline quartz and other impurities (Fig. 3b).

3.b. Brownish-yellow chert

The brownish-yellow chert consists of alternations of
partly brecciated yellow layers and bright-red layers a
few millimetres thick. The chert contains thin layers
composed of chalcedony, where fibrous quartz crys-
tals grow both from the upper layer and the lower one
(Fig. 3c). The red layer is enriched in red clay, whereas
the brownish-yellow layer contains yellowish clay
(goethite) (Kubo, Isozaki & Matsuo, 1996).
Radiolarian tests are not abundant in portions where
red clay or yellowish clay is densely distributed.
Carbonaceous matter and pyrite are not found.

3.c. Purple-red cherts and brick-red bedded cherts

The purple-red chert and brick-red bedded cherts are
petrologically similar with each other; they are free
from pyrite, carbonaceous matter, and goethite. Both
the cherts commonly contain hematite (Kubo, Isozaki
& Matsuo, 1996; Nakao & Isozaki, 1994). Hematite in
the purple-red cherts occurs as fine but microscopi-
cally identifiable particles, whereas individual hematite
particles in the brick-red bedded cherts cannot be
identified under the microscope. The lowermost two
brick-red cherts (St. 1–24, 26) contain authigenic 
carbonate grains (Fig. 3d).

4. Analytical methods

Major and minor elements were analysed by an X-ray
fluorescence spectrometer (XRF). For major elements,
a fusion glass made from the mixture of powdered
sample and flux (Li2B4O7) in the proportion of 1 : 5
was used (Sugisaki, Shimomura & Ando, 1977). For
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Figure 2. Stratigraphic column of the bedded chert
sequence. The long and short lateral bars indicate the sam-
pling positions of cherts and shale-partings, respectively. We
designate the brownish-yellow cherts as a boundary key bed
(0 m) between the lower grey–black bedded cherts and the
upper brick-red and purple-red bedded cherts. Radiolarian
zonation is after Sugiyama (1995).



minor elements, a pressed disc made from the mixture
of powdered sample and binder in the proportion of
2 : 3 was used. Total C, H (recalculated to H2O), and S
were analysed by an elemental analyser (Fisons
EA1108). Ferrous iron was determined by the colouri-
metric method using o-phenanthroline after decompo-
sition of the samples by HF-H2SO4 (Sugisaki, 1981).
Pyrite (FeS2) cannot completely be decomposed dur-
ing this procedure (Sugisaki, 1981), and therefore FeO
concentrations determined by this method show the
fraction of FeO in labile phases (e.g. silicates) and a
part of pyrite. The analytical results, and analytical
precision and accuracy for XRF analyses are listed in
Tables 1 and 2, respectively.

5. Result and discussion

5.a. Carbon and sulphur

The most conspicuous geochemical features of the
bedded cherts are high concentrations of Ctot (~ 4.19 %)
and Stot (~ 3.88 %) in the lower section samples
(grey–black bedded cherts) (Table 1). Concentrations

of Ctot and Stot in the upper section samples (purple-red
chert and brick-red bedded cherts) are mostly less than
0.02 % and less than the detection limit (0.01 %),
respectively (Fig. 4). The high concentrations of Ctot
and Stot in the lower sections are mainly attributed to
carbonaceous matter and pyrite.

It is generally accepted that authigenic pyrite (fram-
boidal pyrite) is formed within the sulphate reduction
zone of a sedimentary column during early diagenesis
(e.g. Berner, 1984); bacterial sulphate reduction under
anoxic environments produces H2S that reacts with dis-
solved Fe2+ to form authigenic pyrite. Thus, the pres-
ence of framboidal pyrite associated with carbonaceous
matter (including relicts of micro-organisms) in the
grey–black bedded cherts shows that bacterial sulphate
reduction occurred during early diagenesis. In contrast,
the purple-red chert and brick-red bedded cherts with-
out microscopically identifiable carbonaceous matter
and pyrite were subjected to less reducing diagenetic
processes. The different diagenetic processes between
the lower and upper sections will be discussed in detail
later (Section 6.a).
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Figure 3. Photomicrographs of bedded chert samples. (a) Microbial textures composed of carbonaceous materials (arrows)
inside the radiolarian test (r). Scale bar is 100 µm. (b) Framboidal pyrite (black) in the matrix of the black chert; r shows a radio-
larian test. Scale bar is 100 µm. (c) Quartz vein composed of chalcedony in the brownish-yellow chert. Scale bar is 500 µm. (d)
Brick-red bedded chert containing authigenic carbonates (arrowed; probably MnCO3). Scale bar is 500 µm.
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Table 1. Chemical compositions of cherts and shales

Sample No. St.1–1 St.1–2 St.1–3 St.1–4 St.1–5 St.1–6 St.1–7 St.1–8 St.1–9 St.1–10 St.1–11 St.1–12 St.1–13 St.1–14

colour-type gr gr blk blk gr gr gr gr gr gr blk blk–gr blk blk
SiO2(wt%) 79.29 92.01 89.39 88.68 68.20 93.97 70.15 93.27 71.47 90.93 93.91 67.98 94.16 58.95
TiO2 0.44 0.14 0.12 0.12 0.69 0.11 0.61 0.11 0.58 0.15 0.099 0.69 0.078 0.76
Al2O3 8.94 3.17 2.09 2.27 14.29 2.31 13.24 2.35 12.28 3.14 2.19 14.26 1.54 15.03
Fe2O3(total) 3.81 1.16 1.13 1.05 4.48 0.83 4.04 1.15 4.40 1.37 0.88 4.14 0.76 10.00
MnO 0.019 0.009 0.003 0.004 0.067 0.015 0.041 0.020 0.036 0.016 0.018 0.045 0.014 0.081
MgO 1.08 0.39 0.18 0.23 2.35 0.38 2.24 0.47 2.03 0.53 0.39 2.27 0.22 2.24
CaO (total) 0.02 0.04 0.01 0.03 0.12 0.08 0.06 0.06 0.04 0.07 0.05 0.02 0.06 0.06
Na2O 0.05 0.09 <0.05 <0.05 <0.05 <0.05 <0.05 0.06 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
K2O 2.49 0.85 0.63 0.69 4.24 0.62 4.01 0.60 3.75 0.91 0.54 4.16 0.39 4.52
P2O5 0.07 0.02 0.01 0.02 0.08 0.03 0.07 0.02 0.07 0.03 0.02 0.07 0.03 0.10
H2O* 2.89 0.97 2.24 2.60 4.29 0.98 3.95 0.96 3.90 1.10 0.88 4.62 0.81 5.17
C** 0.05 0.02 4.08 4.19 0.07 0.01 0.05 0.01 0.08 0.01 0.03 0.35 0.20 2.23
S*** 0.14 0.32 0.31 0.34 0.02 0.08 0.08 0.19 0.71 0.32 0.17 0.50 0.25 3.88
FeO# 0.39 0.14 0.27 0.32 1.17 0.21 1.20 0.27 0.89 0.33 0.21 1.01 0.08 1.44
total 99.29 99.19 100.19 100.22 98.90 99.42 98.54 99.27 99.35 98.58 99.18 99.11 98.51 103.02

Cr(ppm) 40 20 80 100 60 <10 60 20 60 30 <10 70 <10 120
Co <10 <10 10 30 <10 <10 10 <10 <10 <10 <10 10 10 70
Ni 10 20 120 160 40 20 40 20 40 30 30 90 50 380
Cu 50 40 40 70 80 20 80 20 80 30 40 380 50 310
Zn 50 40 30 30 80 30 80 20 100 30 40 240 50 190
Rb 100 40 30 30 160 20 160 20 150 40 20 160 10 130
Sr 50 30 20 20 40 30 40 30 40 30 30 40 20 40
Y 20 <10 10 <10 30 10 20 <10 20 10 <10 30 <10 40
Zr 80 30 40 40 130 20 120 20 120 30 20 130 20 160
Pb 10 ,10 <10 <10 20 <10 10 <10 20 <10 <10 20 <10 40
Ba 250 150 100 100 350 100 350 100 350 150 100 350 100 350
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Table 1 (cont.)

Sample No. St.1–15 St.1–16 St.1–17 St.1–18 St.1–19 St.1–20 St.1–21 St.1–22 St.1–23 St.1–24 St.1–25 St.1–26 St.1–27 St.1–28

colour-type blk blk–gr gr blk–gr gr blk by rp rp br br br br br
SiO2(wt%) 96.23 78.19 93.66 71.12 92.60 73.05 92.76 87.66 93.07 89.00 69.83 91.40 68.20 89.93
TiO2 0.089 0.41 0.13 0.58 0.12 0.46 0.10 0.21 0.10 0.19 0.55 0.14 0.61 0.16
Al2O3 1.78 9.05 2.64 12.41 2.66 9.86 1.95 3.98 2.12 3.85 11.77 2.82 13.07 3.28
Fe2O3(total) 0.75 4.13 0.95 4.93 1.23 4.17 2.08 2.61 0.93 2.67 6.46 1.43 6.25 1.57
MnO 0.010 0.057 0.010 0.036 0.012 0.021 0.014 0.025 0.009 0.14 0.080 0.15 0.20 0.049
MgO 0.24 1.82 0.39 2.05 0.52 1.47 0.35 0.75 0.32 0.75 2.23 0.50 2.49 0.62
CaO (total) 0.05 0.08 0.05 0.11 0.05 0.08 0.07 0.12 0.08 0.13 0.21 0.09 0.28 0.10
Na2O <0.05 <0.05 <0.05 0.05 <0.05 0.05 <0.05 <0.05 <0.05 0.06 <0.05 <0.05 <0.05 0.09
K2O 0.42 2.29 0.72 3.73 0.65 2.89 0.57 1.30 0.65 1.15 3.79 0.82 4.27 1.05
P2O5 0.02 0.08 0.02 0.07 0.02 0.07 0.03 0.05 0.03 0.06 0.10 0.03 0.15 0.04
H2O* 0.83 2.77 0.94 4.03 1.16 4.49 0.81 1.44 0.81 1.35 3.87 0.63 4.14 1.08
C** 0.22 0.38 0.01 0.07 0.05 3.92 <0.01 <0.01 0.01 <0.01 0.03 0.10 0.03 0.03
S*** 0.23 0.45 0.07 0.31 0.01 0.49 <0.01 0.04 <0.01 <0.01 <0.01 0.02 <0.01 <0.01
FeO# 0.13 1.58 0.42 2.40 0.48 0.92 0.53 0.68 0.28 0.35 0.77 0.21 0.55 0.23
total 100.87 99.71 99.59 99.50 99.19 101.02 98.73 98.19 98.13 99.35 98.92 98.13 99.69 98.00

Cr(ppm) 20 80 <10 70 <10 160 40 50 <10 10 40 20 60 20
Co 20 40 10 20 <10 100 <10 <10 <10 <10 10 <10 20 <10
Ni 50 80 20 70 20 180 20 20 10 20 50 20 60 20
Cu 400 170 100 150 30 730 20 20 20 50 70 60 70 70
Zn 130 120 20 80 40 120 40 70 30 50 140 30 140 40
Rb 10 80 30 140 30 110 30 60 30 50 150 40 170 50
Sr 30 40 30 50 30 40 30 40 30 40 40 40 40 40
Y 20 20 <10 30 <10 30 10 10 <10 20 30 <10 30 <10
Zr 20 90 30 110 30 100 20 50 20 40 110 30 120 30
Pb 10 20 10 20 <10 100 <10 <10 <10 20 20 <10 20 <10
Ba 100 250 100 300 100 250 100 200 100 150 400 150 450 150
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Sample No. St.1–29 St.1–30 St.1–131 St.1–32 St.1–33 St.1–34 St.1–35 St.1–36 St.1–37 St.1–38 St.1–39 St.1–40 St.1–41 St.1–42

colour-type br br br br br br br br br br br br br br
SiO2(wt%) 74.67 82.93 70.10 91.31 89.45 71.87 91.39 69.49 88.28 68.39 90.45 70.83 90.78 71.04
TiO2 0.47 0.33 0.58 0.16 0.19 0.54 0.14 0.58 0.21 0.57 0.16 0.56 0.16 0.53
Al2O3 9.95 6.47 12.50 3.16 3.76 11.39 2.91 12.28 4.04 12.43 3.20 11.71 3.28 11.28
Fe2O3(total) 4.49 3.09 5.63 1.46 1.85 5.41 1.44 5.60 2.04 5.65 1.55 5.35 1.57 5.02
MnO 0.23 0.079 0.20 0.032 0.038 0.094 0.053 0.16 0.050 0.15 0.040 0.10 0.038 0.13
MgO 1.81 1.19 2.45 0.55 0.82 2.24 0.81 2.62 0.77 2.53 0.63 2.14 0.58 2.00
CaO (total) 0.27 0.16 0.39 0.25 0.14 0.49 0.10 0.65 0.15 0.91 0.19 0.70 0.11 1.14
Na2O 0.12 0.07 0.06 <0.05 <0.05 0.07 <0.05 0.12 <0.05 <0.05 <0.05 0.13 <0.05 0.11
K2O 3.18 2.01 4.01 0.99 1.06 3.62 0.84 3.89 1.41 3.98 0.98 3.87 1.02 3.77
P2O5 0.08 0.07 0.21 0.14 0.06 0.29 0.04 0.37 0.06 0.54 0.09 0.44 0.05 0.69
H2O* 3.33 2.16 3.78 1.08 1.35 3.69 1.26 4.41 1.53 4.23 1.17 4.14 1.26 3.78
C** 0.03 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 <0.01 0.03 0.01 0.02
S*** <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
FeO# 0.38 0.33 0.65 0.22 0.28 0.65 0.23 0.86 0.18 0.86 0.12 0.66 0.15 0.42
total 98.63 98.57 99.92 99.14 98.73 99.72 98.99 100.19 98.55 99.40 98.46 100.00 98.86 99.51

Cr(ppm) 30 30 50 30 20 40 <10 40 <10 40 20 40 <10 30
Co 20 10 20 <10 <10 20 <10 20 <10 20 10 10 <10 10
Ni 50 30 60 20 20 60 20 70 20 70 20 60 20 60
Cu 80 60 60 70 50 40 60 60 70 60 60 50 80 40
Zn 110 70 120 40 50 130 50 140 50 140 40 130 40 120
Rb 130 90 160 50 50 150 40 150 60 160 40 150 50 150
Sr 40 40 40 40 40 40 30 40 40 40 40 40 40 50
Y 20 20 20 10 10 30 <10 30 10 30 10 30 <10 30
Zr 90 60 110 30 40 110 30 110 40 110 30 110 30 100
Pb 10 <10 20 <10 <10 10 10 20 <10 10 <10 20 <10 10
Ba 350 300 350 150 150 350 150 350 150 400 150 350 150 400

gr = grey; blk = black; rp = reddish purple; br = brick-red; by = brownish-yellow.
*Total H is recalculated as H2O.
**Total C; ***total S; # FeO in fraction decomposed by HF–H2SO4.



5.b. Compositions of detrital material in bedded cherts

Concentrations of Al2O3, TiO2, MgO, K2O, and Zr in
the samples show a clear inverse correlation in com-
parison to SiO2 (correlation coefficients -0.97 to -0.99)
(Table 3). This suggests that the bulk concentrations of
these elements are diluted with radiolarian tests com-
posed mostly of SiO2 (e.g. Yamamoto, 1983). These
elements are incorporated mainly in detrital material
(including authigenic silicates), and therefore their
mutual proportions can be indicators for the composi-
tions of detrital material within the bedded cherts. In
particular, Al, Ti and Zr are incorporated in solid
phases in wide ranges of pH and Eh (e.g. Brookins,
1988), and therefore are thought to be immobile dur-
ing diagenesis (e.g. Sugisaki, 1978; Sugisaki,
Yamamoto & Adachi, 1982; Wintsch & Kvale, 1994;
Yamamoto, Sugisaki & Arai, 1986). Their mutual 
proportions have often been used for estimating
source-rock compositions of sediments and sedimen-
tary rocks (Sugisaki, 1978; Sugitani, Sugisaki &
Adachi, 1995; Garcia, Fonteilles & Moutte, 1994;
Yamamoto, 1983).

The Al2O3/TiO2 values in the bedded cherts show
little variation (17–22; Fig. 5). The average values for
the cherts and the shale-partings are 20.3 and 21.1,
respectively. This implies that the detrital material sup-
plied to the site of deposition had uniform values of
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Figure 4. Stratigraphic variations for Ctot and Stot concentrations. Open and closed symbols are for shale-partings (SiO2 < 85 %)
and cherts (SiO2 > 85 %), respectively.

Table 2. Precisions and accuracies of XRF analyses

JG1(n=6)

av. (sd) r.v.

SiO2(wt%) 72.35 (0.77) 72.28
TiO2 0.30 (0.02) 0.27
Al2O3 14.48 (0.10) 14.23
Fe2O3(total) 2.16 (0.01) 2.17
MnO 0.067 (0.012) 0.061
MgO 0.75 (0.06) 0.73
CaO 2.24 (0.02) 2.17
Na2O 3.71 (0.17) 3.38
K2O 3.95 (0.02) 3.96
P2O5 0.10 (0.004) 0.10

G2(n=5) Jch–1(n=5)

av. (sd) r.v. av. (sd) r.v.

Cr(ppm) 1 (2) 9 25 (3) 9
Co 7 (1) 6 20 (2) 15
Ni 8 (1) 6 17 (1) 7.5
Cu 12 (1) 11 23 (1) 15.5
Zn 83 (1) 85 12 (1) 9.1
Rb 171 (1) 170 8 (1) 8.5
Sr 495 (1) 480 1 (1) 4.6
Y 12 (1) 12 5 (1) 1.8
Zr 309 (2) 300 4 (1) 11.7
Pb 32 (1) 29 3 (1) 2
Ba 1723 (45) 1850 n.d. n.d.

av., sd and r.v. show average, standard deviation and recommended
value, respectively.



Al2O3/TiO2. The values are consistent with previously
reported Al2O3/TiO2 values for Triassic bedded cherts
in the Mino Belt (22.2 for cherts; Sugisaki, Yamamoto
& Adachi, 1982; Yamamoto, 1983). Murray, Leinen &
Isern (1993) and Murray & Leinen (1996) suggested
that excess Al scavenged by organic compounds is pre-
sent in marine biogenic sediments under high produc-
tivity zones. In addition, Murray, Jones & Buchholtz
ten Brink (1992) showed that segregation between Al
and Ti may occur during diagenesis of cherts.
However, such effects as contribution of biogenic Al
and diagenetic fractionation between Al and Ti cannot
be seen in the bedded cherts in this study.

Zr/TiO2 values tend to be uniform in the upper 
section, whereas they fluctuate slightly in the lower

section (Fig. 5). Two samples in the lower section have
remarkably high Zr/TiO2 values compared to the other
samples. Garcia, Fonteilles & Moutte (1994) showed
that the Zr/TiO2 value tends to be higher in sandstone
than in shale of immature sedimentary suites due to
hydraulic sorting between zircon (ZrSiO4) and fine-
grained rutile (TiO2); fine-grained rutile is easily trans-
ported from source regions along with fine-grained
aluminosilicates, whereas zircon tends to be less trans-
ported and is retained near source regions. Thus,
higher Zr/TiO2 values observed in the two samples
could be attributed to the presence of coarse-grained
detrital material such as zircon.

Values of K2O/TiO2 and MgO/TiO2 in the bedded
cherts show gradual increase from the lower to the
upper part of the section (Fig. 5). Chemical fractiona-
tion of K2O/TiO2 between cherts and shales can also
be seen.

It is interpreted that the detrital material in the bed-
ded cherts was supplied from a common source
throughout the deposition of the sequence, because
Al2O3/TiO2 and Zr/TiO2 show little stratigraphic vari-
ation. Although the source rock compositions cannot
be specified, the average values for Al2O3/TiO2 (20.7)
and Zr/TiO2 (207) for all samples are similar to those
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Table 3. Correlation coefficients for all samples

SiO2 TiO2 Al2O3 MgO K2O Zr

SiO2 1.00 –0.99 –0.99 –0.97 –0.99 –0.99
TiO2 1.00 0.99 0.97 0.99 0.99
Al2O3 1.00 0.98 0.99 0.99
MgO 1.00 0.98 0.96
K2O 1.00 0.98
Zr 1.00

Figure 5. Stratigraphic variations for Al2O3/TiO2, Zr/TiO2, K2O/TiO2, and MgO/TiO2.



of Meso-Cenozoic average greywacke (21.5 for
Al2O3/TiO2 and 201 for Zr/TiO2), as recently estimated
by Condie (1993). It can therefore be postulated that
the composition of detrital material in the bedded
cherts is equivalent to the Earth’s upper crust. The
homogeneity of detrital components throughout the
bedded chert sequence would preclude the possibility
that the stratigraphic geochemical variations were
caused by the change in compositions of detrital mate-
rial supplied to the site of deposition. Namely, geo-
chemical variations observed in the bedded chert
sequence can be explained mainly by other factors
such as redox condition, microbial activities and for-
mation of authigenic minerals. In the following discus-
sions on geochemical characteristics of the bedded
cherts, we use TiO2-normalized values for some ele-
ments (Sugisaki, Yamamoto & Adachi, 1982;
Sugisaki, 1984; Yamamoto, 1983), because bulk con-
centrations of constituent elements are diluted to vari-
ous degrees by radiolarian-derived SiO2. Hence, TiO2
normalization can compensate the dilution of elemen-
tal concentrations by SiO2 and enables us to compare

the bedded cherts with less siliceous sediments and
sedimentary rocks.

5.c. Major transition metals: Mn and Fe

The value of MnO/TiO2 increases abruptly above the
boundary (the brownish-yellow chert) between the
upper and lower sections (Fig. 6). The average
MnO/TiO2 values (except for two outliers > 0.7) are
0.26 (0.20–0.38) and 0.27 (0.15–0.49) for cherts and
shales in the upper section, respectively, whereas in the
lower section, they are 0.10 (0.03–0.18) and 0.08
(0.04–0.14), respectively. The two brick-red bedded
cherts with high MnO/TiO2 values (> 0.7) tend to be
enriched in Ctot concentrations compared with other
brick-red bedded cherts. This implies that the authi-
genic carbonate grains in them (Fig. 3d) are Mn-bear-
ing carbonates. The values of Fe2O3*/TiO2 (Fe2O3* =
total Fe as Fe2O3) in the lower section tend to fluctuate
more (6.0 to 13.1) than do those in the upper section
samples (9.1 to 12.4, except one sample; Fig. 6). The
value for the boundary sample (brownish-yellow
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Figure 6. Stratigraphic variations for MnO/TiO2, Fe2O3*/TiO2 and FeO/Fe2O3* (Fe2O3* = total Fe as Fe2O3). It should be noted
that FeO/Fe2O3* values in the grey–black bedded cherts tend to be lower than their true values due to incomplete decomposition
of pyrite by HF–H2SO4 (see text).



chert) is remarkably high (20.8). Values of FeO/Fe2O3*
tend to be higher in the lower section than in the upper
section.

5.d. Minor transition metals: Ni, Cu and Zn

Stratigraphic variations of TiO2-normalized values of
Ni, Cu and Zn show a similar trend (Fig. 7). The val-
ues in the lower section, if not all, tend to be higher
than those in the upper section. Furthermore, within
the lower section, TiO2-normalized values of Ni and
Zn in the cherts are remarkably fractionated from
those in their adjacent shale-partings. The values in
the upper section appear to be uniform in Figure 7.
Values of Cu/TiO2, on the other hand, are apparently
higher in the cherts than their adjacent shale-partings
throughout the sequence.

Enrichment factors relative to world-wide aver-
age shale (= (element/Al)sample / (element/Al)shale);
Calvert & Pedersen, 1993) for the present bedded
cherts (Fig. 8) tend to be larger than 1. The metal
enrichment relative to the average shale is the most
conspicuous in black bedded cherts, whose enrichment
factors are mostly far larger than those for the modern
organic-rich sediments from the Black Sea known to

be enriched in some trace metals (Cu, Cd, Ni and Zn)
due to sulphide precipitation (Calvert & Pedersen,
1993). Enrichment in several transition elements such
as Cr, Cu, Mo, Ni, and Zn has been reported for other
many carbonaceous and pyritic sediments and sedi-
mentary rocks than the Black Sea sediments (Hatch &
Leventhal, 1992; Calvert & Pedersen, 1993; Calvert,
Bustin & Ingall, 1996). These elements are assumed to
be present in syngenetic sulphides (Cu, Mo, Ni, and
Zn) or are incorporated in kerogen (Mo and Ni) (e.g.
Ripley, Shaffer & Gilstrap, 1990). Similar mechanisms
are potentially responsible for metal enrichment in the
black bedded cherts that contain abundant carbona-
ceous matter and pyrite.

5.e. Biogenic components: Ba, Sr and P

The values of Ba/TiO2 and Sr/TiO2 show conspicuous
variation between cherts and shale-partings, and do
not show an apparent stratigraphic trend (Fig. 9); the
average values of Ba/TiO2 and Sr/TiO2 range from 760
to 1300 and from 170 to 340 in the cherts, respectively,
and from 460 to 910 and from 60 to 110 in the shale-
partings, respectively. The variation trend for
P2O5/TiO2 in the lower section bedded cherts is
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Figure 7. Stratigraphic variations for Ni/TiO2, Cu/TiO2 and Zn/TiO2.



approximately similar to that for Ba/TiO2 and Sr/TiO2
(Fig. 9). In the upper section, however, the P2O5/TiO2
value in shale-partings gradually increases and the
uppermost four shale-partings have higher values than
the adjacent cherts.

Barium is a biologically-mediated element in the
ocean system and the mass flux of Ba to the ocean
floor is primarily controlled by surface productivity
(Schmitz, 1987; Dymond, Suess & Lyle, 1992). Sr-
enriched barite, which is precipitated within remains
of siliceous micro-organisms, may be a principal car-
rier of Ba and Sr (Dehairs, Stroobants & Goeyens,
1991; Dehairs, Chesselet & Jedwab, 1980; Bishop,
1988). The enrichment of Ba and Sr in cherts relative
to shales for the present samples is analogically attrib-
uted to the presence of biogenic Sr-enriched barite in
cherts that contain siliceous tests more than do adja-
cent shale-partings. Phosphorous is also regarded as
an important tracer for palaeoproductivity of the
ocean surface, but its variation trend in the present

bedded cherts, especially in the upper section, does not
synchronize with Ba and Sr; P2O5 concentrations of
the cherts are not always higher than those of their
adjacent shales. Positive correlation between P2O5 and
CaO* (total Ca as CaO) (Fig. 10) implies that apatite
is the most important sink for P in the bedded cherts.
However, it should be noted that the positive correla-
tion is largely derived from the uniform P2O5/CaO*
values in the upper section brick-red bedded cherts.
Shale-partings of the lower section grey–black bedded
cherts have higher P2O5/CaO* values than the upper
brick-red bedded cherts (Fig. 10). The complex strati-
graphic variation trend of P could be attributed to dia-
genetic remobilization of P in sediments. Recent
studies for diagenetic behavior of P in marine sedi-
ments suggest that P supplied to the ocean floor is
mostly retained in sediments (Filippelli & Delaney,
1996), but reducing environments enhance regenera-
tion and redistribution of P (Lucotte et al. 1994; Ingall
& Jahnke, 1994; Ingall, Bustin & Van Cappellen,
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Figure 8. Enrichment factors for Ni, Cu and Zn. Enrichment factor is calculated as (element/Al)sample/(element/Al)shale accord-
ing to the definition of Calvert & Pedersen (1993). Horizontal dashed lines indicate enrichment factors for sediments from the
Black Sea and Framvaren Fjord, modern anoxic basins; data for the Black Sea and Framvaren Fjord are quoted from Calvert &
Pedersen (1993). Data for shale are quoted from Wedepohl (1971) according to Calvert & Pedersen (1993).



1993). Additionally, the contribution of conodonts
(composed of apatite) to bulk concentrations of P
should have disturbed the trend of P linked to surface
productivity. In fact, conodonts are often found in
Triassic bedded cherts in the Mino Belt.

6. Synthesis and conclusions

6.a. The diagenetic environments of the bedded cherts

It is generally accepted that during the decomposition
of organic matter in marine sediments, dissolved oxy-
gen, Mn-oxides (MnO2), nitrate, Fe-oxides (Fe2O3 and
FeOOH), and sulphate are consumed in this order
(Emerson et al. 1980; Froelich et al. 1979). If organic
matter supplied to the sediments is completely decom-
posed before consumption of dissolved oxygen and
Mn-oxides, anaerobic bacterial sulphate reduction
(H2S generation) and reduction of Fe3+ to Fe2+ would
not occur (Curtis, 1987). Under this condition, fram-
boidal pyrite formation, which requires high activities
of coexisting dissolved Fe2+ and H2S in porewaters,
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Figure 9. Stratigraphic variations for Ba/TiO2, Sr/TiO2 and P2O5/TiO2.

Figure 10. Relationships between concentrations of CaO*
(total Ca as CaO) and P2O5.



does not occur. Hence, the presence of framboidal
pyrite and carbonaceous matter in sediments indicates
that the diagenetic environment for them had reached
the stage of iron and sulphate reduction. In this con-
text, stratigraphic variations of Ctot, Stot, MnO/TiO2,
Fe2O3*/TiO2, FeO/Fe2O3* and petrological features of
the bedded cherts in this study can be concluded 
to record the change of sedimentary environments,
which is summarized as follows by reference to 
the general scheme of diagenetic reactions.

During the deposition of the lower section, reactive
Mn (Mn-oxides and -hydroxides) was completely
reduced and subsequently reduction of Fe3+ (in oxides
and silicates ) and sulphate (in porewaters) occurred.
The increase in activity of dissolved Fe2+ and H2S in
porewaters resulted in the formation of framboidal
pyrite (Fig. 3b). Active dissolution and reprecipitation
of Fe enhanced the redistribution and fractionation of
Fe and other trace metals (Ni, Cu and Zn) between
cherts and shale-partings (Figs 6 and 7). In contrast,
the upper section bedded cherts were not subjected to
early diagenetic sulphate reduction. Their MnO/TiO2
values tend to be higher than the lower section samples
(Fig. 6), suggesting that only a part of the reactive
Mn-oxides were reduced. It can be assumed that
organic matter supplied to the site of deposition was
decomposed mostly by dissolved oxygen and partly by
Mn-oxides or -nitrate during early diagenesis. The
brick-red bedded chert samples with remarkably high
MnO/TiO2 values contain authigenic carbonates,
which are assumed to be MnCO3. These layers may be
equivalents to Mn-carbonate bands (stratified Mn-
carbonate deposits; Sugisaki, Sugitani & Adachi,
1991; Sugitani, 1989). It is well known that the strati-
fied Mn-carbonate deposits are often associated with
carbonaceous sediments (Force & Cannon, 1988;
Huckriede & Meischner, 1996). The Mn-carbonate
deposits are thought to have originated from surface
oxidized Mn-rich layers that were derived from repre-
cipitation of dissolved Mn2+ migrating upward from
underlying anoxic sediments (e.g. Sugisaki, Sugitani &
Adachi, 1991; Sugitani, 1989). Calvert & Pedersen
(1993) also emphasize that the presence of Mn-
rich layers is a reliable indicator of bottom-water 
oxygenation.

The change of diagenetic processes described above
is clearly identified by geochemical and mineralogical
features of the boundary brownish-yellow chert. This
chert abundantly contains goethite and is character-
ized by the highest Fe2O3*/TiO2 values (Fig. 6). The
goethite particles are possibly derived from oxidation
of previously precipitated pyrite. The redox change
from reducing to oxic conditions resulted in oxidation
of previously-precipitated pyrite and the subsequent
reprecipitation of Fe-hydroxides, which is likely to be
responsible for Fe-enrichment relative to detrital com-
ponents observed in this chert layer.

6.b. Geochemical constraints on sedimentary environments of
the bedded cherts: pelagic or hemipelagic?

Sugisaki (1984) and Yamamoto (1983) discussed
MnO/TiO2 values in marine sediments of various
depositional settings and showed that the value is a
clue to sedimentary environments of fine-grained sedi-
mentary rocks (bedded cherts and siliceous shales). In
pelagic sediments under oxic conditions, Mn is
retained in sediments as oxide or hydroxide, whereas in
hemipelagic sediments under suboxic to anoxic condi-
tions, Mn is dissolved as Mn2+ and migrates upward
through the sedimentary column. Consequently,
pelagic sediments are characterized by higher concen-
trations of Mn than hemipelagic sediments (Sugisaki,
1984; Yamamoto, 1983). This geochemical indicator is
criticized by Murray (1994), who emphasizes that Mn-
concentration is largely modified during diagenesis
and that the concentration could not be a reliable indi-
cator for sedimentary environments of ancient
siliceous sediments such as cherts. Although Mn-redis-
tribution between cherts and their shale-partings of
bedded cherts certainly occurs in a particular case (e.g.
Sugitani, 1996), the following lines of evidence indi-
cate that the MnO/TiO2 values in the bedded cherts
studied here record sedimentary environments. In the
bedded cherts, the stratigraphic variations of
MnO/TiO2 values in cherts and their shale-partings
are synchronized with each other and the stratigraphic
trend of MnO/TiO2 is consistent with the change of
sedimentary environments deduced from other geo-
chemical characteristics (Ctot and Stot, FeO/Fe2O3*)
and petrological features (abundant carbonaceous
matter and framboidal pyrite in the lower section).
Accordingly, at least in the present case, the
MnO/TiO2 value can be concluded to be a reliable
indicator of sedimentary environments.

The upper section brick-red bedded cherts have
higher MnO/TiO2 values than do the lower ones, indi-
cating more oxidizing environments as discussed in
Section 6.a. Their values (average 0.26 for cherts
except two samples and average 0.27 for shale-
partings), however, are still lower than those for
pelagic sediments in central Pacific regions
(MnO/TiO2> 1; Sugisaki, Yamamoto & Adachi, 1982;
Yamamoto, 1983; Sugisaki, 1984). This suggests that
the bedded cherts were deposited in hemipelagic
regions. The result is consistent with those of previous
studies for bedded cherts in the Mino Belt
(Yamamoto, 1983; Sugisaki, Yamamoto & Adachi,
1982; Matsumoto & Iijima, 1983; Sugitani, 1989;
Shimizu & Masuda, 1977). Contribution of
hydrothermal components (Fe, Mn and Si) is excluded
by the Fe2O3*/TiO2–Al2O3/(Al2O3+ Fe2O3*) plot
(Murray, 1994) (Fig. 11), where the bedded cherts are
distributed within the area for both pelagic sediments
and continental margin ones. This plot indicates that
the present samples were formed far from ridges and
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were not influenced by hydrothermal activities. This is
not inconsistent with the fact that basaltic rocks are
not found around the bedded chert sequence in this
study.

6.c. Critical re-examination of the ‘superanoxia’ model for the
formation of carbonaceous bedded cherts

Nakao & Isozaki (1994) and Kubo, Isozaki & Matsuo
(1996) suggested that the carbonaceous grey–black bed-
ded cherts in the Mino Belt were deposited under euxinic
environments developed in the world ocean (super-
anoxia; Isozaki, 1997). On the basis of the pelagic origin
of bedded cherts in the Mino Belt, these authors claimed
that the ‘superanoxia’ started from the end-Permian
regression and continued until the Middle Triassic; sea-
water stratification resulting from the world-wide regres-
sion and the development of anoxic deep water

facilitated the deposition of carbonaceous cherts. We
also suggest that the sea-level regression and resultant
development of anoxic sedimentary environment were
responsible for the formation of carbonaceous bedded
cherts. However, it must be emphasized that the ‘supera-
noxia’ model proposed by Isozaki (1997) is not a unique
explanation for the formation of carbonaceous bedded
cherts, because the end-Permian sea-level regression had
already been recovered in Early Triassic time (Embry,
1988) and the site of deposition for the Triassic bedded
cherts in the Mino Belt is still controversial. Thus, the
current interpretation of Triassic bedded cherts in the
Mino Belt as pelagic sediments (e.g. Matsuda & Isozaki,
1991) and the ‘superanoxia’ model (Isozaki, 1997) for
the formation of carbonaceous bedded cherts should be
re-examined carefully.

If the end-Permian sea-level regression had already
been recovered in Early Triassic time (Embry, 1988), it
is unlikely that the world-wide sea-water stratification
had continued for nearly 20 m.y. from end-Permian to
Middle Triassic time (Isozaki, 1997). Embry (1988)
also showed that several cycles of sea-level change had
occurred during the Triassic. The sea-level regression
potentially responsible for water column anoxia and
the deposition of carbonaceous cherts may corre-
spond to that which occurred in the Triassic rather
than at the end of the Permian. As shown by Kubo,
Isozaki & Matsuo (1996), a few cycles of grey–black
bedded cherts and brick-red bedded cherts are recog-
nized within the Early to Middle Triassic bedded chert
sequence in the Mino Belt, implying that an oxic sedi-
mentary environment suggested by the deposition of
brick-red bedded cherts had been developed before the
deposition of the grey–black bedded cherts under dis-
cussion herein. A brick-red bedded chert unit, though
not observed at our sampling site, may be present
below the lower section grey–black bedded cherts.

Although bedded cherts containing abundant radio-
larian remains and lacking coarse detrital material in
the Mino Belt are generally believed to have been
deposited in pelagic regions (below the carbonate com-
pensation depth) far from land and accreted at ancient
subduction zones (e.g. Matsuda & Isozaki, 1991), the
site of deposition of bedded cherts is not necessarily
deep and pelagic. Radiolarites in the Tethyan region,
for example, are thought to have been deposited in
shallow environments with estimated depths of 1500 to
2000 m at continental margins (De Wever et al. 1995;
Iijima et al. 1978). Absence of coarse detrital material
in bedded cherts can also be explained by deposition
on banks or in basins protected from detrital input by
swells. It should be also emphasized that the results of
most geochemical studies of bedded cherts, including
ours, are not inconsistent with the semi-closed mar-
ginal basin model for the Mino Belt proposed firstly by
Adachi (1976) and recently provided with new
geochronological evidence of detrital monazite
(Suzuki, Adachi & Tanaka, 1991).
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Figure 11. Relationships between Fe2O3*/TiO2 and
Al2O3/(+ Al2O3Fe2O3* ) (Murray, 1994): (a) for brick-red
bedded cherts; (b) for black bedded cherts, grey bedded
cherts and brownish-yellow chert.



6.d. Alternative model for the formation of carbonaceous
bedded cherts and implications for origins of organic matter

It is well known that in closed or semi-closed oceanic
basins such as the Black Sea and the Sea of Japan,
redox change of the sedimentary environment was
caused by sea-level change. In the Black Sea, a well-aer-
ated fresh-water environment was shifted to a reducing
marine environment from 7000 years B.P., due to sea-
level rise and inflow of Mediterranean sea-water.
Development of density stratification of the basin
water resulted in an anoxic environment in the bottom
waters and sedimentation of organic-rich layers (Ross
& Degens, 1974). Conversely, the sedimentation of
most, if not all, Quaternary organic- and/or sulphur-
rich dark layers in the Sea of Japan has been caused by
sea-level falls; during regressions, the Sea of Japan was
isolated from open oceans and the circulation and
renewal of the basin water were restricted, resulting in
the development of anoxic sedimentary environments
(e.g., Masuzawa & Kitano, 1984; Nakajima et al.
1996). In both cases, the closed or semi-closed setting
enhances the fluctuation of sedimentary environments
of ocean basins due to sea-level changes. Analogically,
the deposition of carbonaceous bedded cherts exam-
ined here can also be interpreted by the sea-level regres-
sion and subsequent development of anoxic
sedimentary environment that had occurred in a mar-
ginal and semi-closed basin in the Triassic. Namely,
during Triassic sea-level regressions (Embry, 1988), the
site of deposition of the Mino Belt was at least par-
tially isolated from the open ocean, resulting in the
restricted circulation and renewal of basin water.
Restricted basin-water circulation and renewal proba-
bly kept dissolved oxygen in the basin water at a low
level, enhancing the preservation of organic matter and
the formation of carbonaceous cherts.

In the above discussions, we have emphasized low
dissolved oxygen in the water column (water-column
anoxia) as a major cause for the deposition of carbona-
ceous bedded cherts. However, factors controlling the
preservation of organic matter in marine sediments
include high sedimentation rate and high productivity
in surface water other than water-column anoxia
(Canfield, 1994). Organic-rich sediments are also
formed in the intermediate-depth oxygen minimum
zone and upwelling zone on continental margins,
plataeux and so on (e.g. Thiede & van Andel, 1977).
Sedimentation rate and/or surface productivity do not
appear to have been drastically higher during the
period of deposition of carbonaceous cherts, because
the compositions of detrital components are uniform,
and both the lower and upper section bedded cherts
commonly contain abundant radiolarian tests. These
facts could preclude the possibility that high sedimen-
tation rate and high surface productivity were responsi-
ble for the deposition of carbonaceous cherts, but
further investigations including analyses of carbon and

sulphur isotopes would be required in order to specify
the major factor controlling the preservation of
organic matter. Additionally, the origin of organic mat-
ter preserved in the carbonaceous cherts is another
problem to be resolved. Carbonaceous matter pre-
served in the bedded cherts has two potential origins;
settling organic particles of radiolaria and phytoplank-
ton from the surface water, and remains of bacteria
propagated within sediments. Since the biologically-
mediated active sulphate reduction occurred during the
sedimentation of carbonaceous grey–black bedded
cherts, organic matter in them was derived at least par-
tially from remains of sulphate-reducing bacteria (e.g.
some species of Desulfovibrio). Also, organic mats
formed by sulphur bacteria such as Thioploca and
Begiatoa (Gallardo, 1977; Sweerts et al. 1990) may also
have been precursors of carbonaceous matter. Mats of
Thioploca were recovered from continental shelf
underlain by a low dissolved-O2 upwelling water mass
off Peru and Chile (Gallardo, 1977). Fossing et al.
(1995) show that Thioploca, depending on coexisting
electron donors (H2S) and electron acceptors (O2 or
NO3

_
), can thrive within NO3

_ 
-deficient reducing sedi-

ments by the mechanism of NO3

_ 
transportation and

concentration from the overlying sea-water. Abundant
framboidal pyrite in the carbonaceous bedded cherts in
the Mino Belt indicates high concentration of H2S in
sediments, which could not preclude the possibility of
propagation of mat-forming sulphur bacteria as well as
sulphate-reducing bacteria during the sedimentation of
the carbonaceous cherts.

7. Summary

The present study reveals an abrupt change of sedi-
mentary environments of Triassic bedded cherts in the
Mino Belt, central Japan. The change of diagenetic
environments from anoxic to suboxic is imprinted on
their geochemical and mineralogical characteristics in
the chert sequence. On the basis of the results
obtained by this study, we summarize the palae-
oceanography and sedimentary systems of Triassic
bedded cherts, as follows.

(1) The studied bedded chert sequence is subdivided
into the lower grey–black bedded cherts and the upper
brick-red bedded cherts. The brownish-yellow and
purple-red cherts are present at the boundary between
both types. The grey–black bedded cherts are enriched
in carbonaceous matter and framboidal pyrite,
whereas the brick-red bedded cherts do not contain
them. Hematite is present in the brick-red bedded
cherts and the purple-red bedded chert, but not in the
grey–black bedded cherts.

(2) The differences in mineral assemblages between
the lower section bedded cherts and the upper section
bedded cherts are consistent with the stratigraphic
variations of some geochemical signatures such as
MnO/TiO2, Fe2O3*/TiO2, FeO/Fe2O3*, Ctot and Stot.
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(3) The diagenetic environment of the lower section
bedded cherts was apparently more reducing than that
of the upper section bedded cherts; the lower section
bedded cherts were subjected to early diagenetic sul-
phate reduction, whereas the upper section ones were
not.

(4) The formation of carbonaceous and pyritic bed-
ded cherts may have been caused by the sea-level
regression that occurred during the Triassic. During
the sea-level regression, the site of deposition might
have been isolated from the open ocean, and the circu-
lation and renewal of the basin water were restricted,
resulting in the development of a reducing sedimen-
tary environment and diagenetic process.
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