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High-resolution lithostratigraphy and organic carbon isotope
stratigraphy of the Lower Triassic pelagic sequence in central Japan
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Abstract After the severest mass extinction event in the Phanerozoic, biotic recovery from
the extinction at the Permian-Triassic boundary required approximately 5 my, which
covers the entire Early Triassic. It is important to obtain information on the superocean
Panthalassa, which occupied most of the world ocean, to explore paleoenvironmental
changes during the Early Triassic at the global scale. In order to establish the continuous
lithostratigraphy of pelagic sediments in Panthalassa during the Early Triassic, high-
resolution reconstruction of the Lower Triassic pelagic sequence in Japan was conducted
for the first time based on detailed field mapping and lithostratigraphic correlation in the
Inuyama area, central Japan. The reconstructed Early Triassic sequence is approximately
9.5 m thick, consists of five rock types, and is divided into eight lithological units. For the
reconstructed continuous sequence, measurement of carbon isotopic composition of sedi-
mentary organic matter (8"*C,,,) was carried out. Stratigraphic variation of the 8"Cqy
value shows large-amplitude fluctuations between —34.4 and —21.0%c throughout the
sequence. In order to establish a higher resolution age model for the reconstructed Lower
Triassic pelagic sequence, we correlated §C,y, records in the Inuyama area with high-
resolution isotopic profiles of carbonate carbon (8"*Cea) from shallow-marine carbonate
sequences in southern China based on the similarity in general variation patterns with age
constraints by radiolarian and conodont biostratigraphy. The result provides a high-
resolution time scale for the pelagic sequence of Panthalassa during the Smithian and
Spathian. The age model suggests a drastic increase in sedimentation rate during the late
Smithian, which should have been caused by the increase in terrigenous input to this site.

Key words: carbon isotope, Lower Triassic, mass extinction, pelagic sequence, Permian—
Triassic boundary, siliceous rock.

INTRODUCTION

The Permian-Triassic (P-T) boundary is charac-
terized by the largest mass extinction in the Phan-
erozoic with global loss of nearly 90% of marine
species (Erwin 1994). Besides the magnitude of
the extinction, the conspicuous aspect of the P-T
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boundary mass extinction event is its aftermath. A
delayed biotic recovery after the mass extinction
lasted until the end of the Early Triassic, which is
characterized by low diversity of marine inverte-
brate fauna (Schubert & Bottjer 1995) as well as
the absence of metazoan reefs (Fliigel 2002).
Recently, it was demonstrated that continuous
carbon cycle instability characterized by large-
amplitude carbon isotopic oscillations lasted
during the Early Triassic, which was reported
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from shallow-marine carbonate sequences depos-
ited in the tropical Tethys (Payne et al. 2004,
Galfetti et al. 2007a), possibly representing the
repeated environmental disturbances that inhibi-
ted biotic recovery. To explore paleoenvironmental
changes during the Early Triassic at the global
scale, it is important to obtain information on the
superocean Panthalassa, which occupied most of
the world ocean, and to compare the result with
that obtained from shallow-marine environments.

The Jurassic aceretionary complex in Japan con-
tains a Permian-Triassic pelagic sedimentary
sequence deposited on the deep seafloor of Pan-
thalassa, which is considered to have recorded
global environmental changes (Isozaki 1997).
Lithostratigraphic and biostratigraphic studies on
the sequence across the P-T boundary have been
conducted in several regions in Japan (Fig. 1), and
the schematic composite column, which consists of
Upper Permian chert, uppermost Permian sili-
ceous claystone, uppermost Permian to lowermost
Triassie black shale, Lower Triassic siliceous clay-
stone, and Middle Triassic chert in ascending
order was constructed (e.g. Yamakita 1993; Isozaki
1997). The earliest Triassic conodont, Hindeodus
parvus, was reported from a thin gray siliceous
claystone bed that is intercalated approximately
10 cm above the base of black shale at Ubara
section in Southwest Japan (Yamakita et al. 1999)
and 80 cm above the base of black shale at Akka-
mori section in Northeast Japan (Takahashi et al.
2009a), implying that the P-T boundary is placed

near the base of the black shale. The absence of
radiolarian bedded chert for several million years
across the P-T boundary is widely recognized in
the pelagic sequence of Japan and is considered
to have been related to anoxic conditions in the
deep ocean (e.g. Kajiwara et al. 1994; Isozaki 1997;
Kato et al. 2002; Kakuwa 2008; Algeo et al. 2010;
Wignall et al. 2010).

The lithostratigraphic sequence across the P-T
boundary in Japan has been reconstructed based
on the schematic compilation of fragmental and
discontinuous lithological sequences from several
different localities, because the pelagic sequences
were intensely faulted and folded during the accre-
tionary process and especially the black shale
became the slip horizon (e.g. Nakae 1993). Conse-
quently, the continuous uppermost Permian and
Lower Triassic lithostratigraphic succession and
its detailed chronology from the lowermost Trias-
sic black shale up to the lowermost Middle Triassic
bedded chert are still unknown.

Here, we carried out detailed field mapping of
the Jurassic accretionary complex of Mino Belt
exposed at Momotaro Shrine section along the
Kiso River, Inuyama area, central Japan, and
reconstructed an approximately 9.5 m-thick con-
tinuous composite sedimentary sequence of the
Early Triassic based on correlation and stacking
of columnar sections made for individual fault-
bounded blocks. Detailed description of the Early
Triassic lithostratigraphy, organic carbon isotope
stratigraphy, and its correlation with carbonate
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Fig. 1 Schematic composite column of the pelagic sequence from the Late Permian to Middle Triassic in Japan (Isozaki 1997) and fragmental sequences
in Ubara (Kuwahara et al. 1991; Yamakita et a/. 1999), Kinkazan (Sugiyama 1992), Gujo-hachiman (Kuwahara et a/. 1991), Inuyama (Yao & Kuwahara 1997,
this study), Nakaoi (Yamakita 1993; Kuwahara & Yamakita 2001), Tenjinmaru (Yamakita 1987; Kuwahara & Yamakita 2001), and Akkamori (Takahashi et a/.
2009a) in southwest to northeastern Japan with radiolarian zone (Sugiyama 1992; Yao & Kuwahara 1997; Kuwahara & Yamakita 2001) and conodont range
(Yamakita 1993; Orchard 1995, 2007). The schematic column was inferred from lithological and fossil information from fragmental sequences as shown

above.
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carbon isotope stratigraphy established in the
shallow-water environment in the Tethys is pre-
sented in this study.

GEOLOGICAL SETTING

The studied section is located in the Inuyama area,
Mino Belt, central Japan. The Jurassic accretion-
ary complex, which includes the Mino Belt and
mainly consists of the Middle Triassic-Lower
Jurassie bedded chert unit and the Middle-Upper
Jurassie clastic rock unit, is well exposed along
the Kiso River in the Inuyama area (Matsuda &
Isozaki 1991). The lowermost part of the bedded
chert unit in the Inuyama area mainly consists of
black shale and gray siliceous claystone, which are
associated with dolostone nodules and nodular
beds (Yao & Kuwahara 1997; Tada et al. 2005). This
stratigraphic interval corresponds to the Lower
Triassic and is the focus of this study. Paleomag-
netic studies on red bedded chert from The
Inuyama area suggest a paleolatitude of 0.7 = 3.4°
for the Middle Triassic (Shibuya & Sasajima 1986),
12.3 = 15.6° 19.0 = 10.5° and 25.7 = 16.7° for the
Middle-Upper Triassic (Oda & Suzuki 2000), and
11.0 = 4.3° for the Middle Triassic — Lower Juras-
sic (Ando et al. 2001), suggesting that the Triassic—
Jurassic pelagic sequence in the Inuyama area was
deposited at low latitude, presumably near the
equator. The lithostratigraphic transition from the
Lower Jurassic bedded chert to the Middle to
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Upper Jurassic clastic rock is interpreted as
reflecting changes in the depositional setting from
the deep sea floor to the trench in the subduction
zone (Matsuda & Isozaki 1991; Kimura & Hori
1993). Previous radiolarian and conodont bios-
tratigraphy revealed that average sedimentation
rates of the Middle Triassic-Lower Jurassic
bedded chert in the Inuyama area range from 1 to
4 mm/ky (e.g. Yao et al. 1980; Yao 1982; Matsuda &
Isozaki 1991), which is consistent with the inter-
pretation that bedded chert in the Inuyama area
was deposited in an open ocean setting remote
from continents so that the site was prevented
from abundant terrigenous influx for at least
50 my (Matsuda & Isozaki 1991).

METHODS AND MATERIALS

FIELD MEASUREMENT

The studied outerop, around 50 m x 50 m in area, is
located near the Momotaro Shrine on the east side
of the Kiso River in Inuyama City (Fig.2). The
outcrop provides a widespread exposure of the
Lower Triassic sedimentary sequence in the low-
ermost part of the bedded chert unit (= unit CH-3
of Yao etal. 1980). The outcrop includes Sec-
tion MT of Yao and Kuwahara (1997), Section T of
Sugiyama (1997), Section Momotaro Shrine of
Tada et al. (2005), and Section Mj of Takahashi
et al. (2009b). However, detailed field mapping,

Pacific
Ocean

I:l Middle-Late Jurassic clastic rocks
- Middle Triassic-Early Jurassic bedded chert
_~ Thrust fault

Fig. 2 Maps showing the location of
Inuyama city, general geological setting

around the Inuyama area, and the loca-
tion of mapped area. Bedded chert units
CH-1 to -4 divided by thrust faults are
after Yao et al. (1980). The mapped area
is located on the thrust sheet of bedded
chert unit CH-3.
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description of the whole outcrop, and continuous
lithostratigraphic reconstruction have never been
conducted. In this study, detailed field mapping
was carried out in an area near the Momotaro
Shrine to reconstruct the Lower Triassic pelagic
sequence.

CARBON ISOTOPIC ANALYSIS

One hundred and eight samples, each generally
representing stratigraphic intervals of 3-10 cm,
were sampled from the reconstructed sequence
exposed on the studied outcrop with an average
spacing of 4 cm. After removal of the weathered
surface, each sample was pulverized in a tungsten
mortar, and then treated with HCI to remove
carbonates.

Measurements of total organic carbon (TOC)
contents and isotopic compositions of TOC (8%Cyg)
of these samples were performed using an on-line
system of isotope-ratio mass spectrometry (Delta
Plus XP; Finnigan, Waltham, MA, USA) coupled to
a Flash EA 1112 Automatic Elemental Analyzer
through a ConFlo IIT interface at the Japan
Agency for Marine-Earth Science and Technology
(e.g. Ohkouchi et al. 2005). The carbon isotopic
compositions are expressed in delta (8) notation
against the Vienna Peedee belemnite standard
(VPDB) with analytical errors (16) better than
0.2%o0 based on repeated measurements of authen-
ticated and laboratory standards.

RESULT
MOMOTARO SHRINE SECTION IN INUYAMA AREA

Field mapping
Faults

Faults are classified into four types based on their
dip and strike trends. Type I is characterized by a
strike of around N80°E and has an almost vertical
dip with fault gouge 1-3 cm in thickness. Type 1T is
characterized by a strike of N65° to 70°E and dip
of 70°N. Type I1II is characterized by a strike of
N80°E to east-west and an almost vertical dip.
Type IV is characterized by a strike of N30° to
40°E and dip of 60°E. There is no distinct fault
gouge associated with Type 11, I1I, and IV faults.
Type I faults are major faults that divide the
studied outerop into northern and southern blocks
(Fig. 3), and bounds the southern limit of the
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studied area. Type II faults occur only in the north-
ern block. Type III faults occur in the northern
block and in the southern part of southern block.
Type IV faults occur only in the southern block.
Hence, most faults in the studied area occur in the
northern block and the southern part of southern
block, whereas only a few minor faults occur in the
northern part of southern block.

The accurate strike separation of Type I faults is
unknown, but it could be more than several meters
based on lithological correlation between the both
sides of the faults. They are considered as subor-
dinate faults associated with formation of the
thrust sheet of bedded chert unit CH-3, judging
from their dip and strike trends, which are similar
to those of the thrust faults. Strike separations of
Type 11, I11, and IV faults are estimated to be tens
of centimeters to several meters according to our
field observations. Type I faults cut Type IT and
IIT faults, and Type IT faults cut Type I1I faults
in the northern block. In addition, Type III faults
cut Type IV faults in the southern block. Judging
from the cross-cutting relationships between these
faults, the chronological order of their formation is
estimated as Types IV, 111, II, and I in younging
order. Type IV, ITI, and II faults are considered to
have been formed in association with the folding
process preceding the formation of thrust sheets.

Folds

All folds in the studied area have fold axis direc-
tions approximately east-west and plunge west-
ward by around 30°. However, there is a slight
difference in dips and strikes of their axial sur-
faces: folds with dips and strikes of approximately
70°N and N8O°E occur in the northern block, and
approximately 60° to 80°S and east-west to N8O°W
occur in the southern block. This may reflect slight
rotational movement between northern and south-
ern blocks, which are bounded by the Type I fault.
Wavelengths and interlimb angles of folds are dif-
ferent depending on the lithologies. Namely, wave-
length is 1 to 5 m and interlimb angle is around 40°
in argillaceous chert, whereas they are less than
1 m and 10° to 30° in siliceous mudstone, probably
reflecting differences in physical property of each
lithology.

The studied area is located in the south wing of
the Sakahogi Syncline (Fig. 2) that plunges to the
west by around 78° with the east-west syncline
axis direction (Kimura & Hori 1993). Folds in the
studied area are considered to have been formed
at the same stage as formation of the Sakahogi
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Fig. 3 (a) Geologic sketch map with locations of the six sections (rectangles) (MT-1, -1/, -2, -2’, -3, and -4), and (b) cross-sectional profile of the
mapped area near Momotaro Shrine.

Syncline during the accretionary process by are cut by a Type 11 fault in the northern block and
north-south compression (Kimura & Hori 1993), a Type IV fault in the southern part of southern
judging from the similar fold axis directions block, suggesting that they have been formed
between these folds. The folds in the studied area earlier than these faults.
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Establishment of high-resolution
continuous lithostratigraphy

Five rock types were recognized in the studied
outcrop as follows.

Shale

Shale is either massive or laminated. It shows two
varieties in color: gray and black. Gray shale
occurs as a 10-30 em-thick bed or a thin bed of less
than 2 em thick, and the latter alternates with sili-
ceous mudstone, argillaceous chert, and chert.
Black shale occurs as a 0.5-100 em-thick bed,
which is partly sheared and shows planar partings
parallel to the bedding on the weathered surface.
Black shale also occurs as a thin bed of less than
3 c¢m thick that alternates with siliceous mudstone
and argillaceous chert.

Siliceous mudstone

It occurs as a 5-30 em-thick bed, and shows three
color varieties: greenish gray, gray, and red.
Greenish gray siliceous mudstone is either massive
or laminated, often alternates with a black shale
bed 0.5 to 3 em thick, and shows yellowish color on
the weathered surface. Gray and red siliceous
mudstone is 5 to 20 ecm thick, dominantly massive
or slightly laminated, and often alternates with a
chert bed 1 to 3 em thick. Gray siliceous mudstone
also alternates with a gray shale bed <2 em thick.

Argillaceous chert

Argillaceous chert occurs as a 5-15 em-thick bed,
which is either massive or laminated, and gray to
dark gray in color. It generally alternates with a
gray shale bed of less than 2 em thick, and often
alternates with a black shale bed of 0.5 to 3 ecm
thick.

Chert

It is dominantly massive or slightly laminated. It
shows three color varieties: gray, black, and red.
Gray chert occurs as an approximately 5 em-thick
bed that alternates with a gray shale bed of less
than 2 em thick, or as a thin bed of 1 to 2 em thick
that is intercalated in gray shale or alternates with
gray siliceous mudstone. Black chert occurs as an
approximately 15 em-thick bed that is intercalated
in gray siliceous mudstone. Red chert occurs as a
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0.5-3 em-thick bed, which alternates with a red
siliceous mudstone.

Dolomitic layer

Dolomitic layer represents mat luster and slightly
yellowish gray to light gray in color. It occurs
either as a 10-30 cm-thick bed or a nodule of as
large as 25 em in diameter, which is either massive
or laminated.

On the basis of rock types and their combina-
tion, eight lithological units were identified at the
outcrop (Figs 3,4). The lithology of each section is
described sequentially on the basis of rock types
and their associations, which then is used to iden-
tify lithological units and establish continuous
lithostratigraphy. Reconstruction of the lithos-
tratigraphic sequence was based on correlation
and stacking of six columnar sections (MT-1, -1, -2,
-2/, -3, and -4) that were constructed for individual
fault-bounded blocks. Age diagnostic fossils have
been found from sections MT-2 and -4, but the
stratigraphic direction can be determined by age
diagnostic fossils only in section MT-4. Therefore,
we start the description from section MT-4, and
then correlate and describe other sections in
stratigraphically descending order.

Section MT-4

Section MT-4 is located in the northern block
(Fig. 3). This section consists of an approximately
4 m-thick continuous sequence of greenish gray
siliceous mudstone, red siliceous mudstone, gray
siliceous mudstone, and gray chert intervals in
ascending order (Fig. 5).

The greenish gray siliceous mudstone interval
is composed of 10-30 cm-thick greenish gray
siliceous mudstone beds which alternate with
1-3 em-thick black shale beds and approximately
1 em-thick gray chert beds. We define this litho-
logical interval as the Greenish Gray Siliceous
Mudstone Unit. The late Early Triassic (Spathian)
conodont Neospathodus symmetricus was re-
ported from greenish gray siliceous mudstone
beds of this unit (Takahashi et al. 2009b). The
lower boundary of the Greenish Gray Siliceous
Mudstone Unit in this section is bounded by a fold
and the base of this unit is not exposed in this
section. The thickness of the exposed part of this
unit is 40 em. Greenish gray siliceous mudstone at
the top of this unit changes upward into red sili-
ceous mudstone of the overlying unit with a gra-
dational contact.
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Fig. 4 Photographs of lithological
units at the outcrop of Inuyama section.
(a) Gray Bedded Chert Unit at section
MT-4. (b) Greenish Gray Siliceous Mud-
stone Unit at section MT-3. (c) Gray
Bedded Argillaceous Chert Unit at
section MT-1”. (d) Upper Black Shale
Unit at section MT-2. See Figure 3 for the
locations of sections.

The red siliceous mudstone interval is composed
of 5-20 cm-thick red siliceous mudstone beds
which alternate with 0.5-3 em-thick red chert
beds. We define this lithological interval as the Red
Siliceous Mudstone Unit. The late Early Triassic
(Spathian) radiolarian assemblage corresponding
to Parentactinia nakatsugawaensis zone was
reported from a red chert bed of this unit (Yao &
Kuwahara 1997). The Red Siliceous Mudstone
Unit is approximately 90 cm thick, and changes
upward into gray siliceous mudstone of the over-
lying unit with a gradual contact.

The gray siliceous mudstone interval is com-
posed of 5-15 em-thick gray siliceous mudstone
beds which alternate with less than 1 em-thick
gray shale beds and 2-4 em-thick gray chert beds.
We define this lithological interval as the Gray
Bedded Siliceous Mudstone Unit. The Gray
Bedded Siliceous Mudstone Unit has an approxi-
mately 15 em-thick intercalation of a black chert
bed in its middle part. A radiolarian assemblage
corresponding to the Parentactinia nakatsug-
awaensis zone was also reported from a gray chert
bed of this unit (Yao & Kuwahara 1997). The Gray
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k. Greenish Gray Siliceous Mudstone Unit

3 Thin gray cert bed

Bedded Siliceous Mudstone Unit is approximately
210 em thick, and changes upward into gray chert
of the overlying unit with a sharp contact.

The gray chert interval is composed of 2-7 cm-
thick gray chert beds which alternate with <1 em-
thick gray shale beds. We define this lithological
interval as the Gray Bedded Chert Unit. The early
Middle Triassic (Anisian) radiolarian assemblage
corresponding to the Hozmadia gifuensis zone
was reported from a gray chert bed of this unit
(Yao & Kuwahara 1997). The upper boundary of
the Gray Bedded Chert Unit is bounded by a fault
and not exposed in this section. The thickness of
the exposed part of this unit is 60 ecm.

Section MT-3

Section MT-3 is located near the southern limit of
the southern block (Fig. 3). This section consists of
an approximately 1.5 m-thick continuous sequence
of gray argillaceous chert interval and greenish
gray siliceous mudstone interval in ascending
order (Fig. 5).

© 2012 Blackwell Publishing Asia Pty Ltd



86 H. Sakuma et al.

LEGEND

- Black chert

sss+ Red chert

Gray chert

Gray siliceous mudstone

. Red siliceous mudstone

Greenish gray siliceous mudstone
Gray argillaceous chert

.| Dolomitic layer

- Gray shale

Composite
I - - -
?eﬂ?gﬁ' Lithologic unit
sssesses Gray Bedded
Ss8888808
assssess Chert
Gray Bedded

Siliceous Mudstone

Red
Siliceous Mudstone

Black shale

Greenish Gray
Siliceous Mudstone

Gray Bedded

2_
MT-1 Fig 6

0
(m)

Conodont fossil

C3 : Neospathodus symmetricus
(late Early Triassic; Spathian)

C2 : Neogondolella milleri
(late Early Triassic; Smithian)

C1 : Neospathodus bransoni
(late Early Triassic; Smithian)

Radiolarian zone

Argillaceous Chert

R2 : Hozmadia gifuensis Upper Black Shale
(early Middle Triassic; Anisian)
R1 : P~ i k .
arentactinia nakatsugawaensis Gray Shale

(late Early Triassic; Spathian)

L 0
(m)

Lower Black Shale

Fig. 5 Correlation of columnar sections at Inuyama section. Solid and dotted lines that correlate columnar sections represent direct and indirect
lithostratigraphic correlations, respectively. Arrows indicate horizons that age diagnostic conodont fossils and radiolarian zones have been reported (Yao
& Kuwahara 1997; Takahashi et al. 2009b; Yamakita et a/. 2010). Lithostratigraphically correlated intervals at Inuyama section shown in Figure 6 are also

indicated on the left or right side of the column. The continuous composite columnar section is shown to the right of the figure.

The gray argillaceous chert interval is composed
of 5-15 cm-thick gray argillaceous chert beds
which alternate with <1 em-thick gray shale beds
and 1-2 em-thick black shale beds. We define this
lithological interval as the Gray Bedded Argilla-
ceous Chert Unit. The lower limit of the Gray
Bedded Argillaceous Chert Unit is bounded by a
fault and not exposed in this section. The thickness
of the exposed part of this unit is 45 cm. Gray
bedded argillaceous chert of this unit changes into
greenish gray siliceous mudstone of the overlying
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unit with a gradual contact. This boundary can be
clearly identified because the spacing between thin
black shale beds drastically changes from approxi-
mately 10 em in the gray bedded argillaceous chert
interval to 30 em in the greenish gray siliceous
mudstone interval.

The greenish gray siliceous mudstone interval
is composed of 10-30 cm-thick greenish gray
siliceous mudstone beds which alternate with 0.5—
2 em-thick black shale beds and 0.5-1.5 em-thick
gray chert beds. The appearance of the greenish
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Fig. 6 Photographs showing lithos-
tratigraphic correlations, whose strati-
graphic positions are indicated in
Figure 5. Correlated beds are tied with
double sided black arrows. (a) Correla-
tion of approximately 3 cm-thick black
shale bed with quartz vein and 1cm-
thick black shale bed in the Greenish
Gray Siliceous Mudstone Unit between
sections MT-4 and -3. (b) Correlation of
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gray siliceous mudstone interval is similar to and
alternation pattern is correlatable with the Green-
ish Gray Siliceous Mudstone Unit in section MT-4
(Fig. 6). Especially useful for correlation is an
approximately 2 em-thick black shale bed with
white quartz veins, which is used as a marker bed
(Fig. 6). Identification of this marker bed allowed
us to correlate this interval with the Greenish
Gray Siliceous Mudstone Unit. The upper limit of
the Greenish Gray Siliceous Mudstone Unit is
bounded by a fold and not exposed in this section.
The thickness of the exposed part of this unit is
105 cm. Based on the correlation of the Greenish
Gray Siliceous Mudstone Unit between this
section and section MT-4 using the 2 em-thick
black shale bed with white quartz veins, the thick-
ness of the Greenish Gray Siliceous Mudstone Unit
is estimated as 110 to 120 cm. Based on the corre-
lation with section MT-4, this section is composed
of the Gray Bedded Argillaceous Chert Unit and

the Greenish Gray Siliceous Mudstone Unit in
ascending order.

Section MT-2’

Section MT-2" is located in the southern block
(Fig. 3). This section consists of an approximately
3.5 m-thick continuous sequence that is composed
of black shale, gray argillaceous chert, dolomitic
layer, and greenish gray siliceous mudstone inter-
vals in ascending order (Fig. 5).

The black shale interval is composed of an
approximately 105 em-thick black shale bed which
is partly sheared and shows planar partings paral-
lel to the bedding on the weathered surface. We
define this lithological interval as the Upper Black
Shale Unit. The lower limit of the Upper Black
Shale Unit is bounded by a fault and not exposed in
this section. Black shale of this unit changes into
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gray argillaceous chert of the overlying unit with a
sharp contact.

The gray argillaceous chert interval is composed
of 5-15 em-thick gray argillaceous chert beds which
alternate with less than 1 em-thick gray shale beds
and 1-2 ecm-thick black shale beds. We correlate
this lithological interval with the Gray Bedded
Argillaceous Chert Unit observed in section MT-3
based on similarity in appearance and alternation
pattern. The Gray Bedded Argillaceous Chert Unit
intercalates an approximately 10 cm-thick dolo-
mitic layer, which is homogeneous with mat luster,
in its lower part. The Gray Bedded Argillaceous
Chert Unit is approximately 300 em thick, and
changes into greenish gray siliceous mudstone of
the overlying unit with a gradual contact. This
boundary can be correlated with that in section
MT-3 based on the distinet change in spacing
between thin black shale beds, which is approxi-
mately 10 em in the gray bedded argillaceous chert
interval and at least 30 cm in the greenish gray
siliceous mudstone interval, the latter being similar
to the spacings observed in the Greenish Gray Sili-
ceous Mudstone Unit in section MT-3 (F'ig. 6).

The greenish gray siliceous mudstone interval
in this section is composed of approximately 35 em-
thick greenish gray siliceous mudstone beds which
alternate with 0.5 em-thick black shale beds and
0.5-1.5 em-thick gray chert beds. We correlate this
lithological interval with the Greenish Gray Sili-
ceous Mudstone Unit observed in sections MT-4
and -3 based on similarity in appearance and alter-
nation pattern. The upper limit of the Greenish
Gray Siliceous Mudstone Unit is bounded by a fold
and not exposed in this section. The thickness of
the exposed part of this unit is 35 em.

Based on correlation with sections MT-4 and -3,
this section is composed of the Upper Black Shale
Unit, the Gray Bedded Argillaceous Chert Unit,
and the Greenish Gray Siliceous Mudstone Unit, in
ascending order.

Section MT-2

Section MT-2 is located in the southern block
(Fig. 3). This section consists of an approximately
2.8 m-thick continuous sequence of black shale,
gray argillaceous chert, and dolomitic layer inter-
vals in ascending order (Fig. 5), which are laterally
traceable bed by bed to those in section MT-2'.
According to direct tracing of the strata from
section MT-2’, this section is composed of the Upper
Black Shale Unit and the Gray Bedded Argilla-
ceous Chert Unit in ascending order. The lower
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limit of the Upper Black Shale Unit is bounded by a
fault and not exposed in this section. The thickness
of the exposed part of this unit is 10 cm. Black shale
of this unit changes into gray argillaceous chert of
the overlying Gray Bedded Argillaceous Chert
Unit with a sharp contact. Recently, Yamakita et al.
(2010) reported the late Early Triassic (Smithian)
conodonts Neogondolella milleri and Neospatho-
dus bransoni from the Gray Bedded Argillaceous
Chert Unit in this section. The upper limit of the
Gray Bedded Argillaceous Chert Unit is bounded
by a fold and not exposed in this section. The thick-
ness of the exposed part of this unit is 270 ecm.

Section MT-1"

Section MT-1" is located near the northern limit of
the southern block (Fig. 3). This section consists of
an approximately 2.2 m-thick continuous sequence
of black shale, gray shale, black shale, dolomitic
layer, and gray argillaceous chert intervals in
ascending order (Fig. 5).

The first black shale interval, which is composed
of an at least 5 em-thick black shale bed, is partly
sheared and shows planar partings parallel to the
bedding on the weathered surface. We define this
black shale bed as the Lower Black Shale Unit
based on its stratigraphic position. The lower limit
of the Lower Black Shale Unit is bounded by a fold
and not exposed in this section.

The Lower Black Shale Unit is overlain by an
approximately 40 ecm-thick interval characterized
by alternations of a 5-25 em-thick gray shale bed
and a 1-4 em-thick black shale bed whose contacts
are gradual. We define this lithological interval as
the Gray Shale Unit.

The second black shale interval, which is com-
posed of an approximately 20 em-thick black shale
bed with planar partings parallel to the bedding on
the weathered surface, occurs above the Gray
Shale Unit. We correlate this black shale bed with
the Upper Black Shale Unit observed in sections
MT-2" and -2 based on the similarity in appearance.

The Upper Black Shale Unit changes into an
overlying dolomitic layer with a sharp contact in
this section. This dolomitic layer is approximately
25 cm thick, with mat luster, mostly laminated,
and intercalated with an approximately 1 em-thick
gray chert bed in its middle part. It is possible to
distinguish this dolomitic layer from that in the
Gray Bedded Argillaceous Chert Unit in sections
MT-2" and -2, because the dolomitic layer in sec-
tions MT-2" and -2 is approximately 10 em thick
and dominantly massive. This dolomitic layer



changes upward into gray argillaceous chert with a
sharp contact, and belongs to the Gray Bedded
Argillaceous Chert Unit.

The gray argillaceous chert interval in
section MT-1" is composed of 5-20 ecm-thick gray
argillaceous chert beds which alternate with less
than 1 em-thick gray shale beds and 1-3 em-thick
black shale beds. We correlate this lithological
interval with the Gray Bedded Argillaceous Chert
Unit observed in sections MT-3, -2/, and -2 based
on the similarity in appearance and alternation
pattern. The Gray Bedded Argillaceous Chert
Unit is intercalated with an approximately 10 cm
thick massive dolomitic layer with mat luster in its
middle part. We correlate this dolomitic layer with
that in the Gray Bedded Argillaceous Chert Unit
in sections MT-2” and -2 based on the similarities in
thickness, appearance and its stratigraphic posi-
tion (Fig. 6). The upper limit of the Gray Bedded
Argillaceous Chert Unit is bounded by a fold and
not exposed in this section. The thickness of the
exposed part of this unit is 125 cm. Based on the
correlation with sections MT-3, -2, and -2, this
section is composed of the Lower Black Shale
Unit, the Gray Shale Unit, the Upper Black
Shale Unit, and the Gray Bedded Argillaceous
Chert Unit, in ascending order.

Section MT-1

Section MT-1 is also located near the northern
limit of the southern block (Fig.3). This section
consists of an approximately 2.6 m-thick continu-
ous sequence of black shale, gray shale, black
shale, dolomitic layer, and gray argillaceous chert
intervals, in ascending order (Fig.5), which are
laterally traceable to section MT-1" bed by bed.
Therefore, this section comprises the Lower Black
Shale Unit, the Gray Shale Unit, the Upper Black
Shale Unit, and the Gray Bedded Argillaceous
Chert Unit, in ascending order, based on the direct
tracing from those in section MT-1". The lower
limit of the Lower Black Shale Unit is bounded by
a fold and not exposed in this section. The thick-
ness of the exposed part of this unit is 10 em. Black
shale of this unit changes into gray shale of the
overlying Gray Shale Unit with a gradual contact.
The Gray Shale Unit in this section is approxi-
mately 45 em thick, consisting of alternations of a
10-20 em-thick gray shale bed, a 15 em-thick black
shale bed, and a 1.5 ecm-thick gray chert bed, in
ascending order. Gray shale of this unit changes
into black shale of the overlying Upper Black
Shale Unit with a gradational contact. The Upper
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Black Shale Unit in this section is approximately
95 em thick, and changes into an overlying dolo-
mite bed with a sharp contact. The dolomitic layer
in this section is approximately 25 cm thick, and
changes into gray argillaceous chert with a sharp
contact. The upper limit of the Gray Bedded
Argillaceous Chert Unit is bounded by a fold and
not exposed in this section. The thickness of the
exposed part of this unit is 85 em.

Continuous composite columnar section

Sections MT-4 to MT-1 were correlated with each
other, and the continuous composite columnar
section covering the entire Lower Triassic was
reconstructed (Fig. 5). The composite section is an
approximately 9.5 m-thick continuous sequence
consisting of the Lower Black Shale Unit, the Gray
Shale Unit, the Upper Black Shale Unit, the Gray
Bedded Argillaceous Chert Unit, the Greenish
Gray Siliceous Mudstone Unit, the Red Siliceous
Mudstone Unit, the Gray Bedded Siliceous Mud-
stone Unit, and the Gray Bedded Chert Unit, in
ascending order. The stratigraphic level of 0 cm is
set at the exposed lower limit of the Lower Black
Shale Unit. Yamakita et al. (2010) claimed that the
the interval examined by this study is overturned
on the basis of the occurrence range of two Smith-
ian conodonts Neogondolella milleri and Neos-
pathodus bransoni after Orchard (2007) in section
MT-2. However, these conodonts were originally
reported from the same limestone bed approxi-
mately 4.5 m thick, which is accompanied with the
Smithian ammonoid Meekoceras (Miller 1956),
suggesting that occurrence ranges of these two
conodonts can be overlapped within the Smithian.
Therefore, occurrence of these two Smithian con-
odonts can not be used to determine the strati-
graphic direction. In addition, the stratigraphic
direction can be estimated based on the nature of
the contacts of thin black shale beds, whose basal
contact is generally sharp and straight, and the up-
per contact is gradual (Fig. 7a). Sharp lower con-
tact corresponds to the boundary of depositional
environment from oxygen-rich to oxygen-deficient,
representing the cessation of bioturbation. On the
other hand, gradual upper contact corresponds to
the boundary of depositional environment from
oxygen-deficient to oxygen-rich, representing the
restart of bioturbation. Moreover, burrows filled
with black shales are observed in the adjacent Gray
Shale Unit (Fig. 7b), suggesting the boring direc-
tions of benthos is consistent with our interpreta-
tion of the stratigraphic direction.
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Fig. 7 (a) Stratigraphic direction inferred from the sharp lower and the
gradual upper contacts of a thin black shale bed. Color grading around the
thin black shale bed is considered to reflect change in concentrations of
organic material. Sharp lower contact corresponds to the boundary of
depositional environments from oxygen-rich to oxygen-deficient, repre-
senting the lack of bioturbation. On the other hand, gradual upper contact
corresponds to the boundary of depositional environment from oxygen-
deficientto oxygen-rich, representing the influence of bioturbation. Sample
was taken from the Greenish Gray Siliceous Mudstone Unit in section
MT-3. (b) Stratigraphic direction inferred from black shale filled burrows in
gray shale near the boundary between the Gray Shale Unit and the Upper
Black Shale Unit in section MT-1. Burrows are indicated by arrows.

Organic carbon isotope stratigraphy for composite pelagic
section of the lower Triassic

Measurement of 8"3C,,, was carried out with high
temporal resolution for the Lower Triassic con-
tinuous pelagic sequence in the Panthalassa
(Table 1). Pelagic sedimentary rock samples were
obtained from sections MT-1, MT-2, MT-2’, MT-3,
and MT-4, so as to cover the entire stratigraphic
sequence of the lower Triassic. Stratigraphic posi-
tions of analyzed samples are shown in Figure 8.
Values of 8®C,, range from —-34.4 to —21.0%o
with the average of —27.9%o (Fig. 8). Meter-scale
large-amplitude variations are observed through-
out the section. In the Lower Black Shale Unit and
the lower part of the Gray Shale Unit, the §"Cy,
values are nearly constant at approximately
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—27%o. The values fluctuate between —30 and
—24%o in the upper part of the Gray Shale Unit and
the lower to middle parts of the Upper Black Shale
Unit, and gradually decrease to approximately
—31%o0 toward the upper part of the Upper Black
Shale Unit. The 8®C,,, stays around —30%o near
the base of the Gray Bedded Argillaceous Chert
Unit, and gradually increases to approximately
—25%o0 with relatively large scatter toward the
upper part of the Gray Bedded Argillaceous Chert
Unit. 8®C,,, decreases again from —25%o in the
upper part of the Gray Bedded Argillaceous Chert
Unit to —30%o0 in the upper part of the Greenish
Gray Siliceous Mudstone Unit, although it shows a
relatively large scatter within the lower part of
the Greenish Gray Siliceous Mudstone Unit. The
81C g abruptly increases to approximately —25%o
in the uppermost part of the Greenish Gray Sili-
ceous Mudstone Unit and stays at around —25%o in
the Red Siliceous Mudstone Unit. From the base of
the Gray Bedded Siliceous Mudstone Unit, the
3¥Core gradually decreases from —25 to —32%o
toward the black chert bed in the middle part of
the Gray Bedded Siliceous Mudstone Unit.
Superimposed on these meter-scale variations
in the 8"C,., values, tens of centimeter-scale high-
amplitude variations, which seem to be related to
lithological changes, are also observed. Namely,
thin black shale beds tend to decrease *C as much
as 8%o relative to adjacent gray shale beds in
the Gray Shale Unit. A similar relationship is
observed between thin black shale intercalations
and adjacent argillaceous chert beds in the middle
to the upper part of the Gray Bedded Argillaceous
Chert Unit, where thin black shale intercalations
tend to be depleted in *C by approximately 3%o
relative to adjacent gray shale beds. On the other
hand, thin chert beds in the lower part of the Gray
Bedded Argillaceous Chert Unit, the Red Sili-
ceous Mudstone Unit, and the Gray Bedded Sili-
ceous Mudstone Unit tend to be depleted in *C by
approximately 6%o relative to adjacent argilla-
ceous chert and siliceous mudstone beds. It is pos-
sible that samples with higher contents of TOC
yielded lower values of 8*C,,, due to the additional
supply of *C-depleted carbon during early diagen-
esis created by bacteria in an organic-rich burial
environment, contributing to the post-depositional
change in the 8"*C,,, values (e.g. Irwin et al. 1977).
However, it has been well established that the
remineralization of organic matter (i.e. respiration
of microbes) changes the carbon isotopic composi-
tion only slightly (e.g. Lehmann et al. 2002). Fur-
thermore, there is no clear relationship between
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Table 1 $'C, and TOC at Inuyama section

Sample No. Rock type Sampling interval® (cm) dBCorg (%o) TOC (wt%)
MT-1 a Black shale 5-6 -26.7 0.64
MT-1b Black shale 7-8 —26.6 1.24
MT-1¢ Black shale 9-10 -26.7 0.37
MT-1d Black shale 11-12 -26.7 0.64
MT-1e Gray shale 12-13 -27.0 0.66
MT-1f Gray shale 14-15 -26.8 0.19
MT-1g Gray shale 15-16 272 0.17
MT-1h Gray shale 18-19 —27.2 0.24
MT-1 3-j Gray shale 20-23 275 0.23
MT-1 3-j-k Gray shale 24-29 -23.9 0.31
MT-1 3-k Chert 28.5-29.5 —25.5 0.24
MT-1 3-1 Chert 29.5-30.5 —27.9 0.35
MT-1 3-m Black shale 37-39 -30.3 6.86
MT-1 3-n Black shale 4547 —27.5 0.35
MT-1 3-n-0 Gray shale 49-52 —24.3 0.08
MT-1 3-0 Gray shale 53-56 —26.3 0.65
MT-1 4-a Black shale 57-60 -27.1 3.61
MT-1 4-a-b Black shale 63-68 —29.3 6.47
MT-1 4-b Black shale 72-79 —254 3.06
MT-1 4-¢ Black shale 80-85 -27.3 4.54
MT-1 4-d Black shale 95-99 -30.5 4.67
MT-1 4-e Black shale 108-112 -30.4 4.20
MT-1 4-f Black shale 122-126 -31.7 4.73
MT-1 4-g Black shale 131-134 -29.8 7.28
MT-1 4-h Black shale 139-142 -30.9 2.95
MT-1 4-1 Black shale 149-153 -30.7 4.67
MT-11"-a Argillaceous chert 179-181 -30.9 0.05
MT-11"-b Argillaceous chert 181-182 -29.4 0.05
MT-12"-a Chert 182-183 -34.2 0.05
MT-1 2"-b Argillaceous chert 185-187 -31.0 0.05
MT-13 Argillaceous chert 187-189 -30.1 0.06
MT-14 Argillaceous chert 191-192 -29.1 0.03
MT-15 Chert 194-195 -34.4 0.06
MT-16 Argillaceous chert 195-196 -29.8 0.04
MT-17 Argillaceous chert 200-204 -31.7 0.05
MT-18 Argillaceous chert 207-212 -29.4 0.05
MT-19 Argillaceous chert 215-219 -30.0 0.07
MT-1 10" Argillaceous chert 225-228 -30.0 0.04
MT-1 11" Argillaceous chert 232-235 -30.7 0.08
MT-1 12 Argillaceous chert 235-238 -29.5 0.04
MT-1 18 Argillaceous chert 246-251 -30.9 0.04
MT-2 I-a Argillaceous chert 265-268 —28.8 0.04
MT-2 I-b Black shale 274-278 -33.0 0.52
MT-2 I-c Argillaceous chert 281-285 —28.6 0.05
MT-2 I-d Black shale 299-300 -32.0 1.29
MT-2 11 Argillaceous chert 302-304 -30.5 0.10
MT-2 III Argillaceous chert 304-306 -28.2 0.04
MT-2 IV Argillaceous chert 319-312 -29.4 0.03
MT-2 14 Argillaceous chert 316-319 —28.8 0.06
MT-2 15-a Argillaceous chert 323-327 —28.0 0.05
MT-2 15-b Argillaceous chert 332-335 -30.0 0.04
MT-2 16-a Argillaceous chert 340-344 —28.8 0.03
MT-2 16-b Black shale 348-352 -32.2 1.00
MT-2 17 Argillaceous chert 359-364 -31.9 0.05
MT-2 18-a Argillaceous chert 376-380 -29.8 0.02
MT-2 18-b Chert 383-387 —28.7 0.04
MT-2 19 Argillaceous chert 389-395 -26.1 0.10
MT-2 20 Argillaceous chert 403-407 —28.7 0.04
MT-2" 24 Argillaceous chert 423-426 -25.8 0.18
MT-2" 25 Argillaceous chert 434-438 —24.9 0.18
MT-2" 26 Argillaceous chert 443-446 -25.0 0.16
MT-2" 27-a Black shale 455457 -31.2 1.51
MT-3 a Argillaceous chert 485-487 —28.2 0.06
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Table 1  Continued

Sample No. Rock type Sampling interval® (cm) 3B Corg (%o) TOC (wt%)
MT-3 b Argillaceous chert 488-490 -29.1 0.08
MT-3 ¢ Black shale 494-496 -30.8 1.58
MT-3 d Siliceous mudstone 499-505 -25.7 0.03
MT-3 e Siliceous mudstone 506-512 -28.4 0.09
MT-3 f Siliceous mudstone 512-517 -29.5 0.08
MT-3 5U Siliceous mudstone 521-525 -29.0 0.07
MT-35L Siliceous mudstone 529-530 -25.4 0.03
MT-3 4U Siliceous mudstone 531-534 -27.9 0.14
MT-34 L Siliceous mudstone 535-538 -28.0 0.17
MT-3 2 Argillaceous chert 538-539 -29.2 0.16
MT-3 3U Siliceous mudstone 541-546 -27.3 0.07
MT-3 12 Siliceous mudstone 548-551 -21.0 0.19
MT-3 13 Siliceous mudstone 553-555 -26.1 0.18
MT-3 14 Siliceous mudstone 555-559 —28.2 0.42
MT-3 15 Siliceous mudstone 560-564 -26.0 0.13
MT-3 16 Black shale 564-565 -29.1 1.01
MT-3 17 Siliceous mudstone 573-578 -27.5 0.19
MT-4 1 Siliceous mudstone 582-586 -28.4 0.05
MT-4 3 Siliceous mudstone 587-590 -28.5 0.05
MT-4 5 Siliceous mudstone 601-604 -29.8 0.08
MT-4 6 Siliceous mudstone 607-610 -28.7 0.09
MT-417 Siliceous mudstone 617-619 -29.7 0.05
MT-4 8 Siliceous mudstone 620-623 -25.0 0.03
MT-49 Siliceous mudstone 624-627 -26.4 0.04
MT-4 10 Chert 628-629 -32.6 0.03
MT-4 11 Siliceous mudstone 634-638 -29.7 0.14
MT-4 ¢ Siliceous mudstone 651-655 -26.7 0.03
MT-4d Chert 657658 -32.5 0.02
MT-4 e Siliceous mudstone 661-666 -25.3 0.03
MT-4 79 Siliceous mudstone 694-696 -24.9 0.03
MT-4 80 Siliceous mudstone 699-701 -24.5 0.04
MT-4 81 Siliceous mudstone 704-709 -25.1 0.04
MT-4 82 Chert 710-712 -29.7 0.11
MT-4 83 Siliceous mudstone 719-724 -25.7 0.03
MT-4 84 Siliceous mudstone 727-731 -25.5 0.04
MT-4 85 Siliceous mudstone 736-739 -27.8 0.13
MT-4 86 Siliceous mudstone 743-748 -28.1 0.15
MT-4 87 Siliceous mudstone 754-758 -27.9 0.11
MT-4 88 Chert 762-764 -30.7 0.02
MT-4 90 Siliceous mudstone 767-770 -29.5 0.04
MT-4 92 Siliceous mudstone 775-779 —28.6 0.02
MT-4 94 Siliceous mudstone 798-801 -31.3 0.27
MT-4 96 Chert 807-808 -31.3 0.07
MT-4 98 Chert 814-815 -31.8 0.21
MT-4 100 Chert 828-830 -274 0.39

T Stratigraphic interval corresponding to the composite columnar section shown in Figure 8.

TOC, total organic carbon.

TOC and the 8%C,, values among all samples,
suggesting that 8"C,,, values did not depend on
the post-depositional environment. Therefore,
these might represent short-term changes in
dominant species of primary producers in the
surface-water on the scale of 10* years.

TOC contents are generally high with an
average value of 3.5wt% in the Lower and the
Upper Black Shale Units, whereas those of inter-
calated thin black shale beds in the Gray Shale
Unit, the Gray Bedded Argillaceous Chert Unit,
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and the Greenish Gray Siliceous Mudstone Unit,
are generally between 1.0 and 1.5wt%. TOC con-
tents in other lithologies are generally less than
0.5wt%.

DISCUSSION

In order to establish the age model for the Lower
Triassic pelagic sequence in the Inuyama area,
we correlated the stratigraphic variation pattern
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Fig. 8 Stratigraphic variations of 8"C,y and total organic carbon for the reconstructed sequence at Inuyama section. Sampling intervals are indicated

to the right of the composite column.

of 8%C,y, obtained in this study with ‘standard’
carbonate carbon isotope records of Lower Trias-
sic (Fig.9). We used carbonate carbon isotopic
(8"Cearp) records of Payne et al. (2004) and Galfetti
et al. (2007a) as target records, because these
records have high resolution and cover the Early
Triassic period with a detailed well-constrained
time framework based on conodont (Payne et al.
2004) and ammonoid (Galfetti et al. 2007a) bios-
tratigraphy, and U-Pb ages (Mundil et al. 2004;
Ovtcharova et al. 2006; Galfetti et al. 2007a).
Materials for measurements are mainly from

shallow-marine limestone deposited in the tropical
Tethys, obtained from the Guizhou (Payne et al.
2004) and Guangxi (Galfetti et al. 2007a) areas in
southern China.

Although some differences in amplitude of
8Cean, variations in the two sections could have
resulted from calcification of the depth-dependent
3C-depleted dissolved inorganic carbon formed
by respiration of organic matter (Cao et al. 2010),
million-year-scale large-amplitude oscillations of
8Cear are still observable during the Lower Tyi-
assic, as follows.
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1 An abrupt decrease in 8“Cey, from approxi-
mately +4 to —1%o across the P-T boundary,
which is followed by an abrupt increase to +1 to
+2%o during the lower Griesbachian.

2 A positive shift by 2 to 8%oc toward the lower-
most Smithian. It is worth noting that the ampli-
tude is different between sections.

3 A decrease to approximately —2%o from the
lowermost Smithian to the upper Smithian and
then an increase to +2%o toward the uppermost
Smithian.

4 A decrease to approximately —1%o from the low-
ermost Spathian to the lower Spathian, which is
followed by an increase to +2%o during the lower
Spathian.

5 Negative and then positive shifts with an ampli-
tude of approximately 4%o from the lower
Spathian to the uppermost Spathian.

Thus, million-year-scale large-amplitude oscilla-
tions characterize the 8®C.., variation pattern in
the Lower Triassic.

In addition to these two sections in south China,
8"Ceary records showing similar variation patterns
have been obtained from other P-T boundary to
the Lower Triassic sections in the Tethys such as
Salt Range (Baud et al. 1996), Carnic Alps (Holser
et al. 1989), and Iran (Horacek et al. 2007). These
results strongly suggest that the §*C.., variation
pattern compiled above represents geochemical
signals at least on the Tethyan-wide scale, which
should reflect changes in the atmospheric and
surface ocean 8*C during the Early Triassic on the
global scale (e.g. Horacek et al. 2007; Yin et al.
2007). Furthermore, 6"C,, data show variation
patterns similar to those during the end-Permian
to Griesbachian at Carnic Alps (Magaritz et al.
1992) and Southwest Japan (Musashi et al. 2001)
and from the Smithian to Spathian at Barents Sea
(Galfetti et al. 2007b). Therefore, it is reasonable to
correlate 8“C,, profiles of Panthalassa with
8"Ceary profiles of Tethys.

Correlation of carbon isotope profiles between
the Inuyama section and south China was con-
ducted by the following procedure. First, we
applied biostratigraphic constraints based on
occurrences of three conodont fossils and two radi-
olarian zones to construct an age model of the
Inuyama section. The range of Neospathodus
bransont is considered as middle to late Smithian
(Orchard 2007) that occurs in the lower part of the
Gray Bedded Argillaceous Chert Unit (C1 in
Fig. 9; Yamakita et al. 2010). The range of Neogon-
dolella milleri is considered as early to middle
Smithian (Orchard 2007) which occurrs in the
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upper part of the Gray Bedded Argillaceous Chert

Unit (C2 in Fig. 9; Yamakita et al. 2010). The range

of Neospathodus symmetricus is considered

as almost entire Spathian (Orchard 1995) which
occurrs occurred in the upper part of the Greenish

Gray Siliceous Mudstone Unit (C3 in Fig. 9; Taka-

hashi et al. 2009b). The range of Parentactinia

nakatsugawaensis zone is considered as almost
entirely Spathian (Yao & Kuwahara 1997) which
occurrs in the Red Siliceous Mudstone Unit and

Gray Bedded Siliceous Mudstone Unit (R1 in

Fig. 9; Yao & Kuwahara 1997). The range of Hoz-

madia gifuensis zone is considered as early

Anisian (Sugiyama 1992) which occurs in the Gray

Bedded Chert Unit (R2 in Fig. 9; Yao & Kuwahara

1997). Based on these age constraints, the litho-

logical interval from the Red Siliceous Mudstone

Unit to the Gray Bedded Siliceous Mudstone

Unit is correlated to the Spathian, and the Gray

Bedded Chert Unit is correlated to the Anisian,

respectively.

A ten-point moving average of 8*C,,, was taken
to demonstrate the general variation pattern
of 8%Cyy (Fig.9). Within the Smithian and the
Spathian, the 8%C,, profile for the Inuyama
section can be correlated with the 8C..y, profile
for shallow-marine sequences in south China
based on the similarity in variation patterns
(stratigraphic intervals (i-iv) in Fig. 9) as follows.
1 The decrease in 8"C,y from approximately

—27%o in the lowermost part of the Gray Shale

Unit to approximately —31%o in the uppermost

part of the Upper Black Shale Unit is correlated

with the decrease in 8®Ce.., in the lower to

middle Smithian interval ((i) in Fig. 9).

2 More or less constant 8C,,, values of approxi-
mately —30%o0 and the following increase to
approximately —25%o from the base of the Gray
Bedded Argillaceous Chert Unit to the upper
part of the Gray Bedded Argillaceous Chert
Unit is correlated with the increase in 8"Cean,
from the middle Smithian toward the uppermost
Smithian interval ((ii) in Fig. 9).

3 The decrease in §"C,,, to approximately —30%o
in the upper part of the Greenish Gray Siliceous
Mudstone Unit and the following increase to
approximately —25%o in the upper part of the
Red Siliceous Mudstone Unit is correlated with
the decrease and the following increase in
8"3Cearp in the lowermost Spathian interval ((iii)
in Fig. 9).

4 The decrease in §"*C,,, to approximately —31%o
in the middle part of the Gray Bedded Siliceous
Mudstone Unit is correlated with the gradual
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decrease in 8"Cey, in the lower Spathian inter-

val ((iv) in Fig. 9).

The duration of the §"*C,,, profile is linearly inter-
polated for each stratigraphic interval of (i), (ii),
(iii), and (iv). However, stratigraphic positions of
age-control points described in Figure 9 have
uncertainties in correlation with the 8'*C..., curves
because of the relatively large scatter and rather
gradual shifts in the 8"C,, values at Inuyama
section. The uncertainties in correlation are given
as bars in Figure 9.

Average sedimentation rates for the strati-
graphic intervals (i), (ii), (iii), and (iv) were calcu-
lated based on their thickness and corresponding
time duration, which can be estimated from U-Pb
ages on the carbonate sequence at Guangxi, south-
ern China (Galfetti et al. 2007a). Galfetti et al.
(2007a) identified four stages, Griesbachian, Dien-
erian, Smithian, and Spathian, during the Early
Triassic based on detailed ammonoid biostratigra-
phy. They also determined three numerical ages
251.22 * 0.20, 250.55 = 0.40, and 248.12 * 0.28 Ma
during the Early Triassic on volcanic ash layers in
the carbonate sequence at Guangxi based on U-Pb
geochronology (Ovtcharova et al. 2006; Galfetti
et al. 2007a). In addition, the U-Pb age of the P-T
boundary was estimated to be 252.6 = 0.20 Ma on
volcanic ash layers at Shangsi and Meishan, south-
ern China (Mundil et al. 2004).

The average sedimentation rate for interval (i),
from the Gray Shale Unit to the Upper Black Shale
Unit in the middle Smithian, is estimated to be
approximately 5.6 m/my (1.6-14 m/my) (Fig. 10)
based on the thickness of approximately 1.4 m and
its corresponding time duration of 0.25 = (.60 my
(Galfetti et al. 2007a). The average sedimentation
rate for the interval (ii), from the base of the Gray
Bedded Argillaceous Chert Unit to the upper part
of the Gray Bedded Argillaceous Chert Unit, in the
upper Smithian is estimated to be approximately
15.0 m/my (3.8-30 m/my) (Fig.10) based on the
thickness of approximately 3.0 m and its corre-
sponding time duration of 0.20 = 0.60 my (Galfetti
et al. 2007a). The average sedimentation rate for
interval (iii), from the upper part of the Gray
Bedded Argillaceous Chert Unit to the upper part
of the Red Siliceous Mudstone Unit, in the lower-
most Spathian is estimated to be approximately
5.1 m/my (1.8-23 m/my) (Fig.10) based on the
thickness of approximately 2.3 m and its corre-
sponding time duration of 0.45 = 0.80 my (Galfetti
et al. 2007a). The average sedimentation rate for
interval (iv), from the upper part of the Red Sili-
ceous Mudstone Unit to the middle part of the Gray
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Siliceous Mudstone Unit, in the lower Spathian is
estimated to be approximately 2.5 m/my (1.1-14 m/
my) (Fig. 10) based on the thickness of approxi-
mately 1.4 m and its corresponding time duration
of 0.55 * 0.68 my (Galfetti et al. 2007a).

The study on the Middle and Upper Triassic and
Lower Jurassic radiolarian bedded chert in the
Inuyama area revealed that a chert-shale couplet
is representing the average duration of 20 ky, sug-
gesting the possibility of its precession origin
(Hori et al. 1993; Ikeda et al. 2010a, b). Ikeda et al.
(20104, b) further demonstrated that the sedimen-
tary rhythms of the bedded chert are of astronomi-
cal cycle origin based on their hierarchical eyclicity
of chert bed thickness variation. Although it is not
yet demonstrated that the sedimentary rhythms of
the lower Triassic sequence is also of astronomical
cycle origin, such an origin is highly likely consid-
ering their downward continuity from the Middle
Triassic sequence studied by Ikeda et al. (2010a).
So, we assume that a couplet of either chert-shale
or siliceous shale-shale couplet in the lower Trias-
sic sequence also represents a precession cycle,
and test whether this assumption is consistent
with the age model described above.

The Gray Bedded Argillaceous Chert Unit and
the Greenish Gray Siliceous Mudstone Unit from
the upper Smithian to the lowermost Spathian are
characterized by periodic intercalations of thin
black shale beds. Assuming that thin bed couplets
of siliceous mudstone-black shale, or argillaceous
chert-black shale reflect approximately 20 ky pre-
cession cyclicity, sedimentation rates for the Gray
Bedded Argillaceous Chert Unit and the Greenish
Gray Siliceous Mudstone Unit are estimated to be
7.1 and 11.3 m/my, respectively (Fig. 10), because
average thicknesses of one couplet are 14.2 em for
the Gray Bedded Argillaceous Chert Unit and
22.5 cm for the Greenish Gray Siliceous Mudstone
Unit, respectively. Although the estimated sedi-
mentation rate of 11.3 m/my for the Greenish Gray
Siliceous Mudstone Unit is somewhat higher
than the rate estimated for interval (iii) including
the Greenish Gray Siliceous Mudstone Unit by
using the carbon isotope stratigraphy, these
estimated sedimentation rates are consistent
with the latter estimates, considering the errors
based on the carbon isotope stratigraphy (Fig. 10).

The stratigraphic interval from the Red Sili-
ceous Mudstone Unit to the Gray Bedded Siliceous
Mudstone Unit of the lower Spathian is character-
ized by alternations of siliceous mudstone or
chert and shale beds. Assuming that a siliceous
mudstone-shale or chert-shale couplet reflects an
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Fig. 10 Sedimentation diagram of the reconstructed sequence at Inuyama section based on the correlation of carbon isotope stratigraphy (O) and on
the assumptions that an approximately 20 ky precession cycle (L) is represented by the time duration for a couplet of thin black shale bed-siliceous part
in the Gray Bedded Argillaceous Chert Unit and the Greenish Gray Siliceous Mudstone Unit, and for a couplet of siliceous mudstone-shale or chert—shale
in the Red Siliceous Mudstone Unit and the Gray Bedded Siliceous Mudstone Unit. Arrows indicate the horizons of age-diagnostic radiolarian (R1, R2) and

conodont (C1, C2, C3) fossils and the thick gray horizontal bars represent their ranges.

approximately 20-ky precession cyclicity, sedimen-
tation rates for the Red Siliceous Mudstone Unit
and the lower part of the Gray Siliceous Mudstone
Unit are estimated to be 3.1 and 3.4 m/my, respec-
tively (Fig. 10), based on average thicknesses of
one couplet of 6.2 and 6.8 cm, respectively, for each
stratigraphic interval. These estimated sedimen-
tation rates are consistent within errors with the
age constraints based on the correlation using
carbon isotope stratigraphy (Fig. 10).

It is evident from the above estimates that
the sedimentation rate for the upper Smithian
(approximately 15 m/my) is much higher than

those for the lower Smithian (approximately 5.6 m/
my), the lowermost to lower Spathian (approxi-
mately 5.1 to 2.5 m/my), and the Middle Triassic —
Lower Jurassic bedded chert (1 to 4 m/my; e.g.
Matsuda & Isozaki 1991; Tkeda et al. 2010a). The
sedimentary sequence exposed at Inuyama section
is characterized by pelagic siliceous sedimentary
rocks deposited on the oceanic crust of the low
latitude Panthalassa (e.g. Matsuda & Isozaki
1991). Therefore, up to a 10-fold increase in sedi-
mentation rate during the late Smithian would
have been caused either by the drastic increase in
biogenic silica accumulation rate or the eolian dust

© 2012 Blackwell Publishing Asia Pty Ltd



98 H. Sakuma et al.

accumulation rate. Because the upper Smithian
sequence is characterized by more argillaceous
lithologies, the observed higher sedimentation
rates during the late Smithian should imply more
than a ten-fold increase in terrigenous input to the
pelagic ocean during this period based on the com-
parison of sedimentation rate of the upper Smith-
ian (approximately 16 m/my) with the Middle
Triassic (approximately 2.0 m/my; Ikeda et al.
2010a) at the Inuyama section.

Although palynological and paleobotanical
records of the Early Triassic are fragmental, espe-
cially in low latitudes, they tend to suggest that
extremely devastating terrestrial ecosystems con-
tinued after the P-T boundary (e.g. Looy et al.
1999). According to palynological studies from
European continent in low- to mid-latitude north-
ern hemisphere (Looy et al. 1999) and the Boreal
realm, which was located around 50°N (Galfetti
et al. 2007b) during the Early Triassic, gymno-
sperm diversity seems to have recovered since the
Spathian. In addition, palynological data about
the xerophyte-hygrophyte element ratio from the
Boreal realm indicate that highly dry climatic con-
ditions were dominant during the late Smithian,
with shifts to a more humid climate in the Spathian
(Galfetti et al. 2007b). Recently, it is demonstrated
that the higher bulk accumulation rate during the
Griesbachian to Dienerian relative to the Chang-
xingian (latest Permian) is observed from various
sections in continent-margin and platform sedi-
ments, and the sedimentation rate continued to be
high up to the Smithian in Meishan and Chaohu,
shallow-water Tethys (Algeo & Twitchett 2010).
These changes in sediment fluxes suggest a large
increase in the eroded materials from adjacent land
areas due to accelerated rates of chemical and
physical weathering as a function of higher surface
temperatures, increased acidity of precipitation,
and changes in landscape stability tied to destruc-
tion of terrestrial ecosystems during the Early Tri-
assic (Algeo & Twitchett 2010). Our data imply
increased physical weathering and dust emission
rates from the continent in the northern hemi-
sphere during the late Smithian, which might have
resulted in the drastic increase in eolian dust accu-
mulation in the pelagic realm during the Smithian
more than the Griesbachian to Dienerian.

CONCLUSIONS

1 High-resolution continuous reconstruction of
the Lower Triassic pelagic sequence was con-

© 2012 Blackwell Publishing Asia Pty Ltd

ducted at the Inuyama section, central Japan,
based on detailed field mapping, construction of
columnar sections for each fault-bounded block,
and lithostratigraphic correlations of the colum-
nar sections. The reconstructed sequence is
approximately 9.5 m thick, and is composed of
eight lithological units: Lower Black Shale Unit,
Gray Shale Unit, Upper Black Shale Unit, Gray
Bedded Argillaceous Chert Unit, Greenish Gray
Siliceous Mudstone Unit, Red Siliceous Mud-
stone Unit, Gray Siliceous Mudstone Unit, and
Gray Bedded Chert Unit, in ascending order.

2 Measurement of 8'C,,, was conducted for the
reconstructed pelagic sequence with high tem-
poral resolution. Stratigraphic variations in
8"Corg generally show large-amplitude fluctua-
tions between —34.4 and —21.0%o throughout the
sequence.

3 In order to construct the age model for the
Lower Triassic pelagic sequence, a correlation
was conducted between the 8“C,, profile at
Inuyama section and the high-resolution 8*Ce.,
profile from southern China using conodont and
radiolarian biostratigraphy as age constraints.

4 The correlation provides a well-controlled age
framework for the pelagic sequence of Pan-
thalassa from the Smithian to the Spathian. The
result reveals the extremely high terrigenous
sedimentation rate during the upper Smithian,
which likely resulted from the increased eolian
dust input from Pangea.
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