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Triassic and Jurassic radiolarian response to global catastrophic events
in the Panthalassa Ocean, as recorded in the Mino Belt, central Japan

Tetsuji ONOUE?, Rie S. HORI*™ and Satoru KOJIMA***

Abstract

The field trip will focus on the radiolarian response to global catastrophic events (e.g.,
bolide impact, large-scale volcanism, and anoxia) recorded in Triassic and Jurassic
radiolarian chert of the Mino Belt, central Japan. The radiolarian chert of the Mino Belt
records the sedimentary history of an oceanic plate in the Panthalassa Ocean prior to
accretion at the trench. The topics presented and discussed in the field are: (1) the end-
Permian mass extinction and recovery from the event; (2) Early Triassic anoxia and
subsequent recovery in the Middle Triassic; (3) paleoenvironmental changes across the
Early-Late Carnian boundary (Carnian Pluvial Event); (4) collapse of marine ecosystems
triggered by a Norian impact event; (5) ocean acidification at the Triassic-Jurassic boundary;
and (6) Early Jurassic (Toarcian) anoxia and the formation of black chert. In addition to
these topics, this trip will consider aspects of the accretion process of oceanic plate

sediments during the Middle to Late Jurassic.
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Introduction

The aim of this field trip is to introduce the stratigraphy and micropaleontology of
sections through Lower Triassic-Middle Jurassic sequences of the Mino Belt in central
Japan. The Mino Belt is a Middle to Late Jurassic subduction-generated accretionary
complex in central Japan that strikes approximately east-northeast (Fig. 1). The belt is
characterized by a coherent sequence comprising Lower Triassic to Middle Jurassic bedded
chert and overlying Middle Jurassic terrigenous clastic rocks (Matsuda and Isozaki, 1991).
The absence of carbonate rocks and coarse terrigenous grains in the bedded chert suggests
that its primary depositional site was deeper than the calcium carbonate compensation
depth and beyond the reach of terrigenous clastic grains. Previous paleomagnetic studies of
the Triassic bedded chert successions of the Mino Belt suggested that these sediments
accumulated in a pelagic, open-ocean setting within a low- to middle-latitude part of the
Panthalassa Ocean (Shibuya and Sasajima, 1986; Ando et al., 2001; Uno et al., 2015). The
Triassic-Jurassic cherts accreted within an accretionary complex on the eastern margin of
the Asian continent during the Middle to Late Jurassic (Matsuda and Isozaki, 1991).

The Triassic-Jurassic chert sequences of the Mino Belt in the Inuyama-Kamiaso area,
central Japan, preserve one of the most significant and complete records of Triassic—
Jurassic pelagic environments in the Panthalassa Ocean. The three-day field trip will focus
on the radiolarian response to global catastrophic events (e.g., bolide impact, large-scale
volcanism, and anoxia) recorded in the Triassic to Jurassic radiolarian chert in the Inuyama-
Kamiaso area. Equally importantly, we hope to provide the participants with knowledge of
aspects of the accretion process of oceanic plate sediments during the Middle to Late

Jurassic.

Geologic outline of the Inuyama-Kamiaso area

1. General overview

The Mino Belt consists of Jurassic accretionary complexes that strike east-northeast in
central Japan (Fig. 1). The belt is juxtaposed against the Circum-Hida (Hida Gaien) Belt to
the north, which is tectonically overlain by the metamorphosed correlative of the Mino Belt
that occurs to the south (the Ryoke Belt).

The accretionary complexes in the Mino Belt are subdivided into seven
tectonostratigraphic units based on lithology, structure, and age of accretion (Fig. 2: Wakita,
1988; Wakita et al, 1992). The complexes consist of two coherent units (the Samondake and
Kamiaso units) and five melange units (the Sakamoto-toge, Funafuseyama, Kuze, Nabi, and
Kanayama units). The coherent units are composed of imbricate thrust sheets of

sedimentary sequences that retain their primary stratigraphic coherency in most parts. The
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melange units consist of mixed rock assemblages in which numerous blocks and lenses of
various lithologies (e.g., basaltic rocks, limestone, and bedded chert) and size are complexly
mingled with terrigenous clastic rocks (Wakita, 1988; Nakae, 2000; Sano and Kojima, 2000;
Sano et al, 2017). The ages of accretion of these units become younger from north to south,
as the structurally lower units occur in the southern area (Wakita, 1988; Wakita et al., 1992).
The field trip will visit seven localities in the Inuyama-Kamiaso area, eastern Gifu
Prefecture, central Japan (Figs. 2, 3). This area is distributed in the southern part of the
coherent Kamiaso Unit of the Mino Belt, which strikes east-northeast. The Kamiaso Unit in
this area consists of thrust piles of sedimentary sequences containing Triassic to Lower
Jurassic bedded chert and overlying Middle Jurassic clastic rocks (i.e., a chert-clastic
sequence: Matsuoka et al., 1994). The chert-clastic sequence is interpreted to have
accumulated in a pelagic, deep-sea setting below the carbonate compensation depth and
within a tapering wedge of trench-fill turbidites with distal facies. Paleomagnetic analysis of
the bedded chert in the study area indicates that the site of deposition changed from a low-

latitude zone in the Middle Triassic to a mid-latitude zone in the Late Triassic (Fig. 4:
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Fig. 2. Map showing the tectonostratigraphic subdivision of the accretionary complexes in the Mino area and
geological cross-sections along the lines A-B and C-D. After Kojima et al. (2016).

D Mudstone and siliceous mudstone

- Siliceous claystone
F cren ,

Fig. 3. Geologic and location maps of the field stops along the Kiso River.
Modified after Wakita (1988).
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Shibuya and Sasajima, 1986; Oda and Suzuki, 2000; Ando et al., 2001; Uno et al.,, 2015).
Previous studies have compiled a detailed radiolarian biostratigraphy of the Triassic to
Middle Jurassic bedded chert of the area (e.g., Yao et al, 1982; Hori, 1990, 1992; Sugiyama,
1992, 1997).

The chert-clastic sequence in the Inuyama-Kamiaso area occurs as a stack of thrust
sheets (Wakita, 1988; Kimura and Hori, 1993) that formed during accretion (Matsuda and
Isozaki, 1991) and are named CH-1, CH-2, CH-3, and CH-4, in structurally ascending order
(Yao et al, 1980). The complexly stacked wedges of the thrust sheets form a large syncline
(the Sakahogi Synform) that plunges to the west (Fig. 5).
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2. Deep-water oceanic plate stratigraphy

The chert-clastic sequence records the sedimentary history upon an oceanic plate prior
to accretion at the trench (Matsuda and Isozaki, 1991). The reconstructed ocean floor
sequence found in ancient accretionary complexes is called “oceanic plate stratigraphy” and
records the history of the oceanic plate from its initiation at a mid-ocean ridge to a trench
where accretionary complexes are formed through offscraping and underplating of the
oceanic plate (Fig. 6).

The chert-clastic sequence in the Inuyama-Kamiaso area is lithostratigraphically
subdivided into lower siliceous claystone (ca. 19 m thick), middle bedded chert (ca. 110 m),
upper siliceous mudstone (ca. 38 m), and uppermost clastic rocks (ca. 190 m) units in

ascending order (Fig. 7: Kimura and Hori, 1993; Matsuoka et al., 1994). The stratigraphic
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base and top of the sequence are truncated by thrust faults (Kimura and Hori, 1993). Studies
of radiolarian and conodont biostratigraphy (e.g., Yao et al, 1982; Hori, 1990; Matsuda and
Isozaki, 1991; Sugiyama, 1997) have revealed that the lower, middle, upper, and uppermost
units of the chert-clastic sequence can be assigned to the upper Spathian to lower Anisian,
middle Anisian to upper Toarcian, upper Toarcian to Bathonian, and Bathonian to lower
Callovian, respectively.

The lower to upper units of the chert-clastic sequence record a Lower Triassic to
Middle Jurassic sequence (~80 Myr). The lithostratigraphic change within the uppermost
unit of the chert-clastic sequence indicates a lateral shift of the depositional sites as the
oceanic plate migrated, from a pelagic setting during the deposition of the Lower Triassic to
Lower Jurassic bedded chert to a hemipelagic setting, in which airborne tephras and fine-
grained terrestrial materials were deposited, during Middle Jurassic time (Matsuda and
Isozaki, 1991). The age of accretion of the chert-clastic sequence is best approximated as
Middle Jurassic, as inferred from the youngest age of radiolarians obtained from black

mudstone.

3. Triassic and Jurassic radiolarian biostratigraphy

Bedded cherts in the Mino Belt commonly yield Triassic-Jurassic radiolarians and
Triassic conodonts. The depositional ages of the chert-clastic sequence in the Kamiaso Unit
were initially dated using conodonts in the late 1970s and early 1980s (Igo and Koike, 1975;
Koike, 1979; Isozaki and Matsuda, 1982, 1983; Yao et al, 1982). However, conodonts are so
scarce in these cherts that the ages of the deposits were predominantly determined from
the radiolarian biostratigraphy. Because the Triassic-Jurassic bedded chert successions in
the Inuyama-Kamiaso area represent one of the most complete and well-preserved
stratigraphic records in the Mino Belt, many radiolarian biostratigraphies have been
established for the Triassic and Jurassic bedded cherts in this area (e.g., Nakaseko and
Nishimura, 1979; Yao et al, 1980, 1982; Yao, 1982; Kido et al, 1982; Mizutani and Kido, 1983;
Yoshida, 1986; Hori, 1990, 1992, 1997; Matsuda and Isozaki, 1991; Sugiyama, 1992, 1997).

In a landmark study of Triassic radiolarian biozones, Sugiyama (1997) established 18
radiolarian zones ranging from the Spathian (late Olenekian) to the end of the Triassic in
siliceous rocks (chert and siliceous claystone) in the Inuyama-Kamiaso area of central Japan
(Fig. 8). Sugiyama (1997) determined the total ranges of 247 selected radiolarian taxa based
on high-resolution analyses of 534 samples from 26 sections along the Kiso and Hida rivers.
He correlated these ranges with nine previously reported biozones worldwide and then
determined the chronology of the radiolarian zones by compiling existing age data. This is
the most comprehensive study on the subject to date, and the zonation scheme reported is
the only one to span almost the whole Triassic with relatively high resolution (O'Dogherty

et al, 2010). To calibrate Sugiyama's Triassic radiolarian zonation with the conodont zones



36

T. Onoue, R. S. Hori and S. Kojima

(A) Lithostratigraphy (B) Composite ATS | U-Pb (C) Geologic
of each section - - litho-biostratigraphy I age Time Scale 2012
Age Rzone E 2 =180
; . “ FRETe) ;
g Mh 1 Katsuyama S E3 ‘ ﬁ
) / ] 3 L 3
210 . = ’% § ‘ ¢ Conodont taxa % P/T P
2|2 1 == o Radiolaria El S
Sla|pslv | 1 = E K
= ] = s E3 7]
= 1 E— =« o g
5|/ 18 - EE | £
o = X =190 ~
3 1 S Ls E3 S/P I
3 .g Pslll : = - E3
5 1 25 H 8
E 4 g 5 S 5
) g g 3
£ 1 S 8 E3 =
alei | ] S1% |
] s S8 E n
=N A TR 200 H/S I—
L= & = S . . :
= [ Ps | ] - I End Triassic 3 ) T/J =
] = T
= G b Sakahogi & = I : Extinction 3 @0 N/R . 1 =}
=la) i I Long Carnian k=]
= |0 ] 8 E3 Option =
Y| |y ] z =+ Y
= = o ] E3 =
~ 24 E <
TR8C | 1 N i N/R
] =t 3L Long Norian
TRSB 1 § -:2 10 Option
2| [RsA] - & T C/N T
g S| TR7 =7 E l,ung)(',;lrnian
- i 0 ption
; 2 TR6B ] CS-2 Ejecta 2 (18) o
5 - ¥ Manicouagan ‘g
=9 1 kS i}
S| [[tRea | ] i z
o S s =220
s = < i
] S .S
. I 4+ |an
TR5B 1 CS-1 | + L1
= ] E3 C/N
'g 1 _§ S m'g E Long Norian || g
S 7 = S :§ S8 2230 Option g
O 1 S SR o ] T E
] — S S @ (16) <
TR5A | ] T bo §‘b. 3 i S
R S = =~ S E
7 S S I = i
] ] g it
oL IRAB WC-2 o s 13
HEIEONES o B 1l we |
g5 ] S5's a4) £
=g hi L NI £
; 3 TR3B { KIE EOEQ ——zi(\)lj) '5
= 3 S E3
SL(™RA 2 ol c % ":02 [ $oqay Ak I d
S(Emrec] - M KID o $oan g
‘S |TR2B | - KIC S - z
< g{ §‘ E3 ;592 0’/“ : <
i E :
; . TR2A 3 K2 KIB E 5 i ) E
(= E:
32 IR | == § K KIA o T30 &
O "TRO Mt S () S
= White ™ Grey 0,8, Y, T U-Pbage
== Red ™ Black Ege o ] Age constrained intervals (stage boundaries)
™= Purple ™ Green/Red e Oy Age constraited intervals (not stage boundaries)
%,
K

Fig. 8. The lithostratigraphy of the study sections and the composite litho-biostratigraphy for the Lower
Triassic to Lower Jurassic deep-sea sequence in the Inuyama area, Japan. Lithologic types are from
Sugiyama (1997), Tkeda et al. (2010) and Sakuma et al. (2012). After Ikeda and Tada (2014).
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and the standard Triassic timescale, the Late Triassic conodont biostratigraphy was
recently investigated in the same sections as those used by Sugiyama (1997) as type sections
for radiolarian biozones (Nakada et al.,, 2014; Uno et al., 2015).

The first comprehensive work on the biostratigraphy of Jurassic radiolarians in the
Inuyama-Kamiaso area was carried out by Yao et al. (1980). Subsequently, Yao (1982)
described three Triassic and one Jurassic radiolarian assemblages in the CH-2 thrust sheet
along the Kiso River in the Inuyama area. As a result of extensive research on Lower and
Middle Jurassic bedded cherts, Hori (1990) established five radiolarian assemblage-zones in
this area. In chronological order, these are the Parahsuum simplum 1, P. simplum 11, P.
stmplum 111, P. simplum 1V, Mesosaturnalis hexagonus, Parahsuum (?) grande, and Hsuum
hisuikyoense zones (Fig. 8). The calibration for the Jurassic radiolarian zonation proposed by
Hori (1990) with the standard Jurassic timescale is based on indirect correlation with ages
determined from European and North American radiolarian biostratigraphies (Carter and

Hori, 2005; Carter et al., 2010).
Stop descriptions

Figure 9 shows the localities visited during this field trip. Figures 3 and 5 presents a

geological map of the Inuyama area showing the locations of Stops 1 to 4.

i /\ Toyama Pref. >
Japan Sea
,Takayama

Gifu Pref.

5 O Niigat,

@ Nagoya St.

f/“? Aichi pref.

Centralr Alrport

Pacific Ocean

Fig. 9. Index map showing the field stops.
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STOP 1. Unuma
GPS coordinates: 35°23'54"N, 136°57'33"E.

Unuma is well-known type locality of the genus Unuma described by Ichikawa and Yao
(1976). The section at the Unuma locality consists of a ~60-m-thick sequence of bedded
cherts of the CH-2 thrust sheet described by Yao et al. (1980). This is the renowned section
where Yao et al. (1982) first established the four Middle Triassic to Lower Jurassic
radiolarian zones in Japan. After their work, many studies of stratigraphy (Matsuda and
Isozaki, 1991; Ikeda et al, 2010), structural geology (Kimura and Hori, 1993; Kameda et al.,
2012), geochemistry (Takiguchi et al., 2006; Yamaguchi et al., 2016), and paleomagnetism
(Shibuya and Sasajima, 1986; Ando et al., 2001) have been carried out at Unuma.

Stop 1-1: Recovery from superanoxia
The section at Unuma begins with carbonaceous claystone and black chert at the base

(Ujiie et al., 2015), but the exposure of these rocks is now covered by gravel and sand.

Fig. 10. Field occurrence of Middle Triassic bedded chert in the Unuma section. (a) Lower Middle Triassic
(Anisian) bedded chert showing a remarkable redox change in deep-sea sediment; recovery from the dark
gray anoxic chert to reddish oxic chert. (b) Sedimentary transition between gray to purple/brick red chert,
reflecting an upward increase in hematite content. (¢) Bedded chert consists of rhythmic alternations of
chert and shale beds, which is considered to have resulted from cyclic changes in the accumulation rate of
biogenic SiO: within a background of slow accumulation of eolian clay. (d) Rhythmic white chert (WC) layers
interbedded with red cherts.
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Fig. 11. Composite
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Fig. 12. Stratigraphic column
of the study section showing
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pyrite (after Nakao and
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Where depositional contacts occur, middle Anisian gray bedded chert overlies black chert.
The gray bedded chert in the lowermost part gradually changes upward to red bedded
chert (Fig. 10a, b), which represents the middle Triassic recovery from the deep-sea anoxic
event that occurred across the Permian-Triassic boundary (Fig. 11: Isozaki, 1997). Based on
Fe-mineral identification by Mossbauer spectroscopy, accessory Fe-bearing minerals in
deep-sea cherts, such as pyrite and hematite, have been used as redox indicators for ancient
deep-sea environments (Sato et al., 2011, 2012). Kubo et al. (1996) revealed that the
occurrence of pyrite and hematite in the gray and red cherts essentially indicates primary
reducing and oxidizing depositional conditions, respectively (Fig. 12). It is important to note
that the oxygen-depleted interval was not restricted to the Permian-Triassic boundary, but

had a much longer duration, until the middle Anisian (~10 Myr of the Triassic).

Stop 1-2: Milankovitch cycles

Middle Triassic red bedded cherts are continuously exposed along the Kiso River (Fig.
10c). The chert consists of rhythmically alternating beds of chert (5-135 mm in thickness)
and thin beds of shale (1-80 mm thick). The processes that result in chert-shale couplets of
alternating SiO:z-rich (chert) and SiO:-poor (shale) beds have long been discussed. Hori et al.
(1993) proposed that the chert beds were produced by radiolarian blooms against a
background of constant, extremely slow accumulation of clay, based on the 10-100 times

higher abundance of cosmic microspherules in shale than in chert (Fig. 13). They also
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Fig. 13. The temporary change of magnetic microspherule abundance from shale and chert beds in the
bedded cherts of the KU Section. Abundance is shown in ppm of volume from a pair of shale-chert couplet.
The abundance value of cherts indicates the average of five samples. (b) Scanning electron micrograph of a
representative magnetic microspherule which was obtained from the measured section. It has a
characteristic dendritic form surface. Scale bar = 100 um. After Hori et al. (1993).
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suggested that the bed-thickness cycles recognized in the bedded cherts were formed by
periodic variations in radiolarian productivity related to the Milankovitch climatic cycle.
Recently, spectral analysis of a bed-number series of thickness variations in chert beds was
performed assuming that each chert-shale couplet represents a 20-kyr precession cycle in
the Middle Triassic (Fig. 14: Ikeda et al., 2010). The results of spectral analysis revealed
cycles involving approximately 200, 20, 5, and 2-3 beds, corresponding to periodicities of
approximately 4000, 400, 100, and 40-60 kyr, respectively. By further assuming that the 20-
bed cycle represents a 405-kyr eccentricity cycle of constant and stable periodicity, spectral
analysis of the time series of thickness variations of chert beds revealed distinct 38-kyr
obliquity and 97- and 117-kyr eccentricity cycles in addition to a 405-kyr eccentricity cycle
(Ikeda et al., 2010). Although radiolarian productivity probably affected variations in chert
bed thickness, further studies are required to understand the relationship between

Milankovitch cycles and radiolarian productivity in the Triassic pelagic realm.

Stop 1-3: Origin of white chert
Rhythmically repeated white chert layers (~20 cm thick) are visible in the Anisian red
bedded cherts at Unuma (Fig. 10d). The white chert is characterized by outcrop-scale
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Fig. 15. Cartoon showing the setting of deformation/diagenesis of bedded cherts in a cold subduction zone
(after Kameda et al., 2012). (a) Thermal conditions of a cold subduction zone. The temperature around
seamounts (petit hot spot) and horst-grabens may be higher than that of normal oceanic plate due to
volcanism, thereby representing hot patches in the subduction zone (future coupling areas). (b) Diagenesis of
siliceous ooze (opal-A), resulting in its conversion to chert (i.e., quartz via an intermediate stage of opal-CT)
accompanied by dehydration. White cherts represent fossilized fluid conduits during diagenesis. Brittle
fracturing of the chert occurred after duplex-underplating under temperatures of ~220 °C.

ductile folding with ENE-WSW trending axial traces, and is composed mainly of thin crack-
filling mineral veins that were precipitated in multiple stages. Kameda et al. (2012)
suggested that the ductile deformation was facilitated by silica dehydration-precipitation,
and is represented by multiple phases of vein networks.

The outcrop clearly shows that the white chert was formed prior to the ductile
deformation. There are several hypotheses regarding the origin of the white cherts.
Tsukamoto (1989) proposed that they were derived originally from limestones and were
subsequently silicified during later burial diagenesis. In contrast, Kameda et al. (2012)
suggested that the white cherts acted as conduits for SiOz-oversaturated fluid and became
silicified through multiple veining events and the precipitation of SiO: minerals, due to
intense brittle fracturing and fluid flow (Fig. 15). Yamaguchi et al. (2016) estimated that the
amount of water necessary to precipitate SiOz in the white chert is ~10? times larger than
that produced from compaction and silica/clay diagenesis of pelagic siliceous sediment
(chert). They pointed out that water released by dehydration during silica diagenesis and
fluid from various other sources (e.g., smectite-illite transition, saponite-chlorite transition,

and serpentine dehydration) would pass through the chert layer.



Triassic and Jurassic radiolarian events 43

STOP 2. Momotaro Shrine
GPS coordinates: 35°24'16"N, 136°57'48"E.

The outcrop at STOP 2 is located near the Momotaro Shrine (Jinja) on the east side of
the Kiso River in Inuyama City (Fig. 5). A widespread exposure of the Lower Triassic
siliceous claystone and overlying Middle Triassic chert in the chert-clastic sequence of the
CH-3 thrust sheet is visible (Fig. 16). Higher in the section, the Middle to Upper Triassic

(Ladinian to Carnian) bedded chert is exposed.

Stop 2-1: Early Triassic anoxia

The Early to Middle Triassic radiolarian biostratigraphy at Momotaro Shrine was
documented by Yao and Kuwahara (1997). This section was called the “Momotaro-Jinja
section” (Fig. 17: Yao and Kuwahara, 1997). Three radiolarian biozones are recognized in the
Lower Triassic siliceous claystone of this section: the Olenekian “Sphaeroides” and
Parentactinia nakatsugawaensis zones, and the Anisian Hozmadia gifuensis zone. Takahashi
et al. (2009) established conodont biozones in the same section as Yao and Kuwahara (1997):
the “Sphaeroides” zone corresponds to the late Olenekian (Spathian), the P.
nakatsugawaensis zone is late Olenekian (Spathian), and the H. gifuensis zone is Anisian (Fig.
18). After their conodont biostratigraphic work, Sakuma et al. (2012) correlated 6 3Corg
records in the Momotaro-Jinja section with high-resolution isotopic profiles of carbonate

carbon (6 3Ccarb) from shallow-marine carbonate sequences in southern China (e.g., Payne

Fig. 16. Aerial photograph of the Unuma section showing the location of Lower Triassic bedded chert
sequence described by Yao and Kuwahara (1997).
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et al,, 2004) to establish a higher-resolution age model.

The basal 3 m of the section is composed of gray siliceous claystone (Bed groups 2 and 3
of Takahashi et al, 2009: Fig. 18) and red siliceous claystone (Bed group 4), both of which
belong to the “Sphaeroides” zone. The middle part of the section (~3 m thick), which
belongs to the P. nakatsugawaensis zone, consists of red siliceous claystone (Bed group 5),
gray siliceous claystone interbedded with chert (Bed groups 6-10, 13), and two black chert
beds (Bed groups 11-12). The upper part (~1.5 m thick) contains thick alternating gray chert
and siliceous claystone (Bed groups 14-15), and corresponds to the H. gifuensis zone
(Anisian).

The Momotaro-Jinja section provides valuable insights into the relationship between
redox history and radiolarian diversity in the Panthalassa Ocean across the Early-Middle
Triassic transition. As discussed at Unuma (STOP 1), the total duration of the Early Triassic
oxygen-depleted episode was probably a maximum of 10 million years until recovery in the
Anisian (Fig. 11). Takahashi et al. (2009) analyzed organic molecules from siliceous claystones
and cherts from the Momotaro-Jinja section to clarify the redox conditions during the Early

to Middle Triassic (Fig. 18). Their geochemical analysis revealed low pristane/phytane ratios

1 grey - red
chert

black chert

~~+ sheared
<] mudstone

@ dolostone
] siliceous
claystone

E fault

Fig. 17. Sketch of outcrop of the Momotaro-Jinja section at STOP 2-1. After Yao and Kuwahara (1997).
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Fig. 18. Study results between Early Triassic and Middle Triassic from the Momotaro-Jinja section of the
low latitudinal pelagic deep-sea (after Takahashi, 2013). Data are from Takahashi et al. (2009).

(a measure of redox conditions) in the Momotaro-Jinja section (<1), indicating the prevalence
of deep-sea anoxia during the late Olenekian to Anisian. In addition, high concentrations of
dibenzothiophene (an index of anoxic depositional environments) are present in the strata
deposited at the end of the Spathian, which suggests the development of anoxic deep water.
This anoxia event coincided with a decrease in cyanobacterial abundance in the photic zone,
as indicated by the 2a-methylhopane index, and low radiolarian diversity. These results
suggest that the anoxic deep water in the Panthalassa Ocean reached intermediate water
depths at the end of the Early Triassic (Fig. 19), killing marine planktonic organisms
including radiolaria (Takahashi et al., 2009).

Stop 2-2: Carnian Pluvial Event

As the stratigraphic sequence youngs from south to north at STOP 2, the Ladinian-
Carnian bedded chert sequence was visible in the northern part of the previous stop. The
Ladinian and Carnian represent a time of relative stability, interrupted only by an episode
of more humid conditions known as the Carnian Pluvial Event (CPE). The CPE occurred in
the latest Julian (Early Carnian) and is indicated by several lines of evidence, including a

sudden input in coarse siliciclastic material observed in most shallow-water Carnian
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Fig. 19. Conceptual diagram of Panthalassic oceanic environmental stages from the upper Olenekian to lower
Anisian. After Takahashi et al. (2009).

successions of Europe (Simms and Ruffell, 1989). The event was characterized by a
temporary shutdown of carbonate systems across the western Tethyan realm (Rigo et al,
2007) and high extinction rates of several groups, such as ammonoids, crinoids, bryozoa, and
conodonts (Simms and Ruffell, 1989, 1990; Rigo et al., 2007). It has been suggested that the
CPE was caused by the major flood-basalt volcanism of the Wrangellia large igneous
province in the Panthalassa Ocean (Dal Corso et al., 2012).

To reveal the pelagic sedimentary response to Carnian climate change, Nakada et al.
(2014) observed stratigraphic changes in Fe-bearing minerals in the upper Julian-lower
Tuvalian interval of the bedded chert sequence from “Section R” (Sugiyama, 1997) at the
Momotaro Shrine locality (Fig. 20). They revealed that the stratigraphic change in the Fe-
bearing compositions can be divided into three stages: (I) a stage in which a relatively stable
mineral composition (chlorite + illite + hematite) is observed in cherts deposited during the
lower to middle Julian; (II) an abrupt change in mineral composition (absence of chlorite and
appearance of smectite) in upper Julian-lower Tuvalian strata; and (III) recovery of the
previous stable mineral composition in the middle to upper Tuvalian (Fig. 21). According to
Nakada et al. (2014), the sudden disappearance of chlorite and the presence of smectite
during the second stage occurred as a result of increasing rainfall, corresponding to the
CPE period. They inferred that the primary formation of chlorite would have decreased,
whereas smectite should have formed as a result of the increasing humidity in the

continental area.
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Fig. 20. Summary of lithostratigraphic, biostratigraphic, geochronologic, and examined samples (after Nakada
et al, 2014). It is noted that this section is one of the type sections of the Triassic standard radiolarian
biostratigraphy by Sugiyama (1997). Radiolarian zones are from Kozur and Mostler (1994) and Kozur (2003) in
Tethys and from Sugiyama (1997) in Japan after our examinations of radiolarians and conodonts. The
subdivision in the Carnian is based on Ogg (2012). The litholigic types of bedded chert are from Imoto (1984);
the B-type bedded chert shows a clear repetition of distinct siliceous and muddy layers at levels of several
centimeters and the F-type bedded chert has boundaries that are indistinct due to amalgamation.
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Fig. 22. Aerial photograph of the Sakahogi section showing the location of Norian impact ejecta layer.
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Fig. 23. PGE abundances and biostratigraphy of radiolarians from the middle Norian section (Sakahogi) at
STOP 3. Solid squares beside the lithologic section indicate the occurrence of conodonts and radiolarians in
cherts and claystones. The radiolarian ranges are used to constrain the age of the ejecta deposit. The
claystone contains anomalously high iridium concentrations, of up to 41.5 parts per billion (ppb), which are
comparable with the levels found at the K/Pg boundary. Modified after Onoue et al. (2012).

STOP 3. Sakahogi
GPS coordinates: 35°25'18"N, 136°58'27"E.

An excellent exposure of Upper Triassic bedded chert (= CH-2 thrust sheet of Yao et al.,
1980) is observed in the Sakahogi locality along the Kiso River (Fig. 22). “Section N”
(Sugiyama, 1997) exposes a ~20-m-thick sequence of bedded chert. Sugiyama (1997)
established six radiolarian zones (the Capnuchosphaera to Praemesosaturnalis multidentatus

zones) from the Carnian-Norian bedded chert in this section.

Stop 3-1: Norian impact event

We will see and discuss a possible link between the late Middle Norian radiolarian
extinction and a large impact event. Such an event has been inferred from anomalous
concentrations of platinum-group elements (PGEs) and negative osmium (Os) isotope
excursions in a claystone layer in an Upper Triassic bedded chert succession in Section N
(Figs. 23, 24: Onoue et al, 2012; Sato et al, 2013). The claystone layer is 4-5 cm thick and
contains a lower and an upper sublayer (Fig. 25a). The lower sublayer contains
microspherules in a matrix of clay minerals (mainly illite), cryptocrystalline quartz, and

hematite (Fig. 25b). The upper sublayer is composed of undisturbed clay minerals (illite) and
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Fig. 24. Stratigraphic profiles of Os isotope ratios, organic carbon isotopes, mass accumulation rates of
biogenic silica, and radiolarian biostratigraphy in bedded cherts of the Sakahogi section. Biostratigraphic
ranges of 29 radiolarian species in the study interval at Sakahogi show extinctions of middle Norian species
(red) corresponding with successive blooms of opportunistic species (purple) and radiations of new species
(blue). Dashed lines mark the initial (D1) and second (D2) phases of diversification of upper Norian radiolarian
species. Modified after Onoue et al. (2016).

cryptocrystalline quartz.

Biostratigraphic and magnetostratigraphic studies (Sugiyama, 1997; Onoue et al., 2012;
Uno et al, 2015) have revealed that the claystone layer occurs in the upper Middle Norian
bedded chert. Given that the constant average sedimentation rate of the Middle Norian
chert is 1.0 mm kyr-! (Onoue et al, 2012), the deposition of the claystone layer occurred ~1
Myr before the Middle-Late Norian boundary (~214 Ma; Ogg, 2012).

The late Middle Norian age of the clay layer suggests that the PGE anomalies and
microspherules in the lower sublayer originated from an extraterrestrial source, related to
an impact event that formed the 90-km-diameter Manicouagan crater in Canada (214-215
Ma). In addition, a magnetostratigraphic analysis yielded a normal polarity interpretation for
the clay layer, which is consistent with paleomagnetic data for the Manicouagan melt rock
(Uno et al,, 2015). Studies of PGEs and Os isotopes have revealed that the anomalously high
PGE abundances in the lower sublayer resulted from a large chondritic impactor with a

diameter of 3.3-7.8 km (Sato et al, 2016). An impactor of this size would produce a crater
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Fig. 25. (a) Photograph showing detail of claystone layer at Sakahogi locality, modified after Onoue et al.
(2012). The claystone layer is 4-5 cm thick and contains a lower and an upper sublayer. The lower sublayer
contains microspherules in a matrix of clay minerals (mainly illite), cryptocrystalline quartz, and hematite.
The upper sublayer is composed of undisturbed clay minerals (illite) and cryptocrystalline quartz. (b)
Photomicrographs of microspherules from the ejecta deposit. Plane-polarized light. (Scale bar: 500 um.) (¢, d)
Photomicrographs showing spicular (c) and radiolarian (d) cherts from the Sakahogi section. Plane polarized
light. NHR 46 (a); NHR 38 (b). Scale bars = 1 mm.

~56-101 km in diameter, assuming an impactor entry velocity of 20 km s~!, an entry angle
of 45°, and a crystalline target (density = 2750 kg m~3). The size range of such a crater is

consistent with the size of the Manicouagan crater (diameter = ~90 km).

Stop 3-2: Radiolarian faunal turnover across the Middle-Upper Norian transition
A biostratigraphic study of section N at Sakahogi indicated that extinctions of Middle
Norian radiolarian species occurred in a stepwise fashion in the ~l-myr interval above the
ejecta horizon (Onoue et al., 2016). Furthermore, high-resolution paleontological and
geochemical data (Fig. 24) have revealed that two paleoenvironmental events occurred
during the initial phase of the radiolarian extinction interval. The first event (E1) consisted
of the post-impact shutdown of primary productivity and a remarkable decline in the
amount of biogenic silica preserved before the first phase of diversification (D1). The second
event (E2) consisted of a large and sustained reduction in the sinking flux of radiolarian
silica and the proliferation of siliceous sponges, which occurred before the second phase of
diversification (D2) and lasted for ~0.3 Myr after the impact (Fig. 24). The primary cause of
this decline is difficult to identify, but the relatively long period of the E2 interval (~0.3 Myr
after the impact) largely excludes the possibility that the decline was triggered by

instantaneous environmental stresses (e.g., extended darkness, global cooling, or acid rain)



52 T. Onoue, R. S. Hori and S. Kojima

— 1, 2, 11

— Jr—
14, 15,17-20 B : _123.10, 13-15

Fig. 26. Radiolarian fossils from the bedded cherts in the middle-upper Norian section at Sakahogi (Modified
after Onoue et al., 2016). (a) Middle Norian radiolarians from the Sakahogi section. Scale bars = 100 um. 1-2,
Xiphosphaera fistulata Carter. NHR30 (1); NHR49 (2). 3-4, Capnodoce sarisa De Wever. NH52-R6. 5, Capnodoce
extenta Blome. NHR50. 6, Capnodoce sp. cf. C. ruesti Kozur and Mock. NH52-R6. 7, Capnodoce crystallina
Pessagno. NHR43. 8-9, Capnuchosphaera sp. cf. C. deweveri Kozur and Mostler. NHR36 (8); NHR53 (9). 10,
Capnodoce sp. cf. C. anapetes De Wever. NHR31. 11, Syringocapsa batodes De Wever. NH52-R6. 12, Sarla
hadrecaena (De Wever). NHR57. 13, Trialatus robustus (Nakaseko and Nishimura). NHR33. 14-15, Poulpus
piabyx De Wever. NHR37 (14); NH52-R6 (15). 16, Sepsagon longispinosus (Kozur and Mostler). NHR42. 17-18,
Japonocampe nova (Yao). NHR36 (17); NH52-R6 (18). 19-20, Corum regium Blome. NHR43 (19); NH52-R6 (20). (b)
Upper Norian radiolarians from the Sakahogi section. Scale bars = 100 um. 1-2, Spumellaria gen. et sp. indet.
A. NHRA42. 3, Pentactinocarpus sevaticus Kozur and Mostler. NHR42. 4, Palacosaturnalis harrisonensis (Blome).
NHR52. 5, Palaeosaturnalis sp. aff. P. dotti (Blome). NHR81. 6, Pseudoheliodiscus heisseli (Kozur and Mostler)
NHROI1. 7, Pseudoheliodiscus finchi Pessagno. NHR62. 8, Palaeosaturnalis sp. aff. P. harrisonensis (Blome).
NHR60. 9, Palaeosaturnalis largus (Blome) NHR57. 10, Palaeosaturnalis dotti (Blome) NHR57. 11, Lysemelas
olbia Sugiyama. NHR80. 12, Sarla prietoensis Pessagno. NHR57. 13, Plafkerium sp. A. NHR60. 14, Plafkerium
(?) sp. B. NHR74. 15, Discofulmen sp. NHR90.

that would have been caused by a bolide impact.

Decreases in the sinking flux of radiolarian silica during the E1 and E2 events may
reflect a decline in radiolarian production in Middle Norian taxa, including in Capnodoce and
Capnuchosphaera species (Fig. 26a). These Middle Norian radiolarians are rare above the E1
interval, whereas a small spumellarian species is abundant within the E2 interval; this
spumellarian species is reported as Spumellaria gen. et sp. indet. A, and its occurrence can
be used to identify the stratigraphic position of the ejecta layer in other Triassic chert
sections within the Jurassic accretionary complexes in Japan (Sato et al, 2013). These taxa

can be considered to be short-lived opportunistic species, as they disappeared at the end of
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the radiolarian faunal turnover interval. Ito et al. (2017) raised the possibility that these
spherical radiolarians represent colonial radiolarians in the Triassic.

The biostratigraphic analysis also revealed that the radiation of Late Norian taxa (Fig.
26b) was contemporaneous with a temporary bloom in the numbers of opportunistic
spumellarian species in the E2 interval (Onoue et al, 2016). The timing of these radiation
events suggests that the decrease in radiolarian biomass in the Middle Norian taxa
enhanced the bloom of opportunistic radiolarian species and the evolutionary radiation of
Late Norian taxa in the E1 and E2 intervals. Hence, the gradual extinction of Middle Norian
radiolarian taxa during the ~1-Myr period could be explained by ecological pressures
imposed by Late Norian taxa, provided that the Late Norian taxa were more rapidly
growing and more efficient phytoplankton feeders than the Middle Norian taxa.

Onoue et al. (2016) analyzed a large dataset of Upper Triassic radiolarian occurrences in
the Inuyama area to assess the magnitude of the extinction event caused by the Middle
Norian impact and to compare this event with extinction events at other stage boundaries
(Fig. 27). An analysis of the stratigraphic ranges of radiolarian species indicated that a
dramatic increase in extinction and origination rates is observed in the 1-Myr interval
following the impact event (Fig. 28). These results suggest that the Middle Norian impact
triggered the extinction and contemporaneous evolutionary radiation of the radiolarian

fauna in the equatorial Panthalassa Ocean.

STOP 4. Katsuyama
GPS coordinates: 35°25'21"N, 136°58'16"E.

A well-exposed outcrop of the bedded chert sequence (CH-3 of Yao et al, 1982) spanning
the Middle Triassic to Upper Jurassic, including the Triassic-Jurassic boundary and
Toarcian OAE level, is located in the left bank of the Kiso River near Katsuyama, Sakahogi
Town, Gifu Prefecture, Japan. This section was originally described by Hori (1990, 1992), and
is called the Katsuyama (UF) section. The whole sketch map and stratigraphy of this section
were shown in the excursion of Osaka InterRad VII Meeting 1994 (Figs. 29, 30: Matsuoka et
al., 1994). Eight radiolarian assemblage zones are recognized: the Hozmadia gifuensis,
Triassocampe coronata, “Triassocampe” nova, Canoptum triassicum, Parahsuum simplum,

“Mesosaturnalis” (Hexasaturnalis) hexagonus, and Parahsuum (?) grande zones.

Stop 4-1: Triassic-Jurassic boundary

The Triassic-Jurassic boundary in the Katsuyama (UF) section is clearly recognized in
the CH-3 bedded chert sequence, visible as a color change in the chert facies and an
associated thick (<10 cm) shale bed (Hori, 1992). A distinctive dusty red (purplish) chert is

developed just above the Upper Triassic brick-red chert sequences, the former is correlated
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Fig. 29. Lithologic column
and stratigraphic
distribution of selected
radiolarian species in the
Katsuyama (UF) section.
After Matsuoka et al. (1994).
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Fig. 31. Stratigraphic changes in magnetic, mineralogical, and geochemical data across the Triassic-Jurassic
(T-]) transition at the Katsuyama (UF) section. After Tkeda et al. (2015). (A) Biogenic magnetite saturation
isothermal remnant magnetization (SIRM; mA m?2/kg) (Abrajevitch et al., 2013). (B) Hematite pigment
properties (Mean coercivity (mT, logarithmic scale; open circle) and Dispersion parameter (DP; diamond)).
Dashed red lines indicate range of = 2 standard deviations from mean for both values (Abrajevitch et al.,
2013). (C) Hematite/illite (open circle) and hematite/Al:0s (closed circle) (D) MgO/Al:0s, Fe:03/Al:03, and
SiO2/Al:03 ratios. Yellow dotted thin line and brown thick lines indicate the chemical compositions of the
base of dusty red chert and the Central Atlantic magmatic province (CAMP) basalts, respectively.

with the final occurrence of the conodont species Misikella posthernsteini. The radiolarian
faunal change from Triassic to Jurassic taxa occurred after the extinction of M.
posthernsteini (Carter and Hori, 2005). Distinctive changes in clay and magnetic mineral
compositions in the Triassic-Jurassic boundary strata are recognized (Fig. 31), suggesting a
short-lived environmental change (pH change?) in the latest Triassic marked by the
disappearance of biogenic magnetite (Abrtajevitch et al, 2013) and a reduction in authigenic
hematite (Ikeda et al, 2015). The results of Os and Corg isotopic analyses on the Triassic—
Jurassic boundary chert sequences indicate that similar excursion curves of these isotope
ratios have been recognized in Triassic-Jurassic boundary sequences from the Panthalassa
such as in New Zealand and the Kurusu section of the Inuyama area (Okada et al., 2015;
Hori et al, 2016). These results reveal a long-lived reduction of primary production in the
Panthalassa during Late Triassic time and a subsequent increased influx of continental

material just before the radiolarian faunal turnover.
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Fig. 32. Detailed lithostratigraphic log, organic carbon isotope record (¢ 3Corg), and biostratigraphy of the
Katsuyama (UF) section. Radiolarian biostratigraphy is from Hori (1997) and modified according to Carter et
al. (2010). The major difference between these two zonations is based on the presence of only one species
(Hsuum exitguum) to define to the middle Toarcian. Modified after Grocke et al. (2011).

Stop 4-2: Toarcian OAE

This section comprises a Toarcian OAE (T-OAE) black chert sequence containing fine,
occasionally framboidal, pyrite crystals between the Parahsuum simplum and
“Mesosaturnalis” (Hexasaturnalis) hexagonus radiolarian zones of the Katsuyama (UF)
section. The black chert contains extremely high levels of organic carbon (100 times higher
than those of the red cherts from the Inuyama area, which normally contain 0.01-0.03 wt.%
organic carbon), with associated overlying thick, massive, white, Mn-rich chert beds. Stable
C isotope analysis of organic carbon of bulk cherts yielded a distinctive negative shift at this
T-OAE (Fig. 32), indicating an influx of an extremely light carbon source such as
methanotrophic bacteria at the time of the T-OAE (Grocke et al., 2011). A marked
radiolarian faunal turnover occurred across this T-OAE level, characterized by
disappearance of the Parahsuum simplum assemblage radiolarian taxa and a high diversity
of multi-segmented nassellarians such as Hsuum, Parahsuum, Parvicingula .., and Elodium

(Hori, 1997). Astronomical cycle analyses of chert bedding revealed that the age and
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duration of the T-OAE in the Inuyama chert sequences show good agreement with those of

the Karoo-Ferrar volcanism (Ikeda and Hori, 2014).

STOP 5. Kamiaso conglomerate
GPS coordinates: 35°31'34'N, 137°6'58"E.

We will observe the Kamiaso conglomerate sandwiched between trench-fill turbidites in
the Kamiaso area. The Kamiaso conglomerate is well known because the gneiss clasts
within it have yielded the oldest radiometric age in Japan. The conglomerate, together with
the sandstone, in the accretionary complex provides important information on the
provenance of clastic material (Mizutani, 1959; Adachi, 1973; Suzuki et al, 1991; Takeuchi,
2000). The following descriptions of the geology and chronology of the Kamiaso
conglomerate are taken from Adachi (1971), Adachi et al. (1992), and Sano et al. (2013), to
which the reader is referred for more detail.

The Kamiaso conglomerate is exposed along the gorge of the Hida River. Four horizons
of the conglomerate beds, each several meters thick, have been mapped in this area (Fig.
33), but their lateral extent is limited to less than 1 km. The conglomerate beds, which are
intercalated with a mudstone-rich distal turbidite, have sharp bases and are interpreted as

channelfill debris-flow deposits on a submarine fan. Similar conglomerates are known to

Conglomerate
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=
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—
=

Sandstone

% Alternation of sandstone and mudstone
&

Fig. 33. Kamiaso conglomerate beds intercalated in turbiditic sandstone and mudstone along the Hidagawa
River, Kamiaso (after Adachi, 1971).
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means the total number of clast samples analyzed (after Sano et al.,, 2013).
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occur at several localities in the Mino Belt. They record episodic events such as mega-
earthquakes and mega-storms in the provenance areas, which transported coarse materials
to the trench by debris flows.

The conglomerate contains polymictic clasts in a poorly sorted, sandy matrix-supported
fabric. The clasts are 1-30 cm diameter, rarely greater than 50 cm. The clast composition is
shown in Fig. 34. Intrabasinal rocks such as sandstone, mudstone, siltstone, chert, and
limestone are common, and exceptional but key rock species include granitic rocks
(including granitic gneiss), orthoquartzite, and marl, which are not components of the Mino
accretionary complexes. One of the granitic gneiss clasts yielded a Rb-Sr whole-rock

isochron age of 2050 +30 Ma (Fig. 35), which is the oldest radiometric age in Japan.

STOP 6. Hisuikyo
GPS coordinates; 35°3220"N, 137°7'34"E.

We will observe the chert sequences at Hisuikyo along the Hida River, where the

sequence is similar to that in the Inuyama area. As the Triassic to Jurassic radiolarian and
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Fig. 36. Geologic map of the Hisuikyo area showing the locations of STOP 6-1 (clastic rock-bearing chert) and
STOP 6-2 (manganese carbonate micronodule). Modified from Kido (1982).
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conodont biostratigraphies of chert and siliceous mudstone were extensively examined
along the Kiso River in the Inuyama area, we will concentrate on the clastic-rock-bearing

chert formations and manganese carbonate micronodules at this stop (Fig. 36).

Stop 6-1: Clastic rock-bearing cherts

Chert in the Mino Belt is believed to be pelagic sedimentary rock, given that it lacks
coarse clastic material. At some localities, however, the chert beds include clastic fragments
such as chert, siliceous mudstone, volcanic rocks (probably basalt), polycrystalline quartz,
plagioclase, dolomite, and glauconite (Kojima et al., 1999). In the lower part of the chert
section there are 25 chert layers that contain clastic fragments (Fig. 37), although these are
actually just 14 layers that have been folded and repeated (Fig. 38). Chert samples (JMP1379,
1380, 1412, and 1413: Fig. 38) yielded radiolarian fossils characteristic of the late Anisian to

early Ladinian. The clastic-rock-bearing cherts, however, include both Triassic and Permian
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Fig. 37. Map showing occurrence of the clastic rocks-bearing chert in the Hisuikyo area (after Kojima et al.,

1999).
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conodonts (Fig. 39). Although it is difficult to estimate the provenance of the clastic
fragments because of their wide variety and small grain size, Kojima et al. (1999) listed

volcanic island, island arc, continental shelf, and older accretionary complexes as candidates.

Stop 6-2: Manganese carbonate micronodules

Manganese carbonate micronodules occur in a 10-cm-thick chert formation at the
Hisuikyo locality (Figs. 36, 40). The nodules include well-preserved radiolarians, and Isozaki
and Matsuda (1985) described new key species from the Early-Middle Jurassic: Hsuum

matsuokai, Laxtorum (°) hichisoense, Laxtorum (?) jurassicum, and Transhsuum hisuikyoense

{ 5m

1 1 1 1 J

Fig. 40. Map showing the occurrence of manganese carbonate micronodules in the Hisuikyo section (after
Isozaki and Matsuda, 1985).
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Fig. 41. Radiolarian fossils from the manganese carbonate micronodules in the Hisuikyo section (Reproduced
from Isozaki and Matsuda, 1985). 1. Hsuum matsuokai, 2. Laxtorum (?) hichisoense, 3. Laxtorum (?) jurassicum,
4. Transhsuum hisutkyoense.

(Fig. 41). The micronodule-bearing chert occurs in the upper part of the chert section, and
was assigned to the Late Pliensbachian to Bajocian? by Isozaki and Matsuda (1985) and to
the Aalenian by Matsuoka (1995). Geochemical studies on the manganese carbonates in the
Mino Belt (Sugisaki et al., 1991) suggest a hemipelagic depositional environment. The
manganese carbonate nodules and layers always occur near the boundary between the
chert and the overlying clastic rocks, and the interpretation by Sugisaki et al. (1991) is

consistent with their stratigraphic position.

Concluding remarks

The Triassic-Jurassic chert sequences of the Mino Belt in the Inuyama-Kamiaso area,
the Panthalassan pelagic sequences, are one of the most significant and complete records of
their ocean environments. Many pioneer works in the 1980s and the early 1990s were
shown in the excursion guidebook in previous InterRad held in Japan in 1994 (Matsuoka et
al.,, 1994). Since the publication, further numerous study results have been accumulated, such
as Early Triassic ocean anoxia and its recovery (Isozaki, 1997; Takahashi et al., 2009, 2013;
Sato et al, 2011, 2012), Late Triassic Pluvial Event (Nakada et al, 2014), Late Triassic bolide
impact and radiolarian faunal turnover (Onoue et al, 2012, 2016; Sato et al., 2016), and
Triassic-Jurassic astronomical cycles with volcanism (Ikeda et al., 2010, 2015; Ikeda and
Hori, 2014; Ikeda and Tada, 2014). We here show these results from the milestones in the
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seminal stage to recent achievements on the cutting edge. We hope this excursion
guidebook serves as a foundation and will encourage the further development of the studies

in the Inuyama-Kamiaso area.
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