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Abstract. We describe the lithology and age of an intact section (NF 1212R) and two reference sections of
Panthalassan seamount-associated Permian-Triassic boundary (PTB) siliceous rocks. The sections occupy the
upper part of the Hashikadani Formation of the Mino terrane in the Mt. Funabuseyama area, central Japan.
Section NF 1212R comprises a lower unit of gray chert (ca. 1.7 m thick), a middle unit of dark gray to black
chert (ca. 0.8 m) with a pyrite-rich layer at the top (ca. 0.1 m), and an upper unit of black claystone with thin,
intermittent beds of black to dark gray chert (ca. 1.2 m), in ascending order. The chert of the lower and middle
units is rich in radiolarian remains with minor siliceous sponge spicules. The black chert of the middle unit is
carbonaceous and includes tiny pyrite grains. The black claystone consists of microcrystalline quartz and clay
minerals rich in carbonaceous matter. The chert of the upper unit is also carbonaceous and rich in radiolarian
remains. The lower and middle units are correlated with the Neoalbaillella optima Zone (Changhsingian). The
basal part of the upper unit is referable to the Hindeodus parvus Zone (basal Griesbachian), and the major part
of the upper unit is possibly correlated with the middle to upper Dienerian. We position the PTB at the sharp
lithologic boundary between the upper Upper Permian chert and lower Lower Triassic black claystone.
The examined PTB siliceous rocks are stratigraphically attributed to the upper part of the Hashikadani Forma-
tion, reconstructed as an oceanic rock unit characterized by Lower Permian to Lower Triassic siliceous rocks
that accumulated upon the lower flank of a mid-oceanic seamount in a pelagic realm of the Panthalassa Ocean.
Our results present the world’s first record of deep-marine PTB siliceous rocks associated with a Panthalassan
seamount.

Key words: Hindeodus parvus, Mino terrane, Neoalbaillella optima Zone, Panthalassa Ocean, Permian-Triassic
Boundary, siliceous rocks

Introduction

The approximately 251 Ma Permian-Triassic boundary
(PTB) is known as an interval of the most profound collapse
of marine and terrestrial ecosystems and drastic environmen-
tal devastation in the Phanerozoic (Erwin, 2006). Approxi-
mately 90% of marine and terrestrial species rapidly became
extinct at the end of the Permian, resulting in the Phanero-
zoic’s largest biotic turnover (Sepkoski, 1984; Bowring et al.,
1998). Concurrently, many shallow shelf seas suffered from
euxinic to anoxic and sulfidic conditions during the Permian-
Triassic transition (e.g., Wignall and Hallam, 1992; Nielsen
and Shen, 2004; Wignall et al., 2005; Cao et al., 2009;
Grasby and Beauchmap, 2009; Bond and Wignall, 2010).

The PTB biotic turnover and environmental changes have
been mostly studied in shallow-marine carbonate and sili-
ciclastic successions of the Tethyan platforms and peri-
Pangean shelves (e.g., Payne et al., 2004; Pruss et al., 2006;
Knoll et al., 2007; Lehrmann et al., 2007; Lindström and
McLaughlin, 2007; Bond and Wignall, 2010; Korte and
Kozur, 2010). The great deal of work in these regions has
greatly contributed to the increase in our knowledge of the
PTB crisis and its causes.

As suggested by Algeo et al. (2010), however, the PTB
biotic and environmental crisis in the Panthalassa Ocean, es-
timated to be approximately 50% larger than the modern Pa-
cific basin (Kiessling et al., 1999), has been little studied to
date. This is mainly due to the scarcity of reliable sections
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Figure 1. Locality of study area indicated by a star in the western part of Mino Massif, shown on the base map illustrating approximate distribution
of the Mino terrane and its equivalents in central Japan, simplified after Nakae (2000).

from this region. Most of the Permian to Triassic Panthalas-
san ocean floor has been subducted and only a few seamounts
(or oceanic plateaus) and deep-sea floors with sediments have
survived as tectonic slivers and blocks within mélange units
of accretionary terranes of the circum-Pacific region (North
America: Monger et al. 1991; Orchard et al., 2001; Japan:
Isozaki, 1997a; Far East Russia and NE China: Kojima,
1989; New Zealand: Aita and Spörli 2007). Studies on the
PTB crisis have been done in the face of the paucity of data
from both shallow- and deep-marine sediments of the Pan-
thalassa Ocean.

Since the discovery of the Permian-Triassic chert and
black claystone of deep-marine, pelagic facies (Yamakita,
1987), several PTB siliceous-rocks sections have been re-
ported from the Jurassic accretionary terranes of Japan (e.g.,
Ubara, Kyoto: Kuwahara et al., 1991; Yamakita et al., 1999;
Gujo-hachiman, Gifu: Kuwahara et al., 1998; Akkamori,
Iwate: Takahashi et al., 2009). Also, PTB siliceous rocks
are reported from Arrow Rocks, New Zealand (Takemura et
al., 2002; Aita and Spörli 2007). The stratigraphic, paleon-
tological, and geochemical studies of these siliceous rocks
have provided significant data for the understanding of the
PTB biotic turnover and environmental changes at great wa-
ter depths in a pelagic realm of the Panthalassa Ocean (Kaji-
wara et al., 1994; Takahashi et al., 2009, 2010; Algeo et al.,
2010; Wignall et al., 2010).

However, the basement rocks of these PTB siliceous rocks
have mostly remained uncertain. Consequently, the sedimen-

tary environment of the PTB siliceous rocks has been little
understood.

In order to gain new insights into the depositional setting
of the PTB siliceous rocks within the Panthalassa Ocean,
we describe the lithostratigraphy and age of a stratigraphi-
cally intact section and two reference sections of the PTB
siliceous rocks of the Mino terrane, for which the strati-
graphic attribution is clear. The examined siliceous rocks
correspond to the upper part of the Hashikadani Formation
(Sano, 1988; emended by Kuwahara et al., 2010), desig-
nated as a Lower Permian to Lower Triassic chert-dominant
oceanic rock unit and reconstructed as having accumulated
on the lower flank of a Panthalassan seamount. Our study
area is in the Mt. Funabuseyama area, western Mino Massif,
central Japan (Figure 1).

Geologic setting

Mino terrane
The Mino terrane is defined as a Jurassic subduction-

generated accretionary complex of unmetamorphosed sedi-
mentary rocks (Mizutani, 1990). The terrane rocks crop out
in several separate areas of central Japan (Figure 1). The
Mino Massif is one of the major exposure areas of the ter-
rane rocks.

Major components of the Mino terrane comprise a terrige-
nous assemblage of sandstone and mudstone with a minor
component of conglomerate referable to trench-fill deposits
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Figure 2. Revised stratigraphy of the Hashikadani Formation (Sano, 1988; emended by Kuwahara et al., 2010).

(Takeuchi, 2000), and an oceanic assemblage of basaltic
rocks, chert and related siliceous rocks, and carbonate rocks,
formed in a mid-oceanic realm of the Panthalassa Ocean
(Matsuda and Isozaki, 1991; Sano and Kojima, 2000). The
former assemblage is mostly dated as Lower Jurassic to low-
est Cretaceous, while the latter ranges from the Lower Per-
mian to lowest Cretaceous (Wakita, 1988; Nakae, 2000). All
these terrane rocks form a highly complicated imbricated
structure of fault-bounded thrust sheets.

On the basis of the lithologic association, tectonostrati-
graphic properties, and age, Wakita (1988) divided the Mino
terrane in Mino Massif into seven fault-bounded units, of
which two are coherent units and five mélange units. Each of

the coherent units is characterized by an orderly stratigraphic
succession consisting of Lower Triassic siliceous claystone,
Lower Triassic to upper Middle Jurassic chert, Lower Juras-
sic to lowest Cretaceous siliceous mudstone, and upper Mid-
dle Jurassic to lowest Cretaceous deep-water turbiditic sand-
stone and mudstone in ascending order. The succession rep-
resents a deep-water oceanic plate stratigraphy formed by lat-
eral migration of depositional sites due to plate motion dur-
ing Early Triassic to earliest Cretaceous time from a pelagic
setting within a mid-oceanic realm to a trench area along a
convergent margin (Matsuda and Isozaki, 1991). Mélange
units are characterized by chaotic mixing of various-sized,
disrupted, isolated slabs and blocks mainly of the Permian
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Figure 3. Simplified geologic map of the northwestern part of
the Amanokawara plateau in the Mt. Funabuseyama area, western Mino
Massif after Sano (1988). Localities of three measured sections of PTB
siliceous rocks (locs. NF 1036–1037, 1207, and 1212) are indicated by
stars. Open and solid circles show localities of Permian radiolarian fos-
sils reported by Sano (1988) and extracted by the present study (Table
1), respectively.

to Jurassic oceanic assemblage with a matrix of Jurassic to
lowest Cretaceous scaly mudstone. Dominant rock types of
the slabs and blocks as well as the age of the mudstone ma-
trix characterize each of the mélange units. For example, the
Funabuseyama Unit, which includes the PTB siliceous rocks
that we examined, is defined as a Middle Jurassic mélange
unit characterized by large-sized slabs of Permian basaltic
rocks, carbonates, and siliceous rocks with subordinate Tri-
assic siliceous and carbonate rocks and a matrix of Middle
Jurassic mudstone (Wakita, 1988).

Permian-Triassic oceanic assemblage in the Mt.
Funabuseyama area

The Mt. Funabuseyama area is one of the major expo-
sure areas of the Permian and associated Triassic oceanic
rocks of the Mino terrane (Figure 1). Several fault-bounded
slabs of the Permian-Triassic oceanic assemblage form the
Funabuseyama mass, approximately 2 to 5 km wide and
15 km long or more, with narrow and laterally discrete,
structurally interleaved wedges of Jurassic mudstone (Sano,
1988).

Sano (1988) divided the oceanic assemblage of the Mt.
Funabuseyama area into three nearly time-equivalent strati-
graphic units, namely, the Funabuseyama, Amanokawara,
and Hashikadani formations. The former two are charac-
terized by shallow-marine skeletal limestone and limestone

breccia, respectively, both being underlain by basaltic rocks.
The Hashikadani Formation is characterized by chert and
related siliceous rocks underlain by basaltic rocks. Sano
(1988) dated the Funabuseyama and Amanokawara forma-
tions as the late Early Permian to late Middle Permian and
late Early Permian, respectively. The Hashikadani Formation
ranges from the middle Lower Permian to upper Lower Tri-
assic (Figure 2: Sano, 1988; emended by Kuwahara et al.,
2010). Sano (1988) and Sano et al. (1992) interpreted the
Funabuseyama, Amanokawara, and Hashikadani formations
as sediments at the top, on the upper flank, and on the lower
flank of a mid-oceanic seamount, respectively. The geochem-
ical property of the basaltic rocks of these three units (Jones
et al., 1993) supports the interpretation by Sano (1988) and
Sano et al. (1992).

Hashikadani Formation
The Hashikadani Formation begins with a basal basaltic

unit directly overlain by hydrothermally precipitated Mn-rich
chert, which is, in turn, followed by a middle Lower Per-
mian to uppermost Permian radiolarian chert succession (Fig-
ure 2). The chert succession contains resedimented carbon-
ates chiefly of dolomite breccia with subordinate dolomite
sandstone, displaced down from a shallow-marine carbonate
buildup of the Amanokawara Formation on the upper flank
of the seamount. The uppermost part of the Hashikadani For-
mation consists of gray, dark gray, and black cherts, gray to
greenish gray siliceous claystone, and highly carbonaceous
black claystone, and caps the age of the formation as late
Early Triassic (Kuwahara et al., 2010). The examined PTB
siliceous rocks stratigraphically correspond to the upper part
of the Hashikadani Formation (Figure 2).

The examined PTB siliceous rocks crop out in the north-
western part of the Amanokawara plateau to the north of
Mt. Funabuseyama, where the carbonate and basaltic rocks
of the Amanokawara Formation and siliceous rocks of the
Hashikadani Formation dominantly crop out (Figure 3; Sano,
1988). The two oceanic-rock units are in fault contact with
each other, and form a gentle synform, the fold axis of which
is inclined to the north.

We measured three sections of the PTB siliceous rocks at
localities NF 1036–1037, 1207, and 1212 (Figure 3). The
three sections are included in two slabs composed domi-
nantly of Middle to Upper Permian chert with minor Lower
Triassic siliceous rocks of the Hashikadani Formation. One
of the two sheets yields Middle to late Late Permian radio-
larians at several localities (NF 164 and NF 242: Sano, 1988;
NF 1205 to NF 1211: Figure 3; Table 1).

Lithostratigraphy of PTB siliceous rocks

Our examination revealed that the NF 1212R section mea-
sured at loc. NF 1212 comprises a stratigraphically fully con-
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Figure 4. Field sketches illustrating the relationship between dark gray to black chert and black claystone of the Hashikadani Formation on the
Amanokawara plateau. Solid circles indicate sites of radiolarian-yielding samples listed in Table 1. See Figure 3 for localities. F: fault. 1. Stratigraphically
intact succession of the Upper Permian chert and Lower Triassic black claystone of the NF 1212R section. Loc. NF 1212. 2. Fault contact between
intensely faulted and folded middle Middle to upper Upper Permian chert and presumably Lower Triassic black claystone. Locs. NF 1036–1037. The
topmost part of the Upper Permian chert was measured as NF 1036R in Figure 5-2. 3. Fault contact between complexly contorted upper Middle Permian
to upper Upper Permian chert and presumably Lower Triassic black claystone. Loc. NF 1207.

tinuous succession of uppermost Permian chert and lower
Lower Triassic black claystone. The radiolarian and con-
odont biostratigraphic examinations accurately positioned the
stratigraphic level of the PTB in the NF 1212R section. We
regard it as the best of the PTB siliceous rocks sections of
the Hashikadani Formation in the Mt. Funabuseyama area.
Also, we measured the PTB siliceous rocks at localities NF
1036–1037 and 1212 as reference sections.

NF 1212R section
Most of the beds of the NF 1212R section are nearly ver-

tical and occasionally steeply dipping to the south, but face

north-northwest (Figure 4-1). The NF 1212R section com-
prises a lower unit of gray bedded chert (ca. 1.7 m thick),
a middle unit of dark gray to black chert (ca. 0.8 m) fol-
lowed by a chocolate brown-weathered, presumably pyrite-
rich layer (ca. 0.1 m), and an upper unit of black claystone
with thin, dark gray to black chert beds (ca. 1.2 m) in as-
cending order (Figure 5-1). The three units are conformable
with each other without marked stratigraphic disruption (Fig-
ure 6-1, 3). The bottom of the section is in fault contact
with the gray chert that yields Neoalbaillella ornithoformis,
indicative of the middle Late Permian (NF 1212o in Figure
4-1; Figure 9-5; Table 1), and talus deposits cover the top of



298 Hiroyoshi Sano et al.

Table 1. A list of middle Middle to late Late Permian radiolari-
ans extracted from chert of the Hashikadani Formation in Amanokawara
plateau. Localities of samples of NF 1037, 1036, and 1036R, sam-
ples NF 1205, 1206, 1208, 1209, and 1211, samples of NF 1207R and
1207AD, and sample NF 1212o are indicated in Figure 4-2, Figure 3,
Figure 4-3, and Figure 4-1, respectively. Stratigraphic levels of the sam-
ples of NF 1036R section are shown in Figures 5-2.

P
se

u
d
o
a
lb

a
il

le
ll

a
 f

u
si

fo
rm

is

P
. 
  
  
  
  
  
  
  
  
  
  
  
  
 g

lo
b
o
sa

P
. 
  
  
  
  
  
  
  
  
  
  
  
  
 s

p
. 
af

f.
 l

o
n
g
ic

o
rn

is

P
. 
  
  
  
  
  
  
  
  
  
  
  
  
 s

p
.

F
o
ll

ic
u
cu

ll
u
s 

m
o
n
a
ca

n
th

u
s

F
. 
  
  
  
  
  
  
  
  
  
 p

o
rr

ec
tu

s

F
. 
  
  
  
  
  
  
  
  
  
 s

ch
o
la

st
ic

u
s

F
. 
  
  
  
  
  
  
  
  
  
 v

en
tr

ic
o
su

s

F
. 
  
  
  
  
  
  
  
  
  
 d

il
a
ta

tu
s

F
. 
  
  
  
  
  
  
  
  
  
 s

p
.

N
eo

a
lb

a
il

le
ll

a
 g

ry
p
a

N
. 
  
  
  
  
  
  
  
  
  
 o

rn
it

h
o
fo

rm
is

N
. 
  
  
  
  
  
  
  
  
  
 o

p
ti

m
a

N
. 
  
  
  
  
  
  
  
  
 s

p
.

A
lb

a
il

le
ll

a
  
p
ro

to
le

vi
s

A
. 
  
  
  
  
  
  
  
le

vi
s

A
. 
  
  
  
  
  
  
  
ex

ce
ls

a

A
. 
  
  
  
  
  
  
  
tr

ia
n
g
u
la

ri
s

A
.

sp
.

d
c
b
z
u
r
q
p
o
n
m
l
k
j
i
h
g
f
e
d
c
b
a
1
2
3
4
5
6
7

13
12
11
10
7
6
5
2
1

64
63
60
53
50
13
10

NF 1036R

NF 1207AD

  taxa

samples

1211
1212o

NF 1036

NF1207R

NF 1037

NF 1205

1208
1209

NF 1206

the upper unit. Throughout the NF 1212R section, neither
coarse-grained terrigenous nor volcanic materials are recog-
nized both in the field and under the microscope.

The lower unit dominantly comprises gray chert with mi-
nor greenish gray chert. Each bed is mostly 2 to 5 cm thick
and alternates with gray to greenish gray clayey partings,
usually less than 1 cm thick (Figure 6-2).

The middle unit consists of dark gray to black chert al-
ternating with black claystone partings (Figure 6-2) with a
chocolate brown-weathered silty layer at the top (Figure 6-3).
The thickness of the black claystone partings of the middle
unit tends to slightly increase up-section (Figure 5-1).

Under the microscope, the dark gray to black chert of the
middle unit dominantly comprises radiolarian remains and
subordinately rod-shaped sponge spicules with tapering ends
(Figure 7-1). These siliceous organic debris are set in a ma-
trix of microcrystalline quartz with a great admixture of fine-
grained carbonaceous matter. Tiny pyrite grains are scattered
both in the siliceous organic debris and matrix.

A chocolate brown-weathered silty layer, approximately
10 cm thick, overlies the black chert at the top of the mid-
dle unit (Figure 6-3). Both its lower and upper boundaries
are clearly defined. It includes faint vestiges of parallel lami-
nae. Though its primary lithologic properties have been com-
pletely lost due to deep weathering, we infer it to have been
a pyrite-rich bed on the basis of a comparison of its strati-
graphic position with conspicuous, fist-sized pyrite nodules
at the top of the upper Upper Permian chert unit immedi-
ately below the lowest Triassic black claystone of another
PTB siliceous-rocks section (Sano et al., 2010).

The upper unit comprises a black claystone and contains
thin beds of black to dark gray chert at a few levels (Figure
5-1). The black claystone is highly fissile (Figure 6-4), ex-
tremely fine-grained, and highly carbonaceous. Gray parallel
laminae are occasionally faintly discerned in the black clay-
stone. The intercalated chert beds are 1 to 5 cm thick, and
have well defined top and bottom surfaces.

The black claystone of the upper unit comprises a mixture
of clay minerals and cryptocrystalline quartz with a great ad-
mixture of extremely fine carbonaceous matter and contains a
small amount of flattened radiolarian remains (Figure 7-3, 4).
The gray parallel laminae are less carbonaceous, with poorly
defined top and bottom surfaces (Figure 7-4). The chert in-
tercalated in the upper unit essentially consists of radiolarian
remains and contains scattered, tiny pyrite grains (Figure 7-
2).

NF 1036R section
Chert and black claystone lithologically comparable with

those of section NF 1212R crop out at loc. NF 1036–1037
(Figure 3). Though the chert and black claystone are in fault
contact with each other, we measured the chert immediately
below the black claystone at loc. NF 1036–1037 as reference
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Figure 5. Stratigraphic columnar sections of the PTB siliceous rocks of the Hashikadani Formation. See Figure 3 for locality. 1. Completely intact
PTB siliceous rock succession. NF 1212R. 2. Faulted PTB siliceous rock succession. NF 1036R.

section NF 1036R (Figure 4-2). On the basis of radiolarian
biostratigraphic examination, the chert at loc. NF 1036–1037
is younging to the north over the whole of the exposure, rang-
ing from the middle Middle Permian in the lower part to the
upper Upper Permian in the upper part (Table 1).

The NF 1036R section attains approximately 1.7 m in
thickness and entirely comprises a bedded chert unit, con-
sisting of gray chert in the lower part and dark gray to black,
carbonaceous chert in the upper part (Figure 5-2). Tiny pyrite
grains are often discerned in the black chert. These lithologic
characteristics are closely similar to those of the middle unit
of section NF 1212R (Figure 5).

Though separated from the underlying black to dark gray
chert by faults, the black claystone above section NF 1036R
is lithologically closely comparable with the black claystone
in the upper unit of section NF 1212R (Figure 5). The rocks
are sooty black to dark gray, very fine-grained, carbonaceous,
and highly fissile.

NF 1207 section
Chert and black claystone lithologically comparable to

those of locs. NF 1212 and NF 1036–1037 crop out at loc.
NF 1207, approximately 300 m west-northwest of loc. NF
1212 within the same chert slab (Figure 3). The rocks at
loc. NF 1207 have been, however, more intensely sheared by
faults than those at loc. NF 1212 and in places overturned
by complex folds (Figure 4-3). The boundary between the
dark gray to black chert and black claystone has been faulted.
Nevertheless, radiolarian biostratigraphic examination indi-
cates that the chert of the NF 1207 section is younging to the
northeast over the whole of the exposure and is structurally
repeated at least twice (Figure 4-3; Table 1).

Chert of the NF 1207 section is usually gray, dark gray,
and black, occasionally reddish and greenish gray. The chert
immediately below the black claystone and yielding the latest
Permian radiolarians is black to dark gray (Figure 4-3; Table
1). The black claystone at the top of section NF 1207 is ex-
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Figure 6. Outcrop views of the PTB siliceous rocks of the NF 1212R section. See Figures 3 and 4-1 for locality and field sketch, respectively.
1. Entire view of section NF 1212R showing the nearly vertically dipping upper Upper Permian chert (P), chocolate brown-weathered, presumably
pyrite-rich layer (cb), and Lower Triassic black claystone (T). The Permian-Triassic boundary is positioned at the base of the black claystone. 2. Close-up
view of the upper Upper Permian black to dark gray chert (right of view) and underlying gray chert (left). 3. Close-up view of the sharp lithologic
boundary between the upper Upper Permian black to dark gray chert (P), chocolate brown layer (cb), and lowest Triassic black claystone (T). An arrow
indicates the most likely stratigraphic position of the Permian-Triassic boundary. 4. Lower Triassic black claystone with thin intercalated beds of black to
dark gray chert, indicated by arrows.

tremely fine-grained and carbonaceous. The black to dark
gray chert and black claystone at the top of section NF 1207
are lithologically comparable with the middle and upper units
of section NF 1212, respectively. We consider that the chert
and associated black claystone of section NF 1207 primarily
comprise a PTB siliceous-rocks succession.

Biostratigraphy and age of PTB siliceous rocks

The PTB siliceous rocks were thoroughly dated by radio-
larians and conodonts. The chert of the study area was ex-
amined by radiolarians and the black claystone of the upper
unit of section NF 1212R section by conodonts.

Chert samples of sections NF 1212R and NF 1036R were

collected bed by bed. We processed a total of 266 chert
samples for the radiolarian biostratigraphic examination. The
acid-processed residues were mounted in glass slides and ob-
served using a biological microscope. In total, 906 photomi-
crographs were taken for the examination (798 for the lower
and middle units and 108 for the upper unit).

Four samples of black claystone and intercalated black
chert were examined for conodonts. The rock samples were
crushed into thin chips for optical microscopic observations.
Though most of the conodont elements have been dissolved,
their molds remain well preserved enough for identification
on the surfaces of the chips.

We follow Ishiga (1986), Kuwahara et al. (1998), and
Xia et al. (2005) for the Permian radiolarian biostratigraphic
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Figure 7. Thin-section photomicrographs of the upper Upper Permian chert and Lower Triassic chert and black claystone of section NF 1212R.
Stratigraphic levels of samples are indicated in Figure 5-1. All scale bars=1 mm. Plane light. 1. Radiolarian chert with minor siliceous sponge spicules
(s) set in a matrix rich in extremely fine carbonaceous matter. Uppermost Permian. Top of the middle unit. NF 1212R-50. 2. Carbonaceous black chert
crowded with radiolarian remains. Tiny pyrite grains are widespread. Note higher concentration of carbonaceous matter along complexly anastomosing
stylolite surfaces at bottom of view. Lower Triassic. Upper unit. NF 1212R-53. 3. Black claystone composed of cryptocrystalline quartz and clay minerals
with great admixture of fine carbonaceous matter. Lower Triassic. Upper unit. NF 1212R-56. 4. Less carbonaceous, light-colored siliceous laminae (a),
with poorly defined top and bottom surfaces in black claystone (b), with minor flattened radiolarian remains (r) discerned with poorly defined outlines.
Lowest Triassic. Upper unit. NF 1212R-56.

zones and their age assignment. Triassic conodont biostrati-
graphic zones and their correlation are adopted from Jiang et
al. (2007) and Zhao et al. (2007).

NF 1212R section
Permian radiolarian biostratigraphy.—We identified 56

species of 37 genera of radiolarians in the chert of the lower
and middle units of the NF 1212R section (Figure 8). The
preservation of the radiolarians is moderate, but tends to be
poor up section. The radiolarians in the black to dark gray
chert in the upper part of the middle unit are poorly preserved
in comparison with those in the underlying beds.

Our examination revealed that the albaillellarian species

characteristic of the Neoalbaillella optima Zone occur widely
throughout the entire lower and middle units of section NF
1212R (Figure 8). The albaillellarian species include Albail-
lella levis (Figure 9-1), A. triangularis (Figure 9-2), Albail-
lella? sp. A (Figure 9-3), and Neoalbaillella optima (Figure
9-4). A. levis, which is diagnostic of the upper part of the
middle Upper Permian N. ornithoformis Zone, is encountered
only near the bottom of section NF 1212R (Figure 8). On the
basis of the dominant occurrence of the radiolarians diagnos-
tic of the Neoalbaillella optima Zone, we correlate the lower
and middle units of section NF 1212R with the uppermost
Permian (Changhsingian).

Along with these albaillellarian fossils, diverse species of
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Figure 8. Stratigraphic distribution of Permian and Triassic radiolarians and Triassic conodonts in section NF 1212R. See Figure 5 for symbols for
lithology in the columnar section. The classification of radiolarians into the four orders of Albaillellaria, Latentifistularia, Entactinaria, and Spumellaria
chiefly follows De Wever et al. (2001) and Feng et al. (2006a, b).
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the orders Latentifistularia, Entactinaria, and Spumellaria are
extracted from the lower and middle units of section NF
1212R (Figure 8). Extracted are Latentifistularia including
Areolicaudatus? sp. (Figure 9-6), Cauletella constrica (Fig-
ure 9-7), C. manica (Figure 9-8), C. paradoxa (Figure 9-9),
Foremanhelena triangula (Figure 9-10), Hegleria mammilla
(Figure 9-11), Ishigaum craticula (Figure 9-12), I. klaen-
gensis (Figure 9-13), I. longispina (Figure 9-14), I. obesum
(Figure 9-15), I. trifustis (Figure 9-16), I. tristylum (Figure
9-17), I.? sp. A (Figure 9-18), Latentifistula crux (Figure
9-19), L. sp. A (Figure 9-20), Latenfistulidae form A (Fig-
ure 9-21), Ormistonella adhaerens (Figure 9-22), O. robusta
(Figure 9-23), Quadricaulis inflata (Figure 9-24), Raciditor
gracilis (Figure 9-25), R. scalae (Figure 9-26), Shengella
longa (Figure 9-27), Tetragregnon japonicum (Figure 9-28),
Triplanospongos musashiensis (Figure 9-29), Entactinaria in-
cluding Copicyntra? sp. A (Figure 9-30), Copicyntra? sp. B
(Figure 10-1), Paracopicyntra akikawaensis (Figure 10-2), P.
simplex (Figure 10-3), P. ziyunensis (Figure 10-4), Polyen-
tactinia? sp. (Figure 10-5), Srakaeosphaera minuta (Fig-
ure 10-6), Stigmosphaerostylus itsukaichiensis (Figure 10-
7), S. modesta (Figure 10-8), S. tyrelli (Figure 10-9), Tri-
aenosphaera minutus (Figure 10-10), Trilonche crassispinosa
(Figure 10-11), and T. pseudocimelia (Figure 10-12), and
Spumellaria including Archaeospongoprunum chiangdaoen-
sis (Figure 10-13), A.? sp. A (Figure 10-14), Bistrakum sp.
aff. B. martiali (Figure 10-15), Copiellintra? sp. A (Fig-
ure 10-16), Copicyntroides parvulus (Figure 10-17), Cop-
icyntroides? sp. A (Figure 10-18), Kashiwara magna (Fig-
ure 10-19), Meschedea sp. (Figure 10-20), Orbiculiforma?
sp. (Figure 10-21), Pseudospongoprunum? fontainei (Fig-
ure 10-22), Tamonella aculeanta (Figure 10-23), Tetrapau-
rinella? sp. A (Figure 10-24), Tetraspongodiscus stauracan-
thus (Figure 10-25), Tetraspongodiscus tetragonius (Figure
10-26), T. sp. A (Figure 10-27), Yujingella triacantha (Fig-
ure 10-28), Y. sp. A (Figure 10-29), and Y. sp. B (Figure
10-30). Characteristically, radiolarian species having spongy
tests (e.g., Paracopicyntra ziyunensis of Figure 10-4; Pseu-
dospongoprunum? fontainei of Figure 10-22) are dominantly
yielded in the lower and middle units of section NF 1212R.

Triassic radiolarian biostratigraphy.—Our examination
revealed that Hozmadia sp. (Figure 11-1 to 4) occurs in the
chert beds at three levels in the upper part of the upper unit of
section NF 1212R (Figure 8). The radiolarian assemblage of
the upper two levels is of low diversity and characterized by
an almost exclusive dominance of sphaeroid forms (Figure
11-6, 8 to 13).

Hozmadia was originally designated as a new genus (type
species: Hozmadia reticulata) of Nassellaria by Dumitrica
et al. (1980) from the Anisian-Ladinian boundary horizon of
the Southern Alps. Sugiyama (1992) defined the Hozmadia
gifuensis Assemblage characterized by many characteristic
species of Nassellaria and Spumellaria in a chert section of

the Mino terrane, central Japan. Sugiyama (1992) considered
the H. gifuensis Assemblage as indicating the early Anisian.
Kamata et al. (2007) reported the occurrence of Hozma-
dia with Triassic-type nassellarians, including Tripedocor-
bis, Tripedocassis, and Triassospongocyrtis, from a chert se-
quence at Arrow Rock, New Zealand, correlated with the up-
per Dienerian Neospathodus dieneri and N. cristagalli zones.
On the basis of the reported stratigraphic range of Hozma-
dia, the upper half of the upper unit of section NF1212R is
possibly assignable to the upper Dienerian.

The black claystone immediately above the base of the up-
per unit of section NF1212R (NF 1212q in Figure 8) yields
only sphaeroid radiolarians (Figure 11-5 and 7). However,
these radiolarians are not useful for age determination.

The careful examination revealed the enigmatic fact that
some Permian-type radiolarians occur in the chert beds
within the Induan black claystone of the upper unit of sec-
tion NF 1212R (Figure 8). The enigmatic radiolarians in-
clude Albaillella spp. (Figure 11-23 to 26), Follicucullus?
sp. (Figure 11-29), Cauletella sp. (Figure 11-19), Latentifis-
tula sp., Stigmosphaerostylus sp. (Figure 11-16 to 18), and
Copicyntroides sp. (Figure 11-15). Except for Follicucullus?
sp., these radiolarians are yielded also in the lower and mid-
dle units.

Triassic conodont biostratigraphy.—We identified two
species of one genus of conodonts from the black claystone
of the upper unit of section NF 1212R. Age-reliable con-
odonts include P1 elements of Hindeodus parvus (Kozur
and Pjatakova) and H. typicalis (Sweet), yielded from two
very closely spaced levels within an approximately 15-cm-
thick stratigraphic interval immediately above the base of the
black claystone (NF 1212q and NF 1212R-52 in Figure 8).
Also, Agematsu et al. (2010) found natural assemblages of
H. parvus and H. typicalis in the black claystone at these two
levels.

Hindeodus parvus (Figure 12-1 to 3) is the characteris-
tic species of the H. parvus Zone, indicative of the basal
Griesbachian (Yin et al., 2001; Jiang et al., 2007). Also, it
is widely accepted that H. parvus is an index fossil for the
Permo-Triassic boundary (Meishan: Lai et al., 2001; Jiang
et al., 2007; Abadeh: Korte et al., 2004; Spiti: Orchard and
Krystyn, 1998).

H. typicalis (Figure 12-4, 5) is known to have a longer
biostratigraphic range than H. parvus and occurs on both
sides of the PTB transition (Sweet et al., 1971; Zhao et al.,
2007). Jiang et al. (2007) reported, for example, the oc-
currence of H. typicalis from the H. latidentatus Zone (bed
24a of Meishan section A) to Isarcicella staeschei Zone (bed
29a), correlated with the Changhsingian and lower Induan,
respectively. On the basis of the cooccurrence of H. parvus
and H. typicalis, we correlate the basal 15-cm-thick strati-
graphic interval of the upper unit of section NF 1212R with
the lowest Triassic (basal Griesbachian) H. parvus Zone (Fig-
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ure 8).
No reliable conodonts for precise age determination are

yielded by the black claystone above the H. parvus Zone of
section NF 1212R. Only a few species of Hindeodus are rec-
ognized at two levels in the upper part of the upper unit (Fig-
ure 8). Hindeodus is reported to occur from the lower Lower
Triassic sections of many areas (e.g., Kozur, 1988: Orchard
and Krystyn, 1998). Its last occurrence is thought to date
to the mid-Induan (latest Griesbachian or earliest Dienerian:
Orchard, 2007). Based on the stratigraphic range of Hindeo-
dus, the major part of the upper unit above the H. parvus
Zone is broadly correlated with the middle Induan.

Age assignment of the entire NF 1212R section.—As de-
scribed above, the chert of the lower and middle units of sec-
tion NF 1212R is no doubt correlated with the upper Upper
Permian (Changhsingian: Figure 5). The occurrence of con-
odonts characteristic of the Hindeodus parvus Zone indicates
the basal part of the upper unit is correlated with the lowest
Triassic (basal Griesbachian: Figure 5). On the basis of the
combined age constraint by radiolarians and conodonts, the
major part of the upper unit above the H. parvus Zone of sec-
tion NF 1212R is correlated broadly with the Induan (Figure
5), possibly with the middle to upper Dienerian.

NF 1036R section
Comparably with section NF 1212R, the uppermost part of

section NF 1036R also yields A. triangularis, which is char-
acteristic of the N. optima Zone at several levels (Table 1).
Though no reliable radiolarians were detected from the re-
maining part of section NF 1036R, we refer its entire succes-
sion to the N. optima Zone and correlate it with the middle
unit of section NF 1212R (Figure 5).

NF 1207 section
Bedded chert of the basal part of loc. NF 1207 yields some

species of the genus Follicucullus characteristic of the upper
Middle Permian F. scholasticus Zone (NF 1207AD-10 and
13 in Figure 4-3; Table 1). Above the basal chert is a dark
gray chert yielding A. protolevis Kuwahara, diagnostic of the
Neoalbaillella ornithoformis Zone (Kuwahara et al., 1998:

! Figure 9. Late Permian radiolarians extracted from the chert of the lower and middle units of section NF 1212R section and the chert (NF 1212o) of
loc. NF 1212. See Figure 8 for the stratigraphic levels of the samples from NF 1212R. The locality of sample NF 1212o is indicated in Figure 4-1. All scale
bars=100 µm. 1. Albaillella levis Ishiga, Kito and Imoto, NF1212R-7. 2. Albaillella triangularis Ishiga, Kito and Imoto, NF1212R-12. 3. Albaillella?
sp. A, NF1212R-6. 4. Neoalbaillella optima Ishiga, Kito and Imoto, NF1212R-12. 5. Neoalbaillella ornithoformis Takemura and Nakaseko, NF1212o. 6.
Areolicaudatus? sp., NF1212R-42. 7. Cauletella constrica Feng, NF1212R-25. 8. Cauletella manica (DeWever and Caridroit), NF1212R-1. 9. Cauletella
paradoxa Sheng, Caridroit and Wang, NF1212R-23. 10. Foremanhelena triangula DeWever and Caridroit, NF1212R-1. 11. Hegleria mammilla (Sheng
and Wang), NF1212R-1. 12. Ishigaum craticula Sheng, Caridroit and Wang, NF1212R-7. 13. Ishigaum klaengensis Sashida, NF1212R-12. 14. Ishigaum
longispina Feng, NF1212R-1. 15. Ishigaum obesum DeWever and Caridroit, NF1212R-7. 16. Ishigaum trifustis DeWever and Caridroit, NF1212R-13. 17.
Ishigaum tristylum Feng, NF1212R-2. 18. Ishigaum? sp. A, NF1212R-1. 19. Latentifistula crux Nazarov and Ormiston, NF1212R-41. 20. Latentifistula sp. A,
NF1212R-16. 21. Latentifistulidae form A, NF1212R-25. 22. Ormistonella adhaerens Feng, NF1212R-8. 23. Ormistonella robusta DeWever and Caridroit,
NF1212R-12. 24. Quadricaulis inflata (Sashida and Tonishi), NF1212R-23. 25. Raciditor gracilis (DeWever and Caridroit), NF1212R-6. 26. Raciditor
scalae (Caridroit and DeWever), NF1212R-12. 27. Shengella longa Feng, NF1212R-35. 28. Tetragregnon japonicum Sashida and Tonishi, NF1212R-25. 29.
Triplanospongos musashiensis Sashida and Tonishi, NF1212R-17. 30. Copicyntra? sp. A, NF1212R-10.

NF 1207AD-50, 53, 60, 63, and 64 in Figure 4-3). The chert
of the remaining exposure yields radiolarians characteristic
of the F. scholasticus, N. ornithoformis, and N. optima zones
in ascending order (NF 1207R-1 to 13 in Table 1). The black
to dark gray chert immediately below the black claystone is
referable to the N. optima Zone. The distribution pattern of
these radiolarian zones suggests that the upper Middle to up-
permost Permian chert of section NF 1207 is structurally du-
plicated, though facing the northeast as a whole in the expo-
sure.

Discussion

Stratigraphic position of Permian-Triassic boundary
On the basis of the first occurrence of Hindeodus parvus,

indicative of the earliest Triassic (Yin et al., 2001; Jiang et
al., 2007) from the basal part of the upper unit of section
NF 1212R, we position the PTB at the stratigraphic level be-
tween NF 1212R-51 and 52 (Figure 8). This stratigraphic
level corresponds to the clearly defined base of the black
claystone of the upper unit of section NF 1212R (Figure 5).

Because of the absence of reliable fossils, the age of the
pyrite-rich layer immediately below the black claystone of
the upper unit remains uncertain (Figure 5). However, on the
basis of the latest Permian age of the chert containing com-
parable pyrite nodules in another PTB siliceous-rocks section
in the Mt. Funabuseyama area (Sano et al., 2010), the pyritic
layer of section NF 1212R is most likely uppermost Permian.

Permian-type radiolarians in the Lower Triassic: an
enigma

Our examination revealed that the Late Permian-type Al-
baillellaria mostly disappear at the PTB, corresponding with
the bottom of the upper unit of section NF 1212R (Figure 8).
Also, most of the Latentifistularia, Entactinaria, and Spumel-
laria widespread throughout its lower and middle units disap-
pear along with the Albaillellaria. The majority of the Late
Permian-type radiolarians are thought to have become extinct
at the end of the Permian (Figure 8). However, enigmatically
some Permian-type radiolarians are detected from the chert
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beds within the Induan black claystone of the upper unit of
section NF 1212R.

Enigmatic occurrences of Permian-type radiolarians in the
Lower Triassic have been documented in many areas (e.g.,
Mino Terrane: Sugiyama, 1992, 1997; Kuwahara et al.,
1991; Yao and Kuwahara, 1997; Far East Russia: Bra-
gin, 1991; southern Thailand: Sashida et al., 1998; South
China: Feng et al., 2000, 2001, 2007; Yao, 2009; Yao et
al., 2005; New Zealand: Takemura et al., 2007). For ex-
ample, Sugiyama (1997) reported the occurrence of Follicu-
cullus monacanthus, F. scholasticus, F. ventricosus, F. sp.,
and Latentifistula sp. in the siliceous claystone and chert of
the Follicucullus–Parentactinia Assemblage Zone, assigned
to the early Spathian or older. Takemura et al. (2007)
extracted many Permian-type radiolarian species from the
Griesbachian to lower Dienerian chert sequence at Arrow
Rocks, New Zealand.

To explain the enigmatic occurrence of Permian-type ra-
diolarians, hypotheses emphasizing their survival across the
PTB crisis and reappearance as Lazarus taxa (Kaufman and
Erwin, 1995) in the Triassic seem to be favored by many ra-
diolarian paleontologists (e.g., De Wever et al., 2006; Feng
et al., 2007; Takemura et al., 2007). For instance, Takemura
et al. (2007) emphasized that Permian-type radiolarians sur-
vived across the PTB event into the Early Triassic. On the
other hand, Yao (2009) regarded albaillellarians and laten-
tifistularians from the upper Olenekian (Spathian) siliceous
rocks as reworked species. Sugiyama (1992) recognized
Follicucullus-bearing chert breccias embedded in Lower to
Middle Triassic chert and demonstrated the reworking of
Permian-type radiolarians into the Lower to Middle Triassic
siliceous sediment.

It is conceivable that the enigmatic occurrence of Permian-
type radiolarians in the Induan chert beds of section NF
1212R is due to their survival into Early Triassic time.
Against this, the late Middle to early Late Permian genus Fol-
licucullus likely occurs in the upper Upper Permian chert of
NF 1212R, but is otherwise totally absent in this stratigraphic
interval (Figure 8). Hence, it is possible that Permian-type
radiolarians reappeared as Lazarus taxa in the Induan sedi-
ment of NF 1212, but, R. alternatively, it remains possible

! Figure 10. Late Permian radiolarians extracted from the chert of the lower and middle units of NF 1212R section. See Figure 8 for the stratigraphic
levels of the samples. All scale bars=100 µm. 1. Copicyntra? sp. B, NF1212R-12. 2. Paracopicyntra akikawaensis (Sashida and Tonishi), NF1212R-7. 3.
Paracopicyntra simplex Feng, NF1212R-1. 4. Paracopicyntra ziyunensis (Feng and Gu), NF1212R-1. 5. Polyentactinia? sp., NF1212R-14. 6. Srakaeosphaera
minuta Sashida, NF1212R-50. 7. Stigmosphaerostylus itsukaichiensis (Sashida and Tonishi), NF1212R-7. 8. Stigmosphaerostylus modesta (Sashida and Ton-
ishi), NF1212R-7. 9. Stigmosphaerostylus tyrelli (Nazarov and Ormiston), NF1212R-12. 10. Triaenosphaera minutus Sashida and Tonishi, NF1212R-16. 11.
Trilonche crassispinosa (Sashida and Tonishi), NF1212R-7. 12. Trilonche pseudocimelia (Sashida and Tonishi), NF1212R-6. 13. Archaeospongoprunum chi-
angdaoensis (Sashida), NF1212R-12. 14. Archaeospongoprunum? sp. A, NF1212R-7. 15. Bistarkum sp. aff. B. martiali Feng, NF1212R-1. 16. Copiellintra?
sp. A, NF1212R-9. 17. Copicyntroides parvulus Feng, NF1212R-11. 18. Copicyntroides? sp. A, NF1212R-7. 19. Kashiwara magna Sashida and Tonishi,
NF1212R-1. 20. Meschedea sp., NF1212R-17. 21. Orbiculiforma? sp., NF1212R-29. 22. Pseudospongoprunum? fontainei Sashida, NF1212R-2. 23. Ta-
monella aculeata Feng, NF1212R-1. 24. Tetrapaurinella? sp. A, NF1212R-7. 25. Tetraspongodiscus stauracanthus Feng, NF1212R-7. 26. Tetraspongodiscus
tetragonius Feng, NF1212R-23. 27. Tetraspongodiscus sp. A, NF1212R-7. 28. Yujingella triacantha Feng, NF1212R-7. 29. Yujingella sp. A, NF1212R-1. 30.
Yujingella sp. B, NF1212R-2.

that some Permian-type radiolarians were reworked up into
the Induan chert beds of NF 1212R. We need further sedi-
mentological and paleontological studies to resolve this enig-
matic occurrence of Permian-type radiolarians in the Induan
sediment.

Depositional setting of PTB siliceous rocks
Though their age and biostratigraphy have been investi-

gated in detail in several sections of PTB siliceous rocks,
their stratigraphy in relation to the basement rocks has never
been reconstructed, except for those at Arrow Rocks, New
Zealand (Aita and Spörli, 2007). Even so, no attempt to in-
fer the nature of the basement rocks and to make a strati-
graphic attribution of PTB siliceous rocks has been made to
date. It is chiefly because PTB siliceous rocks occur as small-
sized, completely isolated blocks, which consist only of Up-
per Permian and Lower Triassic siliceous rocks, the under-
lying and overlying rocks having been tectonically detached.
The shortage of knowledge on the basement rocks and strati-
graphic attribution of the PTB siliceous rocks results in un-
certainty concerning their depositional setting.

The measured PTB siliceous rocks crop out closely asso-
ciated with the basaltic and dolomitic rocks and Middle Per-
mian chert of the Hashikadani Formation (Figure 2: Sano,
1988; emended by Kuwahara et al., 2010), all forming tec-
tonic slabs on the Amanokawara plateau (Figure 3). Ad-
ditionally the upper Upper Permian chert of the examined
PTB siliceous rock sections is lithologically indistinguishable
from the time-equivalent chert of the Hashikadani Forma-
tion near its type section. Thus, the examined PTB siliceous
rocks are no doubt correlated with and attributed to the up-
per part of the Hashikadani Formation, reconstructed as a
deep-marine chert-dominant facies that accumulated on the
lower flank of a seamount in a pelagic realm (Sano, 1988;
Sano et al., 1992). We ascribe the examined PTB siliceous
rocks to deep-marine sediments formed on the lower flank
of a seamount in a pelagic realm of the Panthalassa Ocean.
Our result presents the world’s first documentation of deep-
marine PTB siliceous rocks associated with a Panthalassan
seamount.



308 Hiroyoshi Sano et al.

Figure 11. Triassic radiolarians and enigmatic Permian radiolarians extracted from the chert intercalated in the upper unit of section NF 1212R. See
Figure 8 for the stratigraphic levels of the samples. 1–4. Hozmadia sp. 1–3: NF1212k, 4: NF1212R-55. 5–6. Sphaeroid A. 5: NF1212q, 6: NF1212R-53.
7–8. Sphaeroid B. 7: NF1212q, 8: NF1212R-53. 9–10. Sphaeroid C, NF1212k. 11. Sphaeroid D, NF1212R-53. 12. Sphaeroid E, NF1212R-53. 13.
Sphaeroid F, NF1212k. 14. Archaeospongoprunum sp., NF1212k. 15. Copicyntroides sp., NF1212R-53. 16–18. Stigmosphaerostylus sp., NF1212k. 19.
Cauletella sp., NF1212k. 20–21. Ishigaum sp., NF1212R-53. 22. Pseudotormentus sp., NF1212k. 23–28. Albaillella spp., 23: NF1212R-53, 24–25:
NF1212k, 26: NF1212R-54, 27–28: NF1212s. 29. Follicucullus? sp., NF1212R-53. 30. Albaillella? sp., NF1212k.
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Figure 12. Early Triassic conodonts found in black claystone samples of the upper unit of section NF 1212R. See Figure 8 for the stratigraphic
levels of the samples. 1–3. Hindeodus parvus (Kozur and Pjatakova). 1: NF1212R-52, P1 element, 2–3: NF1212R-q, P1element. 4–5. Hindeodus
typicalis (Sweet). NF1212R-q, P1element. All scale bars=100 µm. 1–2: stereo microscopic views; 3–5: scanning electron microscopic views.

Comparison with previously reported
PTB siliceous rocks

PTB siliceous rocks have been reported from several sec-
tions in the Jurassic accretionary terranes of Japan (Nakaoi:
Yamakita, 1988; Tenjinmaru: Yamakita, 1987; Kuwahara
and Yamakita, 2001; Fujioka: Ishida et al., 1992; Ubara:
Kuwahara et al., 1991; Yamakita et al., 1999; Nabejiriyama:
Ishiga et al., 1982; Kuwahara, 1997; Koike et al., 2004;
Gujo-hachiman: Kuwahara et al., 1998; Kuwahara and Yao,
2001; Akkamori: Takahashi et al., 2009), and from New
Zealand (Arrow Rocks: Aita and Spörli, 2007). Some of
these sections are inadequate for comparison, chiefly because
of the poor age control and disruption of stratigraphic conti-
nuity. We chose three PTB siliceous-rock sections for com-
parison with the NF 1212R section. Chosen for compari-
son are the Ubara, Gujo-hachiman, and Akkamori sections

(Figure 13). The NF 1212R section is basically similar in
stratigraphy, lithology, and stratigraphic position of the PTB
to these PTB siliceous rocks, but also displays some dissimi-
larity.

Lithostratigraphy
No coarse-grained terrigenous clastic grains and beds oc-

cur in the four PTB siliceous-rock successions (Figure 13).
Also, they commonly lack intercalations of tuffaceous beds.
These common characteristics imply that these PTB siliceous
rocks accumulated in a pelagic realm far beyond the reach of
land-derived clastic and volcanic materials within the Pantha-
lassa Ocean. The PTB siliceous-rock successions other than
the four sections are also considered to have accumulated in
a mid-Panthalassan pelagic setting without inputs of terrige-
nous and volcanic sediments.

The PTB siliceous-rocks successions of the Ubara, Gujo-
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Figure 13. Stratigraphic comparison of the PTB siliceous rocks of section NF 1212R (this study) with Ubara, Gujo-hachiman, and Akkamori
sections. Abbreviations Ub, Gj, and Ak stand for Ubara, Gujo-hachiman, and Akkamori sections, respectively.

hachiman, Akkamori, and NF 1212R sections commonly in-
clude a sharp lithologic transition from the siliceous rocks
chiefly of chert with subordinate siliceous claystone to the
overlying black claystone with minor intercalations of chert
and siliceous claystone (Figure 13). The sharp facies tran-
sition means a sudden termination of the accumulation of
siliceous sediments, which is, in turn, followed by an abrupt
onset of dominant deposition of clayey sediments, reflecting
a drastic change in paleoenvironmental conditions during the
PTB interval. The sharp facies change corresponds with the
stratigraphic level of the PTB in the Ubara and NF 1212R
sections, and is recognized immediately above the highest
occurrence of late Late Permian radiolarians in the Akkamori
section.

The uppermost Permian chert of the four PTB siliceous-
rocks sections is commonly bedded with clayey partings and

alternating with siliceous claystone (Figure 13). The clayey
sediments within the uppermost Permian chert units tend to
slightly increase up-section towards the PTB. For instance,
the chert grades up into an alternation of chert and siliceous
claystone, which is followed by siliceous claystone at the top
of the uppermost Permian siliceous rock succession at Ubara.
A similar lithostratigraphic change is recorded also in the
Akkamori section. The middle unit of section NF 1212R ex-
hibits an upward increase in the thickness of the black clayey
partings. Also, Algeo et al. (2010) showed a slight upward
increase and sharp rise of the clay content in the upper Upper
Permian chert and overlying black claystone, respectively, in
the Gujo-hachiman section. The gradual upward increase of
the clayey sediment in the uppermost Permian chert units
represents a slight, gradual upward decline in the accumu-
lation of radiolarian tests towards the end Permian, which
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in turn, preceded a sudden onset of dominant deposition of
clayey sediments.

Black claystone units of the Gujo-hachiman, Akkamori,
and NF 1212R sections have thin, intermittent beds and
lenses of chert and siliceous claystone (Figure 13). Also,
a thin bed of siliceous claystone is recognized in the black
claystone at Ubara. These siliceous rocks in the black clay-
stone units are commonly gray, dark gray and black and rich
in radiolarian remains and carbonaceous material. Intercala-
tion of the radiolarians-bearing siliceous rocks in the black
claystone units implies an intermittent and short-lived recov-
ery of the supply of radiolarian tests immediately after the
beginning of the Triassic.

Stratigraphic position of the PTB
The PTB of the Ubara, Akkamori, and NF 1212R sections

is positioned on the basis of the first occurrence of Hindeo-
dus parvus, which is indicative of the lowest Lower Triassic,
and the last occurrence of radiolarians diagnostic of the up-
per Upper Permian Neoalbaillella optima Zone (Figure 13).
As no reliable fossils indicative of the earliest Triassic are de-
tected from the Gujo-hachiman section, the exact position of
the PTB in it remains uncertain.

The biostratigraphically constrained PTB corresponds to
a sharp lithologic boundary between the upper Upper Per-
mian siliceous rocks and basal Triassic black claystone in
the Ubara and NF 1212R sections. On the other hand, as
the lowest occurrence of H. parvus is several tens of cen-
timeters above the top of the uppermost siliceous claystone
in the Akkamori section, the PTB there is positioned within
the black claystone (Figure 13). Differing from Ubara and
section NF 1212R, the Akkamori section records the latest
Permian sedimentation of the black claystone (Takahashi et
al., 2009).

Summary

We described the lithostratigraphy and age of the PTB
siliceous rocks within the Mino terrane, a representative
Jurassic accretionary complex of Japan. Examined are an
intact succession (section NF 1212R) and two reference sec-
tions (NF 1036R and NF 1207) of the Hashikadani Formation
in the Mt. Funabuseyama area of the western part of the Mino
Massif, central Japan.

The intact siliceous rock succession of section NF 1212R
comprises a lower unit (ca. 1.7 m thick) of gray chert, a
middle unit (ca. 0.9 m) of black to dark gray chert with a
pyrite-rich layer at the top (ca. 0.1 m), and an upper unit
(ca. 1.2 m) of black claystone with intermittent, thin beds
of dark gray to black chert in ascending order. The chert of
the lower and middle units is rich in radiolarian remains with
minor siliceous sponge spicules. The upper part of the mid-
dle unit consists of carbonaceous black chert including tiny

pyrite grains. The black claystone consists of cryptocrys-
talline quartz and clay minerals with a great admixture of
carbonaceous matter, and contains a minor amount of flat-
tened radiolarian remains. The black chert intercalated in the
upper unit is also carbonaceous and rich in radiolarian re-
mains. The lower and middle units are correlated with the
Neoalbaillella optima Zone (Changhsingian). The basal 15-
cm-thick part of the upper unit is referable to the Hindeodus
parvus Zone (lowest Lower Triassic), and the overlying part
is possibly correlated with the middle to upper Dienerian. We
accurately position the PTB at the clearly defined base of the
upper unit.

Measured PTB siliceous rocks are attributed to the upper
part of the Hashikadani Formation, reconstructed as a Lower
Permian to Lower Triassic deep-marine chert-dominant unit
resting upon the lower flank of a seamount in a mid-oceanic
realm of the Panthalassa Ocean. Our results present the
world’s first example of deep-marine PTB siliceous rocks as-
sociated with a Panthalassic seamount.

The PTB siliceous rocks of NF 1212R and the Ubara,
Gujo-hachiman, and Akkamori sections are commonly char-
acterized by a sharp lithologic change from chert to black
claystone across the PTB transition. The biostratigraphi-
cally controlled PTB corresponds with this sharp lithologic
boundary in the Ubara and NF 1212R sections. As the low-
est occurrence of H. parvus is several tens of centimeters
higher than the top of the uppermost siliceous claystone in
the Akkamori section, the PTB there is positioned within the
black claystone.

The sharp facies change common in the four PTB
siliceous-rock sections implies a sudden cessation of the ac-
cumulation of siliceous sediments, which is, in turn, followed
by an abrupt onset of dominant deposition of clayey sedi-
ments, presumably controlled by a drastic change in pale-
oenvironmental conditions across the PTB transition. The
dominant deposition of clayey sediments is preceded by a
slight and gradual rise of the clayey sedimentation nearly at
the end of the Permian. The black claystone units of the four
sections commonly have thin, intermittent beds of radiolarian
chert and siliceous claystone. Their intercalation records an
intermittent and short-lived recovery of the supply of radio-
larian tests immediately after the beginning of the Triassic.
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