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ABSTRACT 

Pelagic sedimentary rocks in accretionary complexes record environmental changes 

during the oceanic plate migration from mid-oceanic ridge to trench. Recent studies have 

demonstrated that plate boundary faulting at shallow depth is highly localized along the 

characteristic lithology in pelagic sediments. However, it remains unknown whether shear 

localization also occurs in deeper portions. To elucidate the relationship between the 

environmental changes and the thrust faulting processes in subduction zone, I examined 

the pelagic sedimentary rocks in the Jurassic accretionary complex of the Chichibu and 

Mino Belts, central Japan. 

In Lake Hamana area of the Chichibu Belt, the pelagic sedimentary rocks in the Jurassic 

accretionary complex preserve the lithostratigraphy composed of Lopingian (Upper 

Permian) gray chert, black chert, black claystone with a high carbon content of 4.86–6.78 

wt%, siliceous claystone, black chert, and Anisian (Middle Triassic) gray chert, in 

ascending order. The symmetric in the lithostratigraphy and the change in the radiolarian 

ages with respect to black carbonaceous claystone are presumed to represent the deep-sea 

anoxic event that occurred across the Permian–Triassic boundary. The black 

carbonaceous claystone suffered from an intense shear, resulting in blocks of siliceous 

claystone in the scaly black claystone matrix. The localization of shear along black 

carbonaceous claystone likely represents lower frictional strength of clay-rich rocks than 

surrounding quartz-rich siliceous rocks. 
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In Inuyama area of the Mino Belt, the coherent chert-clastic rocks are imbricated along 

the thrust faults branched from the plate-boundary fault. The stratigraphy at the lowermost 

part of the thrust sheet consists of, in ascending order, black carbonaceous claystone, 

siliceous claystone, black chert, and gray chert, representing the Early to Middle Triassic 

recovery from the deep-sea superanoxia. The detailed field mapping of the fault zone at 

the lowermost part of the thrust sheet indicates the localization of shear along black 

carbonaceous claystone layers, which is marked by intensely developed scaly fabric. The 

discrete slip surface developed within the black carbonaceous claystone. The Raman 

spectra of carbonaceous material demonstrate a slight increase of carbonization on the 

discrete slip surface relative to the surrounding scaly carbonaceous claystone, suggesting 

a temperature increase during localized slip. 

These results indicate that the localization of thrust faulting also occurred in deeper 

portions of the subduction zone and is intimately linked to the black carbonaceous 

claystone accumulated during deep-sea anoxic events. The increased heating recorded on 

the discrete slip surface may be accommodated by a seismic slip in deeper portions of the 

subduction zone. 

 

Key words: Deep-sea anoxic event; P-Tr boundary; black claystone; Lake Hamana; plate 

boundary faulting; fault zone structure; Raman Spectra 
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Chapter 1: Preservation of Permian-Triassic Boundary Section in 

the Jurassic Accretionary Complex of the Lake Hanama, Central 

Japan 

1.1 Introduction 

The largest mass extinction in Earth’s history occurred across the Permian–

Triassic (P–Tr) boundary, with up to 96% of all marine species and 70% of terrestrial 

vertebrate species becoming extinct (Benton, 2015; Sahney and Benton, 2008). 

Investigation of geological records at that time is undoubtedly the key to elucidate the 

causes of this catastrophe. The reconstructed Late Permian–Early Jurassic 

paleogeography is characterized by the presence of the superoceans Paleo-Tethys and 

Panthalassa. P-Tr boundary sequences in the Paleo-Tethys have been studied more 

extensively than those in the Panthalassa due to the better preservation of Paleo-Tethys 

sequences. 

Previous studies on the shallow-sea facies successions around the Paleo-Tethyan 

regions suggested that biotic mass extinction was simultaneous with the extreme 

environments including; global warming as a consequence of Siberian Traps (Burgess 

et al., 2017; B. Chen et al., 2013; Z. Q. Chen et al., 2018; Grasby et al., 2017; Wang et 

al., 2018; Joachimski et al., 2012; Romano et al., 2013; Sun et al., 2012), ocean 

acidification (Clarkson et al., 2013), and poorly oxygenated water (Wignall and 
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Twitchett, 1996; Grice et al., 2005). 

On the other hand, the deep-sea sedimentary rocks in the superocean Panthalassa 

are presumed to record a long term deep-sea anoxic event from Late Permian to Middle 

Triassic (Isozaki, 1994, 1997). A schematic deep-sea P–Tr boundary section consists of 

red chert, gray chert, siliceous claystone, carbonaceous claystone, siliceous claystone, 

gray chert, and red chert, in ascending order (Isozaki, 1997). The symmetrical change 

in lithology with respect to carbonaceous claystone is assumed to represent a deep-sea 

anoxic event which occurred across the P–Tr boundary in the superocean Panthalassa. 

However, the complete Panthalassan P–Tr section has been rarely preserved in the 

pelagic sedimentary rocks, primarily due to the development of plate-boundary 

décollements along the carbonaceous claystone, separating accreted Triassic pelagic 

sediments above subducting Permian sediments below (Nakae, 1993; Wakita, 2012). 

The schematic deep-sea P–Tr boundary section has therefore been largely constructed 

from a compilation of stratigraphic columns in different regions. 

Pelagic sedimentary rocks accumulated in the superocean Panthalassa are 

distributed in the Jurassic accretionary complex in Japan (Isozaki et al., 1990). Based 

on paleontological, lithostratigraphic and geochemical evidences, sections including or 

neighboring the P-Tr boundary were recognized from the Jurassic accretionary complex 

in several areas (Muto et al., 2018 and references therein). In the Lake Hamana area of 

central Japan, Permian, Triassic, and Jurassic radiolarians can be found in chert and 

siliceous mudstone (Hori, 2008; Niwa and Tsukada, 2004; Ieda, 2001; Mizugaki, 1985). 
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In addition, “Toishi-type” siliceous claystone, which has been found near the P-Tr 

boundary, is distributed in the western (Suse Unit and Tame Unit in Hori, 2008) and 

eastern (Outcrop C in Ieda, 2001) sides of Lake Hamana. Therefore, the P–Tr boundary 

was expected to be preserved in the Lake Hamana area. 

This chapter examined the lithostratigraphy, deformation structures, and 

radiolarian ages preserved in the pelagic sedimentary rocks of the Hamanako section. 

Lithostratigraphy and radiolarian ages of the section were subsequently correlated to 

other deep-sea P–Tr boundary sections within the Jurassic accretionary complex, Japan. 

As a result, I suggest that the complete pelagic P–Tr boundary section has been 

preserved in the Hamanako section despite suffering from complex mélange forming 

processes in the accretionary complex. 
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1.2 Geological setting 

The Jurassic accretionary complex in Japan is mainly composed of Permian basalt-

limestone-chert, Permian–Triassic siliceous claystone, Middle Triassic–Early Jurassic 

chert, Early-Middle Jurassic siliceous mudstone, and Jurassic to Early Cretaceous 

terrigenous sediments (Wakita, 2012). The chert and siliceous claystone originally 

accumulated in a pelagic open-ocean setting in the superocean Panthalassa, after which 

they traveled with the migration of the oceanic plate to trench and accreted onto the 

microcontinent in the Late Jurassic, forming part of the accretionary complex (Isozaki 

et al., 1990; Matsuda and Isozaki, 1991; Isozaki et al., 2010; Taira et al., 2016). The 

Jurassic accretionary complex in the Chichibu Belt of central Japan consists of the 

mélange, represented by tabular basalt, limestone, and chert blocks in an argillaceous 

matrix (Figure 1-1). The Jurassic accretionary complex has a fault contact with the 

Sambagawa metamorphic rocks (Figure 1-1b). 

Northeast of the Lake Hamana area, the Jurassic accretionary complex is divided 

into two units: the Iinoya and Miyakoda Formations (Saito, 1955; Makimoto et al., 2004; 

Niwa, 2004; Niwa and Tsukada, 2004) (Figure 1-1b). The Iinoya Formation structurally 

overlies the Miyakoda Formation and is characterized by basalt, limestone, and chert 

blocks in a mudstone matrix. The chert and mudstone yield Middle Triassic and Middle 

Jurassic radiolarian fossils, respectively (Ieda and Sugiyama, 1998; Makimoto et al., 

2004; Mizugaki, 1985). The Miyakoda Formation is marked by chert blocks and 

sandstone blocks in a mudstone matrix (Makimoto et al., 2004; Niwa, 2004). 
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Guadalupian–Lopingian (Middle-Upper Permian) to Middle-Upper Triassic 

radiolarians have been reported in Miyakoda cherts (Ieda, 2001; Mizugaki, 1985), while 

the Middle Jurassic radiolarian fossils have been reported in Miyakoda mudstones 

(Niwa and Tsukada, 2004). 

The studied Hamanako section located along the northeast lakeshore of the Lake 

Hamana, 40 km northwest of Hamamatsu City in Shizuoka Prefecture, Tokai Region, 

Central Japan (Figure 1-1b). The section lies within a chert block of the Miyakoda 

Formation and is surrounded by Quaternary terrace deposits. This chert block yielded 

Permian, Triassic, and Jurassic radiolarians from several scattered localities (Ieda, 

2001). Late Permian radiolarians were also reported in the southern part of the 

Hamanako section (Ieda, 2001). 
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Figure 1-1 (a) Distribution of the Chichibu Belt in Japan (modified from Isozaki et al., 
2010). (b) Geological map of the Jurassic accretionary complex and Sambagawa 
metamorphic rocks near the Lake Hamana (modified from Makimoto et al., 2004; Niwa 
and Tsukada, 2004). Note that the size of sandstone blocks in mixed rocks is too small 
to show in Figure 1-1b. 
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1.3 Lithostratigraphy and deformation structures 

The pelagic sedimentary rocks in the Hamanako section moderate to steeply 

dipping to the north-northwest, consistent with the general trend of the Jurassic 

accretionary complex in the Chichibu Belt, central Japan (Figures 1-1b, 1-2a). From 

south to north, the lithology changes from gray chert to black chert, terrigenous rocks 

composed of sandstone and mudstone, black claystone, siliceous claystone, black chert, 

terrigenous rocks consisting of sandstone and mudstone, and gray chert (Figure 1-2). 

Small faults are also present in the section. Figures 1-2b, 1-3, and 1-4 show the column 

sections, representative outcrops, and microstructural features of each lithology, 

respectively.  

Bedded gray chert is distributed across the southern part of the section (Figures 1-

2b, 1-3a). Under the microscope, gray chert is composed of microcrystalline quartz, 

thin quartz veins, and radiolarian tests (Figure 1-4a). Ieda (2001) reported lower 

Lopingian radiolarians from the gray chert (Figure 1-2). The gray chert is overlain by 

bedded black chert (Figure 1-3b). The black chert contains radiolarian tests and 

carbonaceous materials which have been cut or displaced by the quartz veins (Figure 

1-4b). 

A 1 m thick unit of terrigenous rocks can be seen above the gray chert exhibiting 

shear deformation characterized by sandstone clasts in a mudstone matrix (Figures 1-

3c, 1-4c, and 1-5a). Slickenlines and slickensteps are visible on the polished surface 

(Figure 1-6a). The sandstone clasts have an asymmetric shape defined by a right-lateral 
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shear sense (Figures 1-5a, 1-5c, 1-6b). 

Sheared black claystone and gray siliceous claystone overlie the terrigenous rocks 

and are characterized by blocks of siliceous gray claystone in a black claystone matrix 

(Figure 1-5a). The black claystone matrix is intensely sheared along an anastomosing 

scaly foliation (Figure 1-3d), displaying a composite-planar fabric defined by P-

foliation and Y-shear (Figures 1-4d, 1-6c). The shear sense, determined from the 

slickenlines and the asymmetric fabrics, indicates right-lateral shear (Figures 1-4d, 1-

5b, 1-6c). The black claystone primarily consists of quartz, illite, pyrite, and 

carbonaceous material. The carbon contents of four black claystone samples (Figure 1-

5a), measured by a Yanaco CHN corder MT-6 elemental analyzer, range between 4.85–

6.78 wt% (Table 1-1). 

The sheared black claystone and the gray siliceous claystone are overlain by 

relatively coherent siliceous claystone (Figure 1-3e). The siliceous claystone is greenish 

to grayish in color and is mainly composed of quartz, clay mineral, and pyrite. 

Radiolarian tests are rare in the siliceous claystone. The anastomosing dark seams are 

locally developed in the siliceous claystone (Figure 1-4e). The color and mineral 

composition of the siliceous claystone are similar to those of the “Toishi-type” siliceous 

claystone distributed near the P–Tr boundary (Imoto, 1984; Musashino, 1993; Motoki 

and Sashida, 2004; Suzuki et al., 1998). 

A second bedded black chert unit (Figure 1-3f) overlies the siliceous claystone; 

the chert contains microcrystalline quartz, radiolarian tests, and carbonaceous materials 
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(Figure 1-4f). The 2 m thick siliceous claystone is intercalated in the bedded black chert.  

Terrigenous rocks were recognized above the bedded black chert (Figure 1-3g). 

The rocks contain fine- to medium-grained, well-sorted sand grains that are mixed with 

mud (Figure 1-4g). 

Bedded gray chert is distributed in the uppermost part of the section (Figure 1-3h) 

and is comprised of microcrystalline quartz and radiolarian tests (Figure 1-4h). 

Asymmetric folds have developed in gray chert (Figure 1-2). 
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Figure 1-2 (a) Route map of the Hamanako section (inset: lower hemisphere equal-area 
stereoplots showing the orientations of the bedding); the location of the map is shown 
in Figure 1-1b. (b) Column section showing the lithostratigraphy in the Hamanako 
section; yellow stars indicate the horizons where Permian and Middle Triassic 
radiolarians were reported from Ieda (2001) and this study, respectively.   
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Figure 1-3 Representative lithology in the Hamanako section. (a) Lower bedded gray 
chert. (b) Lower bedded black chert. (c) Sheared terrigenous rocks. (d) Scaly black 
claystone. (e) Siliceous claystone. (f) Upper bedded black chert. (g) Terrigenous rocks 
composed of sandstone and mudstone. (h) Upper bedded gray chert.  
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Figure 1-4 Photomicrographs of representative lithology in the Hamanako section. 
White triangles in Figures 1-4a, 1-4b, 1-4f, and 1-4h indicate radiolarian tests. (a) Gray 
chert mainly composed of microcrystalline quartz and radiolarian tests. (b) Black chert 
showing opaque carbonaceous materials and radiolarian tests cut by quartz veins. (c) 
Terrigenous rocks showing sandstone clasts in the mudstone matrix. (d) Black claystone. 
Fragmented quartz veins in the dark matrix showing a P-Y fabric. Half arrows indicate 
sense of shear. (e) Siliceous claystone in which anastomosing dark seams are 
recognized. (f) Black chert composed of microcrystalline quartz and abundant 
radiolarian tests. (g) Clastic rocks including sand grains in mud. (h) Gray chert 
composed of microcrystalline quartz and radiolarian tests.  
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Figure 1-5 (a) Occurrence of shear zones characterized by siliceous claystone blocks in 
a black claystone matrix and sandstone blocks in a mudstone matrix. The location is 
shown in Figure 1-2a. Lower hemisphere equal-area projection of shear surfaces 
(girdles) and slickenline (dots) in black claystone (b) and mudstone (c). Arrows indicate 
shear direction. 
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Figure 1-6 Deformation in shear zones. Half arrows indicate the sense of shear. (a) 
Slickenlines and steps developed on mudstone. (b) Asymmetric sandstone clasts in a 
mudstone matrix. (c) Siliceous claystone blocks in a black claystone matrix, showing a 
P-Y fabric.   
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Table 1-1 Total organic carbon (TOC) content of black claystone from the Hamanako 
section 

 

 

  

  

Sample TOC (wt%) 
TC1-1 6.78 
TC1-2 6.43 
TC2-1 4.85 
TC2-2 4.90 
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1.4 Radiolarian biostratigraphy and faunal age 

Ieda (2001) reported radiolarians Albaillella sp. cf. A. triangularis Ishiga, Kito, 

and Imoto from the gray cherts in the lower part of the section (Figure 1-2). In southwest 

Japan, the radiolarian Neoalbaillella optima Assemblage Zone is characterized by 

Albaillella triangularis (Kuwahara et al., 1998; Kuwahara and Yamakita, 2001), 

indicating an age of lower Lopingian (Kuwahara et al., 1998; Sano et al., 2012). 

The identification of specific level from the newly obtained radiolarian tests was 

difficult for the black chert, black claystone, and siliceous claystone due to poor 

preservation. However, the gray chert in the upper part of the section (Figure 1-2) 

yielded abundant radiolarians: Plafkerium? antiquum Sugiyama, Nofrema? 

gigantoceras Sugiyama, Tiborella argia Sugiyama, Hozmadia gifuensis Sugiyama, 

Archaeosemantis sp., and Tetrarhopalus? sp. (Figure 1-7). The occurrence range of 

these species coincides with that of the TR2A (the Eptingium nakasekai group lowest-

occurrence zone) to TR3A (the Spine A2 lowest-occurrence zone) (Sugiyama, 1997). 

The first appearance of Hozmadia gifuensis Sugiyama, characteristic species of the 

TR2A, indicates an age of early Anisian (Sugiyama, 1992, 1997). 
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Figure 1-7 SEM microphotographs of Triassic radiolarian fossils obtained from gray 
chert in the upper part of the Hamanako section. White scale bars, 50 µm. (a–d) 
Plafkerium? antiquum Sugiyama; (e–g) Tiborella argia Sugiyama; (h) Nofrema? 
gigantoceras Sugiyama; (i) Archaeosemantis sp.; (j) Hozmadia gifuensis Sugiyama; (k) 
Tetrarhopalus? sp.. 
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1.5 Discussion 

1.5.1 Stratigraphic correlations and the deep-sea facies P–Tr boundary 

The lithostratigraphy preserved in the pelagic sedimentary rocks in the Hamanako 

section is consistent with the schematic deep-sea P–Tr boundary section, which records 

gray chert, black chert, siliceous claystone, black chert, and gray chert, in ascending 

order (Isozaki, 1997). The presence of the Lopingian radiolarians in the lower gray chert 

(Ieda, 2001) and the Anisian radiolarians in the upper gray chert (Figure 1-2b) in the 

Hamanako section suggests that the P–Tr boundary is placed in the black claystone. 

Although the exact age of the newly obtained radiolarians and conodonts was hard to 

determine, the stratigraphic horizon of the “Toishi-type” siliceous claystone was 

correlated to the Lower Triassic due to its position below the Anisian radiolarian-

bearing gray chert (Figure 1-2b). 

The deep-sea anoxic event lasted approximately 20 Myr from the Lopingian to 

Anisian (Kato et al., 2002; Suzuki et al., 1998), during which chert deposition was 

replaced by siliceous claystone deposition (Isozaki, 1997). The anoxic event across the 

P–Tr boundary intensified at the end of the Permian into a deep-sea setting (Isozaki, 

1997). The elevated marine primary productivity associated with the blooming of 

anaerobic plankton and bacteria in that time led to the production of abundant 

carbonaceous materials, which resulted in the deposition of black carbonaceous 

claystone (Ishiga, 1994; Isozaki, 1997). Thus, the high carbon content (4.85–6.78 wt%) 

in the black claystone likely represents the climax of the anoxic event near the P–Tr 
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boundary.  

The deposition timing of the black carbonaceous claystone may be constrained 

from other sections in the Jurassic complex. In the Ubara and Tenjinmaru sections, the 

transition from siliceous claystone to black carbonaceous claystone could be correlated 

to the upper Permian, and a reverse change to the Lower Triassic (Kakuwa, 2008). In 

the Akkamori section, concentration of redox-sensitive trace elements also indicates 

that the anoxic condition recorded in the black carbonaceous claystone ranges from 

Changhsingian (Upper Permian) to Griesbachian (Lower Triassic) (Takahashi et al., 

2009). Therefore, based on stratigraphic correlation, the black carbonaceous claystone 

likely preserves the P-Tr boundary. 

In addition, increased carbon content is another good indicator that the P-Tr 

boundary has been preserved in the black carbonaceous claystone, having also been 

reported from other P–Tr boundary intervals preserved in the Jurassic accretionary 

complex of Japan (Suzuki et al., 1998; Takahashi et al., 2009; Yamakita et al., 1999). 

For example, carbon contents in Tenjinmaru and Akkamori sections were 1.2–2.5 wt% 

and 1.0–2.0 wt%, respectively, compared to less than 1.0 wt% in the surrounding 

siliceous claystone (Suzuki et al., 1998; Takahashi et al., 2009). The carbon contents in 

the Hamanako section are higher than in the Tennjinmaru and Akkamori sections, which 

reflect the spatial variations or fluctuation of oxygenation levels of deep-sea conditions 

during the deposition of the black carbonaceous claystone in the Panthalassa. 

The lithostratigraphy identified from the Hamanako section is correlated to other 
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deep-sea P–Tr boundary sections in the Jurassic accretionary complex (Figure 1-8). In 

the Ubara, Funabuseyama, and Akkamori sections, the first appearance datum of 

conodont Hindeodus parvus (Kozur and Pjatakova) suggests that P–Tr boundary is 

placed in black claystone between the Lopingian siliceous claystone and Lower Triassic 

siliceous claystone (Sano et al., 2010; Takahashi et al., 2009; Yamakita et al., 1999). 

Although H. parvus has not been recognized in the Tenjinmaru and Nakaoi sections, 

the siliceous claystone directly below the black claystone yields conodonts of possible 

Lopingian age (Kuwahara and Yamakita, 2001). Only the Triassic rocks exposed in the 

Konose and Shakuma 2 sections, and siliceous claystone has not been recognized in the 

Shakuma 1 and Hikodake sections. Thus, in addition to the Funabuseyama section, the 

Hamanako section likely records almost the entire sequence from the Lopingian to 

Anisian rocks. The integration of lithostratigraphy, radiolarian ages, and high carbon 

content of black claystone therefore suggests a potential deep-sea facies P–Tr boundary 

in the Hamanako section. 
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Figure 1-8 Correlations of the P–Tr boundary sections in Japan. The time scale is based 
on International Chronostratigraphic Chart v 2020/01 (Cohen et al., 2013, updated 
January 2020). Radiolarian zones are after Ishiga (1986), Ito and Matsuoka (2018), 
Kuwahara et al., (1998), Sugiyama (1997), and Zhang et al., (2014). Schematic 
sequence is after Isozaki (1997). The Konose, Shakuma, and Hikodake sections are 
after Nishizono et al., (1996); the Tenjinmaru section after Kuwahara and Yamakita 
(2001), Yamakita (1987); the Nakaoi section after Kuwahara and Yamakita (2001); the 
Ubara section after Kuwahara et al., (1991), Kuwahara and Yamakita (2001), Tada et 
al., (2005), and Yamakita et al., (1999); the Gujo-hachiman section after Algeo et al., 
(2010), Kuwahara et al., (1991, 1998), Kuwahara and Yamakita (2001), and Tada et al., 
(2005); the Funabuseyama section after Kuwahara et al., (2010), Sano et al., (2010); 
the Akkamori section after Ehiro et al., (2008), Takahashi et al., (2009, 2010); and the 
Hamanako section is based on this study.  
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1.5.2. Preservation of deep-sea P–Tr boundary section 

In the Hamanako section, the shear is highly localized along the black claystone, 

resulting in incorporation of siliceous claystone blocks in the black claystone matrix. 

This shear localization may be due to the high clay content in the black claystone 

relative to the surrounding quartz-rich siliceous rocks, because the frictional strength 

decreases with an increase in clay content (Tembe et al., 2010). 

The plate-boundary décollement tends to be localized along a weak layer, such as 

a smectite-rich pelagic clay (Chester et al., 2013; Kameda et al., 2015; Ujiie et al., 2013; 

Vrolijk, 1990). In the case of the Jurassic accretionary complex in central Japan, the 

décollement has been considered to have been localized along the P–Tr boundary 

claystone (Nakae, 1993; Wakita, 2012). Shear localization along the black claystone is 

consistent with the décollement localization along the P–Tr boundary. Because the 

sediments above the décollement are scraped off or underplated into an overlying 

accretionary prism, the entire deep-sea P–Tr boundary section is rarely preserved. 

While the Hamanako section may preserve the deep-sea P–Tr boundary section, it 

also includes terrigenous rocks showing sandstone blocks in a mudstone matrix. The 

Jurassic accretionary complex in the Chichibu Belt, central Japan is characterized by a 

mélange composed of sandstone, mudstone, chert, limestone, and basalt (Niwa, 2004) 

(Figure 1-1b). The blocks of chert in the mélange are laterally continuous, in which the 

original stratigraphy is well preserved. Although the chert in the Lake Hamana area is 

surrounded by Quaternary terrace deposits, the local occurrence of terrigenous rocks in 
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the Hamanako section may represent the mixing of terrigenous rocks into the chert 

block that preserves the P–Tr boundary section. The mélanges in the Jurassic 

accretionary complexes are interpreted as the result of complex, multiple deformation 

processes including submarine sliding, mud diapirism, shearing along the décollement, 

and out-of-sequence thrust (Wakita, 2012). The chert block may behave as a relatively 

strong competent block, and thus survived from intense deformation during the 

mélange-forming processes, resulting in preservation of the P–Tr boundary section. 
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1.6 Conclusion 

A new P–Tr boundary section was found from the chert block of the Jurassic 

accretionary complex of Lake Hamana area. The P–Tr boundary section is 

characterized by symmetry in the lithostratigraphy and a change in radiolarian ages with 

respect to black claystone with high carbon content, which represent a deep-sea anoxic 

event that occurred across the P–Tr boundary. The shear is highly localized along the 

P–Tr boundary black carbonaceous claystone, possibly owing to a high clay content 

relative to the surrounding siliceous rocks. The intercalated terrigenous rocks may 

represent the mixing of terrigenous and pelagic rocks during the mélange forming 

processes.  
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Chapter 2: Plate Boundary Processes in the Deeper Portion of the 

Cold Subduction Zone: An Example from the Fault Zone in the 

Jurassic Chert-clastic Complex, Central Japan 

2.1 Introduction 

Deep ocean drilling has demonstrated that the plate-boundary faulting at shallow 

depths in the Japan Trench subduction zone is highly localized along the smectite-rich 

pelagic clay, where a huge coseismic slip occurred during the 2011 Tohoku-Oki 

earthquake (Chester et al., 2013; Ujiie et al., 2013). Localization of the plate-boundary 

faulting was also confirmed in the northern Barbados subduction zone, which is marked 

by the development of scaly foliated radiolarian claystone constituting a low bulk 

density zone relative to surrounding sediments (Labaume et al., 1997; Moore et al., 

1998; Moore and Klaus, 2000). While deep ocean drilling in subduction zones 

contributed to a better understanding of the plate-boundary faulting processes in 

shallow portions, those in deeper portions have not been examined well. 

Exhumed accretionary complexes allow the examination of the plate-boundary 

processes in deeper portions of subduction zones, including coseismic deformation. 

Pseudotachylyte (i.e., solidified frictional melt) is the most reliable geological evidence 

for seismic slip (Cowan, 1999; Rowe and Griffith, 2015). Although the 

pseudotachylytes have also been found in exhumed accretionary complexes (Ujiie and 

Kimura, 2014 and references therein), they are rarely preserved in recognizable forms 
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due to hydrothermal alteration and devitrification in subduction zones (Ishikawa and 

Ujiie, 2019). Recent fault rock studies and the friction experiments on fault zone 

materials demonstrated that the Raman spectra of carbonaceous material (RSCM) are 

useful in detecting the increased heating on faults (Furuichi et al., 2015; Ito et al., 2017; 

Kuo et al., 2014, 2017; Oohashi et al., 2011; Ujiie et al., 2021). The fault zone in the 

Jurassic chert-clastic complex, central Japan includes carbonaceous mudstone. The 

Jurassic chert-clastic complex is considered to represent the on-land analog of deeper 

portions of the cold subduction zone such as the Japan Trench (Yamaguchi et al., 2016). 

This chapter presents the deformation and kinematics recorded in the fault zone, 

and provide the RSCM of the fault rocks. Based on the results, we discuss the plate-

boundary processes in deeper portions of the cold subduction zone. 
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2.2 Geological setting 

The coherent chert-clastic complex exposed along the Kiso River in the Inuyama 

area preserves the ocean plate stratigraphy, which comprises, in ascending order, Early 

to Middle Triassic siliceous claystone, Middle Triassic to Early Jurassic pelagic chert, 

Middle Jurassic siliceous mudstone, and Middle-early Late Jurassic sandstone and 

mudstone (Figure 2-1) (Kimura & Hori, 1993; Matsuda and Isozaki, 1991; Yao, 1980). 

This ocean plate stratigraphy was repeated by thrust faults (Figure 2-1c). Matsuda and 

Isozaki (1991) interpreted that the thrusts were formed in associated with duplex 

underplating, whereas Kimura and Hori (1993) considered that the thrust faults are out-

of-sequence thrusts bounding pelagic sedimentary rocks above from clastic rocks below. 

Pelagic sedimentary rocks have a characteristic lithology composed of, in ascending 

order, siliceous claystone including carbonaceous mudstone, black chert, gray chert, 

and red chert, which are considered to represent the recovery from the deep-sea anoxic 

events (Isozaki, 1997). The maximum attained temperature of the chert-clastic complex, 

determined from the chlorite geothermometer and vitrinite reflectance, is 

approximately 220 °C (Kameda et al., 2012). 

The studied fault zone was developed along the thrust fault, which bounds the 

pelagic sedimentary rocks in the thrust sheet 3 above from clastic rocks in the thrust 

sheet 2 below (Figures 2-1c, 2-2). The clastic rocks in sheet 2 are Middle to early Late 

Jurassic in age (Yao, 1980), whereas the pelagic sedimentary rocks in sheet 3 are mainly 

composed of the late Early Triassic (Spathian) to the early Middle Triassic (Anisian) 
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gray and black chert, and the middle-late Early Triassic (Smithian to Spathian) siliceous 

claystone (Takahashi et al., 2010, 2015; Yamakita et al., 2010, 2016). 
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Figure 2-1 (a) Distribution of the Mino-Tamba Belt in Japan. (b) Reconstructed ocean 
plate stratigraphy in the Inuyama area, modified from Kimura and Hori (1993). (c) 
Geological map of the chert-clastic sequence along the Kiso River in the Inuyama area, 
modified from Kimura and Hori (1993). The location of the figure is shown in Figure 
2-1a. 
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Figure 2-2 (a) Geological map (a) and cross section (b) of the fault zone. The location 
of the geological map is shown in Figure 2-1c. 
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Figure 2-3 Column section of the fault zone. Black arrows indicate dolomite 
intercalated in siliceous claystone. Red arrows indicate the discrete slip surfaces. 
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2.3 Deformation structures and kinematic in the fault zone 

The ~50 m thick fault zone is defined by the development of scaly fabrics in the 

upper mudstone and black carbonaceous claystone, and foliated cataclasite derived 

from siliceous claystone and black carbonaceous claystone (Figures 2-2, 2-3). Folded 

siliceous claystone and dolomite are intercalated in the fault zone. The fault zone is 

flanked by sandstone in sheet 2 and bedded siliceous claystone, gray and black chert in 

sheet 3. 

The scaly fabric in the upper mudstone shows ~1–2 cm spaced anastomosing 

foliation (Figure 2-4a). Slickenlines and steps were recognized on the polished surfaces 

(Figure 2-4b). 

Black carbonaceous claystone is distributed at four horizons in the fault zone 

(Figures 2-2, 2-3), representing the zones of shear concentration. However, it is also 

locally scattered in siliceous claystone (Figure 2-2). The deformation in the black 

carbonaceous claystone is also marked by the development of the scaly fabric. The scaly 

fabric shows ~1–5 mm spaced anastomosing foliation (Figure 2-4c) or the composite 

planar fabric. The scaly foliation is polished and lineated (Figure 2-4d). The slip 

directions determined from slickenlines on the foliation and composite plane fabric 

show both reverse slip and left-lateral slip (Figure 2-4g). 

Two discrete slip surfaces sharply cut the scaly foliated black carbonaceous 

claystone, representing a localization of slip with respect to the surrounding distributed 

shear along the scaly fabric (Figure 2-4e). The discrete slip surfaces are polished, and 
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slickenlines on the surfaces indicate left-lateral slip (Figures 2-4h, 2-5a). Energy 

dispersive X-ray spectrometry mapping indicates the relative enrichment of Al and K 

along the discrete slip surface, suggesting the relative concentration of illite (Figure 2-

5b). 

The foliated cataclasite is defined by the alignment of fragmented siliceous 

claystone and black carbonaceous claystone (Figure 2-4f) and is distributed above the 

scaly foliated black carbonaceous claystone. The thickness of the foliated cataclasite 

ranges 1–4 m. 

The folds in the siliceous claystone are close to tight (Figure 2-6a). The axial 

surfaces of folds are vertical, and the fold axes strike east-west and shallowly plunge 

toward WSW or ESE (Figure 2-6b). The orientations of the fold axes and the 

asymmetric fold geometry indicate top-to-the-south shear. The ~10–15 cm-thick 

dolomite layers are also folded with siliceous claystone (Figure 2-2).  
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Figure 2-4 (a) Scaly fabric in upper mudstone. (b) Scaly foliation surface in upper 
mudstone showing slickenlines and steps. (c) Scaly carbonaceous claystone exhibiting 
anastomosing foliation. (d) Slickensides within scaly carbonaceous claystone. (e) 
Discrete slip surface sharply cutting the scaly carbonaceous claystone. The half-
arrows indicate the sense of shear. (f) Foliated cataclasite showing a mixture of 
siliceous claystone and black carbonaceous claystone. (g) Slip directions of scaly 
upper mudstone and scaly foliated carbonaceous claystone; lower hemisphere, equal-
area projection. Red arrows indicate the movement direction of the hanging wall. (h) 
Slip directions for discrete slip surfaces; lower hemisphere, equal-area projection. Red 
arrows indicate the movement direction of the hanging wall. 
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Figure 2-5 (a) Occurrence of discrete slip surface showing polished and lineated surface. 
(b) Back-scattered electron image and the EDS elemental map of the discrete slip 
surface and underlying scaly carbonaceous claystone. 
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Figure 2-6 (a) Occurrence of folds in siliceous claystone. (b) Orientations of fold axes 
and poles to axial surfaces of folds in siliceous claystone; lower hemisphere, equal-area 
projection. 
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2.4 Raman Spectroscopic analysis 

2.4.1 Samples and methods 

To examine whether the evidence for increased heating can be detected from fault 

rocks, the RSCM was used. The samples for the Raman spectroscopic analysis were 

taken from the discrete slip surface and the scaly foliated carbonaceous claystone near 

the slip surface. We used a laser Raman microscope equipped with a 514.5 nm Ar+ laser 

and 50× objective lens. The exposure time was 10 s under 0.7 mW of the laser power 

to avoid thermal damage to the carbonaceous materials. We prepared 1.5 cm × 1.5 cm 

× 0.5 cm chips from the discrete slip surface and measured the RSCM on the surface. 

Thin sections were made to obtain the RSCM from the scaly foliated carbonaceous 

claystone, and the carbonaceous materials completely embedded within the rocks were 

analyzed. The obtained Raman spectra were corrected to remove the background effect 

by subtracting the linear baseline in the range of 1000–1800 cm-1. Using the PeakFit 

v4.12 from SYSTAT Software Inc., the spectra were decomposed into D1-, D2-, D3- 

and D4-bands with a pseudo-Voigt function (Gaussian-Lorentzian sum), whose peak 

positions were near 1350 cm-1, 1590 cm-1, 1510 cm-1, and 1245 cm-1, respectively 

(Kouketsu et al., 2014). 
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2.4.2 Results 

We analyzed the RSCM at 80 points from the discrete slip surface and the scaly 

foliated carbonaceous claystone. The representative Raman spectra and decomposed 

peaks are shown in Figures 2-7a and 2-7b, respectively. Compared to the RSCM in the 

scaly foliated carbonaceous claystone, the carbonaceous materials on the discrete slip 

surface show slightly increased D1-band intensity. The average ID1/ID2 value of the 

scaly foliated carbonaceous claystone was 0.55 with a standard deviation (SD) of 0.03, 

whereas the discrete slip surface showed a higher average ID1/ID2 value of 0.59 (SD 

0.05) (Figure 2-7c). This indicates a slightly increased carbonization in the discrete slip 

surface relative to the surrounding scaly foliated carbonaceous claystone. 
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Figure 2-7 Representative Raman spectra and decomposed peaks of carbonaceous 
materials for (a) discrete slip surface and (b) scaly foliated carbonaceous claystone. (c) 
ID1/ID2 values of the scaly carbonaceous claystone and discrete slip surface. 
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2.5 Discussion 

Deformation in the fault zone partitioned into shearing along scaly carbonaceous 

claystone and localized slip along the discrete surface. 

The kinematics of folds in siliceous claystone indicate top-to-the-SSE shear. This 

is consistent with the inferred shear direction during subduction of pelagic sediments 

(Kimura and Hori, 1993; Kimura, 1997, 1999). Assuming that the deformation-

diagenetic model proposed by Snyder et al., (1983) and Brueckner et al., (1987) applied 

for the folding in chert, Kimura and Hori (1993) interpreted that the folds in chert were 

developed under opal-CT diagenetic conditions at temperatures below 165 °C, i.e., the 

maximum temperature of the transformation of opal-CT to quartz (Mizutani, 1977). 

Assuming that microcrystalline quartz in siliceous claystone underwent the same silica 

diagenesis as chert, the geometry and kinematics of the folds are interpreted to represent 

the subduction-related deformation under opal-CT diagenetic conditions. 

The intense development of scaly fabric in the black carbonaceous claystone with 

respect to the upper mudstone in sheet 2 and foliated cataclasite represents the 

concentration of shear deformation. In the chert-clastic complex in the Inuyama area, 

the décollement is considered to be located in the siliceous claystone (Kimura and Hori, 

1993). Our observation suggests that the shear strain was localized along the black 

carbonaceous claystone after the transformation of opal-CT to quartz. This could be due 

to the increased shear strength of siliceous claystone after the completion of silica 

diagenesis and the relative weakness of more clay-rich carbonaceous claystone because 
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the frictional strength decreases with increasing clay content (Tembe et al., 2010). 

The scaly foliated carbonaceous claystone is distributed at four horizons in the 

fault zone. If the carbonaceous claystone represents the claystone accumulated during 

the climax of the deep-sea anoxic event that occurred across the Permian-Triassic 

boundary (Isozaki, 1997), four occurrences of carbonaceous claystone may represent 

the repetition of the same claystone by thrust faulting. Alternatively, four carbonaceous 

claystone layers were intercalated in siliceous claystone (Suzuki et al., 1998) and 

subsequently underwent intense shearing.  

The kinematics of the fault zone indicate both reverse slip and left-lateral slip. 

This may represent heterogeneous slip directions during thrusting. Alternatively, the 

coexistence of reverse slip and left-lateral slip could be due to the slip partitioning 

associated with the left-lateral oblique subduction. 

  The increased carbonization in the discrete slip surface relative to the 

surrounding scaly foliated carbonaceous claystone represents the increased heating 

associated with the localized slip along the discrete slip surface (Figure 2-7c). The 

ID1/ID2 values in the discrete slip surfaces (average 0.59) are lower than those in the 

pseudotachylyte, which recorded a melting temperature higher than 1100 °C (Ito et al., 

2017; Ujiie et al., 2007; 2021). This suggests a smaller temperature rise in the discrete 

slip surface, consistent with the absence of frictional melting related deformation. The 

increased temperature recorded on the discrete slip surface appears to indicate that part 

of the left-lateral slip is accommodated by the seismic slip in deeper portions of the 
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subduction zone. 
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2.6 Conclusion 

The plate-boundary faulting in deeper portions of the cold subduction zone was 

characterized by the localization of shear along carbonaceous claystone. Deformation 

in carbonaceous claystone is accommodated by the distributed shear along scaly 

foliations and localized slip along discrete surfaces. The kinematics of the fault zone 

indicate both reverse slip and left-lateral slip, possibly representing left-lateral oblique 

subduction or heterogeneous shear. The RSCM demonstrated a slight increase in 

carbonization in the discrete slip surface relative to the surrounding scaly carbonaceous 

claystone, suggesting that the localized slip along the discrete slip surface is 

accompanied by a coseismic temperature increase. 
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