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ARTICLE

Jurassic-Lower Cretaceous siliceous rocks and black shales from allochthonous 
complexes of the Koryak-Western Kamchatka orogenic belt, East Asia
Nadezhda I. Filatovaa, Elena Konstantinovskaya b and Valentina Vishnevskaya a

aGeological Institute, Russian Academy of Sciences, Moscow, Russia; bEarth and Atmospheric Sciences Department, University of Alberta, 
Edmonton, Canada

ABSTRACT
Composition, stratigraphic and structural position of Jurassic-Lower Cretaceous radiolarian-rich 
siliceous rocks and black shales are described within allochthonous lithotectonic complexes of the 
Koryak-Western Kamchatka orogenic belt of East Asia. Comparative lithological and stratigraphic 
analysis of sedimentary units exposed in imbricated tectonic slices over a distance of more than 
1000 km helped to restore a continuous succession of siliceous rocks from Hettangian to 
Barremian. The Jurassic-Lower Cretaceous siliceous succession is composed of Hettangian and 
Aalenian-Barremian haematitic jaspers and Sinemurian-Toarcian radiolarian-bearing pyrite-bearing 
organic-rich black cherts and siliceous shales. Allochthonous Jurassic-Lower Cretaceous siliceous 
successions of the Koryak-Kamchatka orogenic belt likely accumulated in some open pelagic 
domains of the Paleo-Pacific within the Izanagi-Kula plate at different paleo-latitudes from high 
(southern boreal) to subequatorial (northern Tethys) paleo-latitudes. Depositional environments of 
Sinemurian-Toarcian organic-rich black shales were characterized by euxinic deep-water paleo- 
oceanic settings with poor water circulation. Accumulation of the Toarcian black shale succession 
corresponds in time to a global Toarcian oceanic anoxic event, while deposition of regionally 
occurring Sinemurian-Pliensbachian black shales was likely controlled by local factors. Hettangian, 
Middle Jurassic to Upper Jurassic-Barremian haematitic jaspers accumulated under aerobic condi-
tions with well-circulated waters enriched with oxygen.
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Introduction

The composition, depositional, and diagenetic environ-
ments of many lithological facies including siliceous and 
black shales associations are strongly affected by many 
factors, including type of sedimentary basin (epi- 
continental, marginal, or intra-oceanic), geochemistry of 
the water column, water temperature, and global climate 
changes. Additional factors affecting the accumulation of 

siliceous rocks involve changes in water level, topography, 
extent of erosion and rock composition of the landscapes 
surrounding sedimentary basins (Gavrilov 1989). The volca-
nic and hydrothermal activity influences the geochemical 
balance and temperature of marine water (Palfy and Smith 
2000; Bailey et al. 2003; Bond and Wignall 2014; Bougeault 
et al. 2017). The combination of these factors determines 
the degree of oxygen in the water column and changes of 
conditions from aerobic to poorly oxygenated and anoxic 
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and ultimately euxinic (i.e. sulfidic) settings (Jenkyns 1988, 
2010; Gavrilov et al. 2002; Kholodov 2002; Kemp and Izumi 
2014; Arabas et al. 2017). The global Toarcian oceanic 
anoxic event (T-OAE) represents perturbations in marine 
biotic associations, fluctuations in isotope and geochemical 
systems of the water column, and development of organic- 
rich black shales, as was shown for Mesozoic basins of 
Tethys (Jenkyns 1988, 2010; Farrimond et al. 1994; Palfy 
and Smith 2000; Jenkyns et al. 2002; Hesselbo et al. 2007; 
Gomez et al. 2008; Arabas et al. 2017; Bougeault et al. 2017) 
and the Paleo-Pacific (Caruthers et al. 2011; Grocke et al. 
2011). At the same time, it was shown that even though 
similar multiple perturbations of carbon isotope cycles and 
associated parameters occurred in the Early Jurassic (Storm 
et al. 2020), not all of them could be identified as global- 
scale events (Westermann et al. 2010).

Data on composition and depositional environments of 
Jurassic-Lower Cretaceous (Barremian) siliceous sedimen-
tary successions in orogenic belts of the Pacific area are 
rather limited (Hori 1992, 1997; Matsuoka et al. 1996; 
Kemkin and Kemkina 2004, 2015; Hori et al. 2007; Jenkyns 
2010; Wignall et al. 2010; Ikeda et al. 2018). Sedimentary 
units of the same stratigraphic interval are poorly character-
ized in the remote areas of northeastern Asia. Only 

fragments of Mesozoic oceanic crust that originated in the 
Paleo-Pacific Ocean are preserved in present-day tectonic 
structures of the northwestern continental margin of the 
Pacific Ocean (Nokleberg et al. 1994; Sokolov et al. 1996, 
2003; Filatova 1998). Depositional environments of siliceous 
sedimentary successions are discussed for a variety of types 
of sedimentary paleo-basins (Jenkyns and Winterer 1982; 
Grocke et al. 2011). Allochthonous Jurassic-Lower Cretace 
ous siliceous rocks are recognized over a vast region in the 
Middle Cretaceous Koryak-Western Kamchatka orogenic 
belt (Filatova 2014, 2018) in the northwest tectonic frame-
work of the Pacific Ocean (Figure 1). These rocks locally 
occur in association with volcanic rocks of mid-oceanic 
ridge basalt (MORB-), within-plate basalt (WPB-), oceanic isl 
and basalt (OIB-) types (Berezner et al. 1990; Filatova et al. 
1990; Filatova and Vishnevskaya 1994; Filatova 1998; Konst 
antinovskaya 1998; Bogdanov et al. 2003; Sokolov et al. 20 
03; Khanchuk et al. 2006; Bondarenko et al. 2008). Previous 
study of radiolarian microfossil assemblages helped to dete 
rmine the age of the siliceous rocks and allowed detailed 
stratigraphic correlation of Jurassic-Lower Cretaceous succe 
ssions that are preserved in the imbricated tectonic struc-
tures of the Koryak-Western Kamchatka orogenic belt (Vish 
nevskaya 2001; Vishnevskaya and Filatova 2008, 2012). 

Figure 1. Location of allochthonous Jurassic-Lower Cretaceous marine siliceous, siliceous-volcanic and associated rocks in Middle Cretaceous 
Koryak-Western Kamchatka orogenic belt at the northwestern continental margin of the Pacific Ocean, modified after (Vishnevskaya and 
Filatova 2012). Numbers indicate geographic locations shown in Figures 3–5. Inset map shows the location of the study area.

312 N. I. FILATOVA ET AL.



Analysis of radiolarian assemblages was used to reconstruct 
paleo-temperature conditions in Paleo-Pacific water col-
umns (Vishnevskaya and Filatova 2017).

The present study aims to characterize stratigraphic 
location, structural position, areal distribution, specific faci 
es, and depositional environments of allochthonous Juras 
sic-Lower Cretaceous siliceous rocks and black organic-rich 
shales of the Koryak – Western Kamchatka orogenic belt 
(Figure 1). Volcanic rocks locally associated with the silic-
eous rocks are briefly described. In particular, composition 
and regional distribution of Sinemurian-Toarcian units of 
pelagic black organic-rich cherts and shales in this region 
are analysed in detail for the first time. The study synthetizes 
the original data collected by the author during many years 
of field work in East Asia. Comparative analysis of allochtho-
nous Jurassic-Lower Cretaceous siliceous rock and black 
shale associations from the study area and fold-and-thrust 
belts of Japan and Sikhote-Alin located in East Asia to the 
northwest of Japan (Figure 1, inset map) is used to infer 
palaeogeographic settings of these rocks.

Methodology

Jurassic-Barremian allochthonous marine lithotectonic 
complexes of tectono-stratigraphic sections of the 
Koryak-Western Kamchatka orogenic belt are charac-
terized on the basis of stratigraphic analysis of radiolar-
ians and comparative lithological and facies analysis of 
restored stratigraphic successions. Detailed strati-
graphic study of radiolarian microfossils extracted 
from siliceous rocks of allochthonous lithotectonic 
complexes of the Koryak-Western Kamchatka orogenic 
belt helped to determine the age of sedimentary suc-
cessions from individual tectonic slices (Vishnevskaya 
and Filatova 2008, 2012, 2017). The lithotectonic units 
were sampled continuously along transverse lines 
across the key areas of stacked tectonic slices. The 
thinnest of these stratigraphic units and the highly 
imbricated tectonic structure of the study region 
required high-density sampling to carry out stratigra-
phical and lithological correlation of rock units from 
discrete tectonic slices. Petrographic and geochemical 
studies (Zlobin et al. 1992; Filatova and Vishnevskaya 
1994) with the help of detailed age data (Vishnevskaya 
and Filatova 2016, 2018) were conducted to identify 
and characterize specific facies within lithotectonic 
complexes from different areas of the study region.

Geologic settings

The Jurassic-Lower Cretaceous (Barremian) allochthonous 
lithotectonic complexes form thin tectonic slices in the 
imbricated tectonic structure of the Middle Cretaceous 

Koryak – Western Kamchatka orogenic belt over a large 
area (Figure 1) that extends along the northwestern margin 
of the Pacific Ocean (Filatova 2018). The main deformation 
phase of the belt is dated as late Aptian-early Albian 
(Filatova 1998, 2014). Albian-Upper Cretaceous neoau-
tochthonous cover of clastic rocks overlies with angular 
unconformity the fold and thrust structure of the belt 
(Figure 2). Jurassic-Lower Cretaceous allochthonous litho-
tectonic complexes include marine oceanic, back-arc basin, 
and island-arc rocks that have been accreted to the con-
tinental margin during mid-Cretaceous orogeny. Both 
Jurassic-Lower Cretaceous allochthonous thrusts and 
nappes and Albian-Upper Cretaceous parautochthonous 
rocks were subsequently deformed during the emplace-
ment of the Olyutorsky – Kamchatsky orogenic belt in the 
Early Eocene (Figure 2).

In the present-day tectonic structure of the Koryak- 
Western Kamchatka orogenic belt, allochthonous Jurassic- 
Early Cretaceous (Barremian) siliceous and basalt-bearing 
rock associations compose thin tectonic slices differentially 
displaced by thin bedding-parallel detachments and refol 
ded in antiformal and synformal stacked structures, in 
which fragments of rock successions of different age and 
composition are superimposed (Figure 3). The allochtho-
nous tectonic slices of Jurassic-Lower Cretaceous com-
plexes on the Nauchirynay River (Figure 3(a)) form a series 
of folded nappes emplaced over mafic-ultramafic rocks and 
serpentinite melange in the core of the Yagelnaya Antiform. 
The upper nappe consists of stacked, often repeated, alter-
nation of tectonic allochthonous slices of the Triassic-Jur 
assic-Hauterivian rocks. Core zones of synforms are com-
posed of tectonic slices of Lower Jurassic black cherts and 
shales with lenses and slices of basalts of the MORB- and 
WPB-types and Middle Jurassic siliceous rocks. Tectonic 
structure of the Koyverelan River area and the Semiglavaya 
Mount (Figure 3(b)) represents a large synform composed 
of imbricated slices of allochthonous and parautochtho-
nous lithotectonic complexes. At the outcrop scale, Lower 
Jurassic radiolarian-bearing organic-rich black cherts and 
Upper Jurassic-Barremian haematitic jaspers and limestone 
form packages of tectonic slices of various thicknesses from 
a few metres to 10–30 m imbricated with parautochtho-
nous rocks (Figures 3(c,d)).

Thrusting and folding of Middle Mesozoic allochtho-
nous marine lithotectonic complexes in the Koryak- 
Western Kamchatka orogenic belt occurred in the Apti 
an-early Albian (Filatova 1998, 2014), synchronously with 
accretionary and collisional tectonic processes along the 
western and eastern continental margins of the Pacific 
(Gursky and Schmidt-Effing 1982; Matsuoka et al. 1996; 
Struik et al. 2001; Caruthers et al. 2011; Kemkin and 
Filippov 2011).
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Figure 3. Structural cross-sections and outcrops of the allochthonous Jurassic–Lower Cretaceous complexes of the Koryak orogenic 
belt. See Figure 2 for location of the cross-sections.

Figure 2. Map of allochthonous Jurassic-Lower Cretaceous terranes in the Koryak orogenic belt, modified after (Filatova and 
Vishnevskaya 1997). Numbers and black dots indicate geographic locations of columns shown in Figures 4–5. The inset map shows 
location of the area in East Asia.
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Jurassic-Lower Cretaceous siliceous rocks of the 
Koryak-Western Kamchatka orogenic belt

Jurassic–Lower Cretaceous (Barremian) allochthonous mar-
ine lithotectonic complexes have been identified and samp 
led in different tectono-stratigraphic sections of the Koryak- 
Western Kamchatka orogenic belt (Figure 2). Siliceous rock 
units are composed of haematitic jaspers (Hettangian and 
Aalenian–Barremian) and Sinemurian-Toarcian pyrite-bea 
ring organic-rich black cherts and siliceous shales (Figure 
4, type 1). Additionally, Jurassic-Lower Cretaceous jasper 
and cherts are present in association with basalts of MORB- 
and WPB-types (Figure 4, type 2). Less abundant are silic-
eous rocks intercalated with tuffaceous, volcaniclastic, and 
volcanic rocks of back-arc basins (BAB) type (Figure 4, 
type 3).

The stratigraphic successions in the studied areas are 
reconstructed from imbricated tectonic slices with the 
help of age determinations of radiolarian assemblages 
and individual index-species (Figure 4). In total, 20 radi-
olarian complexes of different ages from the Lower 
Jurassic (Hettangian) to Lower Cretaceous (Barremian) 
have been identified in marine siliceous and siliceous- 

basaltic successions (Vishnevskaya 2001; Vishnevskaya 
and Filatova 2008, 2012) and correlated with the North 
America radiolarian zones of Cordey (1998), Pessagno 
and Martin (2003) and Pessagno et al. (1993); (2009).

Jurassic-Lower Cretaceous siliceous successions

Lower Jurassic
Lower Jurassic siliceous rock units (type 1) are restored in 
a continuous succession from Hettangian to Toarcian. 
Lower Hettangian red jaspers with corresponding index- 
species of radiolarians crop out in the Nauchirynay River 
area (Figures 2, 4, section 10). The Lower Hettangian unit 
(40 m thick) is composed of red jaspers with subordinate 
WPB-type basalts that form an upper tectonic slice in this 
area (Figure 5(a)). The Upper Hettangian to Lower Sinemu 
rian unit is exposed in a lower tectonic slice and represents 
a continuous succession of siliceous rocks about 115 m 
thick (Figure 5(a)) that contains radiolarian assemblages of 
two different ages (Figure 4). Upper Hettangian rocks con-
sist of thinly laminated haematitic jaspers with rare thin 
lenses of organic-rich cherts. Lower Sinemurian rocks are 

Figure 4. Restored stratigraphic successions of allochthonous Jurassic–Lower Cretaceous lithotectonic complexes of the Koryak- 
Western Kamchatka orogenic belt. The numbers above the sections correspond to locations shown in Figure 1, 2. Black dots indicate 
sampling location of radiolarian assemblages.
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composed of organic-rich thinly laminated black cherts 
with beds of volcaniclastic sandstones and siltstones. The 
black unstructured organic matter is present in these rocks 
as very thin microlayers, lenses, or isometric agglomerations 
in a fine-grained chalcedony matrix (Figure 6(a,b)). Abund 
ance of radiolarian and sponge fragments in the rocks may 
indicate marine planktonic and probably bacterial origin of 
organic matter. Pyrite enrichment characterizes some laye 
rs. Lower-Upper Hettangian and Lower-Upper Sinemurian 
index-species of the region (Figure 4) can be correlated in 
age with their analogs of zones 05–03 in British Columbia 
(Carter et al. 1998; Cordey 1998) and California and Mexico 
(Pessagno et al. 1993; Pessagno and Martin 2003).

Black siliceous rocks with index-species of Upper 
Sinemurian – Lower Pliensbachian radiolarians (Figure 
4) are present in the Pikasvayam area (Figures 2, 4, secti 
on 12). A tectonic slice of Lower Pliensbachian rocks is 
composed of a rhythmic alternation of black and dark- 
grey pyrite-bearing organic-rich cherts, cherty shales, 
and siliceous siltstones with a total thickness of 30 m (Fig 
ure 5(b)). A structurally higher tectonic slice of Upper 
Sinemurian rocks is about 50 m thick and consists of 
black organic-rich cherts with beds of siltstones and 
mudstones. Individual beds of thinly laminated cherts 
are up to 5–7 m thick. A Lower Jurassic siliceous rocks 
unit (60 m thick) in the area of the Talovsky Mountains 
and the watershed of the Kuyul River (Figure 2, section 3) 
contains predominantly grey organic-rich cherts with 
subordinate siliceous shales and siltstones bearing Late 
Sinemurian and Early Pliensbachian radiolarians (Figure 
4, section 3) (Khanchuk et al. 1990, 1992, 2006; Vishnev 
skaya 1994, 2001). Pliensbachian index-species (Figure 4) 
are correlated with high confidence (Vishnevskaya and 
Filatova 2012) with their age analogs in British Columbia 
that also contain ammonites, and with zone 02 in 
California and Mexico (Pessagno et al. 1993; Pessagno 

and Martin 2003). They are in good stratigraphic correla-
tion with the well-dated radiolarian pelagic cherts of 
Pliensbachian and possibly early Toarcian age from the 
Cache Creek Terrane of the Canadian Cordillera due to 
presence of Atalantria epaphrodita Cordey et Carter, 
Praeconocaryomma decora gr.,Bipedis sp. (Cordey 2020).

The Toarcian unit is composed of micro-laminated 
organic-rich black radiolarites, cherts, and shales and is 
30–40 m thick. The unit is widely present in the study 
area (Figure 2, sections 3, 8–9, 10–12) and locally forms 
a continuous succession with Aalenian jaspers in tec-
tonic slices of the Pikasvayam River (Figure 5(b)) and 
Koyverelan River (Figure 5(c)). The index-species of radi-
olarians of the unit correspond to Toarcian analogs of 
the Canadian Cordillera (Cordey 1998), while Toarcian 
and Aalenian radiolarians in California and Mexico are 
considered to form a single zone 1А (Pessagno et al. 
1993; Pessagno and Martin 2003).

Middle Jurassic
The most complete and stratigraphically continuous 
Middle Jurassic siliceous succession is recognized in tec-
tonic slices of the Velikaya and Koyverean Rivers area, 
Koryak Highland (Figure 2, sections 8–9), as well as of the 
Omgon Cape of Kamchatka. Aalenian-Callovian units 
40 m thick consist of haematitic red jaspers and rare 
organic-rich bioclastic limestone. Bajocian, Bathonian, 
and Callovian radiolarian assemblages (Figure 4, sections 
8–9) are correlated with high confidence (Vishnevskaya 
and Filatova 2012) with their age analogs in the Canad 
ian Cordillera (Cordey 1998, 2020), California and Mexico, 
zones 1B-1 H (Pessagno et al. 1993; Pessagno and Martin 
2003), and in some parts of Japan (Matsuoka et al. 1996). 
Based on the taxonomic composition of radiolarians, th 
ey also correlate well with the oldest Bathonian-Callovi 
an reliably established radiolarian cherts (Matsuoka 19 

Figure 5. Imbricated tectonic structure of the allochthonous Jurassic–Lower Cretaceous lithotectonic complexes exposed in outcrops 
of the Koryak orogenic belt. Age of rocks is determined from radiolarian assemblages (Vishnevskaya and Filatova 2008, 2012). See 
Figures 1 and 2 for the outcrop location and Figure 4 for the lithology symbols.
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92) in the basal sedimentary strata of Site 801 in the 
Pacific Ocean in the central Pigafetta Basin (18°38.54ʹN, 
156°21.58ʹE) (Ogg et al. 1992a). Middle Jurassic rocks 
form a mesoscopic antiform that is exposed in the 
Semiglavaya Mount and Koyverelan River area (Figure 
2, section 8). The imbricated tectonic slices, 20 m thick 
(Figure 5(c)) are composed of Bajocian jaspers with inter-
layers of limestones, Bajocian-Tithonian tuffaceous rocks 
and Kimmeridgian-Hauterivian deep-water haematitic 
jaspers. In the Pikasvayam River area (Figure 2, section 
12), Bathonian – Callovian jaspers are rhythmically inter-
calated with layers of siliceous shales (Figure 5(b)), form-
ing a unit 25 m thick.

Upper Jurassic – Lower Cretaceous (Barremian) 
succession

Kimmeridgian-Hauterivian radiolarian-bearing siliceous 
rocks (Figure 4, type 1) form relatively thick (80 m) and 
continuous unit in the Koyverelan River area (Figure 2). The 
lower Upper Kimmeridgian-Tithonian part of the unit 
(20 m) is composed of laminated red and greyish-green 
jaspers (Figure 4, section 9). The middle Tithonian-Ber 
riasian part of the unit (30 m) consists of alternating red 
jaspers and pink calcareous jaspers that are replaced upwa 
rd by pinkish-grey siliceous limestone. The radiolarian ass 
ociation in the Tithonian chert alternating with limestone in 
the Nauchirynai and Semiglavaya areas of the Koryak 
Highland is very close to the radiolarian association in the 
chert of the same age of Site 305 at the Shatsky Rise, 
northwestern Pacific Ocean (Basov and Vishnevskaya 19 
91). The upper Berriasian-Valanginian part of the unit 
(30 m) is composed of jaspers, calcareous jaspers, cherts, 
and siliceous limestone. The rocks from the uppermost part 
of the unit contain the Valanginian-Hauterivian radiolarian 
index-species Cecrops septemporatus (Figure 4) that is char-
acteristic of the uppermost Hauterivian pelagic rocks of 
Italy (Cecca et al. 1993). The age of the succession is based 
on radiolarian assemblages extracted from the siliceous 
rocks. Siliceous limestone in the upper part of the succes-
sion contains bivalves of Valanginian – Lower Hauterivian 
age (Buchia cf. inflata and B. cf. sibirica (Terekhova and 
Shmakin 1982)), and Hauterivian age (Inoceramus colonicus 
Fnd. and I. heteropteris Poch. (G.P. Terekhova, pers.comm.)).

Oxfordian-Kimmeridgian thinly layered jaspers are 
recognized in tectonic slices of the Nauchirynay River 
(Figure 2), where they form units 15–20 m thick (Figure 4, 
section 10). Oxfordian-Barremian siliceous rocks about 
100 m thick were identified in the Ukelayat and Pikasvay 
am Rivers area (Figures 2, 4, section 12). This succession 
is reconstructed from a package of tectonic slices each 
30–40 m thick (Figure 5(b)), and it is mostly composed of 
haematitic jaspers and siliceous shales with rhythmic 

bedding, locally enriched by haematitic and Fe-hydrox 
ides (Figure 6(c)). Lenses of pillow basalts and beds of 
black shales are present in the Berriasian-Valanginian 
unit, and basalt lavas are typical of the Hauterivian-Barre 
mian unit (Figures 4, 5(b)).

Upper Jurassic radiolarian assemblages are similar 
(Vishnevskaya and Filatova 2012) to radiolarian associa-
tions from zones 2, 3 and 4 of California and Mexico, 
while Berriasian – Valanginian ones are correlated with 
their analogs from zones 5А, 5В, 5С and Hauterivian and 
Barremian radiolaria correspond to zone 6 (Pessagno 
et al. 1993, 2009; Pessagno and Martin 2003).

Jurassic – Lower Cretaceous radiolaria-bearing silic-
eous rocks are also present in the form of lenses asso-
ciated with volcanic rocks of MORB- and WPB-types (Fig 
ure 4, type 2). The Lower Hettangian unit with corre-
sponding index-species of radiolarians (Figure 4, sec-
tion 2) crops out on the Taigonos Peninsula (Figure 1). 
It is composed of red jaspers and MORB-type basalts. 
Black organic-rich cherts and siliceous shales containing 
Sinemurian and Pliensbachian index-species (Kemkin 
et al. 1996; Chamov and Andreev 1997; Vishnevskaya 
et al. 1998) are recognized in the south-western part of 
the peninsula (Figure 1, section 2), where they (Figure 4) 
are associated with basalts of OIB- and MORB-types 
(Konstantinovskaya 1998; Bondarenko et al. 2008). Toar 
cian black cherts and shales and Aalenian haematitic 
jaspers contain lenses of basalts of MORB- and WPB- 
type on the Taigonos Peninsula (Figures 1, 4, section 2).

Middle Jurassic jaspers and cherts are present as 
lenses and inter-pillow irregular filling in pillowed flows 
of basalts of the MORB- and OIB-types. Volcanic and 
siliceous units in the Cape Omgon area of Western 
Kamchatka (Figure 1, section 1) are dated as Bajocian- 
Bathonian (Vishnevskaya et al. 1998; Vishnevskaya 2001). 
These units are composed of MORB-type pillow lavas, 
jaspers, and siliceous shales (Bogdanov et al. 2003). In 
other areas (Figures 1, 5, sections 2, 3, 10), Bajocian, 
Bathonian, and Callovian siliceous rocks are associated 
with basalts of MORB- and OIB-type (Khanchuk et al. 
1992; Konstantinovskaya 1998; Bondarenko et al. 2008).

The Upper Jurassic-Lower Cretaceous (Barremian) inter-
val is also characterized by thick units composed of jaspers 
and basalts. MORB-type basalts with lenses of jaspers and 
cherts with a total thickness of 120 m (Figure 4, section 12) 
are exposed in the Khatyrka River and Ukelayat River areas 
(Figure 2) (Ruzhentsev et al. 1982; Peyve 1984). Similar units 
are known in the area of the Main and Anadyr Rivers and in 
the Nauchirynay River area (Figures 2, 4, sections 4–6, 10, 
11) (Berezner et al. 1990; Zlobin et al. 1992; Filatova and 
Vishnevskaya 1994). Oxfordian-Hauterivian jaspers and 
basalts of MORB- and OIB-types (Figure 4, sections 2–3) 
are exposed in the Taigonos Peninsula and in the Kuyul 
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River area (Khanchuk et al. 1992; Sokolov et al. 1996, 2003; 
Konstantinovskaya 1998; Bondarenko et al. 2008). N-MORB- 
type basalts with lenses of Kimmeridgian-Valanginian jas-
pers (Figures 2, 4, section 1) are present in the tectonic 
structure of the Omgon Peninsula, Western Kamchatka 
(Vishnevskaya et al. 1998; Vishnevskaya 2001; Bogdanov 
et al. 2003).

Rare beds of Middle Jurassic and Upper Jurassic–Lower 
Cretaceous radiolarian-bearing tuffaceous siliceous rocks 
(Filatova et al. 1990; Krymsalova 1994; Vishnevskaya and 
Filatova 2012) are recognized in thick (up to 600 m) back- 
arc basin successions (Figure 4, type 3) in the Velikaya, 
Koyverelan, Nauchirynay, and Pikasvayam Rivers area 
(Figures 2, 4, 5). The tuffaceous units in the Koyverelan 
River area contain Callovian ammonites (Terekhova and 
Shmakin 1982). Tuffaceous rocks of the Rarytkin Range 
and the Nauchirynay River (Figure 2) contain Valanginian 
Buchia and Hauterivian Inoceramus colonicus (K.V. Paraket 
sov, G.I. Paraketsova, pers. comm.).

Geochemical composition of the Triassic And 
Jurassic-Lower Cretaceous siliceous rocks of the 
East Asia

The geochemical composition of the Upper Triassic and 
Jurassic–Lower Cretaceous siliceous formations of the 
East Asia is characterized in the Taigonos Peninsula (Kon 
stantinovskaya 1998), Kuyul area (Grigor’ev et al. 1995) 
and Sikhote-Alin area (Volokhin et al. 2005; Volokhin and 
Ivanov 2007; Volokhin 2013) (Figure 1) and compared to 
the Middle Jurassic – Valanginian radiolarites and mud-
stones of Sites 800 and 801 drilled on ODP Leg 129 (Ogg 
et al. 1992a, 1992b).

The siliceous rocks from imbricated tectonic slices of 
the Taigonos Peninsula are dated from Upper Triassic to 
Lower Cretaceous (Figure 4, section 2) and contain 
rhythmic-layered biogenic silica-rich radiolarites, radi-
olarian jaspers and siliceous claystones, locally apatite- 
bearing (TJC1), with subordinate amounts of Fe- and Mn- 
rich haematitic jaspers, carbonaceous jaspers and carbo-
nate rocks associated with MORB-type basalt pillow 
crusts (TJC2). The siliceous rocks form a continuous tre 
nd (Figure 7(a)) from deposits rich in biogenic silica (SiO2 

88–95%) to siliceous claystones with SiO2 58–70% and 
aluminium component Al/(Al+Mn+Fe) larger than 0.5, 
similar to the trends in Cenozoic open pelagic deposits 
of the Pacific Ocean (OPD) and Philippine Sea (PSD) 
(Svalnov and Gordeev 1986). The silica-rich radiolarites 
are characterized by relative enrichment in intermediate 
REE normalized to Post-Archaean Australian Shale 
(PAAS) (McLennan and Taylor 1981) and strong negative 
Ce anomaly (Figure 7(b)), similar to deep ocean water 
(DOW) (Klinkhammer et al. 1983) and deep-seawater pe 

lagic deposits in the Pacific (Hein et al. 1993). Claystones 
and clay-rich radiolaria-bearing siliceous rocks are char-
acterized by flat PAAS-normalized REE distribution 
(Figure 7(b)), similar to those observed in pelagic clay 
rocks. The TiO2 value is the lowest (0.1) in the Upper 
Triassic radiolarite and it ranges from 0.16% to 0.36% in 
the silica-rich radiolarites to 0.51–0.98% in the carbonac-
eous jaspers and clay-rich siliceous rocks (Figure 7(c)). 
The (Fe+Mn)/Ti ratio varies from 7 to 19 in the Jurassic- 
Lower Cretaceous siliceous rocks to 27 in the Upper 
Triassic radiolarite (Figure 7(d)).

The Jurassic-Lower Cretaceous Fe- and Mn-rich hae-
matitic jaspers (SiO2 87–89%) and carbonates (SiO2 22%) 
of the Taigonos Peninsula are associated with bas 
alt pillow crusts, inter-pillow spaces or forming inter-
layers in the radiolarites. The Fe-Mn haematitic jaspers 
are characterized by low Al/(Al+Mn+Fe) component 0.-
06–0.14 (Figure 7(a)), low TiO2 (0.1–0.21%) (Figure 7(c)) 
and elevated (Fe+Mn)/Ti ratio ranging 27–39 (Figure 7 
(d)). The Fe-Mn-rich carbonate has higher Al and Ti com 
ponents and lower (Fe+Mn)/Ti ratio compared to the 
haematitic jaspers (Figures 7(c-d)). The Fe-Mn-rich hae-
matitic jaspers and carbonates are characterized by dif-
ferentiated REE distribution with LREE depletion (Figure 
7(b)), identical to those in associated MORB-type basalts 
(Konstantinovskaya 1998). The radiolarian jaspers with 
manganese nodules have a differentiated REE distribu-
tion with positive Ce anomaly (Konstantino 
vskaya 1998), similar to hydrogenic ferromanganese 
crusts in Tertiary sediments of the Pacific (Bau et al. 
1996). The microglobular Fe-rich haematitic jaspers form 
ing interlayers among radiolarites have LREE-enriched 
PAAS-normalized distribution (Figure 7(b)), similar to 
high-temperature hydrothermal solutions of the East 
Pacific Rise (Michard et al. 1983).

The Triassic (SAT) and Middle-Upper Jurassic (SAJ) silic-
eous rocks of the Sikhote-Alin area vary in composition 
from radiolarian cherts to siliceous claystones (Volokhin 
2013) and form two distinct trends on the diagram SiO2 vs 
Al/(Al+Mn+Fe) component (Figure 7(a)). The Jurassic 
rocks are similar in composition to the Jurassic-Lower 
Cretaceous siliceous rocks of the Taigonos Peninsula, 
while the Triassic rocks of the Sikhote-Alin area have 
higher silica content than the Jurassic rocks of the same 
aluminium component (Figure 7(a)). The Lower-Middle 
Triassic (Upper Olenekian to Upper Anisian) cherts, carbo-
naceous cherts, and argillites of the Sikhote-Alin area are 
organic-rich and contain 0.3 to 8.5 wt. % Corg that form 
a unit of 4–20 m thick (Volokhin and Ivanov 2007). The 
slightly oxidized organic (primarily, marine sapropelic) 
matter contains quinones, methyl, methylene, and ether 
groups. The content of neutral bitumens in rocks shows 
a wide variation range. The carbon isotopic composition 
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(δ13C) in organic-rich siliceous rocks varies from −27.3 to 
−30.2‰ that is identical to composition of many 
Palaeozoic-Mesozoic bitumens and oils (Volokhin et al. 
2005). The carbonaceous siliceous rocks are enriched in 
V, B, Mo, Ni, Cu, and Ag, As, and locally in Ba, compared to 
other Mesozoic sedimentary rocks of the Sikhote-Alin 
area. The organic-rich shales with Corg >0.5% are charac-
terized by positive Au-Corg correlation.

The Middle Jurassic-Lower Cretaceous (Bathonian- 
Valanginian) sedimentary rocks analysed in Sites 800 

and 801 in the Pacific Ocean contain clayey radiolarites 
(from biogenic silica-rich to clay-rich layers), Fe- and Mn- 
rich radiolarites, Fe-rich claystone and calcite-rich metalli-
ferous radiolarite associated with basal pillows (Ogg et al. 
1992b). The biogenic silica-rich and clay-rich radiolarites 
rocks are characterized by Al/(Al+Fe+Mn) ratio (0.34–-
0.69), that is lower (0.11–0.24) in the Fe- and Mn-rich 
pillow crusts (Figure 7a). The radiolarites have lower con-
tent of silica (SiO2 < 74%), with exception for radiolarian 
clusters (SiO2 93%) (Figure 7a), lower content of TiO2 

Figure 6. Microphotographs of Jurassic – Lower Cretaceous siliceous rocks from allochthonous complexes of the Koryak Highland, East 
Asia, plane polarized light. a, Lower Jurassic black chert with organic-rich microbeds in siliceous matrix and Radiolarian remnants 
(white debris and grey round fragments); b, Lower Jurassic black chert, variably organic-rich, with Radiolarian remnants (grey round 
fragments); c, Jurassic – Lower Cretaceous Radiolarian red jasper.
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(mostly less than 0.2%) (Figure 7c), and higher (Fe+Mn)/Ti 
ratio, mostly above 38 (Figure 7d), compared to the silic-
eous rocks of the same age from the Taigonos Peninsula 
and Sikhote-Alin orogenic belts. The Fe- and Mn-rich 
pillow crusts of Sites 800 and 801 are very low in Al 
component and TiO2 (Figure 7c), similar to the analogous 
rocks of the Taigonos Peninsula, but have higher (Fe 
+Mn)/Ti ratio (>100), close to the value in altered basalt 
(Figure 7d).

Depositional environments of Jurassic-Lower 
Cretaceous siliceous rocks of the 
Koryak-Western Kamchatka belt

The restoration of paleo-latitude settings of allochtho-
nous Jurassic-Lower Cretaceous siliceous rocks and black 
shales of the Koryak-Western Kamchatka orogenic belt is 
poorly constrained due to limited palaeomagnetic data. 
According to paleo-magnetic data from cherts of Japan 
(Shibuya and Sasajima 1986; Ando et al. 2001), sedimen-
tation of these rocks occurred in the Triassic and Early 
Jurassic in the near-equatorial latitudes, between 10°N 
and 10°S; the rocks were then translated to the northern 
hemisphere. A similar paleo-latitudinal, near-equatorial 

location is reconstructed for accumulation of Pliensbachi 
an-Toarcian cherts (Figure 8) of central Japan (Grocke 
et al. 2011; Ikeda et al. 2018). It is assumed that the near- 
equatorial zone was localized in the triple junction of 
spreading ridges of the Izanagi, Farallon and Phoenix 
plates (Figure 9) that are reconstructed in the Paleo- 
Pacific in the Early Jurassic (Scotese 1997; Muller et al. 
2008). The Jurassic-Lower Cretaceous clayey radiolarites 
of Sites 800 and 801 also considered being accumulated 
at equatorial paleolatitudes based on high biogenic 
silica accumulation rates of about 200 g/cm2/yr, similar 
to modern accumulation rate of opal in eastern equator-
ial Pacific (Ogg et al. 1992a).

By analogy to the data from Japan, allochthonous 
Jurassic-Lower Cretaceous siliceous successions of the 
Koryak-Western Kamchatka orogenic belt likely accumu-
lated within the Izanagi-Kula plate (Figure 9) (Vishnevsk 
aya and Filatova 2016). This suggestion is supported by 
the study of taxonomic composition and morphology of 
radiolarians shells that can be used to model paleolatitu 
des of radiolarian distribution for the Jurassic-Cretace 
ous (Pessagno and Martin 2003; Pessagno et al. 2009). 
It was found that siliceous rock associations from Juras 
sic-Lower Cretaceous lithotectonic units of the Koryak- 

Figure 7. Geochemical composition of siliceous rocks of East Asia and Pacific area. In letters: TT, Triassic radiolarite; TJC1, Jurassic- 
Lower Cretaceous silica-rich radiolarites and siliceous claystones; TJC2, Fe-Mn-rich jaspers and carbonates associated with basalt pillow 
crusts of the Taigonos Peninsula, after Konstantinovskaya (1998); SAT, Triassic and SAJ, Middle-Late Jurassic siliceous rocks of the 
Sikhote-Alin area, after Volokhin (2013); 800–801, Bathonian-Valanginian clayey radiolarites and radiolarian cherts of Sites 801 and 
800, after Ogg et al. (1992b); OPD, Cenozoic open pelagic deposits of Pacific and PSD, Philippine Sea, after Svalnov and Gordeev 
(1986); DOW, deep ocean water after Klinkhammer et al. (1983); REE is normalized to Post-Archaean Australian Shale (PAAS), after 
McLennan and Taylor (1981). In Figure 7(b), sample of Fe-Mn-rich jasper is shown by blue dashed line, microglobular Fe-rich 
haematitic jasper – by blue dotted line, Fe-Mn-rich carbonate – by grey dashed line. See Figure 9 for the sites location.
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Western Kamchatka orogenic belt contain radiolarian 
assemblages that accumulated at various paleolatitudes 
(Figure 10) that were subsequently tectonically 

juxtaposed in the accretionary tectonic structure of the 
belt (Vishnevskaya and Filatova 2017). Jurassic siliceous 
and siliceous-basaltic successions contain radiolarian 

Figure 8. Jurassic – Lower Cretaceous radiolarian siliceous successions of Japan. (a) Location of sections; (b) lithotectonic complexes 
dated by radiolarian assemblages from the southwestern and central Japan, after Matsuoka (1995); (c) example of Pliensbachian – 
Toarcian chert succession of the Inyama area, central Japan, after Grocke et al. (2011). Figures 8a,b are reprinted with kind permission 
from John Wiley and Sons, Inc. and Figure 8c with kind permission of Dr. D. Grocke.

Figure 9. Present-day map of the Pacific region showing (i) location of Lower Jurassic (Toarcian) siliceous black shales in the Koryak- 
Western Kamchatka orogenic belt (polygon) and fold-and-thrust belts of continental margins of the Pacific Ocean (filled circles), based 
on the present study and after (Al-Suwaidi et al. 2016; Caruthers et al. 2011; Gursky and Schmidt-Effing 1982; Jenkyns 1988; Kemkin 
and Filippov 2011; Kemp and Izumi 2014; Marshall 2013; Matsuoka et al. 1996; Orchard et al. 2001; Robinson et al. 2017; Struik et al. 
2001); (ii) Early Jurassic plate tectonic elements modified from Grocke et al. (2011) and Muller et al. (2008). Movement of tectonic 
plates indicated by arrows. The red dashed line shows the position of the equatorial divergence zone after Robinson et al. (2004).
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assemblages of high paleo-latitude (southern boreal) 
and subequatorial types in different tectonic slices 
(Figure 10) (Vishnevskaya and Filatova 2016).

Depositional environments of Jurassic-Lower 
Cretaceous siliceous rocks and black shales are character-
ized on the basis of comparative facies analysis of restored 
stratigraphic successions (Figure 4) exposed in tectonic 
slices of the Koryak-Western Kamchatka orogenic belt 
over a distance of more than 1000 km (Figure 1). The 
data from this study indicate that some open oceanic 
areas in the mid-Mesozoic Pacific likely accommodated 
monotonous deposition of radiolarian-rich siliceous sedi-
ments, devoid of continental influx, while in other areas in 
the proximity of island arcs and in back-arc basins silic-
eous and tuffaceous-rich sedimentation occurred at the 
same time (Filatova and Vishnevskaya 1994; Cordey 1998; 
Orchard et al. 2001; Khanchuk et al. 2006, 2006; Al-Suwaidi 
et al. 2016; Filatova 2018).

Jurassic-Lower Cretaceous pelagic radiolarian-rich silic-
eous rocks in the study area form a condensed sedimentary 
succession of about 150 m or less of restored cumulative 
thickness. A common feature of the studied sections is 
a progressive upward change in composition (Figure 4). 
Hettangian red jaspers with rare layers of black shales are 
replaced upward by Sinemurian-Toarcian black and dark- 

coloured organic-rich thinly laminated cherts, siliceous 
shales, and siltstone. Middle Jurassic units consist of hae-
matitic red jaspers with rare beds of black cherts that 
indicate gradual transition upward from Lower Jurassic 
black shale units. Upper Jurassic-Lower Cretaceous (Oxford 
ian-Barremian) units are predominantly composed of red 
thinly and rhythmically laminated jaspers and shales. Valan 
ginian-Hauterivian jaspers include limestones and rare 
beds of organic-rich cherts. Jurassic-Lower Cretaceous silic-
eous rocks do not contain any continental terrigenous 
clastic or pyroclastic material and were likely deposited in 
deep-water pelagic open-ocean environments, away from 
continental margins and island arcs (Figure 11). The sug-
gested deep-water open pelagic setting is in agreement 
with the strong negative Ce anomaly typical for the silica- 
rich radiolarites of the Taigonos Peninsula that inherited 
REE distribution from deep ocean water (Figure 7b). Rare 
sandstone beds in Lower Jurassic units (Figure 4) are vol-
caniclastic in composition and might have been formed by 
turbidite or bottom currents from local topographic highs 
by analogy to clastic rocks in the Jurassic deposits from 
Sites 800 and 801 (Ogg et al. 1992a).

The Middle Jurassic-Lower Cretaceous (Bathonian- 
Valanginian) red clayey radiolarites, radiolarian-poor 
mudstones and Fe- and Mn-rich metalliferous radiolari 

Figure 10. Data on biota (radiolarians and ammonites) and model for decoding the paleotectonic structure of the North Pacific 
framing based on radiolarian analysis. The locations of the Early Jurassic Boreal and Tethyan ammonites and radiolarians are mapped. 
The triangles indicate the finds of Pliensbachian ammonites. Single circles show the places of finds of Pliensbachian radiolarians, 
double Toarcian ones. Shaded signs indicate boreal affiliation, half shaded to belong to the northern Tethyan region, and not shaded 
to the Tethyan region. Modern localities of radiolarians after (Vishnevskaya 1994, 2001; Vishnevskaya and Filatova 1994; Vishnevskaya 
and Murchey 2002; Bragin and Bragina 2017; Bragin 2018; Cordey 2020). Modern localities of Pliensbachian boreal and Tethyan 
ammonites of the Alaska and Canadian Cordilleras (after Tozer et al. 1991). The assumed combination of different Jurassic 
morphological groups of radiolarians is shown in the latitudinal profile, after Filatova and Vishnevskaya (1997) .
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tes from Sites 800 and 801 in the Pacific Pigafetta Basin 
(Figure 9) were accumulated under oxygenated bottom 
water conditions at near-spreading ridge setting, similar 
to the present East Pacific Rise (Ogg et al. 1992a). The 
rhythmic alternation of radiolarite and claystones can be 
attributed to several factors, e.g. differential silica disso-
lution, and precipitation between the clay-rich and silica- 
rich layers, redeposition pulses of radiolarian-rich sedi-
ment as turbidites from adjacent margins or local topo-
graphic highs, or to distal turbidity currents. The Fe 
enrichment in the Jurassic-Lower Cretaceous clayey radi-
olarites from Sites 800 and 801 is attributed to high 
authigenic Fe-rich montmorillonite and other Fe- 
smectites in these rocks (Ogg et al. 1992a). Similar 
depositional settings close to spreading centres can be 
inferred for the Jurassic-Lower Cretaceous Fe- and Mn- 
rich rocks associated with basalt pillows (Figure 7) in the 
Taigonos Peninsula and Sikhote-Alin area. The accumu-
lation of radiolarian jaspers with manganese nodules 
may indicate settings with seafloor surface located 
higher than the oxygen minimum zone because manga-
nese is soluble in low-oxygen seawater (Hein et al. 1997). 
The overall lower (Fe+Mn)/Ti ratio and higher silica con-
tent in Triassic and Jurassic-Lower Cretaceous siliceous 
rocks of these regions compared to Bathonian- 
Valanginian clayey radiolarites of Sites 800 and 801 

(Figure 7) may indicate lower content of Fe-rich clays in 
these rocks.

The upward replacement of red jaspers by black shales 
in the Early Jurassic may reflect a progressive variation 
through time of bottom water oxygen saturation. In the 
Early Hettangian, accumulation of haematitic jaspers occur 
red in basins with water column enriched by oxygen. In the 
Late Hettangian, progressively increasing deposition of 
dark-coloured organic-rich cherts resulted from the begin-
ning of stagnation and deterioration of water circulation. 
By the end of the Hettangian, settings with poor circulation 
were replaced by those with euxinic conditions in which 
the organic-rich and pyrite-bearing thinly laminated cherts 
and siliceous siltstones of the black shale formation were 
deposited during Sinemurian-Toarcian interval (Figure 11). 
The transition in and out the Sinemurian-Toarcian anoxic 
regime in the study region was gradual with accumulation 
of alternating beds of dark cherts and variegated jaspers, 
that could reflect water fluctuations from stagnant (reduc 
ed Fe) to aerated (oxidized Fe) settings. The composition of 
siliceous deposits was likely affected by paleo-topography 
of the ocean and vertical zonation of aerated and anoxic 
depositional environments. Close to the uplifts on the 
ocean floor, an aquatic regime existed in the Sinemurian– 
Toarcian that experienced a non-equilibrium variable 
mode of moderate aeration and stagnation of water 

Figure 11. Depositional environments of siliceous rock and black shale accumulations in the Early Jurassic (a) and Late Jurassic – 
Hauterivian (b). O2 min, oxygen minimum zone.
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conditions probably caused by oxygen level fluctuations 
that resulted in accumulation of black organic-rich shales 
with lenses of haematitic jaspers (Figure 11). The elevated 
zones of mid-oceanic ridges and within-plate uplifts 
crossed the boundary of oxygen depletion of aquatic envir-
onments. Above this boundary, the zones were character-
ized by accumulation of lava flows and haematitic jaspers, 
most likely in aerated conditions above euxinic waters. 
Below the boundary, in the deeper setting, lenses of dark 
coloured cherts formed in the interstitial space between 
pillow-lavas.

Sinemurian-Toarcian depositional environments in 
the deep-sea paleo-basins were characterized by anoxic 
regimes that corresponded in time to within-plate mag-
matic activity that occurred in the Paleo-Pacific (Pankhu 
rst et al. 1998; Palfy and Smith 2000; Filatova and Khain 
2009) with various degrees of intensity (Ruhl et al. 2016; 
Storm et al. 2020).

The radiolaria-bearing black chert and shale succes-
sion of the Koryak-Western Kamchatka orogenic belt was 
formed during the Sinemurian-Toarcian, an interval that 
is longer than the generally accepted time interval for 
the Toarcian OAE (Jenkyns 1988, 2010). The accumula-
tion of the studied Toarcian black shale succession cor-
responds in time to the global Toarcian oceanic anoxic 
event, while deposition of the Sinemurian-Pliensbachian 
black shale succession was likely controlled by regional 
factors. The effect of local volcanic activity could affect 
marine biochemistry even though such a relationship is 
not fully understood yet. It was shown that volcanism 
can favour bioavailability of key nutrients (Jones and 
Gislason 2008) and support phytoplankton blooms 
(Frogner et al. 2001); but it can also have negative 
impacts on phytoplankton communities by leaching 
toxic metals from ash deposited in seawater (Jones and 
Gislason 2008) and cause mass mortality in pteropods 
(Wall-Palmer et al. 2011). The lowest diversity of ana-
mmox bacteria was observed in deep sea sediments 
with the highest ash deposit near the volcanically active 
island of Montserrat, Lesser Antilles (Song et al. 2014).

Jurassic-Lower Cretaceous radiolarian-rich siliceous 
rocks that form layered packages, lenses and fill inter- 
pillow spaces within basalt lava flows of MORB-, and OIB- 
types (Figure 4) likely originated in settings similar to 
present-day mid-oceanic ridges, within-plate uplifts or 
oceanic islands (Figure 11). Hydrothermal volcanic silic-
eous solutions that were concentrated in the bottom 
waters around volcanic centres likely contributed to 
the deposition of siliceous sediments.

In the Middle Jurassic, radiolarian-bearing siliceous 
rocks of the Koryak-Western Kamchatka orogenic belt 
accumulated under settings of aerated, well-mixed waters 
enriched by oxygen that expanded in pelagic abyssal 

basins of the open Pacific, replacing the fading anoxic 
event (Figure 11). Thick (20–30 m) units of haematitic jas 
pers and argillaceous cherts started to accumulate in the 
Aalenian, becoming predominant with time. Only local 
areas of stagnant bottom waters were preserved as refle 
cted by deposition of black shale units alternating laterally 
and vertically with haematitic jaspers. Jurassic cherts and 
jaspers contain radiolarian assemblages typical of abyssal 
and open-pelagic conditions reflected in their highly 
diverse taxonomic composition, complex shell sculpture, 
and the simultaneous occurrence of mature and juvenile 
forms (Vishnevskaya and Filatova 2017).

In the Late Jurassic–Early Cretaceous, most of the 
bottom waters in abyssal basins were likely well aerated 
and enriched in oxygen (Figure 11). At the boundary of 
the Middle and Late Jurassic, even local accumulation of 
organic-rich black shale deposits ceased, and radiolar-
ian-bearing haematitic jaspers predominate from the 
Kimmeridgian to Barremian. By the end of the Late 
Jurassic and in the Early Cretaceous, carbonate sedimen-
tation appeared in the form of local ammonite- and 
Buchia-bearing, Inoceramus-bearing limestone layers 
alternating with radiolarian-bearing haematitic jaspers, 
probably deposited in neritic marine conditions at the 
tops of submarine uplifts, e.g. extinct volcanos (Figure 
11). Radiolarian assemblages also show signs of neritic 
depositional settings: relative generic uniformity, sharp 
dominance of mature forms and the most durable ske-
letons (Vishnevskaya and Filatova 2017). Oxfordian- 
Barremian jaspers form lenses and discontinuous layers 
in basalt pillow-lavas that accumulated synchronously 
with formation of MORB- and OIB-type basalts in intra- 
oceanic volcanic settings.

During the Early Cretaceous, local small basins with 
poorly circulated bottom waters likely existed within 
a general background of well-aerated waters, reflecting 
discontinuous distribution of a Late Valanginian and Late 
Hauterivian anoxic regime in different sedimentary basins 
(Cecca et al. 1993; Baudin 2005; Jenkyns 2010; Westermann 
et al. 2010). Even though these deposits had a widespread 
distribution, their origin is not considered to be linked to 
global OAEs (Westermann et al. 2010).

Discussion

Jurassic – Cretaceous (Barremian) siliceous successions 
including organic-rich black cherts and shales (Figure 9) 
are recognized in other fold-and-thrust belts on the wes-
tern and eastern margins of the Pacific Ocean (Robinson 
et al. 2017): Sikhote-Alin (Kemkin and Filippov 2011), 
Japan (Matsuoka 1995; Matsuoka et al. 1996; Grocke 
et al. 2011), British Columbia (Cordey and Carter 1996; 
Orchard et al. 2001; Struik et al. 2001), Costa Rica (Gursky 
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and Schmidt-Effing 1982), and New Zealand (Matsuoka 
et al. 1996). Pelagic settings of the paleo-ocean were 
reconstructed (Grocke et al. 2011) for depositional envir-
onments of Early Jurassic organic-rich cherts of Japan 
(Figure 8). Jurassic Radiolarian assemblages of the Paleo- 
Pacific underwent restructuring that started in the 
Hettangian (Carter and Hori 2005) and reached a peak 
(Figure 8(c)) in the Early Toarcian (Hori 1997). Oxfordian- 
Berriasian siliceous rocks of Sikhote-Alin accumulated in 
an abyssal distal oceanic environment (Kemkin and 
Kemkina 2015). These deposits are thin and accumulated 
slowly (about 1.5 mm per 1000 years). Nearly complete 
suppression of carbonate sedimentation in the Pacific 
during the Jurassic resulted in the absence of calcareous 
fossils and the predominant development of Radiolarians. 
Benthic fauna was likely absent because no bioturbation 
was recognized in the Lower Jurassic siliceous deposits of 
the study area. Depositional environments of the Lower 
Jurassic Pacific black shale succession differ from settings 
of epi-continental basins of the Tethys (in Europe and 
Mediterranean area) that were characterized by accumu-
lation of black shale associations of terrigenous and car-
bonate rocks (Jenkyns 1988, 2010).

The planet-wide occurrence of the Early Jurassic 
T-OAE was synchronous with a phase of global WPB- 
magmatic activity and large igneous provinces (LIPs) or 
silicic LIPs (SLIPs), e.g. 120 Ma Whitsunday of Australia 
and the c. 180 Ma Chon Aike of southern South America 
(Pankhurst et al. 1998; Palfy and Smith 2000; Prokoph 
et al. 2013; Al-Suwaidi et al. 2016; Xu et al. 2017). Plume 
magmatic events of LIPs in the Early Jurassic could have 
contributed to oxygen-depleted seawater settings by 

emissions of huge amounts of CO2 and SO2 during 
hydrothermal activity (Figure 12), resulting in global 
perturbations of carbon isotopes and accumulation of 
black shale formations (Jenkyns et al. 2001; Bailey et al. 
2003; Svensen et al. 2004; Hesselbo et al. 2007; Gomez 
et al. 2008; Jenkyns 2010; Metodiev et al. 2012). Erosion 
of surrounding land areas contributed to water stagna-
tion in epi-continental basins (Gavrilov 1989; Jenkyns 
et al. 2001, 2002; Metodiev et al. 2012; Xu et al. 2018). 
Volcanic activity that occurred in open parts of the 
Paleo-Pacific likely contributed to the development of 
euxinic water settings and sedimentation of black cherts 
and shales in these areas (Figure 12).

Enrichment of black shales in total organic carbon 
(ТОС) and a negative carbon-isotope excursion (CIE) 
are indicators of global Early Toarcian anoxia (T-OAE). 
Data from black shale formations of Japan (Figure 8(c)), 
England and British Columbia indicate that several nega-
tive pulses carbon isotopes occurred during and preced-
ing the T-OAE interval, indicating that in these areas, 
anoxia occurred in several stages (Caruthers et al. 
2011), an inference that is supported by temperature 
and climatic data (Gomez et al. 2008; Ruhl et al. 2016; 
Arabas et al. 2017; Bougeault et al. 2017). Four large- 
amplitude negative shifts of δ13C are recorded in Early 
Jurassic calcareous siltstones of the Cardigan Basin (UK): 
in the lowermost Hettangian, Sinemurian-Pliensbachian 
transition, uppermost Pliensbachian and the most 
important culminating CIE in the Early Toarcian (Storm 
et al. 2020). Increased TOC and higher activity of WPB- 
type magmatic events correspond in time to the CIEs 
(Ruhl et al. 2016; Storm et al. 2020). It was interpreted 

Figure 12. Model of climatic and depositional environments during the Early Jurassic OAE in the Paleo Pacific and corresponding 
geochemical parameters characterizing the accumulation of siliceous black shales.
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that the Early Toarcian OAE is a global event, whereas 
other occurrences of black shale sedimentation likely 
resulted from regional conditions (Caruthers et al. 2011).

Accumulation of the Sinemurian – Toarcian black shale 
succession of the Koryak – Western Kamchatka orogenic 
belt can likely be correlated with variation in intensity and 
distribution of Early Jurassic magmatic events. Regional- 
scale Sinemurian – Pliensbachian magmatic activity in the 
Paleo-Pacific resulted in redox conditions in the oceanic 
water column that produced local black shale accumula-
tion. Toarcian organic-rich cherts of the study area corre-
spond in time with the interval of black shale accumulation 
during the global T-OAE and intense WPB-activity.

Conclusions

Detailed dating of radiolarian assemblages and careful 
lithological correlation of allochthonous Jurassic-Lower Cre 
taceous siliceous rocks and black shales of the Koryak- 
Western Kamchatka orogenic belt helped characterize stra-
tigraphic intervals from the Early Jurassic (Hettangian) to 
the Early Cretaceous (Barremian). Continuous stratigraphic 
siliceous successions of this time interval are reconstructed 
from imbricated tectonic structures of allochthonous com-
plexes and correlated across the region over a distance of 
more than 1000 km.

Two main stratigraphic successions of Jurassic-Lower 
Cretaceous siliceous rocks and black shales are recon-
structed in allochthonous lithotectonic complexes form-
ing the imbricated tectonic structures of the Koryak- 
Western Kamchatka orogenic belt. The first association 
is represented by Hettangian and Aalenian-Barremian 
haematitic jaspers. The second, Sinemurian-Toarcian ass 
ociation includes pyrite-bearing organic-rich black cher 
ts and siliceous shales. Jurassic-Barremian jaspers and ch 
erts are also associated with basalts of MORB- and WPB- 
types.

The Jurassic-Barremian siliceous rocks are characterized 
by low restored cumulative thickness (less than 150 m), 
low rates of sedimentation and progressive upward chan 
ge in composition. Hettangian haematitic jaspers with 
thin layers of organic-rich rocks in the upper part are repla 
ced by Sinemurian–Toarcian organic-rich black shales and 
cherts. Middle Jurassic haematitic jaspers with rare thin 
layers of organic-rich rocks are overlain by Upper Jurassic– 
Lower Cretaceous (Berriasian–Barremian) red and varie-
gated jaspers with rare thin layers of organic-rich black 
shales and ammonite and Buchia-bearing limestone in the 
Valanginian-Hauterivian interval.

Allochthonous Jurassic-Barremian siliceous succes-
sions of the Koryak-Western Kamchatka orogenic belt 

likely accumulated in pelagic domains of the Paleo- 
Pacific within the Izanagi-Kula plate at paleo-latitudes 
ranging from high (southern boreal) to subequatorial 
(northern Tethys). Hettangian and Middle Jurassic to 
Upper Jurassic – Barremian haematitic jaspers accumu-
lated under aerobic water conditions with good circu-
lation. Depositional environments of Sinemurian-Toarci 
an organic-rich black cherts and shales were likely 
euxinic deep-water paleo-oceanic settings with poor 
water circulation that were associated with magmatic 
events of the WPB-type. Similar pelagic settings of the 
open paleo-ocean have been reconstructed for Jurass 
ic-Lower Cretaceous organic-rich cherts of Japan and 
Sikhote-Alin. Accumulation of the Toarcian black shale 
succession in some pelagic domains of the Paleo-Paci 
fic corresponds in time to the global Toarcian oceanic 
anoxic event, while deposition of regionally occurring 
Sinemurian-Pliensbachian black shales was likely con-
trolled by local magmatic events.

Further comparative analysis of Jurassic-Lower Cretac 
eous siliceous rocks and black shales from the Koryak- 
Kamchatka orogenic belt and other fold-and-thrust belts 
of the western and eastern Pacific continental margins will 
contribute to better understanding of variations in compo-
sition, distribution and palaeogeographic settings of these 
rock associations that originated in the Paleo-Pacific Ocean.
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