Supplemental Online Material 1: Detailed fossil localities in Spitsbergen

The Permian Kapp Starostin Formation is well exposed in a number of geological sections in Spitsbergen, and the majority of spiriferellid brachiopod specimens described in this study were collected from eight sections. These sections are located on Oscar II Land (Scheteligfjellet and Trygghamna sections) (Fig. S1A), outer Isfjorden (Festningen section), Wedel Jarlsberg Land (Reinodden and Ahlstrandodden sections) (Fig. S1B), and Dickson Land (Idodalen, Skansbukta A and Skansbukta B sections) (Fig. S1C), all representing the Kapp Starostin Formation in western and central Spitsbergen. The Reinodden and Ahlstrandodden sections were investigated by a Japanese geologic team (led by Prof. K. Nakazawa) in 1986 (see Nakazawa et al. 1990). The Japanese Norwegian Research Group (JNRG) then performed geological/palaeontological expeditions on the Festningen, Trygghamna, Idodalen and Skansbukta sections in 1989‒1991 (see Nakamura et al. 1992). In nearly two decades, the Festningen and Skansbukta sections were re-examined by a geologic team of the Korea Polar Research Institute (KOPRI) which also explored the Scheteligfjellet section in 2012‒2016. One of the authors (JIT) performed the field work in 1991 as a member of the JNRG, and others (SL, GRS, JW, TYSP and JRO) joined the KOPRI expeditions.
The Kapp Starostin Formation (late Artinskian to Lopingian?) has been recognized as the sole formal unit of the Tempelfjorden Group in most areas of Spitsbergen (except for the Tokrossøya Formation in Sørkapp-Hornsund High) (Fig. S2). This formation is mainly composed of bioclastic limestones, biogenic cherts, siliceous shales, siliceous limestones and glauconitic sandstones, which has been interpreted to be deposited in a relatively stable shelf environment (Dallmann 1999; Hüneke et al. 2001; Blomeier et al. 2013). The low to middle part of the formation is characterized by the uniform sequence comprising the basal bioclastic 

Figure S1. Overview map of fossil localities in Spitsbergen. The detailed distribution of Upper Palaeozoic strata for A, B and C areas of this map are displayed in Figs S3, S4 and S5, respectively (Base map from Dallmann 1999).



Figure S2. Lithostratigraphic scheme of the Permian strata in Spitsbergen and Bjørnøya (modified from Dallmann et al. 2015). Chronostratigraphic time scale from Cohen et al. (2013).



limestone unit (Vøringen Member) and the overlying siliceous shale and spiculitic chert beds (Svenskeegga member) in most regions of Spitsbergen. However, the upper part of the formation is represented by some regional members (Fig. S2), indicating the considerable lithological variation among the regions.

Scheteligfjellet section
The Scheteligfjellet section is located at Brøggerhalvøya in the northwestern edge of Oscar II Land (Fig. S1A), positioned in the northwestern part of St. Jonsfjorden Trough. The main outcrop of this section, located about 6 km west of Ny-Ålesund, is exposed on the eastern side of a mountain ridge between Scheteligfjellet and Kloten (Fig. S3). An approximately 250 m-thick succession represents the Kapp Starostin Formation, disconformably underlain by the Gipshuken Formation. The contact boundary between the two formations as well as the very lower part of the Kapp Starostin Formation is covered in the main outcrop, but was observed from another cliff at the northern side of Scheteligfjellet (Fig. S3). Unfortunately, the upper part of the succession has not been fully measured due to the limited access (very steep cliff seasonally covered by glacier). However, it has been known that the Kapp Starostin Formation is disconformably overlain by Tertiary rocks near the top of Scheteligfjellet (Hjelle et al. 1999). This succession was repeatedly examined between 2012 and 2016 by KOPRI, but only its lower to middle parts, up to about 145 m from the base of the section (Fig. 3) was measured with the collection of brachiopod fossils. 
[bookmark: _GoBack]The measured succession of the Scheteligfjellet section is divided into eight lithological units (SF0 to SF7) (Fig. 3). The basalt unit (SF0) which is confirmed on the northern cliff of the Scheteligfjellet is solely composed of a less than 1 m-thick cherty limestone bed which contains brachiopod-dominated bioclasts. This limestone bed is much thinner than the Vøringen Member in other sections, but it seems to present a brachiopod assemblage 

Figure S3. Distribution of Upper Palaeozoic rocks in Oscar II Land (enlarged map of Fig. S1A), also showing locations of the Scheteligfjellet and Trygghamna sections (Geologic map modified from Dallmann 1999).
indicating the member. The base unit is overlain by a 10 m-thick chert bed with a high glauconite content (SF1). The overlying succession is composed of cherts, calcareous sandstones, mudstones and various limestones, and can be divided into two units, a lower unit containing highly siliceous limestones and cherts (SF2) and an overlying less siliceous unit (SF3). Limestones and calcareous sandstones in these units contain abundant fossils including bryozoans, brachiopods, corals and crinoids. The upper part of the measured interval (SF4 to SF7) is dominated by dark coloured bedded cherts. The overlying succession which was not measured also appears to be dominated by bedded cherts.
Brachiopod fossils have been collected mainly from limestones and calcareous sandstones in the lower and middle part of the Scheteligfjellet section. The basal thin limestone unit (SF0) which represents the Vøringen Member in the section provides three spiriferellid species, S. draschei, S. loveni and T. wilczeki. Interestingly, S. loveni was found together with T. wilczeki in the same horizon, which has not been observed in other sections. Spiriferella loveni was also collected from multiple horizons within the SF3 unit (Fig. 3).

Trygghamna section
The Trygghamna section is located at the southern end of Oscar II Land (Fig. S1A), representing the southern margin of the St. Jonsfjorden Trough. In 1990, the JNRG examined the outcrop section around Selmaneset – a headland between two inlets, Trygghamna and Ymerbukta (Fig. S3). The outcrop strata exposed here encompass the whole Kapp Starostin Formation, as well as the underlying Gipshuken Formation and the overlying Vardebukta Formation, although a few intervals are known missing. 
The Kapp Starostin Formation in the Trygghamna section is about 450 m thick, and it was divided into 11 lithological units (T1 to T11) by Nakamura et al. (1992) (Fig. 3). The overall lithology of the Kapp Starostin Formation at this section is relatively well matched with that of the type section at Festningen (described below). Therefore, the divisions into three members in the type section are readily applicable to the Trygghamna section. The basal part of the Kapp Starostin Formation, disconformably overlying the marly limestone of the Gipshuken Formation in the Trygghamna section, is composed of the lower bioclastic limestone (T1) and upper muddy limestone (T2) beds, representing the typical Vøringen Member. The overlying Svenskeegga and Hovtinden members consist mainly of siliceous shales and spiculitic cherts with intercalated silicified limestone layers. A transition from a thick bioclastic limestone bed (T5) to a spiculitic chert-dominated bed (T6) in the middle of the section defines the boundary between the Svenskeegga and Hovtinden members, which is identical to the same boundary at the type section. The uppermost part of the Hovtinden member (T11) comprises sandy shales and fine sandstones with glauconite grains, showing a slightly coarsening upward trend.
Brachiopod fossils are common in sporadic limestone beds of the Trygghamna section, but spiriferellids were collected from a limited number of stratigraphic horizons. Three spiriferellid species were recognized; Timaniella wilczeki and A. polaris were only discovered from the lower part of the Vøringen Member (T1), whereas S. loveni was mostly collected from the limestone layers of the Hovtinden member (T8 and T10) (Fig. 3). A few specimens of S. loveni were also obtained from the upper part of the Vøringen Member (T2).

Festningen section
The Festningen section is located at Kapp Starostin, a headland point on the southern coast of outer Isfjorden (Figs S1B, S4). This section was originally examined and described in detail by Hoel & Orvin (1937), and it was later formally defined and established as the type section of the Kapp Starostin Formation by Cutbill & Challinor (1965). Subsequently, the representative section has been continuously utilized in various studies (e.g., Malkowski & 
[image: C:\Users\sangm\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Figure S4_Geologic map of Festningen Reinodden and Ahlstrandodden.jpg]
Figure S4. Distribution of Upper Palaeozoic rocks in outer Isfjorden and Bellsund areas (enlarged map of Fig. S1B), also showing locations of the Festningen, Reinodden and Ahlstrandodden sections (Geologic map modified from Dallmann 1999).
Hoffman 1979; Nakamura et al. 1987; Gruszczyński et al. 1989; Mii et al. 1997; Wignall et al. 1998; Bond et al. 2015, 2018). A large amount of spiriferellid fossils included in this study were mainly collected in 1989 and 1991 by JNGR (see Nakamura et al. 1992), and the section was also explored in 2014 and 2015 by KOPRI. The exposure of the section covers the entire Kapp Starostin Formation and also straddles the underlying Gipshuken Formation and the overlying Vardebukta Formation. Cutbill & Challinor (1965) subdivided the Kapp Starostin Formation into three members, the Vøringen, Svenskeegga and Hovtinden members in ascending order, based on their lithological difference (Fig. S2).
The Kapp Starostin Formation in the Festningen section is 385 m thick and comprises 12 lithological units (F1 to F12) (Fig. 3; Nakamura et al. 1992). The lowermost 20 m-thick unit (F1), disconformably underlain by laminated marly limestone of the Gipshuken 
Formation, consists of bioclastic limestones with numerous silicified brachiopod fossils, corresponding to the Vøringen Member. The overlying Svenskeegga member, about 140 m thick (F2 to F5), is mainly composed of spiculitic cherts and bioclastic limestones. The uppermost Hovtinden member is constituted by siliceous shales and glauconitic sandstones with sporadic limestone layers. Upwards, the Hovtinden member is paraconformably overlain by non-siliceous shales of the Vardebukta Formation.
Brachiopod specimens have been collected from both limestone and siliceous shale beds of the Festningen section. The Vøringen Member in this section is dominated by productide brachiopod fossils, but containing a few horizons with two spiriferellid species, T. wilczeki and A. polaris. In contrast, the brachiopod-bearing horizons in the two upper members are characterized by the abundance of S. loveni (Fig. 3).

Reinodden section
Both the Reinodden and Ahlstrandodden sections are located in the northern margin of Wedel Jarlsberg Land (Fig. S1B). They are named after the pointed lands on the southwestern coast of Van Keulenfjorden (Fig. S4). These sections were previously investigated by Malkowski & Hoffman (1979) and Malkowski (1982). The Reinodden section exposes a relatively continuous succession stretching from the Carboniferous to Cretaceous. The Kapp Starostin Formation in the section is represented by a well-preserved, 300 m-thick rock unit. 
The Kapp Starostin Formation in the Reinodden section was divided into 21 beds (R1 to R21) by Nakazawa et al. (1990) (Fig. 3). The Vøringen Member is represented by a 5-m-thick, partly silicified bioclastic limestone bed (R1) containing abundant brachiopods, bryozoans and crinoids. The middle part of the section (R2 to R7) mainly comprises spiculitic cherts, siliceous shales, calcareous sandstones and thin limestones, whereas the upper part (R8 to R21) is represented by spiculitic cherts and glauconitic sandstones with intercalated limestones. Nakazawa et al. (1990) provisionally assigned the middle and upper parts to the Svenskeegga and Hovtinden members, respectively. However, the upper part is, in particular, characterized by several coarsening-upward sequences, which could be more comparable with the Revtanna member (Fig. S2).
Spiriferellid brachiopod fossils were collected from the lowermost and middle members in the Reinodden section. Timaniella wilczeki and A. polaris were collected only from the basal bioclastic limestone bed (R1), and S. loveni was found from two horizons within the the Svenskeegga member (R5 and R7) (Fig. 3).

Ahlstrandodden section
The Ahlstrandodden section also presents a well-exposed succession of the Kapp Starostin Formation as well as of the overlying Triassic to Jurassic rocks. The Kapp Starostin Formation interval is accessible on the coastal terrace of Polahaugen, extending up to 250 m in thickness.
Nakazawa et al. (1990) divided the Kapp Starostin Formation of the Ahlstrandodden section into eight lithologic units (A1 to A8) (Fig. 3). The basal unit (A1) is underlain by dolomitic laminated limestones of the Gipshuken Formation. The unit comprises a 7.6 m-thick bioclastic wackestone bed, representing the Vøringen Member. The middle and upper parts of the formation consist mainly of spiculitic cherts, siliceous shales and sandstones, with intercalated thin limestone layers. The siliceous sandstones common in the upper part generally contain glauconite grains. The uppermost unit (A8) is overlain by the Vardebukta Formation, but the nature of the contact was not clearly identified. Nakazawa et al. (1990) assigned the middle part (A2 and A3) to the Svenskeegga member and the upper part (A4 to A8) to the Hovtinden member. However, the upper part appears to be better matched with the Revtanna member, similar to the case in the Reinodden section mentioned above.
The stratigraphic occurrences of spiriferellids in the Ahlstrandodden section also demonstrate the two-fold assemblages; Timaniella wilczeki is confined to the Vøringen Member (R1), whereas S. loveni is dominant in the overlying members (A3, A5 and A6) (Fig. 3). In addition, Spiriferella sp. was found from the siliceous limestone bed belonging to the Svenskeegga member (A3).

Idodalen section
The Idodalen section is exposed at Idodalen located southeast from Kapp Wijk in the western part of Dickson Land (Figs S1C, S5), positioned in the Nordfjorden High together with the Skansbukta sections (see Fig. S2). This section was examined and fully measured in 1991 by JNRG. According to Nakamura et al. (1992), the whole Kapp Starostin Formation in the section is about 235 m thick, but the uppermost part of the formation as well as the boundary with the overlying Triassic Vardebukta Formation is covered.


Figure S5. Distribution of Upper Palaeozoic rocks in Dickson Land and Bünsow Land (enlarged map of Fig. S1C) with locations of the Idodalen and Skansbukta (A and B) sections (Geologic map modified from Dallmann 1999).


The exposed succession of the Kapp Starostin Formation in the Idodalen section was divided into 12 lithologic units (Ia to Il) (Fig. 3). The basal unit (Ia) corresponding to the Vøringen Member is a 9.5 m-thick, partly silicified bioclastic limestone bed. It is underlain by dolomitic limestone beds of the Gipshuken Formation, but the nature of the boundary contact was not confirmed. The overlying beds exposed (Ib to Il) are mainly composed of siliceous shales, spiculitic cherts and limestones, showing frequent alternations of shale and limestone layers. In particular, the Idodalen section proportionally contains more limestones than any other sections studied and, therefore, it is difficult to correlate the middle and upper parts of the section with any members suggested within the Kapp Starostin Formation.
Spiriferellid fossils were collected from three horizons in the Idodalen section. The Vøringen Member (Ia) provided three species, S. protodraschei, T. wilczeki and A. polaris. Spiriferella loveni was discovered from two horizons in the middle and upper parts of the section (If and Ii) (Fig. 3). 

Skansbukta sections
The Skansbukta (A and B) sections are located on the southeastern part of Dickson Land (Fig. S1C), closely placed to each other in the western side of Skansbukta (Fig. S5). These sections were initially investigated in 1990 by JNRG, and then examined in 2015 by KOPRI. The lower to middle parts of the Kapp Starostin Formation are well exposed in both sections, disconformably underlain by the Gipshuken Formation, but the upper part is mostly covered.
The Kapp Starostin Formation in the Skansbukta A section is 220 m thick, comprising 14 lithologic units (SA1 to SA14) (Fig. 3). Two basal bioclastic limestone units (SA1 and SA2) constitute the Vøringen Member, overlying marly limestones of the Gipshuken Formation. The middle part (SA3 to SA9) of the section is composed of calcareous shales and dark shales with thin limestone layers, whereas the upper part (SA10 to SA14) comprises spiculitic cherts, calcareous shales and glauconitic fine-grained sandstones. The 95 m-thick Skansbukta B section is composed of nine units (SB1 to SB 9) which are well correlated with the lower nine units of the Skansbukta A section (Fig. 3).
In the Skansbukta sections spiriferellid fossils were collected from two stratigraphic horizons. The spiriferellids from the Vøringen Member are dominated by three species, S. draschei, T. wilczeki and A. polaris, in both sections (Fig. 3). Additionally, S. protodraschei was found in the basal bed of the Skansbukta B section. The upper spiriferellid-bearing beds (SA7 and SB9) contain abundant specimens of S. loveni. A small number of specimens belonging to S. draschei and Spiriferella sp. were also collected from the upper shale horizon of the Skansbukta B section (SB9).
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