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Abstract The Permian Period was a critical time interval during which various blocks of the Qinghai-Tibetan Plateau have
experienced profound and complex paleogeographical changes. The supercontinent Pangea was formed to its maximum during
this interval, hampering a global east-to-west trending equatorial warm ocean current. Meanwhile, a semi-closed Tethys Ocean
warm pool formed an eastward-opening oceanic embayment of Pangea, and became an engine fostering the evolutions of
organisms and environmental changes during the Paleozoic-Mesozoic transition. Stratigraphy and preserved fossil groups have
proved extremely useful in understanding such changes and the evolutionary histories of the Qinghai-Tibetan Plateau. Widely
distributed Permian deposits and fossils from various blocks of the Qinghai-Tibetan Plateau exhibited varied characteristics,
reflecting these blocks’ different paleolatitude settings and drifting histories. The Himalaya Tethys Zone south to the Yarlung
Zangbo suture zone, located in the northern Gondwanan margin, yields fossil assemblages characterized by cold-water or-
ganisms throughout the Permian, and was affliated to those of the Gondwanaland. Most of the exotic limestone blocks within the
Yarlung Zangbo suture zone are Guadalupian (Middle Permian) to Early Triassic in age. These exotic limestone blocks bear
fossil assemblages that have transitional affinities between the warm Tethys and cold Gondwanan regions, suggesting that they
most probably represent seamount deposits in the Neo-Tethys Ocean. During the Asselian to Sakmarian (Cisuralian, also Early
Permian), the Cimmerian microcontinents in the northern part of Gondwana preserved glacio-marine deposits of Asselian to
Sakmarian, and contained typical Gondwana-type cold-water faunas. By the middle Cisuralian (~290-280 Ma), the Cimmerian
microcontinents rifted off from the Gondwanaland, and drifted northward allometrically due to the active magmatism of the
Panjal Traps in the northern margin of the Indian Plate. Two slices of microcontinents are discerned as a result of such allometic
drifting. The northern Cimmerian microcontinent slice, consisting of South Qiangtang, Baoshan, and Sibuma blocks, drifted
relatively quickly, and preserved widespread carbonate deposits and warm-water faunas since Artinskian. By contrast, the
southern Cimmerian microcontinent slice, consisting of Lhasa, Tengchong, and Irrawaddy blocks, drifted relatively slowly, and
were characterized by widespread carbonate deposits containing warm-water faunas of late Kungurian to Lopingian (Late
Permian). As such, these blocks rifted off from the northern Gondwanan margin since at least the Kungurian. Thus, it can be
inferred that these blocks were incorperated into the low latitude, warm-water regions later than the northern Cimmerian slice.
Such discrepancies in depositional sequences and paleobiogeography imply that the rifting of Cimmerian microcontinents
resulted in the formation of both Meso-Tethys and Neo-Tethys oceans during the Cisuralian. By contrast, the North Qiangtang
block, because of its further northern paleogeographical position, contains warm-water faunas throughout the whole Permian
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Period that are affiliated well with the faunas from the South China, Simao, and Indochina blocks. Together, these blocks
belonged to the members of the northern Paleo-Tethys Ocean. Thus, an archipelagic paleogeographical framework divided by
Paleo-, Meso-, and Neo-Tethys oceans was formed, fostering a global biodiversity centre within the Tethys warm pool. Since
most of the allochthonous blocks assembling the Qinghai-Tibetan Plateau were situated in the middle to high latitude regions
during the Permian, they preserved most sensitive paleoclimate records of the Late Paleozoic Ice Age (LPIA), the Artinskian
global warming event, and the rapid warming event at the end-Permian. Therefore, sedimentological and paleontological records
of these blocks are the unique window through which we can understand global evolutions of tectonic movement and paleo-

climate, and their impacts on spatiotemporal distributions of comtemporaneous biotas.
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1. Introduction

The Qinghai-Tibetan Plateau, the Earth’s Third Pole, plays a
pivotal role in regulating global environmental changes and
effecting biological evolution of Southeast Asia. It once
contained several now-vanished paleo-oceans (Yin and
Harrison, 2000; Metcalfe, 2021) and holds the key to un-
derstanding the theories of Tethyan geodynamics (Wan et al.,
2019; Wu et al., 2020; Zhu et al., 2022; Ding et al., 2022).
The Permian Period (298.9-251.9 Ma) was a critical time
interval during which major blocks of the Qinghai-Tibetan
Plateau have experienced remarkable tectonic, paleogeo-
graphical and paleoclimatic changes. The unified Pangea
supercontinent reached its zenith and hampered the east-to-
west equatorial warm currents, and a semi-closed Tethys
Ocean was formed as a vast east-opening warm pool around
paleo-equator (Shields and Kiehl, 2018). This Tethys Ocean
warm pool bears some similarities to the modern West Pa-
cific-Indian Ocean warm pool (Roxy et al., 2019), which has
been the most active region of tectonic activity, the center of
energy exchange between the Earth’s interior and surface
matter, as well as the center of global biological diversity
(Wan et al., 2019; Fan et al., 2020; Wu et al., 2020). Ac-
companied with large-scale volcanic activity along the
northern margin of the Gondwana, a series of micro-
continents were progressively detached from Gondwanaland
and drifted northward, resulting in the formation of several
oceans, including the Paleo-Tethys Ocean, the Meso-Tethys
Ocean (also known as the Bangong-Nujiang Ocean), and the
Neo-Tethys Ocean (Zhang et al., 2013a; Metcalfe, 2021;
Wang et al., 2021). However, with the successive accretion
and collision of the Gondwanan and Eurasian blocks, the
Qinghai-Tibetan Plateau has been compressed, deformed,
and uplifted, resulting in the disappearance of various paleo-
oceans within the Qinghai-Tibetan Plateau (Figure 1). Con-
sequently, reconstructing the evolutionary history of these
past oceans, as well as the paleo-positions and drifting pro-
cess of each microblock remains a focus in the studies of

Tethys geodynamics.

The spatial distribution of living organisms is obviously
governed by their background environment, and as such, the
factors such as latitudinal thermal gradient, ocean currents,
and geographical barriers are the main controlling factors for
spatial distributions of organisms (Saupe et al., 2019; Crame
et al., 2022; Zhang and Torsvik, 2022). From a temporal and
spatial perspective, climate change, configuration of con-
tinents and plate tectonics all played the major roles in
controlling the distribution of organisms (Ke et al., 2016;
Close et al., 2020; Xu et al., 2022). It has been well known
that living organisms are highly sensitive to environmental
gradients; however, it is a challenge with respect to how to
recover the temporal and spatial distributions of organisms in
deep time. Fossil assemblages and stratigraphic records
provide a significant insight into this issue. The Qinghai-
Tibetan Plateau consists of several independent blocks, from
north to south: the North Qiangtang Block (also called the
Qamdo Block), the South Qiangtang Block, the Lhasa Block,
and the Himalaya Tethys Zone of the northern margin of the
Indian Plate. These blocks were separated by the Longmu
Co-Shuanghu, the Bangong-Nujiang, and the Yarlung
Zangbo suture zones respectively (Figure 1). To Southeast
Asia, these blocks are connected with the Simao, Baoshan,
Tengchong blocks, etc. and to the west, they are connected to
the Karakoram, Pamirs, and other blocks. The temporal and
spatial relationships between these blocks and their geolo-
gical evolution during the Permian have long been the con-
troversial issues. The numerous blocks of the Qinghai-
Tibetan Plateau and its surroundings preserved abundant
Permian fossil assemblages and deposits (Figure 1), which
served as a basis for unraveling the geological evolution of
the various blocks in the Qinghai-Tibetan Plateau. This ar-
ticle aims to provide a state-of-the-art review of the Permian
paleogeography, paleobiology, and paleoclimatic evolutions
of various blocks in the Qinghai-Tibetan Plateau and its
neighboring areas from the perspective of biostratigraphy
and paleontology.
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MBT: Main boundary thrust

YTSZ: Yarlung Zangbo suture zone
BNSZ: Bangong-Nujinag suture zone
GSSZ: Gaoligongshan shear zone
MMSZ: Medial-Myanmar suture zone
TPF: Three Pagodas fault

LSSZ: Longmu Co-Shuanghu suture zone

JSZ: Jinshajiang suture zone
ASSZ: Ailaoshan suture zone
KSZ: Kunlun suture zone
MPF: Mae Ping fault
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CMSZ: Changning-Menglian suture zone
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Figure 1 Map of the Qinghai-Tibetan Plateau and Southeast Asia showing the various tectonic units, positions of suture zones superimposed with Permian
fossil brachiopod faunas of different paleobiogeographical affinities. Gondwanan cold-water faunas are in blue, cold- and warm-water mixed faunas are in
yellow and Tethyan warm-water faunas are in red. Base map from http://www.gebco.net. Divisions of the tectonic units are integrated from Angiolini et al.

(2013), Ridd (2016), Wang et al. (2020), and Xu et al. (2022).

2. Lithostratigraphy, biostratigraphy and
chronostratigraphic framework of the Qinghai-
Tibetan Plateau

Reconstructing the evolutionary history of the Qinghai-Ti-
betan Plateau requires a united temporal-spatial scheme.
Each block of the Qinghai-Tibetan Plateau belongs to dif-

ferent paleobiogeographic affinities during the Permian and
contains different sediments and faunas, thus making strati-
graphic correlation among various blocks difficult. The
North Qiangtang Block was situated in the central Tethys
region, and, therefore, belongs to the paleoequatorial zone as
the South China Block during the Permian. The Himalaya
Tethys Zone, located on the northern margin of the Indian
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Plate, was always attached to the Gondwananland and si-
tuated in middle to high latitudes in southern hemisphere. It
contains typical Gondwana-type cold-water faunas. Between
them are a series of Cimmerian microcontinents, which
drifted northward in different tempos and modes during the
Permian, resulting in marked changes in sedimentary se-
quences and faunal assemblages. The lithostratigraphy,
biostratigraphy, and chronostratigraphy are summarized as
follows in different blocks (Figures 2-5).

2.1 North Qiangtang Block

The North Qiangtang Block lies between the Xijin Ulan-
Jinshajiang suture zone in the north and the Longmu Co-
Shuanghu suture zone in the south. Its western part is cut off
by the Altyn Tagh fault, and its eastern part extends into
Yunnan Province along the eastern Himalaya syntaxis (Fig-
ure 1). The North Qiangtang Block, also known as the
Qamdo Block, contains widely distributed Mesozoic marine
and terrestrial strata. The Permian strata are also well pre-
served and distributed mainly in the Qamdo area in eastern
Tibet, the Tanggula area in Qinghai, and the Raggyorcaka
area in Nyalam County.

2.1.1 Lithostratigraphy

The Cisuralian Series cropped out widely in the North
Qiangtang Block, and is represented by the Licha Formation
in the Qamdo area, the Zharigen Formation in the Tanggula-
Zaduo area, and the Changshehu Formation in the Rrag-
gyorcaka area. All these formations are composed mainly of
carbonates containing rich fusulines (Sichuan Regional
Geological Survey, Nanjing Institute of Geology and Pa-
lacontology, 1982; Liu, 1993; Li et al., 2016). In the Qamdo
area, the Mangcuo Formation disconformably overlies the
Licha Formation, and is dominated by pale gray thick-bed-
ded limestone with gray-green mafic tuff (Rao et al., 1988).
In the area of Jiaoga Town, Mangkang County and Chagyab
County, the Jiaoga Formation overlies conformably on the
Mangcuo Formation and is composed mainly of bioclastic
limestone intercalated with tuff and tuffaceous sandstone
(Rao et al., 1988; Qiao et al., 2021). In the Tanggula area, the
Nuoribagaribao Formation comformably overlies the
Zharigen Formation and consists of pebbly sandstone and
tuff (Niu and Wu, 2016). Yet in the Zhiduo-Zaduo area of
southern Qinghai, the equivalent strata are called the Gadi-
kao Formation, which is composed mainly of basalt, volca-
nic agglomerates, volcanic breccia, and limestone (Niu et al.,
2006a). The deposition in this area reflects a strong influence
from extensive rifting (Niu et al., 2011).

The Guadalupian Series in the North Qiangtang Block is
distributed mainly in the Tanggula and Zaduo areas, and
rarely present in the Qamdo area. In the Tanggula area, it is
represented by the Jiushidaoban Formation that overlies
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conformably on the Nuoribagaribao Formation. The former
consists of gray, dark gray silty limestone and bioclastic
limestone, and locally interbedded with fine- to medium-
grained feldspar sandstone (Liu, 1993). In the area of Gar-
izharen, east of Tanggula, the Garijiaren Formation con-
formably overlies the Jiushidaoban Formation limestone
deposits, and comprises quartzose sandstone and mudstone
interbedded with limestone and basalt (Niu et al., 2006b).
Upwards, overlying disconformably the Garijiaren Forma-
tion is the Suojia Formation, which is characterized by
conglomerate in the lower member and limestone with chert
bands/nodules in the upper member (Niu et al., 2006b).

In contrast to the limited distribution of the Guadalupian
Series in the North Qiangtang Block, the Lopingian strata are
widely distributed. In the Qamdo area, it is represented
mainly by the Tuoba and the Xiayacun formations. The
Tuoba Formation, also known as the Tuoba Coal Series,
represents deposition in an alternated marine-terrestrial en-
vironment. It is composed mainly of mudstone and shale
interbedded with sandstone and siltstone and coal beds, with
abundant plant fossils such as Gigantopteris. The upper part
of the Tuoba Formation, previously known as the Kaxiangda
Formation, contains fusuline and brachiopod fossils in the
limestone interlayers (Zhang et al., 1979; Rao et al., 1988).
The overlying Xiayacun Formation is composed mainly of
andesite. The Lopingian strata around the Tanggula region
are known as the Wuli Group (Liu, 1993) and represented
alternatively by the Nayixiong Formation and Lapuchari
Formation (Liu, 1993; Niu and Wu, 2016). The Nayixiong
Formation is composed mainly of quartz sandstone and
mudstone, with multiple layers of bioclastic limestone and
thin coal seams. This formation yields plant fossils, and is
largely correlative with the lower part of the Wuli Group
characterized by coal-bearing siliciclastic rocks. The La-
puchari Formation is dominated by bioclastic limestones
with fusulines and is correlative with carbonate deposition of
the upper part of the Wuli Group (Liu, 1993; Niu and Wu,
2016). The Lopingian strata in the Raggyorcaka area are
named as the Xueyuanhe and Raggyorcaka formations (Qiao
etal., 2021). The former is dominated by carbonate rocks and
the latter is composed of siltstone, shale, and mudstone
containing fossil plants in the lower part and with occurrence
of limestone interbeds containing fusuines and brachiopods
in the upper part. The Xueyuanhe Formation was once
considered to conformably overlie the Lower Permian
Changshehu Formation (Li et al., 2016). However, recent
studies have shown that the boundary strata between these
two formations are poorly exposed, and probably there is a
stratigraphic discontinuity between them (Qiao et al., 2021).
The Xueyuanhe Formation is dominated by carbonates. The
lower part of the Raggyorcaka Formation is composed
mainly of siltstone, shale, and mudstone with plant fossils;
the upper part is interbedded with bioclastic limestone con-
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Figure 2 Subdivision and correlation of the Permian sequences of different blocks in the Qinghai-Tibetan Plateau. Pale blue of background color suggests a
cold-water Gondwanan affinity, pale red represents warm-water Tethyan affinity and pale yellow represents the mixed. Black triangle represents marine
glacial deposits and Vv for basalts. Timescale after Shen et al. (2019).

taining fusulines and brachiopods. In summary, the Lo-
pingian strata of the North Qiangtang Block are dominated

by the deposits in a marine-terrestrial environment (Qiao et

al.,

2021; Figure 2).
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Figure 4 Permian brachiopod biostratigraphic framework and correlations among different blocks of the Qinghai-Tibetan Plateau and its surrounding areas.
Background colors see explanation in Figure 2. The references are: North Qingtang: Jin and Sun (1981), Jin et al. (1985), Niu et al. (2003), He et al. (2008,
2009); Karakoram: Gaetani et al. (1995), Angiolini (1995), Angiolini et al. (2005); South Qiangtang: Liang et al. (1983), Shi and Shen (2001), Shen et al.
(2000a, 2002); Lhasa: Jin and Sun (1981), Sun et al. (1981), Zhan and Wu (1982), Zhan et al. (2007), Xu et al. (2019); Tengchong: Fang and Fan (1994),
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2.1.2 Biostratigraphy and chronostratigraphy

Fusulines are the most abundant fossils in the North
Qiangtang Block (Figure 3). The early Cisuralian fusuline
fauna is represented by the Sphaeroschwagerina sphaerica
Zone and has been reported in the Licha Formation in the
Machala area of Qamdo, the Zharigen Formation in the
Tanggula area, and the Changshehu Formation in the Rag-

gyorcaka area (Sichuan Regional Geological Survey and

Nanjing Institute of Geology and Palacontology, 1982; Liu,
1993; Zhang et al., 2016a). This zone consists mainly of
Sphaeroschwagerina sphaerica, S. parasphaerica, S. da-
chaigouensis, Pseudoschwagerina sp., and Montiparus to-
bensis, indicating an Asselian age (Zhang et al., 2016a;
Zhang and Wang, 2018). The fusuline fauna is represented
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by the Paraschwagerina-Darvasites Zone in the overlying
strata (Zhang and Wang, 2018), and it contains Para-
schwagerina ishimbajica, Darvasites sinensis, and Xizangia
machalensis, and indicates a Sakmarian age. This zone is
distributed mainly in the Qamdo area of eastern Tibet (Si-
chuan Regional Geological Survey, Nanjing Institute of
Geology and Palacontology, 1982). The Artinskian fusuline
fauna is characterized by the Pamirina Zone, and has been
reported from the topmost part of the Zharigen Formation in
the Tanggula area (Liu, 1993). Representative species of the
Pamirina Zone include Pamirina pulchra, P. nobilis, and P.
orbiculoidea. The Kungurian fusuline fauna is reported
mainly from the Gadikao Formation in the Zhiduo-Zaduo
area (Niu et al., 2006a) and the Mangcuo Formation in the
Qamdo area (Sichuan Regional Geological Survey, Nanjing
Institute of Geology and Palacontology, 1982), which is re-
presented by the Misellina-Parafusulina Zone. This zone
contains Sphaerulina hunanica, Nankinella orbicularia,
Wutuella wutuensis, Misellina claudiae, M. sphaerica, Par-
afusulina yunanica, P. yabei, and P. splendens (Niu et al.,
2006a). The early Guadalupian deposits of the North
Qiangtang Block are mostly siliciclastic rocks. Fusulines are
rare and are reported only in the lower part of the Jiaoga
Formation in the Qamdo area. They include Neoschwagerina
simplex, N. deprati, Parafusulina yalongica, P. tomuroensis,
Armenina asiatica, Chusenella schwagerinaeformis, C.
mingguangensis, Pseudodoliolina ozawai, and Presumatrina
neoschwagerinoides. They are equivalent to the Pre-
sumatrina neoschwagerinoides Zone of a late Kungurian to
early Roadian age (Qiao et al., 2021). The Wordian fusuline
faunas are more widely distributed, and represented by the
Afghanella schencki-Neoschwagerina craticulifera Zone
from the Jiushidaoban Formation in the Tanggula area.
Common species of this biozone includes Neoschwagerina
craticulifera, N. douvillei, Sumatrina annae, and Afghanella
schencki (Niu et al., 2010). The Capitanian fusuline fauna,
represented by the Yabeina Zone, is found mostly in the
upper part of the Jiushidaoban Formation in the Tanggula
area and the Suojia Formation in the Zaduo area. This zone
includes abundant Yabeina gubleri, Sumatrina annae, and
Chusenella schwagerinaeformis (Liu, 1993; Niu and Wu,
2016). The Wuchiapingian fusuline fauna in the North
Qiangtang Block is reported mainly from the Tuoba For-
mation in the Qamdo area and the Nayixiong Formation in
the Tanggula area. Two fusulina zones were recognized,
namely the Laibinella-Lantschichites Zone in the lower part
and the Palaeofusulina parafusiformis-Nanlingella simplex
Zone in the upper part (Niu and Wu, 2016; Wang et al.,
2020). The Changhsingian fusuline fauna is distributed
mainly in the Lapuchari Formation in the Tanggula area and
the Xueyuanhe and Raggyorcaka formations in the Rag-
gyorcaka area. It can be divided into the lower Gallowayi-
nella meitiensis-Palaeofusulina minima Zone and the upper
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Palaeofusulina sinensis Zone in the Raggyorcaka area.
These two zones are largely equivalent to the Gallowayinella
meitiensis-Palaeofusulina sinensis Zone in the Tanggula
area, which includes Gallowayinella meitiensis, G. cylin-
drica, Palaeofusulina sinensis, P. minima, P. simplex, and
Reichelina changhsingensis (Niu and Wu, 2016; Qiao et al.,
2021; Figure 3).

Compared with fusulines, brachiopod fossils are relatively
less investigated in the North Qiangtang Block. The Cisur-
alian brachiopods were reported only from the top of the
Licha Formation in the Touba area of Qamdo and named the
Liraplecta richthofeni-Choristites pavlovi Assemblage (Jin
and Sun, 1981). The Guadalupian brachiopods have been
reported only in the Zaduo and Zhiduo areas of Qinghai, and
are called the Neoplicatifera huangi-Transennatia water-
housei Assemblage, which is similar to the coeval brachio-
pod assembalges in South China (He et al., 2008). The
Lopingian brachiopods occurred commonly in the Rag-
gyorcaka Formation in the Shuanghu area, the Tuoba For-
mation in the Qamdo area, and the Wuli Group in the
Tanggula area. The Nayixiong Formation, also the lower part
of the Wuli Group in the Tanggula area of southern Qinghai,
contains brachiopods characterized by the Spinomarginfera
kueichowensis-Tyloplecta yangtzeensis Assemblage. On the
basis of the associated fusulines Nanlingella parafusiformis,
N. simplex and Parananlingella laxa, this brachiopod fauna
is very likely of the Wuchiapingian age. Brachiopods in the
Lapuchari Formation and the upper part of the Wuli Group
are represented by Leptodus nobilis, Perigeyerella costella-
ta, and Fusichonetes (Niu et al., 2003; He et al., 2009).
Brachiopods in the Raggyorcaka Formation in the Shuanghu
area and the Tuoba Formation in the Qamdo area include
Peltichia, Permophricodothyris and Cathaysia (Jin and Sun,
1981; Jin et al., 1985). Given that brachiopods in the La-
puchari, Raggyorcaka, and Touba formations are all asso-
ciated with the fusuline Palaeofusulina, they are probably of
the Changhsingian age and are largely comparable with those
of South China (Figure 4).

There are very few records of conodonts in the North
Qiangtang Block. Therefore, the ages of the Permian strata
are determined mainly by the widely distributed fusulines.
The Licha Formation in the Qamdo area and the Changshehu
Formation in the Raggyorcaka area are assigned to an As-
selina-Sakmarian age (Sichuan Regional Geological Survey,
Nanjing Institute of Geology and Palaeontology, 1982). In
the Tanggula area, the Zharigen Formation contains fusulines
ranging from Asselian to Artinskian (Liu, 1993). The Mis-
ellina Zone to the Presumatrina neoschwagerinoides Zone in
the Mangcuo and Jiaoga formations in the Qamdo area is
assigned to the Kungurian and Roadian. The Gadikao For-
mation in the Zaduo-Zhiduo area is the Kungurian (Niu et al.,
2006a), and is overlain by the Guadalupian Jiushidaoban,
Garijiaren, and Suojia formations (Niu et al., 2006b). The
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Tuoba Formation in the Qamdo area, the Nayixiong For-
mation and Lapuchari Formation in the Tanggula area, and
the Xueyuanhe and Raggyorcaka formations in the Rag-
gyorcaka area are all assigned to the Lopingian (Niu and Wu,
2016; Qiao et al., 2021), among which the advanced forms of
Palaeofusulina dominated the Xueyuanhe and Raggyorcaka
formations. Thus, they are all Changhsingian in age (Qiao et
al., 2021; Figure 3).

2.2 South Qiangtang Block

The South Qiangtang Block is bracketed by the Longmu Co-
Shuanghu suture zone in the north and the Bangong-Nujiang
suture zone in the south. Its western border is cut off by the
Karakoram Fault and therefore its westward extension re-
mains unclear, whereas the eastern part is complicated by the
eastern Himalaya Syntaxis (Figure 1). The Permian strata are
widely distributed in the Dongru, Lumajiangdongco, Xian-
gian and Shuanghu areas in this block.

2.2.1 Lithostratigraphy

The Carboniferous-Permian sequence in the South Qiang-
tang Block was first named the Horpatso Series (Norin,
1946). This series was later subdivided into the Cameng,
Zhanjin, Qudi and Tunlonggongba formations in ascending
order based on the outcrop in the Domar area (Liang et al.,
1983) (Figure 2). In addition, the Longge Formation and the
Jipuria Group were established in this area (Liang et al.,
1983). The Cameng Formation is dominated by sandstone,
slate, and diamictites with a thickness over than 500 m, re-
presenting glacio-marine deposits (Liang et al., 1983). The
Zhanjin Formation is also represented by sandstone and
slate, which resembles the Cameng Formation to some ex-
tent. However, the Zhanjin Formation bears convolute bed-
dings suggesting flysch facies (Liang et al., 1983; Zhang et
al., 2019b). Both formations are also widely distributed in
the central Qiangtang Metamorphic Belt. Different from the
strata in the western part of the South Qiangtang Block, both
formations in the central Qiangtang Metamorphic Belt are
strongly metamorphosed and contain multiple layers of ba-
salt or basic dike swarm (Zhai et al., 2013; Li et al., 2016).
The overlying Qudi Formation is characterized by calcareous
sandstone with large-scale cross bedding, suggesting a
shallow water depositional environment (Liang et al., 1983).
The Tunlonggongba Formation overlies conformably on the
Qudi Formation, and is composed mainly of dark gray bio-
clastic limestone with abundant compound corals, fusulines
and brachiopods (Liang et al., 1983; Nie and Song, 1983a).
The Longge Formation is dominated by gray limestone in
rare outcrops. The Lopingian strata are represented by the
Jipuria Group in the Domar area (Liang et al., 1983), or the
Rehepan and Qingshuihe formations in the Rehepan area
(Wu, 1991). The Jipuria Group unconformably overlies the
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Tunlonggongba Formation and is composed of conglomerate
in the basal part, sandstone and limestone in the lower part
and dolomitic limestone in the upper part (Sun and Xu, 1991;
Zhang et al., 2019b)

The Lugu Formation is widely distributed in the Luma-
jiangdongco and Shuanghu areas in the central South
Qiangtang Block, and is composed mainly of basalt and
limestone (Zhang et al., 2012, 2014a; Yuan et al., 2022). The
equivalent strata in the Xianqian area were named the Cai-
naha and Xiangian formations (Sun and Xu, 1991).

2.2.2 Biostratigraphy and chronostratigraphy

Fusulines are abundant in the South Qiangtang Block and the
oldest Pseudofusulina-Eoparafusulina Assemblage was re-
ported from the Qudi Formation in the Domar area (Figure
3), which includes Eoparafusulina regina, E. tibetica, Pa-
mirina chinlingensis, Pseudofusulina insignis, and P. cras-
sispira. These fusulines indicate that the Qudi Formation is
the Artinskian in age (Liang et al., 1983; Nie and Song,
1983b). Notably, the Qudi Formation at the Tuotala section is
dominated by sandstone and slate with abundant brachiopod
fossils (Liang et al., 1983). However, the same formation at
the Nazhaxishan and Saerduoshan sections reportedly are
dominated by gray limestone with abundant fusulines (Liang
et al., 1983). Therefore, the Qudi Formation from these
sections is not necessarily equivalent. Our field observation
shows that the fusuline-bearing Qudi Formation is equivalent
with the Tunlonggongba Formation. In other words, the
earliest fusulines in limestone beds in the western part of the
South Qiangtang Block actually began to occur in the Tun-
longgongba Formation. Similar fusulines were also reported
from the turbidites of the Qudi Formation in the central
South Qiangtang Block (Zhang et al., 2013b). The Kungur-
ian fusuline faunas are represented by the Parafusulina-
Monodiexodina Assemblage in the Tunlonggongba Forma-
tion in the western South Qiangtang Block, which consists
mainly of Monodiexodina kattaensis, Parafusulina bosei, P.
lata, P. undulata and Pseudofusulina houngziquanica (Nie
and Song, 1983a). However, based on our recent field in-
vestigation, the Artinskian fusulines such as Monodiexodina,
Pamirina, and Eoparafusulina are abundant in this formation
(Zhang Y C’s unpublished data). In the Xiangian, Min-
zhuochaka, and Shuanghu areas, the Kungurian fusulines
were summarized as the Cancellina primigena and
Neoschwagerina simplex assemblages in the Lugu or Cai-
naha formations. The Cancellina primigena Assemblage is
found mainly in the Shuanghu area and includes the species
Cancellina primigena, Pseudodoliolina ozawai, Chusenella
schwagerinaeformis, Neofusulinella giraudi, and Pseudofu-
sulina wangmoensis (Zhang et al., 2012, 2014a). The
Neoschwagerina simplex Zone was reported from Min-
zhuochaka, Xianqian, and the exotic limestone of the central
Qiangtang Metamorphic Belt. This zone contains Neosch-
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wagerina simplex, Pseudodoliolina ozawai, Verbeekina fur-
nishi, Pseudofusulina tchengkangensis, Yangchienia tobleri,
and Presumatrina schellwieni, indicating a late Kungurian-
early Roadian age (Zhang, 1991; Ju et al., 2022a; Yuan et al.,
2022). The upper part of the Lugu and Xiangian formations
are characterized by abundant fusulines such as Fopoly-
diexodina, Dunbarula, Yangchienia, Parafusulina, and
Chusenella, indicating a Wordian age (Zhang, 1991; Cheng
et al., 2005). The Capitanian fusuline faunas are represented
by the Neoschwagerina-Yabeina Assemblage, which is de-
veloped mainly in the Longge Formation of the Domar area
but hardly found in the adjacent areas (Zhang et al., 2019b).
This assemblage includes Neoschwagerina guoi, Dunbarula
pusilla, Sumatrina annae minima, Chusenella tingi, and
Kahlerina pulchra (Liang et al., 1983; Nie and Song, 1983c).
In addition, the foraminifer Shanita-Hemigordiopsis As-
semblage was also reported from the Longge Formation (Nie
and Song, 1985). The Lopingian fusulines including Codo-
nofusiella sp., Reichelina tenuissima, and Palaeofusulina sp.
were recorded in the Rehepan and Qingshuhe formations
(=upper part of the Jipuria Group) (Wu and Lan, 1990;
Figure 3).

Permian conodonts are relatively less studied in the South
Qiangtang Block. Only limited conodont fauna, including
Sweetognathus aff. whitei, S. ironatus, and Mesogondolella
cf. bissilli, was documented from the lowest part of the
Tunlonggongba Formation (Ji et al., 2006). However, the
conodont specimens of these species are fragmentary and
quite different from the type specimens. In addition, the
above-mentioned fauna has a long stratigraphic range (from
the Asselian to Kungurian), making it difficult to precisely
constrain the age. Based on the morphological characteristics
of the specimens illustrated by Ji et al. (20006), they are closer
to the Artinskian Sweetognathus species, but additional
specimens are needed for a more reliable determination.
Recently, the conodont fauna named as the Sweetognathus-
Mesogondolella Assemblage was reported from the lower
part of the Lugu Formation, which includes Sweetognathus
guizhouensis, S. subsymmetricus, Mesogondolella sici-
liensis, and M. giangtangensis of a late Kungurian age
(Figures 5, 6.12-6.13).

Permian brachiopods are quite abundant in the South
Qiangtang Block, and relevant studies were performed
mainly in the Domar and Mushirebuca areas in the western
region and the Rongma area in the central part of the block.
Four brachiopod assemblages were recognized in the Domar
area by Liang et al. (1983). They are respectively the Am-
bikella-Anidanthus fusiformis Assemblage from the Zhanjin
Formation, the Neospirifer fasciger-Subansiria ranganensis
Assemblage from the Qudi Formation, and the Stereochia-
Juresania and Derbyia duomaensis-Jipuproductus assem-
blages from the Tunlonggongba Formation. In addition, five
brachiopod assemblages were erected by Sun (1991) in the
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Mushirebuca area. Three of them are from the Mushirebuca
Group, namely the Cimmeriella giangduoensis-Brachythyr-
inella narsarhensis in the lower part, the Comuquia mush-
irebuca-Acolosia lenticula in the middle part, and the
Orbicoelia fraterculus-Phricodothyris bullata in the upper
part. These assemblages suggest a Sakmarian-Artinskian
age. Other two assemblages, the Edriosteges multispinosus-
Liosotella cylindrica and the Orthotichia jiangxiensis-O.
morganiana, were reported respectively from the lower and
upper parts of the Cainaha Formation and both are assigned
to the Kungurian. In the Rongma area of the central South
Qiangtang Block, the Vediproductus punctatiformis-Para-
plicatifera regularis Assemblage was reported from the
Lugu Formation, and can be well correlated with the late
Kungurian-Roadian Permocryptospirifer-Vediproductus
punctatiformis Assemblage in South China (Shen et al.,
2016; Shen, 2018). Lopingian brachiopod fauna was found
only in the Rehepan and Qingshuihe formations (=upper part
of the Jipuria Group) in the Domar area (Wu and Lan, 1990).
This fauna is similar to that of the North Qiangtang and
South China blocks on the basis of the presence of Leptodus
and Permophricodothyris (Figure 4).

In summary, based on the fusuline, conodont, and bra-
chiopod faunas and strata described above, we can provide a
general framework of the Permian stratigraphy in the South
Qiangtang Block. The Zhanjin Formation is probably of the
Sakamarian age based on the presence of the brachiopod
Ambikella-Anidanthus fusiformis Assemblage and the bi-
valve Eurydesma (Liang et al., 1983). The age of the Qudi
Formation is assigned to the Artinskian based on the bra-
chiopod Neospirifer fasciger-Subansiria ranganensis As-
semblage. The fusulines Pamirina and Eoparafusulina as
well as the conodonts Sweetognathus ironatus and Meso-
gondolella cf. bissilli jointly indicate an Artinskian age for
the Tunlonggongba Formation. The lower part of the Lugu
Formation is represented by the conodont Sweetognathus-
Mesogondolella Assemblage and the fusuline Cancellina
primigena and Neoschwagerina simplex zones, both in-
dicating a Kungurian age; whereas its upper part is char-
acterized by the Wordian fusuline Eopolydiexodina. The
fusuline Neoschwagerina-Yabeina Zone and the foraminifer
Shanita-Hemigordiopsis Assemblage from the Longge For-
mation are both indicative of a Capitanian age. The Jipuria
Group is assigned to the Lopingian in terms of the coral
Waagenophyllum sp. and the fusulines Palaeofusulina sp.,
and Reichelina tenuissima (Figures 2-5).

2.3 Lhasa Block

The Lhasa Block is bounded by the Bangong-Nujiang suture
zone in the north, and the Yarlung Zangbo suture zone in the
south. It is cut off by the Karakoram Fault to the west and
extends into western Yunnan in the east (Figure 1). It is
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Figure 6 Permian conodonts from different blocks in the Qinghai-Tibetan Plateau. 1, Adetognathus paralautus, from the top part of Member 1 of the
Lashkargaz Formation in the northern Kalakoram Block (Gaetani et al., 1995). 2, Mesogondolella cf. bisselli, from the base part of the Tunlonggongba
Formation in the South Qiangtang Block (Ji et al., 2006). 3, Sweetognathus ironatus, from the base part of the Tunlonggongba Formation in South Qiangtang
Block (Ji et al., 2006). 4 & 5, Sweetognathus aff. whitei; 4 from the base part of the Tunlonggongba Formation in the South Qiangtang Block (Ji et al., 2006),
and 5 from the top part of the Dingjiazhai Formation in the Baoshan Block (Ueno et al., 2002). 6, Mesogondolella bisselli, from the top part of the Dingjiazhai
Formation in the Baoshan Block (Ueno et al., 2002). 7, Mesogondolella idahoensis, from the base part of the Xiala Formation in the Lhasa Block (Yuan et al.,
2016). 8 & 11, Mesogondolella siciliensis; 8 from the base part of the Xiala Formation in the Lhasa Block (Yuan et al., 2016), and 11 from the lower part of the
Lugu Formation in the South Qiangtang Block (Yuan et al., 2022). 9, Vjalovognathus nicolli, from the base part of the Xiala Formation in the Lhasa Block
(Yuan et al., 2016). 10, Sweetognathus guizhouensis, from the lower part of the Lugu Formation in the South Qiangtang Block (Yuan et al., 2022). 12,
Mesogondolella qiangtangensis, from the lower part of the Lugu Formation in the South Qiangtang Block (Yuan et al., 2022). 13, Sweetognathus sub-
symmetricus, from the lower part of the Lugu Formation in the South Qiangtang Block (Yuan et al., 2022). 14, Iranognathus sp., from the upper part of the
Xiala Formation in the Lhasa Block (Yuan et al., 2014). 15, Clarkina orientalis, from the top part of the Xiala Formation in the Lhasa Block (Yuan et al., 2014).
16, Clarkina liangshanensis, from the top part of the Xiala Formation in the Lhasa Block (Yuan et al., 2014). 17, Clarkina yini, from the top part of the
Wenbudangsang Formation in the Lhasa Block (Wu et al., 2014). 18, Vjalovognathus sp., from the upper part of the Selong Group in Nyalam (Yuan et al.,
2018). 19, Mesogondolella hendersoni, from the top part of the Selong Group in Nyalam (Yuan et al., 2018). 20, Mesogondolella sheni, from the top part of the
Selong Group in Nyalam (Yuan et al., 2018). 21, Clarkina orchardi, from the top part of the Selong Group in Nyalam (Yuan et al., 2018). 22, Clarkina carinata,
from the base part of the Kangshare Formation in Nyalam (Yuan et al., 2018). 23, Hindeodus parvus, from the base part of the Kangshare Formation in Nyalam
(Yuan et al., 2018). 24, Isarcicella staeschei, from the base part of the Kangshare Formation in Nyalam of Himalaya Tethys Zone (Yuan et al., 2018).
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subdivided into the Northern Lhasa, Centrel Lhasa, and
Southern Lhasa by the Shiquan River-Nam Tso Mélange
Zone and the Luobadui-Milashan Fault respectively (Zhu et
al., 2013). The marine Permian strata are distributed mainly
in the Centrel Lhasa such as Shiquanhe, Tsochen, Xainza,
Lhunzhub, and Baxoi from west to east.

2.3.1 Lithostratigraphy

The Permian strata in the Xainza area are divided into the
Yunzhug, Lagar, Angie, Xiala, and Mujiucuo formations in
ascending order (Yao et al.,, 2007; Zhang et al., 2013a,
2019a). The Yunzhug Formation consists mainly of thin-
bedded black shale, siltstone and sandstone. Its upper part has
more limestone interlayers yielding abundant brachiopods.
Most part of the Yunzhug Formation belongs to the Carbo-
niferous, and only the top part is suggested an earliest Per-
mian age (Zhang et al., 2013a). The overlying Lagar
Formation is composed mainly of glacio-marine conglom-
erates, and preserve the dropstones that consist mainly of
sandstone and granite. The top part of this formation has
more sandstone (Zhang et al., 2013c). The overlying Angie
Formation is represented by thick-bedded limestone yielding
abundant bryozoans and brachiopods in the basal part (Xia,
1983; Zhang et al., 2013a). The upper part of the Angie
Formation consists mainly of thin-bedded shale and mud-
stone, intercalated with calcareous sandstone and limestone,
and the limestone is suggested to be hydrocarbon-seep de-
posits (Liu et al., 2021). The Xiala Formation can be divided
into three parts. The lower part of the Xiala Formation, pre-
viously known as the Ria Formation (Lin, 1983), is composed
of purplish limestone containing crinoids and intercalated
with more cherty bands. Solitary corals and conodonts were
also abundantly preserved in this part. The middle part of the
Xiala Formation is dominated by bedded gray limestone with
abundant fusulines, corals, and brachiopods. The upper part
of the formation consists mainly of medium- to thick-bedded
limestone with cherty nodules and bands, and yields con-
odonts and foraminifers (Zhang et al., 2014b). In the Aduo-
gabu area, the top part of the Xiala Formation contains
several sandstone beds (Qiao et al., 2019). Besides, the
Wenbudangsang Formation in Gegyai County, Tibet may be
equivalent to the top part of the Xiala Formation (Wu et al.,
2014). In the Xainza area, the dolomite or dolomitic lime-
stone of the Mujiucuo Formation conformably overlies the
Xiala Formation, and yields compound corals (Cheng et al.,
2002). The Permian Nazipo and Yangweishan formations
established by Guo et al. (1991) in the Shiquanhe area are
also referred later to the Lagar, Angie and Xiala formations
(Ji et al., 2007; Zhang et al., 2013a; Figure 2).

The Permian strata in the Lhunzhub area are represented
by the Poindo Group, Wululong, and Luobadui formations in
ascending order (Tibetan Scientific Expedition Team and
Chinese Academy of Sciences, 1984). The Poindo Group,
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also termed as the Laigu Formation, is characterized by the
widespeard glacio-marine deposits and conglomeratic slates
(Jietal., 2005; Yang et al., 2016). It may be equivalent to the
Lagar Formation in the Xainza area (Zhang et al., 2013a).
The overlying Wululong Formation consists mainly of
grayish black slates and gray carbonate rocks, with limestone
yielding bryozoans, corals, and brachiopods (Tibetan Sci-
entific Expedition Team and Chinese Academy of Sciences,
1984). The overlying Luobadui Formation is mainly com-
posed of dark gray carbonate rocks interbedded with volca-
nic rocks (Wang et al., 2022). Limestones contain cherty
nodules, and yield abundant fusulines, corals, and brachio-
pods (Tibetan Scientific Expedition Team and Chinese
Academy of Sciences, 1984; Huang et al., 2022).

2.3.2 Biostratigraphy and chronostratigraphy

The earliest Permian fusulines in the Lhasa Block were re-
ported from the middle part of Xiala Formation and its
counterpart, the Luobadui Formation. In the Tsochen area,
the middle part of the Xiala Formation yields the Neosch-
wagerina craticulifera-Kahlerina pachytheca Assemblage,
associated with Yangchienia tobleri, Chusenella brevipola,
C. schwagerinaeformis, Neoschwagerina craticulifera, N.
cheni, Kahlerina pachytheca, and K. tenuitheca, which
suggests a Wordian age (Ju et al., 2019). The overlying
Nankinella-Chusenella Assemblage is widely distributed in
the Tsochen area (Zhang et al., 2019a), Tangra Yumco area,
and Yongzhu of the Xainza area (Zhu, 1982a; Zhang et al.,
1985; Wang and Zhou, 1986; Huang et al., 2007), Mujiucuo
of the Xainza area (Zhang et al., 2010). In particular, the
abundant Nankinella and Chusenella species in this assem-
blage suggest a Capitanian age. The foraminifer Shanita-
Hemigordiopsis Assemblage is also present in the Guada-
lupian of the Lhasa Block (Zhang et al., 2016a, 2019a; Ju et
al., 2021). In the Lhunzhub area, the Luobadui Formation
yields abundant Lepidolina, associated with Dunbarula,
Chusenella, Neoschwagerina, and Verbeekina (Wang et al.,
1981; Zhu, 1982b; Huang et al., 2022). Rare Lopingian fu-
sulines have been found so far in the Lhasa Block. The
Codonofusiella-Reichelina Assemblage, which includes
Reichelina changhsingensis, Codonofusiella tsochenensis,
and Nankinella rarivoluta, was described at Mujiucuo in the
Xainza area and the south bank of Zhari Namco in the
Tsochen area (Qiao et al., 2021; Ju et al.,, 2022b). The
Changhsingian fusuline Reichelina changhsingensis and
abundant foraminifera Colaniella Assemblage have been
reported at Adogabu in the Tsochen area (Chen et al., 1999;
Qiao et al., 2019; Figure 3).

Brachiopods were widely preserved in the Yunzhug, An-
gie, Xiala formations, and the Poindo Group. Three assem-
blage zones, respectively the Taeniothaerus xizangensis-
Spinomartinia xainzaensis, Cimmeriella mucronata-Tae-
niothaerus excellens, and Trigonotreta maginfica-Bando-
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productus intermedia assemblage zones, were established in
the middle-upper part of the Yunzhug Formation by Zhan et
al. (2007). All these assemblages represent the Gondwanan
cold-water faunas and indicate an early Cisuralian age. The
Poindo Group yields Bandoproductus fauna (Jin and Sun,
1981), which indicates approximately a Sakmarian age. The
Angie Formation contains the Aulosteges ingens-Puncto-
cyrtella nagmargensis Assemblage, which suggests an Ar-
tinskian to early Kungurian age (Zhan et al., 2007). The
Costiferina-Stenoscisma gigantean Assemblage from the
basal part of the Xiala Formation is similar to the assemblage
in the Angie Formation. Costiferina spiralis, Calliomargi-
natia orientalis, and Spiriferella salteri in this assemblage
are widely distributed in peri-Gondwanan region (e.g., Salt
Range of Pakistan, Himalaya Tethys Zone and West Timor).
However, the middle part of Xiala Formation contains
Pseudoantiquatonia mutabilis-Neoplicatifera pusilla As-
semblage (Zhan and Wu, 1982). Representative species in-
clude  Neoplicatifera  pusilla,  Leptodus  nobilis,
Permophricodothyris elegantula, and Haydenella minuta,
which are the common species in the paleoequatorial realm.
In the Tsochen area, the top part of Xiala Formation contains
the Changhsingian Spinomarginifera Assemblage, and about
70% species of this Assemblsge have been reported from the
Cathaysian fauna (e.g., South China) (Xu et al., 2019). In the
eastern Lhasa Block, the Lielonggou Formation yields a
Changhsingian Transennatia Assemblage, which also con-
tains some warm-water species such as “Peltichia” sp.,
Spinomarginifera sp., and Crenispirifer dzhulfensis (Sun et
al., 1981). However, the age and taxonomies of this assem-
blage require further studies (Figure 4).

The Permian conodonts in the Lhasa Block were reported
from three horizons, the lower part of Angie Formation, the
upper Angie and lower Xiala formations, and the upper part
of the Xiala Formation. Zheng et al. (2005) reported Neos-
treptognathodus from the Angie Formation in the Xainza
area, but did not provide any illustration. Neos-
treptognathodus is a dominant genus in the Kungurian, but it
is also present in the late Artinskian and early Guadalupian.
Thus, Neostreptognathodus indicates an age no earlier than
Artinskian. Zheng et al. (2007) reported a Mesogondolella-
Vjalovognathus Assemblage in the Shiquanhe area, western
Lhasa Block and assigned it to a late Cisuralian to Guada-
lupian age. Apart from this, Ji et al. (2007) illustrated some
Mesogondolella idahoensis from the equivalent strata in the
same area and referred it to a late Kungurian age. Yuan et al.
(2016) also illustrated some Mesogondolella idahoensis, M.
siciliensis, and Vjalovognathus nicolli (Figures 6.9) from the
central Lhasa Block. All those occurrences imply that this
assemblage may be distributed in the whole Lhasa Block and
consistently indicates a late Kungurian age. No conodonts
have been reported from the middle part of the Xiala For-
mation so far. In the Xainza area, the Wuchiapingian con-
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odonts Clarkina liangshanensis, C. orientalis, and
Iranognathus sp. were described from the top part of the
Xiala Formation (Yuan et al., 2014; Figure 6.14—6.16). Some
Wuchiapingian conodonts Clarkina liangshanensis and C.
guangyuanensis were also illustrated from the Longar area in
western Lhasa Block, but these specimens are too fragmen-
tary to be re-identified for certain. Some Changhsingian
conodonts C. changxingensis and C. meishanensis were also
reported above C. liangshanensis and C. guangyuanensis
assemblages from the Longar area, but they were still re-
ferred to the Wuchiapingian by Wu et al. (2021). Therefore,
these specimens from the Longar area require further in-
vestigations. Ji et al. (2007) described a few of C. chang-
xingensis specimens from the top part of the Xiala Formation
in western Lhasa Block, which is indicative of a late
Changhsingian age. Wu et al. (2014) also reported abundant
conodonts from the Wenbudangsang section, including the
upper Changhsingian C. changxingensis and C. yini, the
uppermost Changhsingian C. meishaneisis and Hindeodus
praeparvus, and the basal Triassic Clarkina carinata, C.
planata, Hindeodus parvus, and Isarcicella staeschei (Figure
6.17). These records indicate that the Lhasa Block may
preserve continuous marine carbonate sequences from the
Wuchiapingian to the Lower Triassic (Figure 5).

On the basis of the fusuline, brachiopod, and conodont
biostratigraphic data mentioned above, the ages of lithos-
tratigraphic units in the Lhasa Block can be determined
(Figures 2-5). The brachiopod Bandoproductus Assemblage
in the Poindo Group and the sandstone in the top part of the
Yunzhug Formation indicates a Sakmarian age (Zhan et al.,
2007). The Lagar Formation has similar glacio-marine con-
glomerates to the Poindo Group, which implies that the
Lagar Formation may be also Sakmarian. The conodont
Neostreptognathodus from the limestone interval of the
lower Angie Formation suggests a late Artinskian to Kun-
gurian age (Zheng et al., 2005). The purplish limestone in the
lower Xiala Formation yields the conodont Mesogondolella-
Vialovognathus Assemblage, indicating a late Kungurian age
(Yuan et al., 2016). The occurrences of abundant fusulines
including the Neoschwagerina craticulifera-Kahlerina pa-
chytheca and Nankinella-Chusenella assemblages in the
middle part of the Xiala Formation and the Lepidolina as-
semblage in the Luobadui Formation suggest that they be-
long to a Wordian to Capitanian age (Zhang et al., 2010,
2019a; Ju et al., 2019). The conodont Clarkina liang-
shanensis, C. orientalis and fusuline Codonofusiella-Reich-
elina Assemblage in the upper Xiala Formation can be
assigned to a Wuchiapingian age (Yuan et al., 2014; Qiao et
al., 2021). The conodont Clarkina changxingensis and for-
aminifera Reichelina changhsingensis, Colaniella parva in
the Wenbudangsang and the topmost part of the Xiala for-
mations indicate a Changhsingian age (Wu et al., 2014; Qiao
et al., 2019). The Mujiucuo Formation conformably overlies
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the Xiala Formation, and its lower part yields compound
corals Waagenophylum indicum crassiseptatum and Liang-
shanophyllum streptoseptatum, which may suggest a late
Wuchiapingian age (Cheng et al., 2002). The upper part of
the Mujiucuo Formation has been assigned to the Lower
Triassic by Wu et al. (2017) (Figures 2-5).

2.4 Baoshan Block

The Baoshan Block is bounded by the Nujiang Fault and the
Gaoligong Mountain in the west, and the Lancangjiang-
Kejie-Nandinghe Fault in the east, and connects with the
Changning-Menglian belt and the Simao Block (Figure 1).
On the basis of the depositional sequences of the Permian
System, three parts are divided for the Baoshan Block and
they are the northern, southern, and southwestern Baoshan
Block, respectively. Generally, the Permian strata in the
northern Baoshan Block are well developed (Jin, 1994).

2.4.1 Lithostratigraphy

The Permian strata in the northern Baoshan Block were di-
vided into the Dingjiazhai, Woniusi, Bingma, Daaozi for-
mations and the lower part of the Hewanjie Formation in
ascending order (Wang et al., 2001, 2021; Jin et al., 2008;
Figure 2). The Dingjiazhai Formation unconformably over-
lies the Lower Carboniferous strata, and is composed mainly
of conglomerate, pebbly mudstone and shale interlayed with
some bioclastic limestone at the top. The lower part of the
Dingjiazhai Formation has few fossils whereas the middle
and upper parts yield coral and brachiopod fossils (Fang and
Fan, 1994; Shi et al., 1996; Shen et al., 2000a, 2002; Wang et
al., 2001), and the top limestone interlayer contains corals,
fusulines and conodonts (Ueno et al., 2002; Ji et al., 2004;
Wang et al., 2004; Shi et al., 2011; Wang et al., 2013; Huang
et al., 2015). The Woniusi Formation overlies the Dingjiaz-
hai Formation, and is composed of marine basalt lava and
pyroclastic rocks. Fusulines previously reported at the base
of the Woniusi Formation were presumed to be derived from
the limestone interlayer at the top of the Dingjiazhai For-
mation (Wang et al.,, 2001). The Bingma Formation lies
unconformably over the Woniusi Formation, and is com-
posed of red detrital deposits with beanlike bauxite and
bauxite layers. A few of plant fossil fragments were collected
from this formation. The overlying Daaozi Formation is di-
vided into two parts. The lower part is mainly marl and
contains fossils of small foraminifers, corals, fusulines, and
brachiopods (Sugiyama and Ueno, 1998; Wang et al., 2001;
Jin et al., 2008) whereas the upper part is dolomitic lime-
stone. The Hewanjie Formation overlies the Daaozi Forma-
tion, and is dominated by dolomite in the lower part. The
boundary between the two formations is not consistent in
different studies. For instance, some studies assigned the
calcareous dolomite unit of the upper part of the Daaozi
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Formation to the Hewanjie Formation. Jin et al. (2008)
considered that the boundary between the Hewanjie and
Daaozi formations should be most suitable at the lithological
interface between marl and dolomite. Notably, recent studies
have reported conodont fossils near the Periman-Triassic
boundary in the Hewanjie Formation (Dong and Wang,
2006).

The Permian strata in the southern Baoshan Block are
divided into the Dingjiazhai, Woniusi, Yongde, and Shazipo
formations in ascending order. The Dingjiazhai Formation
lies unconformably over the Lower Devonian strata and has
no limestone interlayer at the top. It contains bryozoan and
brachiopod fossils (Wang et al., 2001). The Woniusi For-
mation is composed of basalt. Its contact with the underlying
Dingjiazhai Formation may represent a disconformity. The
Woniusi Formation is overlain by the Yongde Formation,
also known as the Xiaoxinzhai Formation. This can be di-
vided into two parts. The siliciclastic rocks in the lower part
contain bivalves, brachiopods, and plant fossils, and are
equivalent to the Bingma Formation in the northern Baoshan
Block. The marl and shale in the upper part contain
bryozoans and brachiopods (Fang, 1983; Fang and Fan,
1994). The Shazipo Formation directly overlies the Yongde
Formation, and its lower part is dominated by marl and do-
lomitic limestone with fusulines (Ueno, 2003; Shi et al.,
2005; Huang et al., 2015). The upper part of the Shazipo
Formation is dominated by dolomitic limestone and dolo-
mite, lithologically similar to the Daaozi Formation in the
northern Baoshan Blcok. However, the correlation among
the Shazipo, Daaozi, and Hewanjie formations still needs
further study because of the inconsistency of the lithological
subdivisions (Figure 2).

The Permian strata in the southwestern Baoshan Block
include the lower Manli Formation and the upper Shazipo
Formation. The Manli Formation unconformably overlies
the Devonian or older strata, and is composed of siliciclastic
deposits with bauxite layers. Its lithology is similar to the
lower parts of the Bingma and Yongde formations. The
overlying Shazipo Formation is dominated by dolomitic
limestone and dolomite, and contains small foraminifers and
fusulines in the lower part.

2.4.2  Biostratigraphy and chronostratigraphy

On the basis of the fusuline “Triticites” species, the Ding-
jiazhai Formation was previously assigned to the Upper
Carboniferous (Chen, 1984). However, subsequent studies
indicate that these so-called “Triticites” are actually Pseu-
dofusulina. And fusulines in the Dingjiazhai Formation are
dominated by the species of Pseudofusulina and Eopar-
afusulina, which belong to the Artinskian Kalaktash fauna
(Shi et al., 2011). The Guadalupian fusulines were reported
mainly in the Daaozi Formation in the northern Baoshan
Block and the Shazipo Formation in the southern Baoshan
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Block, among which the lower Yangchienia-Nankinella Zone
and the upper Chusenella-Rugosofusulina Zone are re-
cognized in the Bawei area (Huang et al., 2017) and the
Schwagerina yunnanensis, Eopolydiexodina, and Sumatrina
annae zones were identified in the south Xiaoxinzhai area
(Huang et al., 2009). By contrast, the fusulines are much less
diverse in the Daaozi Formation, and are represented mainly
by the species Jinzhangia shengi (Ueno, 2001; Huang et al.,
2015; Figure 3).

Brachiopods are found mainly in the Dingjiazhai, Yongde,
and Shazipo formations. Three brachiopod assemblages
were identified in the Dingjiazhai Formation: the Bando-
productus qingshuigouensis-Marginifera semigratiosa As-
semblage in the lower part, the Punctocyrtella australis-
Punctospirifer afghanus Assemblage in the middle, and the
Callytharrella dongshanpoensis Assemblage in the upper.
They approximately indicate an age from Asselian to Ar-
tinskian (Shen et al., 2000a). Abundant brachiopods are
present in the Yongde Formation, and were divided into three
assemblages in ascending order. Assemblage A contains
Lisosotella subcylindrica, a typical species of the lower part
of Chihsian in South China. Assemblage B yields brachipods
Tenuichonetes tengchongensis and Vediproductus punctati-
formis, and suggests a Kungurian-Roadian age. Assemblage
C contains Neoplicatifera huangi, an index species of the
Maokouan Stage in South China, approximately corre-
sponding to the Wordian (Shen et al., 2002). This assemblage
may be equivalent to the Stereochia-Waagenites Assemblage
at the top of the Xiaoxinzhai Formation in the Gengma area
(Fang, 1983). The Shazipo Formation in the southern
Baoshan Block yields rich Permocryptospirifer omeisha-
nensis and Pseudoantiquatonia mutabilis, which indicates a
Wordian-Capitanian age. And the brachiopod assemblage
also exhibits a mixed fauna characteristic, but is dominated
by Cathaysian types (Shi and Shen, 2001; Figure 4).

Very few conodonts have been reported in the Baoshan
Block. The Sweetognathus aff. whitei-Mesogondolella bis-
selli Assemblage in the limestone interlayer at the top of the
Dingjiazhai Formation suggests an age from late Sakmarian
to early Artinskian (Figure 6.5-6.6). However, the precise
age of the fauna remains to be refined (Wang et al., 2001;
Ueno et al., 2002; Ji et al., 2004; Wang et al., 2004). Hin-
deodus parvus, the index conodont species for the base of
Triassic, was discovered in the dolomitic limestone of the
Hewanjie Formation (Dong and Wang, 2006). And Hin-
deodus parvus and Isarcicella staeschei were also reported
recently in the dolomitic limestone and dolomite of the He-
wanjie Formation, suggesting that a considerable part of the
lower part of the Hewanjie Formation belongs to the Lo-
pingian age (Figure 5).

On the basis of all data mentioned above, the ages of
Permian strata in the Baoshan Block can be well constrained.
Brachiopods in the lower part of the Dingjiazhai Formation
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indicate a possible Asselian-Sakmarian age, and fusulines
and conodonts in the upper part are probably indicative of the
Sakmarian-Artinskian. The Woniusi Formation is composed
mainly of basaltic lava and pyroclastic deposits, which are
thought to have been formed in a relatively short time.
However, only a few specimens of Sweetognathus (=Ra-
beignathus) were reported in the limestone lens in the Wo-
niusi Formation (Wang et al., 2004), and could indicate that
the Woniusi Formation is of the upper Artinskian to the lower
Kungurian. In addition, the zircon 2pp/ 2ty ages for of the
Woniusi Formation also indicate that it may have formed
between 301 and 282 Ma (Liao et al., 2015). Therefore, the
age of the Woniusi Formation should be no later than the
early Kungurian. The fauna from the top of the Dingjiazhai
Formation suggests a late Artinskian age. Brachiopods in the
overlying Yongde Formation suggest a Kungurian-Wordian
age (Shen et al., 2002). Abundant fusulines in the Daaozi and
Shazipo formations suggest a Wordian-Capitanian age. Re-
cent discovery of conodonts from this formation suggests
that it may range down into the late Kungurian. And con-
odonts in the lower part of the Hewanjie Formation are of the
Lopingian age.

2.5 Tengchong Block

The Tengchong Block lies to the west of the Baoshan Block
and is bounded by the Gaoligong Mountain in the east
(Figure 1). Because of the large exposure of volcanic rocks,
the Carboniferous-Permian strata have relatively limited
outcrops in the Tengchong Block. Paleontologic and strati-
graphic studies in this block were concentrated in the
Kongshuhe and Dadongchang areas of the northern region as
well as the Shuangheyan area in the southern region.

2.5.1 Lithostratigraphy

The Carboniferous-Permian strata in the Tengchong Block
consist of more than 1000 m thick siliciclastic rocks in the
lower part and 400—600 m thick carbonates in the upper part.
In the northern region, the siliciclastic rocks were called the
Menghong Group, which includes the Zizhi and the Kong-
shuhe formations in ascending order (Jin, 1994). The
600—700 m thick Zizhi Formation is composed of brown or
gray thick-bedded quartz sandstone whereas the 800-900 m
thick Kongshuhe Formation is composed of diamictites and
pebbly mudstone in the lower part and black mudstone,
siltstone with limestone lens in the upper part (Jin, 2002).
The upper part of the Kongshuhe Formation yields abundant
sporopollens in the black mudstone and bryozoans, crinoids,
and brachiopods in the limestone lens, all suggesting a Ci-
suralian age (Yang, 1999; Jin et al., 2011, 2014). The over-
lying Dadongchang Formation consists of bioclastic
limestone with chert nodules or bands in the lower part and
dolomitic limestone in the upper part. The lower part was
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originally called the Guanyinshan Formation and contains
abundant foraminifers, brachiopods, and corals (Fang and
Fan, 1994; Figure 2).

The Menghong Group in the southern Tengchong Block
includes the Bangdu, Luogengdi, Siguaping, and Da-
muchang formations in ascending order (Jin, 1994). The
Bangdu Formation consists of 600 m thick gray mudstone
and siltstone and is equivalent to the Zizhi Formation. The
Luogengdi, Siguaping, and Damuchang formations are
dominated by diamictites, pebbly mudstone and siltstone and
can be correlated with the Kongshuhe Formation. The Da-
muchang Formation is rich in bryozoans, crinoids, and bra-
chiopods. Above the siliciclastic rocks, the carbonates of the
Yanzipo Formation yield abundant foraminifers, brachio-
pods, and bryozoans, and are the counterparts of the Da-
dongchang Formation in the northern region (Fan, 1993;
Figure 2).

2.5.2 Biostratigraphy and chronostratigraphy

The studies of Permian fusuline faunas in the Tengchong
Block are relatively few and their taxonomy and ages are still
in dispute. Two fusuline faunas were reported from the
Kongshuhe and Dadongchang formations by Fang and Fan
(1994). The first one was from the limestone lens in the
upper part of the Kongshuhe Formation and contained
“Triticites” and Schwagerina, which were revised to Eo-
parafusulina of a Sakmarian age (Huang et al., 2020). The
other fauna from the lower part of the Dadongchang For-
mation consists of Cancellina, Nankinella, and Parafusulina
and clearly indicates a late Kungurian age. However, Shi et
al. (2008) reported an Foparafusulina fauna from the same
horizon in the Kongshuhe area, including Eoparafusulina
tschernyschewi tschernyschewi, E. malayensis, Parafusulina
sp., and Monodiexodina wanneri, which was assigned to the
Sakmarian. Therefore, further studies are necessary to clarify
the exact horizons and relationships of these two faunas from
the lower part of the Dadongchang Formation. Guadalupian
fusuline faunas were found in the entire Tengchong Block:
one is the Nankinella-Chusenella Assemblage from the
middle part of the Dadongchang Formation in the Shanmu-
tang area of the northern region and the other is the Chuse-
nella-Schwagerina Assemblage from the Yanzipo Formation
in the Shuangheyan area of the southern region (Shi et al.,
2017; Figure 3).

Permian brachiopods were also reported from the lower
part of the Dadongchang Formation (i.e., the original Gua-
nyinshan Formation), namely the Stereochia-Waagenites
Assemblage (Fang and Fan, 1994; Chen et al., 2000). Its age
is probably Wordian on the basis of comparisons with the
brachiopod faunas of the Baoshan Block and southern
Thailand (Fang, 1983). Three brachiopod assemblages were
established in similar horizons by Jin et al. (2011), but sys-
tematic paleontological studies and corresponding fossil
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plates were absent. The Derbyia grandis-Waagenites As-
semblage is the most reliable in age determination among
these three assemblages, and its age can be restricted to
Wordian by the occurrences of fusulines Chusenella and
Monodiexodina from the overlying horizons (Shi et al.,
2008; Figure 3).

The ages of the Carboniferous-Permian successions in the
Tengchong Block are still controversial owing to insufficient
studies of the fusulines and brachiopods. The upper part of
the Kongshuhe Formation is probably Sakmarian in age on
the basis of the presence of fusuline Eoparafusulina and the
sporopollens Jayantisporites and Microbaculispora (Yang,
1999; Huang et al., 2020). The lower part of the Da-
dongchang Formation is likely Cisuralian in age based on the
fusuline faunas, but also likely to be Guadalupian based on
the brachiopod Stereochia-Waagenites Assemblage (Fang
and Fan, 1994; Shi et al., 2008). The age of the middle part of
the Dadongchang Formation is well-confined as the Road-
ian-Capitanian by the fusuline Nankinella-Chusenella and
Chusenella-Schwagerina assemblages as well as the bra-
chiopod Derbyia grandis-Waagenites Assemblage (Jin et al.,
2011; Shi et al., 2008, 2017). The upper part of the Da-
dongchang Formation is dominated by dolomitic limestone
with no fossils, and thus its age is difficult to determine and
further studies are needed.

2.6 Himalaya Tethys Zone (Northern margin of the
Indian Block)

The Himalaya Tethys Zone is separated from the Lhasa
Block by the Yarlung Zangbo suture zone in the north, from
the High Himalayas by the South Tibetan Detachment Sys-
tem in the south, and extends into Kashmir in the west and
into the Indo-Myanmar Range in the east (Figure 1). Permian
strata are distributed mainly in the southern and central part
of the Himalaya Tethys Zone.

2.6.1 Lithostratigraphy

The Permian strata are most developed in the Qubu area of
the northern slope of Mount Qomolangma (Mount Everest)
in Tingri County, and are divided into the Jilong, Qubu, and
Qubuerga formations in ascending order (Yin and Guo,
1976; Figure 2). The Cisuralian strata are represented by the
Jilong Formation, which is composed mainly of marine
diamictites in the lower part, siltstone in the middle part, and
quartz sandstone in the upper part. Some basalt interlayers
have also been found in this formation in the Jilong and
Selong areas (Garzanti et al., 1999; Zhu et al., 2002). The
Jilong Formation is in fault contact with the overlying Qubu
Formation, which is characterized by the white quartz
sandstone with a thickness of about 20 meters. In the Ku-
jianla section in Qubu and Dingjie counties, plant fossil
Glossopteris was reported in the shale of this formation (Xu,
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1976). The Qubuerga Formation conformably overlies the
Qubu Formation and is generally divided into two parts. The
lower part is gray-brown siltstone interbedded with bio-
clastic limestone, and contains abundant brachiopods. The
upper part is dominated by varicolored sandy shale with
nodules, and is rich in gastropod and bivalve fossils. The
equivalent strata of the Qubu and Qubuerga formations were
named the Selong Group in the Selong Xishan section in the
north of the Mount Shishapangma, Nyalam County, which
represents a transgressive sequence consisting of coastal
coarse to fine grained siliciclastic deposits, shallow marine
fine siliciclastic rocks, and bioclastic limestone interbeds.
Strata similar to those in the Tingri area were also found in
the Nagri area, and are divided into the Mayang Formation,
and the lower, middle, and upper Mangzongrong Formation
in ascending order (Guo et al., 1991; Figure 2).

The Permian strata in the Kangma area is also relatively
well developed, and consist of the Polinpu, Bilong, Kangma,
and Baidingpu formations (Chen et al., 2002). The Polinpu
Formation is composed of metamorphic sandstone, pebbly
slate and conglomerate. The overlying Bilong Formation is
characterized by gray-white gravel-bearing quartz sandstone
containing typical Gondwanan cold-water brachiopod Cim-
meriella. Both formations are possibly corresponding to the
Jilong Formation in the Mt. Qomolangma area. The Kangma
Formation is divided into two parts, the lower part is com-
posed of pebbly sandstone with quartz sandstone and peb-
bled slate, and the upper part is silty slate yielding
brachiopod fossils. The lower part of the Baidingpu For-
mation is composed of bioclastic dolomitic dalites and re-
crystalline limestone. The upper part is silty calcareous
bioclastic slate with abundant brachiopods, and is close to
that of the Qubuerga Formation in the Mt. Qomolangma
area. Permian strata distributed in the Zhongba Block is
collectively known as the Quga Group/Formation, and un-
derwent strong metamorphism. They were subsequently di-
vided into the Gangzhutang, Zhongba, and Kazhale
formations in ascending order (Li et al., 2014; Figure 2).

2.6.2 Biostratigraphy and chronostratigraphy

Conodonts were poorly known in the Himalaya Tethys Zone
of southern Tibet. The most intensively studied conodonts
were from the Selong Group at the Selong Xishan section in
Nyalam County (Figure 6.18-6.24), which has long been
controversial of its biostratigraphic age (Zhang and Jin,
1976; Yao and Li, 1987; Xia and Zhang, 1992; Wang et al.,
2017; Yuan et al., 2018). Abundant conodonts including
Clarkina changxingensis, C. carinata, C. taylorae, Hindeo-
dus praeparvus, H. parvus, and Isarcidella isarcica near the
Permian-Triassic boundary in the southern Tibet have been
described by Orchard et al. (1994), but there is still dis-
agreement on the identification of some species. A similar
conodont fauna in the same area has been reported by Mei
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(1996) and Shen et al. (2006) at the top of Changhsingian.On
the basis of a recent study, three conodont zones can be
roughly identified in the Lopingian, respectively, the Vjalo-
vognathus carinatus Zone, the Mesogondolella hendersoni
Zone, and the M. sheni Zone (Wang et al., 2017; Yuan et al.,
2018). Among them, the Vjalovognathus carinatus Zone
belongs approximately to the Lopingian whereas the upper
two zones belong to the Changhsingian. Because of the rapid
global warming and transgression in the end of the Permian,
the Meosogondolella sheni Zone became highly differ-
entiated, with Clarkina orchardi and other Clarkina species
in its upper part, followed by the emergence of Hindeodus
parvus, an index fossil for the base of the Triassic (Figure 5).

Brachiopods are well studied in the Himalaya Tethys Zone.
A relatively complete Cisuralian brachiopod succession is
preserved in the Mayang area of Zanda County (Yang et al.,
1990), and consists of three assemblages, namely, the Die-
lasma-Mayangella Assemblage of the Mayang Formation,
the Cimmeriella Assemblage of the lower Mangzongrong
Formation, and the Taeniothaerus Assemblage of the middle
Mangzongrong Formation. In addition, the Cimmeriella
gracilis-Brachythyrinella narsarhensis Assemblage from the
lower Mangzongrong Formation has also been reported in
the Jilong Formation in Tingri County (Jin et al., 1977). The
Lopingian brachiopods are widely distributed in the Hima-
laya Tethys Zone, mainly from the Selong Group, the Qu-
buerga Formation, and other equivalent strata (Shen et al.,
2000b, 2001a,2001b, 2003a; Xu et al., 2018). On the basis of
the brachiopods of the Selong Group in the Selong Xishan
section, Nyalam County and the lower part of the overlying
Kangshare Formation, three brachiopod assemblages were
recognized, namely the Marginalosia-Composita Assem-
blage in the lower part, the Chonetella nasuta Assemblage in
the upper part of the Selong Group, and the Martinia-
Fusichonetes Assemblage at the base of the Kangshare
Formation (Shen et al., 2000b, 2001a). Two brachiopod as-
semblages, namely, Neospirifer (Neospirifer) kubeiensis-
Chonetinella unisulcata and Biplatyconcha grandis-
Quinquenella semiglobosa assemblages, were recognized in
the Qubuerga Formation at the Qubu section in the Mt.
Qomolangma area, and a Wuchiapingian to early Changh-
singian age was assigned to them (Shen et al., 2003a). In
addition, the Costiferina indica-Neospirifer (Neospirifer)
kubeiensis Assemblage has been reported in the Quga For-
mation in the Zhongba Block, and has been assigned to the
Capitanian-Wuchiapingian (Jin and Sun, 1981; Shi et al.,
2003). However, this brachiopod fauna clearly belongs to the
Gondwana brachiopod fauna, which is completely different
from the mixed brachiopod fauna in the suture zone (Figure
4). On the basis of the abovementioned paleontological data,
a conodont and brachiopod biostratigraphical framework for
the stratigraphic units in the Himalaya Tethys Zone can be
integrated. Marine glacial deposits are developed in the Ji-



Shen S Z, et al.

long Formation in the Mt. Qomolangma area, the Mayang
Formation and the lower Mangzongrong Formation in the
southern Nagri area, and the Polinpu and Bilong formations
in the Kangma area. The Cimmeriella brachiopod fauna,
which is chracteristic of the northern margin of Gondwana
continent, is present in the middle part of the Jilong For-
mation, the lower Mangzongrong Formation, and the Bilong
Formation, and is generally assigned to the early Cisuralian.
Therefore, the age of Jilong Formation and its corresponding
strata is determined to be the early Cisuralian, or possibly the
Asselian-Sakmarian age. The Guadalupian strata in the Hi-
malaya Tethys Zone have not been reported so far, except for
a possible Quga Formation in the Zhongba Block. In contrast
to the absence of the Guadalupian Series, the Lopingian
strata are widely developed in southern Tibet, represented by
the Qubu and Qubuerga formations at the Qubu and Tulong
sections in Mt. Qomolangma area and the Selong Group in
the Selong Xishan section in the Nyalam area. On the basis
of the brachiopods and conodonts, the Lopingian is sug-
gested. Similar brachiopods were reported from the upper
Mangzongrong Formation in southern Nagri area and the
Baidingpu Formation in the Kangma area as well as the
Qubuerga Formation and the Selong Group (Figure 2).

2.7 Exotic limestone blocks within the Yarlung Zangbo
suture zone

2.7.1 Lithostratigraphy

A series of Permian exotic limestone rock units of different
sizes are scattered in the Yarlung Zangbo suture zone. From
west to east, they were called the Gyanyima limestone block
in Burang County, the Lasaila and Gaqoi limestone blocks in
Zhongba County, and the Xiukang limestone block in Lhaze
County, and were collectively known as the “Tibetan facies”
(Diener, 1903; Yin and Guo, 1976; Lys et al., 1980; Yin,
1997; Shen et al., 2003a) or Chitichun-type deposits (Shen et
al., 2003b). The Gyanyima limestone block in the western
part of the suture zone consists of well-exposed
Guadalupian-Lopingian carbonate sequences, which are di-
vided into the Xilanta and Gyanyima formations (Wang et
al., 1988). The Xilanta Formation is dominated by bluish-
white medium-bedded limestone with basalt interlayers in
the middle, and rich in compound corals, brachiopods, fu-
sulines and foraminifers. The overlying Gyanyima Forma-
tion is divided into two parts. The lower part is dominated by
reddish-purplish medium- to thick-bedded limestone with
basalt units in the middle, and the upper part is represented
by the blue-gray thin- to medium-bedded limestone rich in
compound corals, brachiopods, fusulines, and foraminifers
(Zhang et al., 2009; Zhang, 2010; Wang et al., 2019; Shen et
al., 2010; Zhang and Wang, 2019). The Gaqoi limestone in
the Zhongba area is outcropped as a small isolated hill and
composed of pale red micitic limestone. The Lasaila lime-
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stone consists mainly of breccia, pale gray massive bioclastic
limestone, siliceous rock, and reddish limestone, with a
thickness of about several hundred meters. It gently overlies
the Jurassic reddish andesite and gray-black shale in the form
of fault blocks. Both the Gaqoi and Lasaila limestone blocks
are rich in brachiopods (Jin and Sun, 1981). The Xiukang
limestone blocks are composed of gray and purplish lime-
stones with poor beddings. They are covered by the Triassic
limestone and shale in the south and are in fault contact with
the Jurassic sandstone and shale in the north. There are
abundant brachiopods in the Xiukang limestone blocks
(Shen et al., 2003c; Figure 2).

2.7.2 Biostratigraphy and chronostratigraphy

The exotic limestone blocks within the Yarlung Zangbo su-
ture zone usually contain rich fusulines, foraminifers, corals,
and brachiopods (Wang et al., 1981; Shen et al., 2003b,
2003c, 2003d, 2010; Wang and Ueno, 2009; Wang et al.,
2010; Zhang et al., 2009), and some yield ammonites (Sheng,
1984). Conodont fossils are rare in these exotic limestone
blocks, and only a few juvenile specimens of Clarkina were
reported from the reddish limestone of the Gyanyima For-
mation. However, abundant conodonts suddenly occur at the
top of the Permian and the base of the Triassic, including
Hindeodus parvus, Clarkina carinata, and C. planata (Shen
et al., 2010; Figures 3, 5).

Fusulines are also relatively abundant in the exotic lime-
stone blocks. Among them, the Xilanta Formation of the
Gyanyima limestone block and the Lasaila limestone block
in Zhongba County contain fusulines Neoschwagerina,
Chusenella, Yangchienia, Nankinella, Kahlerina, and Lant-
schichites, which were named the Neoschwagerina fusi-
formis-Lantschichites minima assemblage, indicating a
Capitanian age (Wang et al., 1981; Zhang et al., 2009). And
the associated foraminifers are represented by the Lysites
biconcavus-Neoendothyra reicheli Assemblage (Zhang and
Wang, 2019). The Lopingian foraminifer faunas were widely
reported in Ladakh of India, the Gyanyima Formation in the
Gyanyima limestone block and the Gaqoi limestone, and are
represented by the Changhsingian Reichelina pulchra-Co-
laniella  parva-Dilatofusulina  orthogonios Assemblage
(Wang et al., 2010; Figure 3).

The Guadalupian brachiopod fauna in the exotic limestone
blocks was reported from the Xiukang limestone in the
Lhaze area, the Lasaila and Gaqoi limestones, and a collec-
tive Tramsennatia-Urushtenoidea-Comuquia assemblage
was described on the basis of some common characteristic
elements (Jin and Sun, 1981; Shen et al., 2003d). The Wu-
chiapingian brachiopods, namely, the Martinia elegans-Ji-
nomarginifera  lhazeensis-Zhejiangospirifer  giganteus
assemblage, were reported in the limestone blocks at
Zhongbei in Lhaze County (Shen et al., 2003c). And some
brachiopods have also been found in the Gyanyima lime-
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stone, such as Permophricodothyris elegantula-Edriosteges
poyangensis and Waagenoconcha purdoni-Linoproductus
lineatus assemblages, and indicate a Changhsingian age
(Shen et al., 2010; Figure 4).

On the basis of the fusulines and brachiopods above, the
reddish or gray exotic limestones within the Yarlung Zangbo
suture zone did not appear until the Guadalupian. The for-
aminifers from the Xilanta Formation in the Gyanmyima
area, the Xiukang limestone in the Lhaze area and the Lasalia
limestone in the Zhongba area all indicate a Capitanian age.
The Changhsingian fusulines are reported from the Gya-
nyima Formation (Wang et al., 2010; Shen et al., 2010) and
the Gaqoi limestone (Wang et al., 1981).

3. Permian sequences in the surrounding areas
of the Qinghai-Tibetan Plateau

3.1 Salt Range, Pakistan

The sections outcropped in the Salt Range of Pakistan (Pa-
kistan-Japanese Working Group, 1985; Wardlaw and Pogue,
1995; Shen et al., 2003e; Mertmann, 2003; Rahman et al.,
2022; Figure 7) provide the best correlation scheme between
the local Permian strata and the different tectonic blocks of
the Qinghai-Tibetan Plateau. The Cisuralian (Nilawahan
Group) is about 350 meters thick (Ghazi et al., 2012; Ali et
al., 2021), and can be correlative with the lower Cisuralian
glacial deposit in various tectonic blocks of the Qinghai-
Tibetan Plateau. The Nilawahan Group is divided into four
formations, of which the Tobra Formation is the lowermost.
It unconformably overlies the Cambrian strata, and consists
mainly of glacial and alluvial deposits containing Gondwa-
nan flora such as Gangamopteris, Glossopteris, etc. The
Tobra Formation was assigned to the Cisuralian (Asselian).
Overlying the Tobra Formation is the Dandot Formation, a
unit representing deposition of marginal marine environment
and containing Furydesma and Conularia. A marine re-
gression occurred above the Dandot Formation, with the
deposition of the Warchha alluvial sandstone. These alluvial
deposits are probably the Artinskian but lack fossil evidence
for this age determination. The Sardhai Formation was de-
posited during the following transgression, and thus re-
presents the Kungurian deposition (Ghazi et al., 2012, 2015;
Figure 7).

The overlying strata above the Nilawahan Group in the
Gondwana region is known as the Zaluch Group in the Salt
Range. The basal Amb Formation consists of shale, sand-
stone, and limestone, and contains the fusulines Mono-
diexodina (Douglass, 1970) and Codonofusiella laxa
(Pakistan-Japanese Working Group, 1985). Wardlaw and
Mei (1999) reported a complete conodont succession in the
Guadalupian-Triassic sequence in the Salt Range, which is
consistent with those of South China. However, these con-
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odonts have never been illustrated. A large number of sam-
ples were collected by us from the Salt Range during the past
years, but the results didn’t confirm this conodont succes-
sion. The latest research on foraminifers shows that the Amb
Formation contains the Geinitzina araxensis assemblage,
and its age was assigned to the Wordian age on the basis of
the co-occurring conodont fossils (Wardlaw and Mei, 1999).
However, it is actually difficult to confirm this age since the
derived conodonts such as Vjalovognathus, Merrellina, and
Hindeodus cannot provide a precise age constraint. In fact,
the Monodiexodina fauna of the Amb Formation is generally
considered to be prevalent during the Artinskian and Kun-
gurian in the southern hemisphere (Ueno, 2006). Therefore,
the age of the Amb Formation is likely to be earlier than the
Wordian, and more detailed research is neccessary to de-
termine a more precise age for this formation.

The Wargal Formation is composed primarily of limestone
and has a distinct contact with the underlying Amb Forma-
tion. The lower part contains fusulines Neoschwagerina aff.
margaritae and Chusenella sp., corals Iranophyllum sp. and
Wentzelella sp. (Pakistan-Japanese Working Group, 1985),
and the foraminifer Baisalina pulchra assemblage (Rahman
et al., 2022). Therefore, it is clearly the Guadalupian, ap-
proximately equivalent to the Maokou Formation in South
China. In the lower and middle parts of the Wargal Forma-
tion, there is a thin-bedded dolomite unit with abundant
halite pseudomorphs and rare fossils, which may represent
the response to the worldwide regression near the end of the
Guadalupian. The upper part of the Wargal Formation is
composed primarily of reddish limestone and contains nu-
merous warm-water fossils including the fusuline Nanlin-
gella simplex or Codonofusiella schubertellinoides zones,
the coral Waagenophyllum indicum Zone, and numerous
foraminifer Colaniella minima (Pakistan-Japanese Working
Group, 1985; Rahman et al., 2022). Although the fusulines
indicate the Wuchiapingian age, no conodont fossils have
ever been recovered throughout our investigations.

The top of the Wargal Formation, which is characterized
by rippled limestone known as the Kalabagh Member, yields
abundant brachiopod fossils including Oldhamina and
Waagenoconcha. Both the overlying Chhidru Formation and
the uppermost Wargal Formation contain ammonoid Cyclo-
lobus, indicating approximately the Wuchiapingian-
Changhsingian boundary interval. The Chhidru Formation
contains relatively few fossils in the upper part and is topped
with the White Sandstone Unit containing numerous gas-
tropods. Although no age indicative fossils have been found,
the White Sandstone Unit represents deposits during the
worldwide end-Permian regression, and similar deposits
have been documented at the base of the Waagenites Unit at
the Selong Xishan section in Tibet (Shen et al., 2006) and the
Clarkina yini Zone in South China (Yin et al., 2014). Nu-
merous investigations have been conducted on the Permian-



Shen S Z, et al.

Sci China Earth Sci

April (2024) Vol.67 No.4

1127

Magnetic Eastern Myanmar, ; :
A . : . . b Canning Basin,
(NEI;:) Series/stage polarity Salt Range, Pakistan Karakoram Southeast Pamir Southern and western WestemgAustraIia
units Thailand
i i s
Triassic Le S ¢ | Otoceras sp.
oo |LT1n MS5N H. parvus i ‘ 5
) - 12— White Sandstone Bed . N Spinomarginifera
Changhsingian Vjalovognathus C. changxingensis . Palaeofusull[':ra aff.
c [—254.14+0.07 I3 Cyclolobus = Clarkina subcarinata uE_ fusiformis '
s g O < A4 T t = £
=) g 3
2 . - 12 =
5 < Colaniella minima % ® < g Waagenoconcha
S Wuchiapingian |85 Nalingella simplex = . L < s 2
= = B Clarkina orientalis o = . ®©
= Waagenophyllum = = dolomite I | Cyclolobus
= indicum Vv . . =
@a = Clarkina subcarinata o
+—259.51+0.21 T— = - =
s o Jinogondolella 5 0
S i o Iranophyllum . altudaensis = S
= g = £ J. postserrata g o
i =
Capitanian §, fay GUsn e - Lepidolina = Shanita G
ols ° = Yabeina 5 fauna @ 2
g C 6 5 S 5 =
C m—— Neoschwagerina < £ 2 o
—264.28 + 0.16 £ ‘<§ aff. margaritae E 8 - 2| 3
' 2| cun E Chusenella sp. < Mespgpn dqlella g (% 8
Wordian o siciliensis, o
© Gu1 ?Lantschichites Sweetognathus g S
. |— 266.9 0.4 — = Codonofusiella 1z fvdinf;japi}meza subsymmetricus = £ 267.04+0.14 Ma
K] laxa = Golusiiinelia Armenina < | Eopolydiexodina | | -
= ] gy — = N ' ] s P 3| E| 268.0720.09 Ma
K - ) © Elivina chapursani- Neoschwagerina = ¥| 269.02+0.13 Ma
Roadian |5 £ s et simplex = S| 269.25:0.05 Ma
Q = Vjalovognathus G LD () £
= - bl: :
E o 3| g gfossemheee £ Mesogondolella S =
3 2 3 g '-; idahoensis 2
= Monodiexodina 28 e S%ezghfrz‘?ﬁs E
27301£0.144— S fauna 38 9 || Sl <| Monodiexodina
a 8 o | Mesogondolella | 5 % D fauna Mesogondolella
5| ‘é’ 2 Ll E E idahoensis
8l S Sweetognathus | < Misellina termieri 3 Vjalovognathus
2| 2 = E’ = afwniel v Cancellina =| Mesogondolella shindyensis
S| 2| cin Ylss idah .
> o
& &’ 2 § § E Sweetognathus Vjalovognathus
— < g,§ guizhouensis nicolli £
Kungurian £ g s Vjalovognathus I
o w 2Q : shindyensis =
c| € s £ §
© = 5 =
= o Hindeodus sp. . 2 . i =
:g & Fenestella uE. B Spinomartinia =
S w spiriferids N g S | Mesogondolella bisselli fauna 8
=) S| o N Neostreptognathus z
E = exsculptus =
o
= Monodiexodina shiptoni | (5
- S 7] o
283.5+06 « Orthothetina Chalaroschwagerina, |~
convergens- - s
- E Aldina exilis assemblage| E S
5] o o
ey £ = % E Gt . -E basalts =
Artinskian k=) o[ £ | alluvial deposit S | Chalaroschwagerina | -Z 2
5 (G I S | Pseudofusulinalina » e 2
a el s \Y X 2
5|2 g .8
© ko =%
. [
= = x o ©
G (i 2 oo
= - = Pseudofusulina - o
e = = 5
E'J = Adetognathus E Mesogondolella A = wagzgtgrgﬁéhus
3 Eurydesma - paralautus = monstra £ | Mesogondolella
2 fauna 2 ke Streptognathodus sp., 2 bissell
a Hunzina electa Zone Sw. cf. merrilli A 3
Q
. A Eurydesma o Band?arﬁﬁguclus §
& € fauna ) = (O]
| Ganggamopteris = = g = e
— i c
3 2 || e £ | Trigonotreta lyonensis- > A o s fauna
2, (= £ |Punctospirifer afghanus % = O
< A 2 assemblage 2 =) A
. . . 2 &
ik R - 2 K
Carboniferous Cambrian

Figure 7 Lithostratigraphy, biostratigraphy, and correlation of Permian System in the surrounding area of Qinghai-Tibetan Plateau. Background colors see
explanation in Figure 2. The references are: Salt Range, Pakistan: Pakistan-Japanese Working Group (1985), Wardlaw and Pogue (1995), Wardlaw and Mei
(1999), Shen et al. (2003e), Mertmann (2003), Ueno (2006), Ghazi et al. (2012, 2015), Ali et al. (2021), Rahman et al. (2022); Karakoram: Gaetani et al.
(1995), Angiolini (1995), Angiolini et al. (2005); Southeast Pamir: Grunt and Dmitriev (1973), Grunt and Novikov (1994), Kozur (1994), Leven (1998),
Angiolini et al. (2015), Chernykh et al. (2020); Eastern Myanmar, Southern and western Thailand: Bronnimann et al. (1978), Waterhouse (1981), Waterhouse
(1982), Shi and Archbold (1995), Ueno (2003), Chaodumrong et al. (2007), Win et al. (2011), Yuan et al. (2020), Huang et al. (2020), Zhang Y C et al.
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Triassic boundary in the Salt Range, Pakistan. On the basis of
the FAD of Hindeodus parvus as well as the carbon isotope

chemostratigraphy, the Permian-Triassic boundary is within
the dolomite (Kathwai Member) above the White Sandstone
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Unit (Pakistan-Japanese Working Group, 1985; Schneebeli-
Hermann et al., 2012, 2015; Figure 7).

3.2 North Karakoram, Pakistan

The North Karakoram region of Pakistan is closely related to
the Qinghai-Tibetan Plateau, although it is still a subject of
much controversy in terms of which particular block it
connected to (Gaetani et al., 1995). The base unit of the
Permian sequence in the Baroghil area is called the Gircha
Formation and composed mainly of shale and sandstone with
small pebbles. The middle and upper part of this formation
contains typical Gondwanan cold-water brachiopod and bi-
valve fossils. Fossils found include Eurydesma, Trigono-
treta, Spirelytha, and Tomiopsis, also known as the
Trigonotreta lyonensis-Punctospirifer afghanus Assemblage
(Angiolini, 1995; Angiolini et al., 2005). The Gircha For-
mation represents the cold-water deposits in the northern
margin of the Gondwana during the early-middle Cisuralian,
but lacks typical glacial characteristics. The Lashkargaz
Formation lies above the Gircha Formation, and consists
mostly of shale, sandstone, and limestone. It can be divided
into four parts based on strata sequences. The first part
contains abundant fossils characterized by the brachiopod
Hunzina electa Zone. Typical Gondwana fossils (e.g., Tri-
gonotreta and Cimmeriella) are also present. The conodont
Adetognathus paralautus in this part also indicates an early
Cisuralian age (Sakmarian). Fusuline fossils, mainly Pseu-
dofusulina, begin to occur near the base of the second part,
implying an age from the late Sakmarian to early Artinskian.
The middle of the second part contains a second fusuline
assemblage of the Artinskian age, including Pamirina,
Chalaroschwagerina, and Pseudofusulina, etc. The top of
the second part contains a third fusuline assemblage in-
cluding Darvasites cf. zulumartensis and Pseudofusulina
krafftiformis, which are associated with the brachiopod Or-
thothetina convergens-Aldina exilis Assemblage and Re-
timarginifera praelecta and Magniplicatina cf. inassueta as
well as some other Gondwana type brachiopods. Thus, it is a
transitional fauna with an obovious affinity to the Tethys
warm-water fauna. The base of the fourth part is character-
ized by the brachiopod Waagenoconcha macrotuberculata-
Callytharrella sinensis assemblage, in association with Ve-
diproductus and Enteletes as well as abundant fusuline fos-
sils  including  Parafusuina Misellina
parvicostata, and Pseudofusulina postkrafftiformis. The
third part is characterized by sandstone and no marine fossils
have been reported so far. The top of the fourth part contains
the conodont fossils Mesogondolella idahoensis, M. phos-
phoriensis, and Sweetognathus aff. whitei, etc. Although the
taxonomy of these conodont fossils needs more detailed
study, most species indicate that this part belongs to the
Kungurian (Gaetani et al., 1995), but further study is ne-
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cessary to confirm whether the top of the fourth part contains
the Guadalupian strata. Similar succession also exists at the
Chapursan Section, and the Lupghar Formation is equivalent
to the Lashkargaz Formation in view of fully comparable
fossil succession. Overlying the Laskkargaz Formation is the
Panjshah Formation, which consists mainly of siliciclastic
rocks intercalated with carbonate rock, and can be divided
into two parts. In the lower part, the brachiopods still belong
to the Waagenoconcha macrotuberculata-Callytharrella si-
nensis Assemblage whereas the brachiopod fossils in the
upper part are known as the Elivina chapursani-Chapursania
tatianae Assemblage, which contains a large number of
Tethys warm-water fossils. In addition, fusulines such as
?Lantschichites, Minojapanella, and Neofusulinella were
also associated with these warm-water brachiopods, and in-
dicate a middle or late Guadalupingian age. Above the
Panjshah Formation is the thick dolomite unit named as the
Ailak Formation. In the Chapursan to Shimshal region, the
strata equivalent to the Ailak Formaiton are named the
Kundil Formation, which is composed of thin-bedded lime-
stone with pervasive chert bands/nodules. Fossils contained
in this deep-water facies include fusulines Lepidolina and
Yabeina. The upper part of the Kundil Formation preserves
conodonts Mesogondolella phosphoriesis, Sweetognathus
hanzhongensis, etc., possibly indicating a late Wordian or
Capitanian age (Figure 7).

The Wirokhun Formation in the North Karakoram region
of Pakistan is composed of shale and mudstone interbedded
with limestone layers, and contains the conodonts Clarkina
orientalis, C. subcarinata, and C. changxingensis. Therefore,
it represents the Lopingian Series, including the deposits of
both the Wuchiapingian and Changhsingian stages (Gaetani
et al., 1995).

3.3 Southeast Pamir

Southeast Pamir, located north to the Karakoram Block, is
separated from the latter by the Wakhan-Tirich fault zone
(Angiolini et al., 2013). The faunas and sedimentary se-
quences in Southeast Pamir provide valuable clues in un-
derstanding the evolution of the Cimmerian microcontinents
in the western part of the Qinghai-Tibetan Plateau, and yet
little progress has been made in recent years as limited
fieldwork was undertaken in this region out of security
concerns. Southeast Pamir has long been a classical area for
the establishment of the fusuline-based Permian biostrati-
graphic framework in the Tethys region (Leven, 2003, 2004;
Angiolini et al., 2013, 2015). The Permian system consists of
two different depositional sequences. One is represented by
the Cisuralian Uruzbulak and Tashkazyk formations char-
acterized by cold-water siliciclastic depostis (Grunt and
Novikov, 1994), and the carbonate Kurteke formation of the
upper Cisuralian to Lopingian. The other is represented by
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slope to basinal facies, and consists of the Kochusu, Shindy,
Kubergandy, Gan, and Takhtabulak formations in ascending
order. These formations are composed primarily of bioclastic
limestone, chert limestone, pryoclastic rock, basalt, sand-
stone, and conglomerate, and yield abundant fusulines, am-
monoids, brachiopods, corals, and conodonts. These Permian
strata are key sedimentary sequences for resolving the cor-
relation between the Tethys and the international strati-
graphic frameworks (Angiolini et al., 2015).

The Uruzbulak Formation consists of late Carboniferous
black claystone, siltstone, and bioclastic limestone with a
few cold-water brachiopods, belemnites, and ammonoids.
The overlying Tashkazyk Formation consists of sandstone,
siltstone, and black shale with a thickness of 200-295 m in
the Kastenat Djilga area. This formation contains the am-
monoids Metapronorites sp., Marathonites sp., Emilites sp.,
bivalves Pseudomyalina sp., Megadesmus sp., and abundant
cold-water brachiopods including Spirelytha, Tomiopsis, and
Trigonotreta (Grunt and Dmitriev, 1973). A recent study
showed numerous conodont fossils at about 100 meters be-
low the top of the Uruzbulak Formation, including Meso-
gondolella monstra, Streptognathodus sp., Sweetognathus
bucaramangus, S. cf. merrilli, S. cf. behnkeni, and S. whitei.
Among them, Mesogondolella monstra has been designated
as the index species for the base of the Sakmarian stage
(Chernykh et al., 2020). It is therefore suggested that the
upper part of this formation belongs to lower Cisuralian,
possibly Asselian to lower Sakmarian (Angiolini et al.,
2015). The occurrence of S. whitei, an early form in North
America (Lucas et al., 2022), further demonstrates that there
are significant differences in depositional sequence and
faunas between Southeast Pamir and Gondwana.

The Tashkazyk Formation is overlain by the Shindy and
Kochusu formations. The former is composed mostly of
basalt and the latter primarily of sandy limestone. These two
formations represent either coeval deposits of different facies
or superimposed relationship. Fossils contained within the
Kochusu Formation include fusulines and two conodont
faunas. Fusulines include Monodiexodina shiptoni, Chalar-
oschwagerina, Darvasites, and Leeina. The conodont fauna
is represented by Mesogondolella bisselli, M. shindyensis,
Neostreptognathus exsculptus, and transitional elements of
N. pequopensis in the lower member; and Pseudohindeodus
nassichuki, Rabeignathus bucuramangus, Sweetognathus
guizhouensis, and Vjalovognathus shindyensis in the upper
member of this formation (Kozur, 1994). The age of these
faunas is the Bolorian, which approximately corresponds to
the late Artinskian and early Kungurian (Angiolini et al.,
2015; Gaetani and Leven, 2014). It is still unknown if the
early Artinskian strata in this area are present or not. The
Kubergandy Formation overlies the Kochusu Formation, and
is named the Kubergandian Stage. The Kubergandy For-
mation contains the fusulines such as Misellina termieri,
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Neofusulinella ex gr. giraudi, Parafusulina cf. dzamanta-
lensis, Yangchienia cf. compressa, and primitive species of
Cancellina. Associated conodonts include Mesogondolella
idahoensis, M. lamberti, M. siciliensis, M. pingxiangensis,
Pseudohindeodus ramovsi, Sweetognathus fengshanensis,
and Sw. subsymmetricus. There is disagreement with respect
to the identification of these conodont fossils on species le-
vel, but the overall assemblage suggests a late Kungurian
age, and the top part of the Kubergandy Formation may
belong to the earliest Roadian. The Gan Formation lies above
the Kubergandy Formation, which consists mostly of bio-
clastic limestone, siliceous rock, and shale, and contains
multiple layers of volcanic ash. It is abundant in fusulines,
foraminifers, and algae fossils. Fusulines in the Gan For-
mation include Armenina, Presumatrina, Verbeekina, and
Neoschwagerina simplex in the middle part, ancestral Ya-
beina species in the upper part, and Lantschichites,
Neoschwagerina, and Yangchienia in the gravels. Conodont
fossils include Mesogondolella pingxiangensis, M. sici-
liensis, and the transitional elements of Sweeetognathus
guizhouensis-S. subsymmetricus. The topmost part of this
formation also contains the Capitanian Jinogondolella altu-
daensis and J. postserrata. Thus, the Gan Formation may
span from the upper Kungurian to the Capitanian Stage
(Angiolini et al., 2015).

The Takhtabulak Formation, which lies above the Gan
Formation, consists mostly of dark green volcanic breccia
sandstone and hosts a great number of warm-water bra-
chiopods (Grunt and Dmitriev, 1973). The base of this for-
mation contains fusulines and foraminifers such as
Colaniella parva and Palaeofusulina aff. fusiformis (Leven,
1998). Kozur (1994) reported the conodont Clarkina sub-
carinata in the upper part of this formation, suggesting that
the Takhtabulak Formation may belong to the Changhsingian
Stage or the undifferentiated Lopingian Series (Figure 7).

3.4 Eastern Myanmar and Western and Southern
Thailand

The eastern Myanmar and the western and southern regions
of Thailand have long been considered an integral Sibumasu
Block (Metcalfe, 2021). However, recent studies suggest that
glacio-marine depositional sequence from the eastern and
western region of the block shows a sharp difference, and
two new terranes, the Irrawaddy Block (western part) and the
Sibuma Block (eastern part) were introduced. According to
Ridd (2016), the Irrawaddy Block encompasses the Phuket-
Slate Belt of Myanmar and Thailand whereas Shan Plateau
of Myanmar and the western region of Thailand are included
in the Sibuma Block.

The Cisuralian in Phuket terrane of southern Thailand is
referred to as the Phuket Group, and consists of a thick
succession of glacio-marine deposits. Glacio-marine depos-
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its in the lower part is characterized by pebbly mudstone and
diamictites, with dropstone as well. Fossil are rare except for
a few brachiopod fragments such as Spinomartinia sp., and
Costatumulus sp. The upper part, approximately 200 m
thick, consists of mudstone, thick-bedded sandstone, and
shale. Brachiopods reported in this upper part include Ste-
reochia koyanensis, Spiriferellina modeta, Spinomartinia
prolifera, Chonetinella andamanensis, Meekella bisculpta,
Demonedys tricorporum, Costatumulus sp., Marginefera sp.,
and Cleiothyridina seriata, and indicate an age ranging from
the Sakmarian to Artinskian (Chaodumrong et al., 2007).
The coeval Cisuralian in western part of Thailand is called
the Kaeng Krachan Group, with deposits not showing typical
glacio-marine features. This group is composed of mudstone,
silty mudstone interbedded with occasional sandstone and
diamictites. Fossils are abundant and represented by the ty-
pical cold-water Bandoproductus fauna (Waterhouse, 1982).
Common taxa include Spirelytha and Sulciplica, and are
assigned to the Asselian and Sakmarian ages. The upper part
of the Kaeng Krachan Group is known as the Ko Yao Noi
Formation, and contains the Spinomartinia prolifica fauna.
Common species include Retimarginifera alata, Stereochia
koyaoensis, Vediproductus dissimilis, Urushtenia arguta, and
Spiriferella modesta (Waterhouse, 1981; Shi and Archbold,
1995). Equivalent strata in the Slate Belt of Myanmar are
known as the Taungnyo Group, which contains a diverse
Spinomartinia prolifica fauna at its top, and the late Kun-
gurian conodonts Mesogondolella idahoensis and Vjalo-
vognathus nicolli. Hence, the age of this group seems
substantially younger than previously recognized (Yuan et
al., 2020; Xu et al., 2021).

The sedimentary succession above the Cisuralian silici-
clastic rock in the Phuket-Slate Belt of Myanmar-Thai region
is composed mainly of limestone. In the Phuket Belt of
Thailand, this is represented by the Ratburi Limestone
whereas in Myanmar, it is known as the Moulmein Lime-
stone, which overlies the Taungnyo Group. The middle part
of the Ratburi Limestone contains fusulines such as Eopo-
lydiexodina afghanensis, Rugososchwagerina sp., Chuse-
nella aff. tumefacta, and Jinzhangia whereas its upper part
contains Reichelina, Nanlingella, and Codonofusiella. The
age of this unit, based on these fossil occurrences, is assigned
as the Guadalupian to Wuchiapingian (Ingavat and Douglass,
1981; Ingavat-Helmcke, 1993; Ueno, 2003).

The northeastern part of the Shan Plateau in Myanmar and
western Thailand were included into the Sibuma Block
(Ridd, 2016). The Permian strata in the northern Shan Pla-
teau are typified by the Thitsipin Formation and Nwabangi
Formation, but lack glacio-marine deposits (Oo et al., 2002).
Diverse plant fossils including Cordaites principalis, Annu-
laria mucronate, Callipteridum cf. koraiense were reported
from the base of the Thitsipin Formation (Zhou et al., 2020),
The Thitisipin Formation is also rich in fusulines, which
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include Eopolydiexodina, Jinzhangia, Rugososchwagerina,
and Chusenella (Huang et al., 2020; Zhang Y C et al., 2020).
It is noteworthy that the Nwabangyi Formation that overlies
the Thitsipin Limestone in Myanmar is characterized by
fragile, dark gray dolomites with rich Shanita but no other
fossils. This well-known foraminfer was assigned to the late
Guadalupian (Bronnimann et al., 1978; Win et al., 2011).
However, this thick unit of dolomite is likely to contain the
Lopingian strata. The field investigations in the Shan Plateau
in eastern Myanmar show that the Lopingian sequence is
characterized by a thick succession of dolomite or oolitic
limestones, and is overlain conformably by the Lower
Triassic gray-white limestone containing abundant ammo-
noids. However, further investigation is required to confirm
the validity of this sucession.

3.5 Western Australia

The Carboniferous-Permian sequence in Western Australia is
distributed mainly in the Canning, Perth, Carnarvon, and
Bonaparte basins. The lower part of the Pennsylvanian is
absent, and glacial conglomerate deposits likely began to
accumulate since the late Carboniferous. This is represented
by the Nangetty Formation of the Perth Basin, the Lyons
Group of the Carnarvon Basin, and the Grant Group and
Paterson Formation of the Canning Basin. Fossils from these
formations include typical cold-water faunas such as the
widely distributed bivalve Eurydesma and the brachiopods
Lyonia, Tomiopsis, and Trigonotreta (Archbold, 1999; Mory
et al., 2008). Sandstone and coal sediment began to accu-
mulate above the glacio-marine deposits in these basins, and
are represented by the High Cliff Sandstone, Irwin River coal
series, and Carynginia Formation in the north Perth Basin,
the Callytharra Formation, Wooramel Group, Byro Group,
and Kennedy Group in the Carnarvon Basin, the Poole
Sandstone, Noonkanbah Formation, and Liveringa Group in
the Canning Basin, and the Kulshill Group and Fossil Head
Formation in the Bonaparte Basin. These strata contain ty-
pical Gondwanan cold-water faunas, including the brachio-
pods Echinalosia, Fusispirifer, and the conodont
Vjalovgnathodus (Nicoll and Metcalfe, 1998; Archbold,
1999; Mory et al., 2008). The most useful fossils for age
determination are the conodonts found in the Callytharra
Formation, including Vjalovognathus australis, Meso-
gondolella bisselli, and Sweetognathus inornatus, indicating
an age from the Sakmarian to early Artinskian. The Coyrie
Formation at the basal part of the Byro Group contains
Vjalovognathus shindyensis, which belongs to the Kungurian
Mesogondolella  idahoensis-Vjalovognathus — shindyensis
Zone. The Wandagee and Coolkilya formations above con-
tain advanced Vjalovognathus, which is considered to be
correlative with the Jinogondolella nankingensis zone (Ni-
coll and Metcalfe, 1998). The Noonkanbah Formation in the
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Canning Basin contains the Artinskian-Kungurian conodonts
Vialovognathus shindyensis and Mesogondolella idahoensis.
The Liveringa Group in the Canning Basin was previously
assigned to the Lopingian. Recently, multiple high-precision
ID-TIMS ages were obtained from the lower part of the
Liveringa Group (the base of Lightjack Formation), with
ages of 267.04+0.14 Ma, 268.07+0.09 Ma (Mory et al.,
2017), and 269.20+0.03 Ma, 269.02+0.13 Ma, and 269.25
+0.05 Ma (Laurie et al., 2016). Radiometric isotopic dating
thus indicates a late Roadian age. The Hardman Formation
consists primarily of sandstone and is rich in brachiopods
represented mainly by cold-water elements (e.g., Waagen-
oconcha). Its age may be the Wuchapingian based on the
occurrence of the ammonoid Cyclolobus. In the Bonaparte
Basin, the equiavlent unit is known as the Upper Marine Unit
(Archbold, 1999). In the Perth Basin, the Changhsingian—
Lower Triassic strata contain organic-rich source rocks
called the Kockatea Shale. The top of the Changhsingian
contains the brachiopod Spinomarginifera, and the base of
the Triassic is composed mainly of mudstone interbedded
with microbialites containing abundant bivalve Claraia and
ammonoids including Arctoceras sp., Proptychites sp.,
Prionites sp., Hemiprionites sp., and Anasibirites kingianus
(Skwarko and Kummel, 1972; Thomas et al., 2004; Shi et al.,
2022). This assemblage suggests that the Tethyan fauna had
invaded into Western Australia as a consequence of the end-
Permian global climate warming (Figure 7).

4. Implications of paleobiogeographical and
paleogeographical evolutions

The Qinghai-Tibetan Plateau recorded the opening and clo-
sures of multiple oceans (including the Paleo-, Meoso- and
Neo-Tethys Oceans) from late Paleozoic to Cenozoic. Evo-
Iutionary histories of these Tethys oceans, and plate sub-
duction, collision, and accretions between European and
Asian blocks thus become the frontier scientific issues
among the global geoscientist community (Stampfli, 2000;
Metcalfe, 2013; Keppie, 2015). The united supercontinent
Pangea evolved to its maximum after collision between the
Gondwana and Laurasia in the Early Carboniferous, making
the Paleo-Tethys Ocean a semi-closed, east-opening ocean.
Meanwhile, a series of continental blocks, including the
Lhasa, South Qiangtang, Baoshan, Tengchong, Karakoram,
Sibuma, and Irrawaddy blocks rifted off from the northern
Gondwana and successively drifted northwards, forming the
Cimmerian microcontinents (Sengdr, 1979; Ridd, 2016).
Recent studies suggest that the paleogeographic evolution of
the Tethys oceans and various blocks assembling the
Qinghai-Tibetan Plateau are much more complex than those
of adjacent regions. On the one hand, the evolutionary his-
tory of the Tethyan oceans include the opening processes of
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multiple paleo-oceans. On the other hand, the separating and
rifting histories of these various blocks, and precise timing of
opening and closure of Paleo-, Meso-, and Neo-Tethys
Oceans remain higly controversial (Golonka and Ford, 2000;
Stampfli, 2000; Muttoni et al., 2003; Metcalfe, 2013; Zhang
et al., 2013a; Shen et al., 2013; Wang et al., 2021; Hu et al.,
2022) (Figure 8).

It is well known that the current global biodiversity pattern
shows remarkable latitudinal distributions (Mannion et al.,
2014; Zhang and Torsvik, 2022). Notably, the temperature
gradient is one of the most crucial factors shaping such la-
titudinal distribution of organisms. In general, low-latitude
regions are characterized by more diverse biotas composed
mainly of tropical and sub-tropical warm-water organisms.
High-latitude and polar regions are dominated by cold-water
organisms with a low biodiversity. A transitional zone be-
tween these two regions usually contains an admixture of
faunas including both warm-water and cold-water organ-
isms. With the the strong influence of continental glaciers in
the northern Gondwana superimposed with the pervasive
latitudinal gradients in the Tethyan region, such phenomenon
was extremely remarkable during the Permian (Shi et al,,
1995; Shi and Grunt, 2000; Shen et al., 2013; Zhang et al.,
2013a; Xu et al., 2022). Before rifting off from the northern
Gondwana, the Cimmerian microcontinents was located in
mid- to high-latitude regions, and contained typical cold-
water fauna that can be correlated with those from Indian and
Australian blocks. When the Cimmerian microcontinents
started to break off from the northern Gondwana, and drifted
northward to the low-latitude regions, its contained fauna
then progressively transformed to those characterized by
warm-water organisms correspondingly. In addition to tem-
perature gradient that governs the latitude distribution of
faunas, geographic isolation and current patterns are also
responsible for the spatial distribution of marine organisms.
In the case of the Lhasa and other Cimmerian micro-
continents, all of them were separately situated in southern
part of the Tethys Ocean, spreading in a northwest-sou-
theast-trending along the margins of northern Indian and
Australian Plate. As such, there was relatively less effect
derived from geographic isolation on faunal compositions of
these blocks. Meanwhile, these blocks were fundamentally
influenced by an identical current pattern. The super-
continent Pangea united during the Carboniferous prevented
a paleoequatorial ocean current from east to the west, which
was divided into two currents flowing along the wesetern
side of the Tethyan Ocean. In the southern hemisphere, the
diverted warm current flew approximately along the peri-
Gondwana margin, and influenced faunal distributions in the
southern part of the Neo-Tethys Ocean. Such effect has been
manifested by the presence of mixed faunas along the
northwestern part of the Indian Plate (e.g., the Salt Range
region in Pakistan; and warm to mixed fauna in the Permian
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Figure 8 Paleogeographic reconstruction maps around the Tethys oceans during the Permian showing the paleogeographic evolution of various blocks in
the Qinghai-Tibetan Plateau. Base map after Wei et al. (2022) and Huang et al. (2018). AF, central Afghanistan; BS, Baoshan Block; IC, Indochina Block; IR,
Iranian Block; IW, Irrawaddy Block; KK, Karakoram Block; LS, Lhasa Block; NC, North China Block; NQ, North Qiangtang Block; SC, South China Block;
SI, Sibuma Block; SP, Southeast Pamir; SQ, South Qiangtang Block; TC, Tengchong Block; HT, Himalaya Tethys Zone.

strata of Oman because these blocks were situated relatively
in the northern part of Gondwana). To the southeast, the well
developed mixed faunas from the exotic blocks and the
Cimmerian continents clearly suggest that both Meso- and
Neo-Tethys oceans had opened after the late Cisuralian.
Otherwise, warm current could not go through between the
Gondwana and the Cimmerian microcontinents. Over the
past twenty years, paleontological and sedimentologic data
have provided remarkable insights into paleobiogeo-
graphical and paleogeographical reconstructions of the
Qinghai-Tibetan Plateau.

4.1 The suture zone of the Paleo-Tethys Ocean

The Qinghai-Tibetan Plateau consists of a collage of blocks
divided by major fault zones or suture zones. These suture
zones, from south to north, include the Yarlung Zangbo, the
Bangong-Nujiang, and Longmu Co-Shuanghu suture zones,

and have been regarded as representing closure of paleo-
oceans (Yin and Harrison, 2000; Kapp et al., 2003; Gehrels et
al.,2011; Panetal.,2012; Wu et al., 2020). The Paleo-Tethys
Ocean lies between the Eurasia and Gondwana continents.
From a paleontological view, the most remarkable difference
between these two continents lies in their obviously differ-
ential paleobiogeographic affinities, especially during the
Assselian to Sakmarian (Early Permian). Continental gla-
ciers were widespread in Gondwana during the early Ci-
suralian (Fielding et al., 2008). The wax of glaciation was
displayed by glacio-marine deposits containing typical,
Gondwana type cold-water faunas in the Himalaya Tethys
Zone, Lhasa, South Qiangtang, Tengchong, and Baoshan
blocks (Liang et al., 1983; Jin, 2002; Zhang et al., 2013a;
Fielding et al., 2008; Figure 9). On the contrary, carbonates
were the dominant sedimentary rocks (e.g., the Licha For-
mation and Changshehu Formation) accumulated in the
North Qiangtang Block from the Late Carboniferous to Ci-
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Figure 9 Dropstone from the Permian strata indicating glacio-marine deposits in the Qinghai-Tibetan Plateau and its surrounding areas. Arrows in photos
show the ice-rafted dropstone. (a) Glacio-marine conglomerate from the Tuotala section in the Duoma area in the South Qiangtang Block. (b) Dropstone from
the Kongshuhe Formation of Cisuralian in Kongshuhe reigon of Tengchong Block (photo courtesy of Hao Huang). (c) Glacio-marine deposit from the
PoindoPoindo Group in Wululong Village of Lhunzhub County, Lhasa Block. (d) Glacio-marine deposit from the Dingjiazhai Formation in Kongsongzhai in
the Baoshan Block (photo courtesy of Xiangdong Wang). (¢) Glacio-marine conglomerate from the Lower Permian Nilawahan Group in Salt Range of
Pakistan. (f) Glacio-marine deposit from the Lower Permian Taungnyo Group at Mawachi section, Irrawaddy Block of Myanmar (photo courtesy of Kyi Pyar
Aung). (g) Siltstone with dropstones, Kaeng Krachan Group in Khao Siin Village, southern part of Thailand Peninsula. (h) Glacio-marine conglomerate from
the Cisuralian statra in the Canning Basin, Western Australia.
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suralian, where typical fusuline faunas (e.g., Sphaero-
schwagerina) are widespread in the Asselian or Sakmarina.
As such, the faunal composition was remarkably different
from those in the South Qiangtang and Lhasa blocks, both of
which were parts of the northern Gondwana (Zhang et al.,
2016a). In addition, Gigantopteris flora and fusuline fauna
Palaeofusulina occurred in the Lopingian Raggyorcaka
Formation in the Raggyorcaka area, the Nayixiong, and
Lapuchari formations in the Tanggula area, and the Tuoba
Formation in Qamdo County, suggesting a tropical paleo-
biogeographic affinity (Zhang et al., 2013a; Qiao et al,,
2021). In view of the depositional sequence, the Permian
strata in the North Qiangtang Block preserve alternated ter-
restrial-marine deposits with coal beds. Such sequences
widely occur in the Tuoba, Nayixiong, Lapuchari, and
Raggyorcaka formations and are very similar to the coeval
depositional sequences in the Simao block, but are totally
different from those of the South Qiangtang and Baoshan
blocks (Qiao et al., 2021). Consequently, the stratigraphic
sequences and faunas from both sides of the Longmu Co-
Shuanghu suture zone are fundamentally different. Thus, the
Longmu Co-Shuanghu suture zone represents the remnants
of the Paleo-Tethys Ocean (Li et al., 1987, 1995; Zhang et
al., 2013a, 2016a). Gehrels et al. (2011) suggested that the
North and South Qiangtang blocks may have identical det-
rital source. However, it is worth noting that the sampling
sites once considered within the North Qiangtang Block (e.
g., the western part of Tuohepingcuo area, Gemuri area) in
that paper were actually located at the accretion complex
within the central uplifte belt. Only sampling localites in the
northern part of Raggyorcaka area are representative of the
North Qiangtang Block. Nevertheless, detrital zircon geo-
chronology of the Permian and Triassic sandstones from
these true North Qiangtang Block sites shows mid- to late
Permian age peaks (Gehrels et al., 2011, Liu et al., 2022), and
its pattern is remarkably different from that of the South
Qiangtang Block.

Previous studies suggest that the Longmu Co-Shuanghu
suture zone connects with the Changning-Menglian suture
zone, with the latter representing its southeastern extension
into Yunnan Province. The Changning-Menglian suture zone
separates the Simao Block in the east from the Baoshan
Block in the west. The seamount deposits reported from the
suture zone were dominated by the Carboniferous to Permian
carbonate deposits containing typical warm-water fusulines
(Lan et al., 1983; Ueno et al., 2003). Such depositional se-
quence is in contrast to the Lower Permian glacio-marine
deposits of the Dingjiazhai Formation. Faunas within these
seamount deposits also differ remarkably from those oc-
curred in the Guadalupian Shazipo Formation, which con-
tains an admixture of fauna representative of the Cimmerian
microcontinents. However, some studies also suggested that
the sediments accumulated within the Changning-Menglian
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suture zone represent deposition in a passive continental
margin of the eastern Baoshan Block, and the seamount-type
limestone and ophiolites in this suture probably represent
exotic nappes from the east, and the real Paleo-Tethys suture
is the Lancangjiang suture zone in the east (Ridd, 2015;
Zheng et al., 2021). Glacio-marine deposits also occur in the
Sibuma Block positioned in western side of the Chiang Mai-
Inthanon and Bentong-Raub suture zones in Southeast Asia
(Baioumy et al., 2020). By contrast, in the eastern side of
these sutures, such as Sukhothai island arc and Indochina
Block, the fossils were obviously of the low-latitude warm-
water faunas (Metcalfe, 2021).

As a result of the right-lateral strike-slip of the Karakoram
Fault zone, the western extension of the Longmu Co-
Shuanghu suture zone is difficult to discern. Paleobiogeo-
graphy provides clues on the extension trajectory of this
suture in the western part of the Karakoram fault zone (e.g.,
the Pamir Plateau). First, the small foraminifer Shanita was
reported from the Central Pamir Block (Leven, 1991), which
suggests an obviously Cimmerian paleobiogeographical af-
finity for this block. The North Pamir Darvaz region, how-
ever, contains abundant fusuline faunas from the Cisuralian
to Guadalupian, suggesting a low-latitude paleobiogeo-
graphic characteristic (Leven, 1967; Leven et al., 1992). As
such, the Tanymas suture zone between the North and
Central-Pamir most likely represents the remnants of Paleo-
Tethys Ocean as well, and is equivalent to the Longmu Co-
Shuanghu suture zone. Notably, the alternated terrestrial-
marine deposits that were widely distributed in the North
Qiangtang and Simao blocks have never been reported from
the North Pamir region (Leven, 1967). Hence, the North
Qiangtang and Simao blocks may connect with the Indo-
china Block instead of the Northern Pamir Block in the west
(Qiao et al., 2021).

To sum up, the Longmu Co-Shuanghu suture zone in the
northern part of Tibet may connect with other sutures. Its
southeast extension is represented by the Changning-Men-
glian suture/Lancangjiang suture of Yunnan and the Chiang
Mai-Inthanon and Bentong-Raub suture zones of Southeast
Asia; whereas its west extension is represented by the Ta-
nymas suture of Pamir region. All these sutures most likely
represent the remnants of the Paleo-Tethys Ocean that se-
parates Eurasia from the Gondwana continent, correspond-
ing to some key boundaries of paleobiogeography (Figure 8).

4.2 The opening timing of the Meso-Tethys Ocean
(Bangong-Nujiang Ocean)

The timing when the South Qiangtang Block rifted off from
the northern Gondwana delineats the opening time of the
Meso-Tethys Ocean. In the early Cisuralian, glacio-marine
conglomerates occurred in several blocks such as the South
Qiangtang, Lhasa, Baoshan, Tengchong, and Himalaya Te-
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thys Zone (Figure 9). Similar glacio-marine deposits of the
early Cisuralian age (Asselian to Sakmarian) were also re-
ported from the Karakoram of Pakistan, the Southeast Pamir,
and the Sibuma blocks. Furthermore, fossils from these
marine glacial deposits were represented collectively by the
bivalve Eurydesma and the brachiopods Bandoproductus,
Spirelytha, Puncocyrtella, and Trigonotreta, which are the
typical cold-water elements that can be well correlated with
those from Gondwana. Accordingly, it is inferred that all
these above-mentioned blocks were situated in the northern
Gondwanan margin, and accumulated deposits under the
direct influence of the Late Paleozoic Ice Age (Wang et al.,
2021). It clearly indicates that there was no such an ocean as
the Meso-Tethys Ocean developed during the early Cisur-
alian (Figure 8a).

Widespread carbonate deposits with abundant fusulines
and compound corals started to accumulate in the South
Qiangtang, Baoshan, and Sibuma blocks from the Artinskian
(middle Cisuralian) (Ingavat and Douglass, 1981; Shi et al.,
2011; Zhang et al., 2013b). Meanwhile, warm-water con-
odont species such as Sweetognathus were also documented
from the same interval in the Qiangtang and Baoshan blocks
(Ueno et al., 2002; Ji et al., 2006). The fossil evidence
suggests that there was a rapid paleoclimate warming in
these three blocks after the LPIA (Figure 1). In contrast,
there was only a change in lithology in the Lhasa Block in the
Artinskian, with no records of warm-water faunas. Such
characteristics suggest that warming climate may have not
influenced the Lhasa Block yet during the Artinskian (Figure
8B).

Warm-water organisms such as the fusulines Cancellina,
Neoschwagerina and the brachiopod Vediproductus occurred
commonly in the basal part of the Lugu Formation at mul-
tiple sections from western to central regions of the South
Qiangtang Block (Zhang et al., 2012, 2014a; Shen et al.,
2016; Yuan et al., 2022). Meanwhile, the Kungurian fusu-
lines were found widely in Peninsula Thailand of the Sibuma
block (Ueno et al., 2015). On the contrary, fossils from the
Angie and basal part of the Xiala formations are still char-
acterized by abundant cold-water brachiopods, non-dis-
sepimented solitary corals, and admixture of conodont
faunas but with no fusulines (Zhan and Wu, 1982; Wang et
al., 2003; Yuan et al., 2016). Similarly, in the western part of
the Shan Plateau, the Kungurian strata in the Irrawaddy
block also contain the brachiopod Spinomartinia fauna and
the conodont Vjalovognathus, suggesting similar paleobio-
geographic affinities with the Lhasa Block (Yuan et al., 2020;
Xu et al., 2021). Paleobiogeographic analyses on more than
ten Kungurian-Roadian brachiopod faunas from the northern
Gondwana suggested that the South Qiangtang, Baoshan,
and Sibuma blocks may have drifted to a paleolatitude of 30°
in southern hemisphere. This is because warm-water faunas
from these blocks have strong affinities with those from the
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Cathaysian region. Paleomagnetic evidence documented
from the Guadalupian deposits in the South Qiangtang Block
also supports such drifting processes (Wei et al., 2022). On
the other hand, the Gondwana-type, cold-water speices (e.g.,
Retimarginifera, Spirelytha, Trigonotreta) and the Cimmer-
ian endemic species (e.g., Comuquia, Chonetinella) were
documented from the Lhasa, Tengchong, and Irrawaddy
blocks of Myanmar in the Kungurian-Roadian interval (Xu
et al., 2021). A mixed conodont fauna including Vjalovog-
nathus and Mesogondolella were also characteristic for those
blocks (Yuan et al., 2016, 2020). Thus, the Lhasa, Teng-
chong, and the Irrawaddy blocks of Myanmar were likely
situated in the relatively high latitudinal regions in the south-
hemisphere during the Kungurian. The evidence mentioned
above suggests an allometric northward drifting of these
peri-Gondwana microcontinents. An ocean, namely the
Meso-Tethys Ocean (Bangong-Nujiang Ocean) may have
been developed between the two slices of blocks (i.e., South
Qiangtang, Baoshan, Sibuma blocks of the northern slice,
and Lhasa, Tengchong, and Irrawaddy blocks of the southern
slice) (Xu et al., 2022; see also Figures 2-5; 8b).

Therefore, different paleobiogeographic affinities between
the South Qiangtang and Lhasa blocks started to appear from
the Artinskian. This means that the Cimmerian micro-
contents may have rifted off from the Gondwana since the
mid-Cisuralian (Sakmarian-Artinskian). The difference in
faunal composition between the South Qiangtang and Lhasa
blocks in the Kungurian suggested there were obvious dif-
ferent paleolatitude settings between them. Such latitudinal
discrepancy may represent the width of the Bangong-Nu-
jiang Ocean. This recognition has been supported by paleo-
magnetic studies as well (Cheng et al., 2015; Zhou et al.,
2016; Wei et al., 2022). As such, the opening of the Bangong-
Nujiang ocean started from the Artinskian, which is closely
linked with the drifing of the South Qiangtang, Baoshan, and
Sibuma blocks off the northern Gondwana. Widespread ba-
salt eruptions in the northern part of India, Himalaya Tethys
Zone, South Qiangtang, and Baoshan blocks may have re-
sulted in the rifting of a passive continental margin (Garzanti
et al., 1999; Shellnutt et al., 2014; Liao et al., 2015; Dan et
al., 2021). The rifing of the South Qiangtang Block also
changed its detrital province, with detrital zircons coming
from the South Qiangtang Block instead of the Gondwana
continent (Fan et al., 2021; Figure 8).

The timing of appearance of warm-water faunas in various
blocks may indicate that the blocks in the western part of the
Tethys Ocean that drifted northward together with the South
Qiangtang block may also include Central-Iran, Pakistan-
Karakoram, and possibly Southeast Pamir and Central Pamir
(Gaetani et al., 1995; Angiolini et al., 2015).

It is also to be noted that ophiolites were widespread along
the Bangong-Nujiang suture zone (e.g., Qu et al., 2010;
Zhong et al., 2017). Ophiolites along the southwestern part
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of Yunnan Province, however, remains to be investigated.
Liu et al. (2016) asserted that the Myitkyina ophiolite zones
possibly represent the southern extension of the Bangong-
Nujiang suture zone. Nevertheless, the Gualalupian fusuline
faunas from Shan Plateau are close in compositon to those
from the Baoshan Block, implying the Gaoligongshan shear
zone and its southward extension in Myanmar most likely
represent the southern extension of the Bangong-Nujiang
suture zone (Zhang Y C et al., 2020). Recent geophysical
studies contented that an east-west subduction zone may
exisit in the western bounded area of Shan Plateau in Man-
dalay (Yang et al., 2022). Although it was interpreted as
representing the northward subduction of the Neo-Tethys
Ocean, its geographic location corresponds exactly to the
diving boundary between the Irrawaddy and Sibuma blocks
(Ridd, 2016; Xu et al., 2021). Hence, the possibility that this
afore-mentioned subduction zone may otherwise represent
the subduction of the Meso-Tethys Ocean cannot be ex-
cluded.

4.3 Opening time of the Neo-Tethys Ocean

The timing from which the Lhasa Block rifted off from the
northern Gondwana indicates the opening of another ocean,
the Neo-Tethys Ocean. One viewpoint suggests that the
Lhasa Block drifted northward from the Gondwana during
the Cisuralian (Shen et al., 2003b, 2013; Li and Shen, 2005;
Zhang et al., 2013a; Xu et al., 2022). On the contrary, another
point of view suggested that the Lhasa Block did not start to
rift off from the north Gondwana until the Late Triassic
(Muttoni et al., 2009; Metcalfe, 2013; Zhu et al., 2013; Jin et
al., 2015; Meng et al., 2021).

Several lines of evidence from the Permian stratigraphic
and paleobiogeogrpahic records in the Lhasa Block argue
against the view that it had a later drifting history (i.e., since
the Late Triassic) off the northern Gondwana (Figures 25,
8). First, the fossil records of entire Permian in areas such as
the Salt Range of Pakistan in the northern Indian Plate, Hi-
malaya Tethys Zone of southern Tibet, and northwestern part
of Australia were all dominated by the assemblages of cold-
water brachiopod faunas, solitrary corals, and cold-water
conodonts (Waterhouse, 1978; Archbold, 1999; Shen et al.,
2000b, 2003a; Xu et al., 2018; Wang et al., 2021). Although
there were a few fusulines reported in the north Gondwanan
region (e.g., Wargal and Chhidru formations of Salt Range;
the Maubisse Group of Timor Island, northern Austraila), the
diversity is very low and the fusuline fauna overall shows a
Gondwanan cold-water affinity (Pakistan-Japanese Working
Group, 1985; Rahman et al., 2022; Haig et al., 2017). In
addition, the Changhsingian Chhidru Formation in the Salt
Range of Pakistan still contained abundant cold-water bra-
chiopods and conodonts. On the contrary, carbonate deposits
began to accumulate predominantly in the Lhasa Block from

late Kungurian, and contained a few warm-water conodonts
such as Mesogondolella (Figures 3-5). Although there was
still obvious difference in fauna compositions between Lhasa
and South Qiangtang blocks during this time, the presence of
sporadic warm-water faunas in the Lhasa Block implies that
there was a gradual transformation of faunal composition
toward warm-water types since the late Kungurian. In the
Gualalupian, however, the fossil assemblages composed of
diversified fusulines, small foraminifera, compound corals,
and warm-water brachiopods occurred commonly in multi-
ple regions of eastern and western part of Lhasa Block (Yuan
et al., 2014; Zhang et al., 2010, 2016b, 2019a; Ju et al.,
2021). As such, there were remarkable differences in faunal
composition between Lhasa and Western Australia after the
late Kungurian. In addition, the Wuchiapingian conodont
Clarkina-Iranognathus Assemblage and the brachiopod
faunas in the Lhasa Block are extremely similar to those in
South China and Tengchong blocks (Yuan et al., 2014; Xu et
al., 2019). Thus, there is a fundamental difference in faunal
compostion between Lhasa and the Salt Rang of Pakistan,
the basins in Western Australia, and the Himalaya Tethys
Zone (Shen et al., 2000b; Ke et al., 2016). Secondly, the
northern part of Western Australia, from north to south,
contained the Timor Island, Canning Basin, south Carnarvon
Basin and Perth Basin, representing an interior rift straddling
from 35° to 55° of southern latitude (Haig et al., 2017). If the
Lhasa Block remains connected with Western Australia (e.g.,
Meng et al., 2021; Metcalfe, 2021), similar depositional se-
quences and faunas would have been developed between the
two before the Late Triassic. However, the Lhasa Block is a
relatively stable terrane in terms of Permian stratigraphy
(Zhang et al., 2013a, 2019b; Ju et al., 2022b). The Cisuralian
Angie and Wululong formations are all characterized by
mudstone and shales alternated with bryozoan limestone.
From the Roadian, the Xiala and Luobadui formations are
dominated by bioclastic limestone. Such depositional se-
quence can be correlated between different parts within the
Lhasa Block, but is very different from that in Western
Australia. Thirdly, the exotic limestone blocks within the
Yarlung Zangbo suture zone also provides strong evidence
indicating the primitive rifting of the Neo-Tethys. Some
studies suggest that depositional processes of the exotic
limestone were often influenced by input of terrigenous
clasts (Jin et al., 2015). These authors thus suggested that
these exotic limestone blocks were originally deposited in
the peri-Gondwanan environment such as the Lhasa Block
(Jin et al., 2015). However, depostional sequence combined
with paleobiogeographic evidence derived from these exotic
limestone blocks implies that they are more likely re-
presenting seamount deposit in the Neo-Tethys Ocean
(Zhang and Wang, 2019; Fan et al., 2023). For instance, both
the Lasaila and Gyanyima limestones contain abundant
warm-water faunas. Specifically, the Lasaila limestone
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contains the Guadalupian fusulines such as Neoschwagerina,
Verbeekina, Kahlerina, Yangchienia, and Verbeekina (Wang
et al., 1981). The Xilanta Formation in the Gyanyima lime-
stone block contains the fusulines Neoschwagerina, Chuse-
nella, and Veeberkina, etc. (Zhang et al., 2009). The
Lopingian limestones (e.g., the Goqoi limestone, Gyanyima
limestone) also contain abundant fossils consisting of warm-
water brachiopods and foraminifers (Wang et al., 1981;
Wang et al., 2010; Shen et al., 2010). Obviously, the Lo-
pingian warm-water faunas within these exotic limestone
blocks are very different from those in Himalaya Tethys
Zone and the Salt Range, Pakistan. In addition, those exotic
limestone blocks were embedded in the Yarlung Zangbo
suture zone mélange (Cai et al., 2012), and often contain
mafic volcanic rocks (Wang et al., 1988; Shen et al., 2003d,
2010; Fan et al., 2023). As such, the exotic limestone blocks
are most likely formed in a seamount depositional setting
(Zhang and Wang, 2019), suggesting that the Neo-Tethys
Ocean had opened before the Guadalupian (Figure 8). Lastly,
recent studies have found that a typical small foraminifer
assemblage Shanita-Hemigordiopsis is commonly present in
the Lhasa, Tengchong, Baoshan, South Qiangtang, Central
Pamir and South Afghanistan blocks. Its distribution in these
blocks implies a direct control from current patterns. Ob-
viously, the ocean currents across the Neo-Tethys Ocean may
have controlled the distribution of this small foraminifer
assemblage (Ju et al., 2021).

In summary, the Permian depositional sequences and pa-
leobiogeographic evolution of the Lhasa Block are re-
markably different from those in the northern Gondwana
(e.g., Himalaya Tethys Zone, Western Australia). Further-
more, the presence of Guadalupian to Lopingian seamount
deposits as well as the evidence from ocean current pattern
implies that the Neo-Tethys Ocean had opend at no later than
the Kungurian (Cisuralian). Except for the evidence men-
tioned above, the Middle Triassic (Anisian) radiolarians in-
cluding Triassistephanidium laticorne, Eptingium manfredi,
Triassocampe deweveri, and Pseudostylosphaera coccostyla
have recently been reported from the Yarlung Zangbo suture
zone, suggesting that deep marine deposits have been accu-
mulated in the Neo-Tethys Ocean (Chen et al., 2019). Fur-
thermore, the Late Triassic granites were frequently reported
from the Gangdese batholith (e.g., Ji et al., 2009; Meng et al.,
2018). Their occurrences are most likely from the subduction
within the Neo-Tethys Ocean.

It is particularly notable that the Salt Range in Pakistan, as
a part of the Indian Plate, should have contained cold-water
faunas during the entire Permian. Yet compound corals such
as Waagenophyllum, Iranophyllum, and a few fusulines in-
cluding Neoschwagerina, Chusenella, and Nanlingella oc-
curred in the Wargal Formation in the Salt Range, all
representing warm-water speices. Presence of warm-water
species in the Salt Range does not mean it once rifted off the

northern Gondwana together with the Cimmerian micro-
continents, but rather because the Indian Plate spread
northwest-southeastly, resulted in the western parts (such as
Salt Range) being at relatively lower paleolatitude regions.
This is why the Guadalupian and Lopingian strata contained
warm-water faunas in the Salt Range, Pakistan. Similar pa-
leontological features have also been reported from Iran and
Oman (Viaretti et al., 2021, 2022). From a paleobiogeograpic
view of point, warm-water species contained in these areas
were essentially different from those in the Cimmerian mi-
crocontinents, reflecting the complex paleogeographic fra-
mework of the northern Gondwana (Figure 7).

Additionally, it has been suggested that there was another
ocean (Sumdo Ocean) between central and south Lhasa re-
gions, as indicated by the discovery of the Guadalupian
eclogites (Yang et al., 2009; Cheng et al., 2012). Sumdo
Ocean was suggested to represent the southern branch of the
Paleo-Tethys Ocean (Wang et al., 2022). The evolution of
this ocean has been debated hotly, which focuses mainly on
the timing of subduction (early versus late Permian), and the
closure time (middle Permian versus Late Triassic) (Cheng et
al., 2012; Xie et al., 2021; Wang et al., 2022). Stratigraphic
and paleontological evidence discussed above provides an
insight into the evolution of the Sumdo Ocean. First, marine
glacio-marine deposits were predominantly preserved in the
Lagar Formation and Poindo Group in Central Lhasa Block,
suggesting the influence of northern Gondwana glaciers. In
other words, the Sumdo Ocean might not exist. Secondly, the
commonly occurred Guadalupian to Lopingian carbonate
deposits with warm-water faunas in the central Lhasa Block,
as well as the Neo-Tethys Ocean current patterns and the
discovery of Middle Triassic radiolarians, all imply that the
southern Lhasa Block had drifted away from the northern
Gondwana before the Guadalupian. Hence, even if the
Sumdo Ocean existed, it may only represent a small, limited
ocean basin.

5. Paleoclimate change and major biotic events

The Carboniferous to Permian is a critical time interval as it
archives a momentous paleoclimatic change from a global
icehouse towards a greenhouse climate. Collison between
Gondwana and Laurasia continents in the Early Carboni-
ferous resulted in the closure of the Rheic seaway, forming
the united supercontinent, Pangea. This supercontinent
blocked the east-west paleoequatorial currents, and formed
a semi-closed Tethys warm pool that opened to the east
only. Such warm pool became a center for energy cycling
between Earth’s interior and surface and biodiversity, and
had a crucial impact on global environments. This is
somewhat comparable to the modern Western Pacific and
Indo-Pacific warm pools (Zhang and Torsvik, 2022). The
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biodiversity and paleoenvironmental changes in the Tethys
warm pool provide informative clues for understanding the
status of our modern ecosystem and global changes. The
various blocks assembling the Qinghai-Tibetan Plateau
were in middle to high latitude regions in the southern
hemisphere during the Cisuralian, and were sensitive to the
changes in paleoclimates and latitudinal temperature gra-
dients. These blocks thus preserved important records of a
seriers of significant biotic/paleoclimatic events that oc-
curred during the Permian.

5.1 Records of the Late Paleozoic Ice Age in the
Qinghai-Tibetan Plateau and adjacent areas

The Late Paleozoic Ice Age began from the Late Carboni-
ferous and reached to its maximum in the Cisuralian (Sak-
marian). Its records were fully preserved in the Qinghai-
Tibetan Plateau. For instance, the Asselian to Sakmarian
(early Cisuralian) strata in several blocks (e.g., South
Qiangtang, Baoshan, Tengchong, Karakoram, Sibuma and
Irrawaddy) consist of glacio-marine deposits with dropstones
(Figure 9). Fossils consist correspondingly of cold-water
fauna represented by the bivalve Eurydesma and the bra-
chiopod Bandoproductus (Figure 4).

Galcio-marine diamictites have been reported from several
blocks of the Qinghai-Tibetan Plateau, which include the
Jilong Formation of Himalaya Tethys Zone (Yin and Guo,
1976), the Lagar Formation and Poindo Group in the Lhasa
Block (Ji et al., 2005; Zhang et al., 2013a, 2013c), and the
Cameng and Zhanjin formations in the South Qiangtang
Block (Liang et al., 1983; Li et al., 2016).

In western Yunnan Province, marine glacial deposits have
been documented from the Dingjiazhai and Kongshuhe for-
mations in the Baoshan and Tengchong blocks respectively
(Jin, 2002). Typical glacio-marine deposits have also been
reported from the Irrawaddy block (e.g., the Mergui group in
western part of the Shan Plateau, the Kaeng Krachan For-
mation in western Thailand, and the Bohorok Formation in
the northeast part of Sumatra (Mitchell, 1992; Ridd, 2016).
Similarly, glacio-marine deposits were also found in the
Bonaparte, Canning, Carnarvon and Perth basins of Western
Australia (Mory et al., 2008; Figure 9).

Glacio-marine deposits were also obiquitously exposed in
the western part of Qinghai-Tibetan Plateau, including the
Tobra Formation in the Salt Range of Pakistan (Ghazi et al.,
2012, 2015), agglomerated slates in Kashmir of India
(Gupta, 1975), the Al Khlata Formation in Oman (Angiolini
et al., 1997). Besides, the Gircha Formation characterized by
pebbly sandstone and shale in the Karakoram Range may
also represent glacio-marine deposits (Angiolini, 1995).

Thus, the Cisuralian glacio-marine deposits were wide-
spread in the north peri-Gondwanan region (Oman, Hima-
laya Tethys zone, and Western Australia) and Cimmerian

microcontinents (South Qiangtang, Lhasa, Baoshan, Teng-
chong, Sibuma and Irrawaddy blocks). With the strong in-
fluence of glaciation, marine organisms from these blocks
were dominated by cold-water brachiopods or bivalves
during the early Cisuralian (Liang et al., 1983; Shen et al.,
2000a; Zhan et al., 2007).

Notably, distribution of glacio-marine deposits may also
be controlled by paleotopography (Isbell et al., 2012). This
may explain the absence of such deposits in the Lagar For-
mation in the western Lhasa Block, the Cisuralian Uruzbulak
and Tashkazyk formations in the South Pamir Block (An-
giolini et al., 2015). Nonetheless, fossils from these blocks
were still characterized by cold-water faunas, showing direct
influence under cold climate that dominated the northern
Gondwanan region (Grunt and Dmitriev, 1973).

5.2 Records of the Artinskian warming event in the
Qinghai-Tibetan Plateau and adjacent areas

One of the most prominent climate changes in the Cisuralian
was the transition from the Late Paleozoic Ice Age (LPIA) to
a greenhouse climate. This climate change, known as the
Artinskian Warming Event (AWE) (Marchetti et al., 2022;
Hou et al., 2023), likely occurred during the Artinskian and
lasted into the Kungurian, during which a persistent green-
house climate prevailed. The occurrence of abundant car-
bonate rocks and warm-water biota in the South Qiangtang,
Baoshan, and Sibuma blocks during the Artinskian was often
interpreted as a consequence of such warming event (Figure
10). Although AWE cannot explain the delayed occurrence
of warm-water faunas in the Lhasa and Tengchong blocks,
the development of carbonate rocks and warm-water faunas
in the northern Cimmerian microcontinent during the Ar-
tinskian was probably driven by the northward drift of these
peri-Gondwana blocks superimposed by a gradual global
warming in the wake of AWE. As the most comparable
climatic warming event with our present global warming, the
AWE has provided an important analog for evaluating po-
tential consequences led by present climate warming. All the
blocks assembling the Qinghai-Tibetan Plateau were located
at the middle to high latitude regions during the Cisuralian.
Therefore, these blocks were sensitive to climate changes
and preserved reliable records of this climate warming event.
The AWE in the Qinghai-Tibetan Plateau is demonstrated
mainly by the replacement of diamictites by thick carbonate
rocks during the middle-late Cisuralian in the South Qiang-
tang, Baoshan, and Tengchong blocks (Figure 10). Asso-
ciated with such change in lithologies are the profound
changes of biotas. For example, the fusulines Pamirina,
Eoparafusulina, and Pseudofusulina, etc., occurred in strata
above the diamictites in the South Qiangtang Block (Nie and
Song, 1983b; Zhang et al., 2013b). Fusulines and conodonts
also appeared in the top part of the Dingjiazhai Formation in
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Figure 10 Carbonate deposits from the Qinghai-Tibetan Plateau and adjacent areas indicating the transition from the icehouse state to the greenhouse state
during the Cisuralian. (a) Carbonate rocks in the Tunlonggongba Formation from the South Qiangtang Block after the LPIA. (b) Carbonate rocks of the basal
Angie Formation overlying the Lagar Formation in the Xainza area of the Lhasa Block. (c) Carbonate rocks of the Urulung Formation overlying the Poindo
Group from the Lhunzhub area of the Lhasa Block. (d) Limestones from the top of the Dingjiazhai Formation at the Woniusi section in the Baoshan Block.

the Baoshan Block (Ueno et al., 2002; Ueno, 2003; Shi et al.,
2011). Similarly, warm-water biota was reported from the
second member of the Lashkargaz Formation in the Kar-
akoram area (Gaetani et al., 1995). Moreover, abundant fu-
sulines were found in the Cisuralian limestone blocks from
southern Thailand and Malay Peninsula (Ingavat and Dou-
glass, 1981).

Massive volcanism during the Artinskian has been pro-
posed as one of the major drivers of the AWE (Hou et al.,
2023). These volcanic activities were represented by the
Panjal Traps in northern India (Shellnutt et al., 2014; Chen et
al., 2023), the Wuoniusi basalt in the Baoshan Block (Liao et
al., 2015), the Tarim LIP (Zhong et al., 2022), the Zaduo LIP
in the North Qiangtang Block (Zhang and Torsvik, 2022).
Eruptions of these Artinskian LIPs can release tremendous
greenhouse gases leading to drastic transition from the ice-
house state to greenhouse conditions (Hou et al., 2023).
However, the detailed process and effects of LIP need to be
further investigated (Figure 11).

5.3 Climate warming in the latest Permian recorded in
the Qinghai-Tibetan Plateau

The end-Permian mass extinction (EPME) was the most
severe catastrophic biological event in the geological history.
Intensive volcanic activities (e.g., The Siberain Traps) during

the Permian-Triassic transition have released vast amounts of
greenhouse gases, and led to a series of lethally climatic and
environmental deteriorations such as a rapid increase of
temperatures (~8—10°C), ocean anoxia and acidifications.
These extreme environmental events have been recognized
as the most probable explanations for the EPME (Joachimski
etal., 2012; Chen et al., 2016, 2020; Shen et al., 2019; Zhang
F F et al., 2020). However, growing evidence suggests that
volcanisms in and around the Tethys Ocean may have also
played a pivotal role in leading to the EPME (Zhang et al.,
2021). Temperature changes inevitably led to latitudinal
shifts of marine faunal communities. When temperature ri-
ses, warm-water organisms in the fauna at low latitude re-
gions tend to migrate towards bipolar regions; contrariwise,
when temperature falls, organisms living in cold-water fauna
of high latitude regions move towards equatorial areas (Shi
and Grunt, 2000; Sun et al., 2012; Bernardi et al., 2018). The
rapid global warming in the latest Permian has been well
recorded by faunal changes in a series of blocks of the
Qinghai-Tibetan Plateau (Shen et al., 2006; Figure 12). For
instance, abundant conodonts and small warm-water bra-
chiopod species suddenly began to appear in the Waagenites
Bed at the Selong Xishan section and the basal part of the
Kangshare Formation at the Tulong section; whereas fauna
in the top part of the underlying Selong Group was still
characterized by typical cold-water brachiopods (Shen and
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Figure 12 Records of rapid global warming and transgression in the latest Permian in the Qinghai-Tibetan Plateau. (a) Selong Xishan section from Nyalam
County, Tibet; (b) Qubu section in the Mt. Qomolangma area, Tingri County, Tibet; (c) Tangla section from Tingri County, Tibet (photo courtesy of Hugo
Bucher); (d) Nammal Road section in the Salt Range, Pakistan; (e) the Wenbudangsang section from Geji County, Tibet; (f) the Permian-Triassic boundary

section in the Gyanyima exotic limestone from Pulan County, Tibet.

Jin, 1999; Shen et al., 2000b, 2001a; Xu et al., 2018). Such
southward expanding event of warm-water faunas has also
typified the Permian-Triassic boundary (PTB) sections in the
Salt Range, Pakistan. The White Sandstone Unit at the top of
the Changhsingian Chhidru Formation contains large pro-
potions of cold-water brachiopods and cool-water conodonts
such as Vjalovognathus and Merrillina (Pakistan-Japanese

Working Group, 1985; Wardlaw and Mei, 1999) whereas the
base of the overlying Mianwali Formation is characterized
by abundant cosmopolitan conodonts and bivalves akin to
the Tethys warm-water faunas. Similarly, a remarkable
change in faunal compostion has also been documented
across the PTB in Kashmir. The top of the Permian Zewan
Formation still contains a large number of Gondwana-type
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brachiopods and lacks conodont fossils, but the basal part of
the overlying Lower Triassic Khunamuh Formation is
characterized by containing abundant conodonts (Nakazawa
et al., 1975; Lyu et al., 2021; Brookfield et al., 2022). In the
Perth Basin of Western Australia, the lower Changhsingian
contains Gondwanan cold-water brachiopods such as Aur-
itusinia, “Cimmeriella”, and Etherilosia, with warm-water
brachiopods (e.g., Spinomarginifera) emerging at the top of
the Permian strata (Thomas et al., 2004; Shi et al., 2022). In
the Gyanyima exotic limestone within the Yarlung Zangbo
suture zone, the Changhsingian Gyanyima Formation con-
tains a highly diverse Lopingian fauna dominated by for-
aminifera, admixture of cold- and warm-water brachiopods,
compound corals, and fewer conodonts. By contrast, in the
basal part of the Lower Triassic, the fauna is characterized by
a rich conodont and bivalves as a result of rapid warming in
the latest Permian (Shen et al., 2010). Thus, there was a rapid
warming event throughout the northern margin of Gondwana
at the end of the Permian, which was marked by the burst of
conodonts and amonoids in the Clarkina meishanensis Zone.
Such warming event has also been indicated by the oxygen
isotope excursion of conodonts from the stratigraphic inter-
vals in other regions such as South China and Iran (Chen et
al., 2016, 2020; Joachimski et al., 2012; Figure 12). With the
rapid pace of this warming event, obviously it was not related
to the drifting-induced temperature changes in these blocks
during the latest Permian.

Another remarkable manifestation of the rapid warming
event at the end of the Permian in northern Gondwana is
rapid transgression indicated by the changes in lithology and
biotas at the top of the Permian (Figure 12). At the Selong
Xishan section, there is a short hiatus between the under-
lying Coral Bed and overlying Waagenites Bed, and the
lithology changes from bioclastic limestones to micrites
upwards (Jin et al., 1996; Shen et al., 2006). At the Tulong
and Qubu sections, the basal limestone unit of the Kang-
share Formation directly overlies the Qubuerga Formation
and contains abundant conodonts and amonoids (Zhang et
al., 2017; Xu et al., 2018; Liu et al., 2020). In the Spiti area
at the northern margin of Indian Plate, the lowest Triassic
limestone directly overlies the Kuling Shale deposits
(Orchard and Krystyn, 1998). In the Salt Range of Pakistan,
the White Sandstone Unit at the top of the Chhidru For-
mation represents deposition of accelerated terrigenous
supply in a global regression. The overlying Kathwai
Member is composed of dolomite and limestone containing
rich conodonts and amonoids, indicating a rapid transgres-
sion starting from the latest Permian (Mertmann, 2003).
Such corresponding changes in lithologies as a result of
rapid transgression have also been recorded in the Gyanyi-
ma section in the Yarlung Zangbo suture zone and the
Wenlongdangsang PTB section in the Lhasa Block (Shen et
al., 2010; Wu et al., 2014), which are comparable to those
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from South China and other parts of the world (Shen et al.,
2006; Yin et al., 2014; Figure 12).

6. Conclusions

The present Qinghai-Tibetan Plateau, consisting of a series
of allochthonous blocks, experienced extremely complex
tectonic activities during the Permian, through which un-
derwent the paleogeographical evolutions of the Paleo-,
Meso-, and Neo-Tethys oceans (Figure 1). The Permian li-
thological sequences and faunas in the Qinghai-Tibetan
Plateau can be grouped into three main types. The North
Qiangtang Block (Qamdo Block) is characterized by pre-
dominant carbonate deposits containing low-latitude warm-
water faunas throughout the Permian. Lithological sequence
and paleobiogeography of this block is mostly close to those
in the South China and Simao blocks, all representing the
continental slices of north Paleo-Tethys Ocean. The Permian
depositional sequence and faunal composition in the Cim-
merian microcontinent are relatively complex. The Cisur-
alian strata were dominated by typical glacio-marine
deposites with cold-water faunas. Widespread carbonate
deposits with warm-water faunas were not accumulated in
the northern Cimmerian microcontinent (e.g., South Qiang-
tang Block, Baoshan Block) until the Artinskian. As for the
southern Cimmerian microcontinents (e.g., the Lhasa Block,
Tengchong Block), widespread carbonate deposits began to
accumulate in the late Kungurian. The Guadalupian strata
were well preserved in all blocks. And the Guadalupian and
Lopingian were both represented by thick carbonate de-
position containing warm-water biotas. The exotic limestone
blocks within the Yarlung Zangbo suture zone were accu-
mulated since the Guadalupian. Fossils within these blocks
consist of mixed faunas. Such faunal characteristic is in
contrast to those in the northern Gondwanan region. The
Himalaya Tethys Zone in the peri-Gondwanan region were
marked by glacio-marine deposits in the Cisuralian, with no
Guadalupian deposits. Prevalent cold-water deposits were
continuously accumulated in the Lopingian in this region,
showing a remarkably different feature from those of the
Cimmerian microconinents.

The Paleo-Tethys Ocean is represented by the Longmu Co-
Shuanghu suture zone. The North Qiangtang Block, north to
this suture zone, contains basically warm-water faunas
throughout the Permian. The Cimmerian microcontinents,
including the South Qiangtang, Baoshan, Tengchong, and
Lhasa blocks, collectively contains typical Gondwana-type
cold-water faunas characterized by Eurydesma, Bandopro-
ductus, Spirelytha, Punctocyrtella, and Cimmeriella in the
lowest Cisuralian (Figure 4). In the early Cisuralian (~290—
280 Ma), the Cimmerian microcontinents including the
South Qiangtang, Baoshan, and Sibuma blocks in Myanmar-
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Thailand rifted off and drifted northward from the northern
Gondwana in a speed faster than the Lhasa, Tengchong, and
Irrawaddy blocks. Such allometric northward drifting of the
Cimmerian microcontinents resulted in the formation of the
Meso-Tethys (Bangong-Nujiang Ocean) and Neo-Tethy
oceans (Figure 8). In particular, the South Qiangtang and
Baoshan blocks recorded warm-water faunas and widespread
carbonate deposits from the late Artinskian. By contrast, the
Lhasa, Tengchong, and Irrawaddy blocks contained strata
with warm-water faunas from the Kungurian. The exotic
limestone blocks within the Yarlung Zangbo suture zone
contain warm-water and mixed faunas between cold- and
warm-water faunas, which showed a prgressive cooling trend
from the east to the west blocks. These exotic limestone
blocks commonly contain basalts, suggesting that they most
likely represent seamount deposits in the Neo-Tethys Ocean.
The Gondwana-type, cold-water faunas were widely docu-
mented in the entire Permian strata in the Himalaya Tethys
Zone of northern India and all basins in Western Australia,
reflecting a direct influence of high-latitude cold climate on
these regions from Gondwana.

Correlations among various blocks in the Qinghai-Tibetan
Plateau and its adjacent regions, such as the Karakoram,
Central Pamir, and Southeast Pamir, remain controversial
owing to the presences of the Karakoram fault zones. De-
positional sequences and faunal compositions provided ro-
bust correlations among the Karakoram of Pakistan, Central
Pamir, Southeast Pamir, and South Qiangtang blocks. By
contrast, the Lhasa Block is exclusive, with no blocks to
correlate with in the western part of the Karakorum Fault.

The blocks constructing the Qinghai-Tibetan Plateau were
situated at mid- to high latitudes during the Permian. Among
them, a couple of blocks in the Cimmerian microcontinents
had drifted northward to the low latitude regions from the
southern high latitude regions. A change in paleogeographic
latitude superimposed by paleoclimatic change have led to
synergistic effects on faunal evolutions of those blocks
(Figure 8). The Artinskian warming event was remarkably
archived in the northern Cimmerian regions; whereas the
latest Permian warming event was more pronouncedly re-
corded in both the northern Gondwana and Lhasa blocks, and
is marked by the widespread occurrences of conodont fossils
during a rapid transgression.
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