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ABSTRACT

The nature of Phanerozoic carbonate factories is strongly controlled by the
composition of carbonate-producing faunas. During the Permian-Triassic mass extinction
(PTME) interval there was a major change in tropical shallow platform facies: Upper
Permian bioclastic limestones are characterized by benthic communities with significant
richness, e.g., calcareous algae, fusulinids, brachiopods, corals, mollusks, and sponges,
while lowermost Triassic carbonates shift to dolomicrite- and bacteria-dominated

microbialites in the immediate aftermath of the PTME. However, the spatial-temporal
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pattern of carbonates distribution in high latitude regions in response to the PTME has
received little attention. Facies and evolutionary patterns of a carbonate factory from the
northern margin of peri-Gondwana (palkeoude ~40° S) are presented here based on four
Permian-Triassic boundary sections that span proximal, inner to distal, and outer ramp
settings from South Tibet. The results show tlatcool-water bryozoan- and
echinoderm-dominated carbonate ramp develapége Late Permian in South Tibet. This

was replaced abruptly, immediately after the PTMEalnenthic automicrite factory with

minor amounts of calcifying metazoans developed in an inner/middle ramp setting,
accompanied by transient subaerial exposure. Subsequently, an extensive homoclinal
carbonate ramp developed in South Tibet in the Early Triassic, which mainly consists of
homogenous dolomitic lime mudstone/wackestone that lacks evidence of metazoan
frame-builders. The sudden transition from a cool-water, heterozoan dominated carbonate
ramp to a warm-water, metazoan-free, homoclinal carbonate ramp following the PTME was
the result of the combination of the loss of metazoan reef/mound builders, rapid sea level

changes across PTME and profound global warming during the Early Triassic.

Keywords: South Tibet, carbonate factory, microfacies, regression, Permian-Triassic mass

extinction.
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INTRODUCTION

Carbonate factory transitions are usually driven by biotic evolution (Burchette &
Wright, 1992; Kiessling et al., 2003; Pomar & Hallock, 2008). Carbonate factories have
evolved from microbidy-dominated carbonate ramps that were present during the
Precambrian (Grotzinger & Knoll, 1999; Cozzi et al., 2004), to microbe-sponge carbonate
ramps during the Paleozoic, to Mesozoic platforms dominated by oolites and neritic
lime-mud (sourced from phytoplankton and microbial photosynthesis) to Cenozoic skeletal

shelves (Kiessling et al., 2003; Pomar & Hallock, 2008).

There were several specific intervals during the evolution of carbonate factories that
record abrupt changes in the composition of carbonate producers as the result of mass
extinctions (Raup & Sepkoski, 1982). For example, the Permian-Triassic mass extinction
(PTME), the most severe biotic crisis of the Phanerozoic, is characterizdddsyof over
90% of marine species, including most carbonate-producing metazoan faunas (Erwin, 1994
Song et al., 2013). The aftermath of this crisis is markeaMayiety of anachronistic facies
that are typical features of Precambrian carbonate factories (Grotzinger & Knoll, 1999;
Sepkoski et al., 1991; Thomson et al., 2014). They include widespread microbialites
(Kershaw et al., 1999; Lehrmann, 1999; Baud et al., 2007; Woods, 2014), and seafloor
carbonate precipitates (Woods et al., 1999; Baud et al., 2007; Pruss et al., 2008; Woods, 2009;

Heindel et al., 2015; Li et al., 2018a). The widespread microbialites are often attributed to
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blooms of bacteria due to a decline in grazing pressure from metazoans (Schubert & Bottjer,
1992; Xie et al., 2010; Woods, 2014) and/or from the unusual ocean chemistry of the Early
Triassic (e.g., Grotzinger and Knoll, 1995; Woods, et al., 1999). Overall, the carbonate
factory immediately after the PTME shows similarities to that of the Precambrian, and,
accordingly,a “benthicautomicrite carbonate factory” model was proposed to provide new
insight into carbonate evolution (Pomar & Hallock, 2008). However, most documented
anachronistic facies are found in subtropical to tropical shallow-water settings, and the

reaction of the deepwater carbonate factory in high latitude regions is poorly known.

A series of deep-water, Permian-Triassic boundary (PTB) outcrops are exposed in
South Tibet (China), providing a unique opportunity to reconstruct a Late Pdmftanly
Triassic carbonate factory. More than one hundred samples were extracted from these four
sections and cut into thin-sections to perform microfacies analysis. This study aims to
provide a detailed analysis of the sedimentary transition during the PTME, and explore how
the deeprwater carbonate factory in high latitude regions operated in response to the

PTME.

GEOLOGICAL SETTING

South Tibet is located within the TetnyHimalayas (Fig. 1A), ands separated from

the Lhasa Block by the Indus-Tsangbo suture to the north, and the High Himalaya, which
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mainly consist of Precambrian crystalline rocks, to the south (Fig. 1B). The Lhasa Block,
which was part of the Gondwana supercontinent and now belongs to the Eurasian plate,
began to separate from Gondwana and drift northwards as the Neo-Tethys opened at the end
of thePdeozoic (Liu & Einsele, 1994). A broad, passive margin with a slow subsidence rate
developed on the northern margin of peri-Gondwana during the initial breakup of
Gondwana (Liu & Einsele, 1994), and extensive dolomitic wackestone with sparse pelagic
bivalves, crinoids and ostracods was deposited (Garzanti et al., 1994, 1998). Sections from
South Tibet (China), Spiti (India) (Ghosh et al., 2016), Manang (Nepal) (Garzanti et al.,
1994; Yoshida et al., 2014) and the Salt Range (Pakistan) (Hermann et al., 2012) provide

data to reconstruct the sedimentary framework of the northern margin of peri-Gondwana.

Our study area is located in the middle TetnyHimalaya (Fig. 1B) and has been
affected by intense tectonism during the collision of Indian and Asia. Thise@sufin
irregular and discontinuous distribution of Paleozoic strata. In this study, four sections (i.e.,
Gongpu, Selong, Tulong, and Qubu) that are exposed along the southern margin of the

Tethys Himalaya region (Fig. 1B) were investigated.

Palaeogeographically, the Te#ltyHimalaya was located on the northern margin of
peri-Gondwana during the Late Permian, with a palaeolatitudé@8~«Fig. 1C). Cool
waters are inferred from the occurrence of typical Late Permian cold-water brachiopods,

including Taeniothaerus and Trigonotreta and the large, thick-shelled Spiriferella and
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Neospirifer brachiopods (Shen et al., 2006). A rapid, global regression occurred at the end of
the Permian, which was accompanied by sudden warming, ancdésutie establishment
of a warm-water biotic assenalge characterized by abundant conodonts and the occurrence

of calcareous sponges (Shen et al., 2003a,b; Wignall & Newton, 2003).

BIOSTRATIGRAPHIC CONTROL

The lithology and stratigraphy of the sections in South Tibet are readily cedrelat

using well-constrained conodont and ammonoid biozones (Fig. 2).

The Selong section is located at Selong village, 77 km NW of the capital of old Tingri
County. Detailed conodont biostratigraphy has been carried outa dngh-resolution
biostratigraphic framework has been established there (Orchard et al., 1994; Wang et al.,
2017; Yuan et al., 2018). The B4 thick, uppermost Permian Selong Group (Lopingian in
age) can be divided inmlower bioclastic rudstone intercalated with dark grey silty shale
and an upper, massive crinoid grainstone. The occurrence of the Chonetella nasuta
brachiopod Assemblage in the lower units suggedtachiapingian age (Shen et al., 2000),
and the occurrence of the conodonts Mesogondolella hendersoni and Mesogondolella sheni
in the upper unit indicates latest Changhsingian age (Yuan et al., 2018). The overlying
Lower Triassic (Induan) Kangshare Formation consists of thin-bedded, bioclastic
packstone/wackestone that lraonformable contact with the underlying stratee PTB is

defined by the first occurrence of the conodont Hindeodus parvus and the
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Griesbachian/Dienerian substage boundary is recognized by the first occurrence of the
ammonoid Gyronites dubius (Fig. 3) based on the Dienerian ammonoid biostratigraphy

framework proposed by Ware et al., (2015).

The Gongpu section is situated ~1 km west of Gongpu village, ~21 km south of the
capital of Gyirong County. Detailed biostratigraphic work in this region was conducted by
Garzanti (1998). The uppermost Permian Qubuerga Formation (Lopingian) can be
subdivided into a lower, dark grey shale and an upper crinoid packstone that yields
Lopingian-aged crinoids and brachiopods (Garzanti et al., 1998). The Lower Triassic
Kangshare Formation is homogenous, and ¢tsed of massive dolostone that contains
conodont zones that range from the Dienerian to the Spathian (Garzanti et al,, 1998)
overlying massive fossiliferous limestone contains the Middle Triassic (Anisian) ammonoid

Japonites sp. (Fig. 3).

The Tulong section is situated ~1 km west of Tulong village, 36 kmoN¥e capital
of Nyalam County. The uppermost Permian Qubuerga Formation (Lopingian) consists of
massive, dark grey shale containing few fossils except for some unidentifiable brachiopods
and arthropods (Shen et al., 2006; Bruhwiler et al., 2@0B8)unit strikingly resembles the
Upper Permian Kuling Shales of Spiti (Northern India). The overlying thin-bedded
dolostones of the lowermost Triassic (Induan) Kangshare Formation contain abundant

conodonts including Hindeodus parvus, Clarkina carinata, and Cl. planate, and the
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ammonoids Ophiceras and Gyronites, indicating a Griesbachian to Dienerian age (Shen et
al., 2006; Bruhwiler et al., 2009). The thin-bedded dolostone is overlain by massive dark
shale; the Griesbachian/Dienerian substage boundary is defined by the occurrence of the

conodont Sweetospathodus kummeli and the ammonoid Gyronites (Bruhwiler et al., 2009).

The Qubu section is located about 60 &astof the Tulong section. Similao the
Tulong section, the uppermost Permian (Lopingian) Qubuerga Formation consists of
massive, dark grey shale, which is conformably overlain by thin-bedded dolostone of the
lowermost Triassic Kangshare Formation (Fig. 2). The Qubuerga Formation yields
brachiopods including Biplatyconcha grandiusispirifer semiplicatis and Megasteges
nepalensis, which suggeat Late Permian age (Shen et al., 2003). The thin-bedded
dolostones of th Kangshare Formation contains a few conodonts, including Hindeodus
parwvus, and Clarkina carinata, as well as the ammonoids Ophiceras and Otoceras (Shen et
al., 2006; Zhang et al., 2017), which indicate a Griesbachian age. The first and the only
occurrence of the conodont Hindeodus parvus is 60 cm above the base of the thin-bedded
orange dolostone, which was defined as the PTB by Shen et al. (2006). The PTB is
interpreted to be the lithologic contact between the uppermost Permian shale and the
overlying lowermost Triassic dolostone based on lithofacies, biofacies, and sequence
stratigraplic correlations among the South Tibet sections. Therefore, the PTB at the Qubu

section is placed at the base of Kangshare Formation (Fig. 2). The Griesbachian/Dienerian
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substage boundary is recognized by the appearance of the ammonoid Gyronites dubius (Fig.
3).
RESULTS

Facies descriptions, associations and interpretations

The uppermost Permian and Lower Triassic in South Tibet isyhegindensed (Fig. 2)
and characterized by a lack of macro-sedimentary fabrics (Garzanti et al., 1998; Shen et al.,
2006; Bruhwiler et al., 2009). Therefore, detailed microfacies analysis, based on
high-resolution sampling was carried out around Rid&3. The sample position of thin
sections are prefixed with-asign or a + sign depending on the distance below or above the

Permian-Triassic boundary that the sample was removed from.

In South Tibet, the Upper Permian Selong Group consists of four microfacies, while the
Lower Triassic Kangshare Formation consist of eight (Table 1); microfacies are classified
based on lithology, bioclastic composition, and texture. Textural and facies definitions
follow the classification scheme of Dunham (1962). Microfacies were identified and
subdivided into three associations representing ramp sub-environments, including inner
ramp, middle ramp, and outer ramp. Detailed features of microfacies and their
corresponding sedimentary environment are summarized in Table 1.

Microfacies association 1Bioclastic grainstone-dominated inner ramp

Description The inner ramp association includes microfacies MF1, MF2 and MF3.
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Calcrete (MF1) displays a crust-like structure casgd of multiple generations of laminae
that grew in a downwards direction (Fig. 4A); these micro-laminae are characterized by
irregular boundaries, are discontinuous latgrand exhibit some brown pigmentation.
Crinoid grainstone (MF2) predominantly consists of crinoid fragments (Fig. 4B) and shows
cross stratification. Coral-bearing grainstone (MF3) is typified by the occurrence of rugose
coral floating in crinoid grainstone. The corals are slightly abraded and infiltrated with the
surrounding matrix (Fig. 4C). This microfacies association occurs in the uppermost horizons
of the Selong Group at Selong, which is comprised of thick-bedded crinoid grainstone
(MF2), overlain by a medium-bedded coral-bearing grainstone (MF3), and is topped by
thin layer of calcrete (MF1).

Interpretations: The inner ramp microfacies association is characterized by high energy
deposits that formed above fair-weather wave base, frequent shifts in microfacies and
occasional subaerial exposure (Burchette & Wright, 1992; Flugel, 2010). The thick-pedded
cross stratified crinoid grainstone is interpreted to record a high energy, shallow shoal (Hips,
1998; Shen et al., 2003a). The development of a very thin layer (several centimeters) of
calcrete at the top of the coral bearing-bed implies transient subaerial exposure of the
carbonate platform (Shen et al., 2006).

Microfacies association 2: Tempestite-dominated middle ramp
Description: The middle ramp associatemnsists of microfaciegF4, MF5 and MF6,

and is restricted tothe Lower Triassic Kangshare Formation at the Selong section. The
10
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bivalve grainstone (MF4) is characterized by densely packed shells, in association with
well-rounded micritic intraclasts (Fig. 4D); MF4 is commonly intercalated with bioclastic
packstone (MF5) that consists of a reldivehigh diversity of fossils including
foraminifera, echinoderms, bivalves, ostracods, and gastropods (Fig. 4E). Compared to
MF5, bioclastic wackestone/floatstone (MF6) (Fig. 4F) contains less abundant, fossils
which include bivalves, foraminifera, and echinoderms, and shows a matrix-supported
texture.

Interpretation: The middle carbonate ramp zone is located between fair-weather wave
base and storm wave base (Hips, 1998; Badenas & Aurell, 2001). Micro-sedimentary
textures indicative of strong bottom currents, likely induced by storm events are common,
e.g., dense packing of bivalves and the associated with well-rounded intraclasts (MF4)
(Pérez-Lopez & Pérez-Valera, 201Bjoclastic packstone/wackestone with diverse fossils
(MF6), including pelagic ammonoids, are interpreted to represent lower energy conditions
towards the deeper, distal middle ramp.

Microfacies association 3Rudstone-dominated outer ramp

Description The outer ramp association comprises six microfacies (MF7-MF12).
Bryozoan-echinoderm rudstone (MF7) only occurs in the Upper Permian Selong Group at
the Selong section and is characterized by highly abraded, brecciated bioclasts, including
bryozoans, crinoids, and brachiopods with abundant micro-borings BAg®). Heavily

abraded crinoid packstone/wackestone (MF8) (Fig) 6y occurs in the uppermost
11
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Permian Qubuerga Formation at the Gongmecton. Dolomitic bioclastic
wackestone/mudstone (MF9) (Fig. 5D), containing sparse echinoderms, thin-shelled
bivalves, calcispheres, and ostracods, is widespread in the lowermost Kangshare Formation
Deep-water carbonate microfacies (thin-shelled bivalve packstone/wackestone (MF10) (Fig.
5E), pure lime-mudstone (MF11) and ammonoid-calcisphere wackestone (MF12) (Fig. 5F)),
are common in the Lower Triassic Kangshare Formation at the Tulong and Qubu sections.
Interpretation The outer ramp association was below the influence of storm events
(Burchette & Wright, 1992; Ahr, 1998). Thin-bedded bryozoan-echinoderm rudstone (MF7)
with micro-breccia fabric intercalated with massive dark-grey shale (Fig. 6), suggests
distal outer ramp environment (e.g. Kietzmann et al., 2014). The heavily abraded crinoid
packstone/wackestone with rare bryozoan fragments seen at Gongpu are likely to have been
transporéd into a distal, outer ramp setting (Garzanti et al., 1998). Abundant deep-water
thin-shelled bivalves, pelagic calcispheres (interpreted as -calcifiedraf?olarians,
Brahwiler et al., 2009), and ammonoids indicate a deep outer ramp setting (e.g. Lukeneder
et al., 2012)which is supported by the absence of micro- and macro-sedimentary textures

indicative of strong bottom currents.

Evolution of depositional settings across the PTB
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Selong section

The vertical distribution of the uppermost Permian microfacies association at the
Selong section reveals a sudden environaldrdansition from lower outer ramp to upper
inner ramp 1.0 m beneath the PTB (Fig. 6). The lower outer ramp association predominantly
consists of thin-bedded bryozoan rudstone (MF7) that exhibits breccia fabrics (Figs, 7B, C)
andis intercalated with massive dark-grey shale, suggesting an outer ramp environment
(e.g. Kietzmann et al., 2014). The inner ramp association is composed of, in ascending order,
cross-bedded crinoid grainstone (MF2) (Fig. 7D), thin-bedded coral-bearing grainstone
(MF3) (Fig. 7E) andavery thin layer of calcrete (MF1), revealing the transition fedmgh
energy shallow shoal to transient subaerial exposure. The ovet®iiByoccurs in a

thin-bedded orange dolostone (Fig. 7A).

Examination of the lowermost Triassic microfacies association at the Selong section
shows the inner ramp was abruptly succeeded by a middle ramp setting (Fig. 6). The inner
ramp association icomprised of thin-bedded, crinoid grainstone/packstone, which is
sharply overlain by intercalations of thin-bedded tempestites (MF4) andadtioc
wackestone consistent with low energy, middle ramp deposits (MF5, MF6). The middle
ramp association is capped by a thin interval of thin-shelled bivalve wackestone (MF10),

which corresponds tanouter ramp environment.
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Gongpu section

The uppermost Permian microfacies association at the Gongpu section is characterized
by a sudden upward transition from massive, dark grey shale to thick-bedded, heavily
abraded, crinoid packstone/wackestone (MF8) (Figs. 8 and 9A) that lacks any structures
and/or textures that are indicative of shallow, high energy environments (i.e. cross-bedding,
wave ripples, anda well-sorted texture). The highly abraded crinoid fragments,
association with bryozoan fragments floating gtolomicrite matrix (Fig. 9B), suggests that
the bioclastic fragments were allochthonous, and were transported and depasdedpn

outer ramp environment.

The Lower Triassic microfacies association shows a monotonous succession of
dolomitic bioclastic wackestone/mudstone (MF9) (Fig.,@8)responding to a stable, deep
ramp environment. The Lower Triassic dolomitic bioclastic wackestone is overlain by an
uppermost Lower Triassic bioclastic packstone with diverse fossils (MF5) (Fig. 9D)
including the foraminifera Dentalina sp. (Fig. 9E).

Tulong section

The uppermost Permian Qubuerga Formation is characterized by a sudden transition
from alower, ~10m-thick, dark grey shale adghin-bedded, greenish-grey silty shale (Fig.
10) formed in a stable, distal ramp environment. The contact between the greenish shale and

the overlying thick-bedded dolostone marks the PTB (Bruhwiler et al., 2009) (Fig. 11A).
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The overlying lowermost Triassic Kangshare Formation consists of thick-bedded
dolomitic bioclastic wackestone/mudstone (MF9) (Figs. 11B to 11D) and contains
occasional echinodermsijrikshelled bivalves, and ammonoids, which suggest a deep water,
distal ramp environment. The Griesbachian-Dienerian boundary is marked by the
occurrence of a thin-bedded thin-shelled, bivalve packstone/wackestone (Fig. 11E), which is
embedded in massive dark grey shale. The dolomitic bioclastic wackestone/mudstone (MF9)
is overlain by massive dark grey shale that is Dienerian in age (Fig. 10).

Qubu section

The lithology of the latest Permian Qubuerga Formation at Qubu is comparable with
thatat Tulong across the same stratigraphic interval, which is characterized by a sudden
transition froma lower dark grey shale to an overlying thin-bedded greenish, silty shale

(Figs. 12 and 13A), indicating a persistent distal ramp environment.

The microfacies association of the lowermost Triassic Kangshare Formation at Qubu
also shows striking similarityto the one from the Tulong section, which is predominantly
compised of dolomitic bioclastic wackestone/mudstone (MF9) (Figs. 13B to.13D)
Occasional echinoderm fragments, the small foraminifera Nodosaria sp. and Glomospira
sp. (Figs. 13C, D), and thin-shelled bivalves, as well as ammonoids occur within the
dolomitic wackestone. A thin-bedded ammonoid-calcisphere wackestone (Fig. 13E) occurs
at the base of the Dienerian, and is intercalated with bioclastic wackestone that contains

15
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occasional thin-shelled bivalves and ostracods.
DISCUSSION
Evolution of the carbonate factory across the PTB

Carbonate factories can be subdivided into cool-water (dominated by the Heterozoan
Association) and warm-water types (dominated by the Chlorozoan Association) based on
their carbonate producing faunas (Carannante et al., J388es et al., 1997; Schlager,
2003). South Tibet witnessed a sudden transition from a cool-water, heterozoan dominated
carbonate factory to a benthic automicrite factory with only thin-shelled bivalves
contributing significant carbonate to the sediment.

A Late Permian cool-water carbonate factory is recognized based on the type of
carbonate producing faunas and microfacies analysis (Fig. 14). The source of lime mud
during the Late Permiain South Tibet is a aid-water metazoan community that includes
bryozoans, echinoderms and brachiopods. Bryozoan grainstones from the middle Late
Permian Selong group (22.4 m below PTB) consist of in situ bryozoans, implying that the
bryozoan-dominated community weakly trapped grains within the lime mud.e Larg
mounds/reefs are absent in South Tibet; instead, bryozoans, echinoderms, and cool-water
brachiopods are concentrated in thin-bedded limestones intercalated with massive dark
grey shales. Evidence faercool-water carbonate factory is also supported by the occurrence
of weak, early diagenetic cements, resulting in well preserved micro-bdhag are

infilled with micrite in bioclasts (Figs. 5A,)BThis latest Permian carbonate factory shows
16
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some similarityto those from carbonate ramps dominated by upwelling that developed in
the transitional zone between the cool-water and warm-water realms (James et al., 1997).
The Early Triassic carbonate platform of South Tibet consists mainly of homogenous
dolomudstone that contains lesser amounts of bioclasts, including bivalves, echinoderms,
ostracods and small foraminifera. The four Lower Triassic sections from South Tibet are
highly condensed (Garzanti et al., 1998; Bruhwiler et al., 2009) and carbonate sedimentation
rates are low, with an average value of ~ 6.5 m hiadicating dampened carbonate
production within the Early Triassibiogenic” carbonate factory. The consistent lithofacies
throughout the four sections in South Tibet, in combination with the lack of slide, slump,
and debris flows, suggests the widespread development of a low gradient, homoclinal ramp

(Fig. 15).

Controls on the evolution of the carbonate ramp across the PTME
Geotectonic setting

South Tibet and the northern Lhasa Block were once located on the northern margin of
peri-Gondwana. At the end of the Paleozoic, the Lhasa Block began to drift northward,
leading to the opening of the Neo-Tethys and the development of a widespread passive
margin (Liu & Einsele, 1994). Lower Triassic strata from Spiti, India (Bhargava et al.,, 2004)
Manang, Nepal (Garzanti et al., 1994; Yoshida et al., 2014) and South Tibet (Brihwiler et al.,

2009; Shen et al., 2003a) demonstrate a high degree of correlation with regards to lithology,
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biostratigraphy and sequence stratigraphy, indicating uniform subsidence rates across the
passive margin. Subsidence rates during the Early Triassic are estimated to have been slow
(~18 m m.aY) (Liu & Einsele, 1994); the low, uniform subsidence rates of passive
continental margins favour the formation of homoclinal carbonate ramps (Chatalov, 2013,
2016). This is because passive continental margins provide a flat base for carbonate
accumulation and hinders detrital input (Chatalov, 2016). Sections from South Tibet contain
low amounts of detrital grains, including quartz, mica and feldspar, indicating a low detritus
input from the landmass. A gradual transgression along the passive margin during the Early
Triassic (discus=d below) accelerated drowning of the carbonate platform, which resulted
in the widespread development of dark grey shale during the uppermost Induan (Fig. 2).
The end-Permian regression and the following Early Triassic transgression

Analysis of uppermost Permian microfacies associations from South Tibet reveals a
rapid regression. This rapid regression has been reported widely, including along the
northern margin of peri-Gondwana (Wignall & Hallam, 1993; Baud et al., 1996), in the
Western Tethys (Tavakoli et al., 2017) and in the Eastern Tethys (Yin et al., 2014). This rapid
global regression is clearly reflected in the Selong section by the sudden shift from a lower
outer ramp microfacies association to an inner ramp microfacies association, along with
transient subaerial exposure. Other Late Permian sections that were deposited in deep shelf
environments, i.e., Tulong (South Tibet), Spiti (India) (Ghosh et al., 2016), Manang (Nepal)

(Garzanti et al., 1994), also show evidence of a rapid regression at the end of Permian..
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Study of lowermost Triassic microfacies from South Tibet indicates a rapid
transgression immediately following the latest Permian regression (Fig. 16). This
transgression has been reported widely from the northern margin of peri-Gondwana
(Wignall & Hallam, 1993; Baud et al., 1996) and the Eastern Tethys (Wignall & Hallam,
1993; Yin et al., 2014). This global transgression is recorded at the Selong section by the
rapid transition from caliche (calcrete) at the PTB to lowermost Triassic thin-bedded crinoid
packstone/wackestone, which is overlain by a shelly tempestite. The earliest Triassic
transgression is manifested at the other South Tibet sections by a transition from lowermost
Triassic thin-bedded dolomitic bioclastic wackestone/mudstone to overlying dark grey
shale.

Carbonate-producing faunas

The PTME is the largest biotic crisis of the Phanerozoic, and lead to the loss of many
heavily calcified metazoans including numerous corals, brachiopods, bryozoans, and
calcareous algae (Erwin, 1994; Chen and Benton, 2@b#) resuktdin a global change in
the nature of carbonate factory production in both subtropical to tropical regions and high
latitude regions (Kiessling et al., 2003; Pomar & Hallock, 2008).

The loss of reefs from subtropical and tropical regions resulted in the development of
widespread microbialites in shallow open shelves and ramps (Hips, 1998; Xie et al., 2010;

Vennin et al., 2015), a change attributed to the unusual chemistry of Early Triassic oceans
19



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

(Woods et al., 2007; Kershaw et al., 2011) and/or a bloom of bacteria that was the result of
depressed grazing pressures by metazoans due to the mass extinction (Schubert & Bottjer,
1992; Xie et al., 2010).

The pattern of carbonate factory evolution in South Tibet across the PTME is different
to thatin the subtropical to tropical regions. Microbialites are noticeably absent, instead, the
PTB carbonate platform from South Tibet is dominated by homogenous dolomitic lime
mudstone/wackestone with rare mollusks and echinoderms bioclasts (Fig. 16). The absence
of microbialites is likely because of either the high palaeolatitude of South Tibet that
resulted in relatively low sea surface temperatures and/or the deep-water depths of the South
Tibet sections, which did not allow the growth of microbialites.

The source of lime mud in South Tibet was likely from the metabolic activities of
heterotrophic bacteria. The Early Triassic ocean is characterized by a high nutrient influx
(Algeo and Twitchett, 2010), blooms of cyanobacteria (Xie et al., 2005, 2010) and
widespread ocean anoxia (Wignall and Twitchett, 2002); these conditions would favou
heterotrophic bacteria in deep waters, especially sulfate-reducing bacteria. The elevated
alkalinity of seawater caused by sulfate reduction, coupled with elevated surface ocean
temperatures (discussed below), would significantly promote the rapid precipitation of
dolomicrite (Kempe and Kazmierczak, 199Bergmann et al., 2013). A global PTB
dolostoné‘event’ has been reported and linked to intense microbial sulfate reduction (Li et

al., 2018b), indicating that the benthic-automicrite carbonate factory plays a significant
20
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role in carbonate production during the Early Triassic.
Climate conditions

Cool waters persisted in South Tibet during the Late Permian, as inferred by the
presence of typical Late Permian cold-water brachiopods, including Taeniothaerus, and
Trigonotreta, and the large, thick-shelled Spiriferella, and Neospirifer (Shen et al., 2006),
and an overall cool-water assemblage (Bryonoderm) (Fig. 16). The Bryonoderm
carbonate-producing assemblage is characterized by low carbonate production rates
(Schlager, 2003), and was prevalent in temperate to cool areas during the Late Permian
(Beauchamp, 1997; Ehrenberg et al., 2001; Kiessling et al., 2003).

Global warming took place at the end of Permian due to the outgassing of huge amounts
of CO, from Siberian Trap volcanism (e.g. Joachimski et al., 2012; Sun et al., 2012; Song et
al., 2019); it is estimated that the average sseface temperature increased from 20°C to
32°C in the equatorial regions (Sun et al., 2012). Therefore, lethally hot sea surface
temperatures have been proposed as one of the potential mechanisms for the PTME.
Although South Tibet was situated in the southern mesothermal temperate zone (Shen et al.,
2006), it was also affected by warming. The end-Permian warming event in South Tibet is
reflected by a faunal change from a cool-water community to warm-water community. The
intrusion of warm-water species such as the conodont Clarkina spp., and the brachiopod
Tethyochonetes at the Selong section (Shen et al., 2006) provide evidence of warming sea

surface temperatures at the PTB.
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The transition from a cool-water carbonate factory to a warm-water carbonate factory is
often associated with increased carbonate production (Carannante et alJat®&8 et al.,
1997; Schlager, 2000, 2003), but this is not the case for South Tibet at the PTB. Instead, the
loss of diversity within groups such as bryozoans and echinoderms saw e¢lapdent of

a homoclinal carbonate ramp, which was characterized by low carbonate production rates.

CONCLUSIONS

Detailed microfacies analysis, combined with petrological study, reveals a dramatic
shift in the deep water carbonate factory in response to the Permian-Triassic biotic crisis in
South Tibet. A cool-water bryozoan-echinoderm dominated carbonate ramp developed in
South Tibet during the Late Permian. The loss of most carbonate-producing faunas during
the PTME, including bryozoans, brachiopods and echinoderms, led to the collapse of the
Late Permian carbonate factory. Immediately following the PTME, a benthic automicrite
factory with only minor amounts of calcifying metazoans developed, and conseqaently,
dolomite-dominated homoclinal carbonate ramp was widely present on the northern margin
of peri-Gondwana. The carbonate factory transition as well as the development of the
homoclinal ramp resulted from the combination of the following factors: (1) The loss of
cool-water, calcifying metazoans due to Early Triassic global warming, allowing lime mud
to be transported and redeposited uniformly across the carbonate ramp; (2) A slow and

uniform subsidence rate, coupled with the EarlyasBic transgression, all@d the
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maintenance of the flat morphology of the carbonate ramp along the northern margin of

peri-Gondwana .
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Figure Caption

T T —
" 80’ South Tibet, China 90' N3
R

South Tibet

Nepal

20 km

I Precambrian ) pateozoic [ Permian  FEEE] Triassic
[0 Mesozoic [ Cenozoic [27] Faut  [3E] Section

Fig. 1. (A) Geological map of the Himalaya region and study area (marked by the red
rectangle), which is located within the middle Tethidimalaya region. Modified from Liu

and Einsele (1994). (B) Geological and location map of the study sections (data is from the
National Geological Archive, China). (C) Palaeogeographic map of Southern Tethys during
the Late Permian (modified from Shen et al., 2003). South Tibet (red rectangle) was situated
on the northern margin of the India Plate with a palaeolatitude@S~‘WB’, Western

Burma; ‘LS’, Lhasa; ‘QT’, Qiangtang; ‘IC’, Indochina; ‘SC’, South China.
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Dienerian

Lower Triassic
Kangshare Formation

Kangshare Formation

Griesba.

Kangshare Formation

/A

Kangshare Formation
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Lopingian

E==] Limestone
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ﬁﬂ H. parvus WYY Sw. kummeli @“_“"ﬁ N. cristagalli % Japonites sp. @ Gy. dubius

Qubuerga Formation

Qubuerga Formation

Qubuerga Fm [ )

Fig. 2. Stratigraphic correlation and lithology of Permian-Triassic sections from the South
Tibet region. The Permian-Triassic boundary (PTB) is recognized by the first occurrence of
the conodont Hindeodus parvus (The PTB at Qubu section is slightly modified from Shen et
al. (2006) based on lithofacies and sequence stratigraphy), the Griesbachian-Dienerian
boundary is defined by the first occurrence of the conodont Sweetospathodus kummeli
Neospathodus cristagalli or the ammonoid Gyronites dubius and the Spathian-Anisian
boundary is identified by the first occurrence of the ammonoid Japonites sp.. Conodont data
from the Selong, Gongpu, Tulong and Qubu sections are from Garzanti et al. (1998), Shen et

al. (2006), Bruhwiler et al. (2009), and Wang et al. (2017). Red lines mark the
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667 Permian-Triassic, Griesbachian-Dienerian, and Spathian-Anisian boundaries (solid line is
668 determined and dashed line is undetermined).

669

670

671 Fig. 3. Ammonoids from Lower Triassic strata from South Tibet. The sample positions are
672 prefixed with a— sign or a + sign depending on the distance below or above the
673 Permian-Triassic boundary that the sample was removed from. la-c, Ophiceras medium,
674  Qubu section, +1.7 m; 2a-b, Gyronites sitala, Qubu section, +2.0 m; 3a-b, Japonites sp.,
675 Gongpu section, +6.3 m. Scale bar =1 cm.

676
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Fig. 4.Photomicrograghs of microfacies associations from inner to middip settings(A)
Calcrete (MF1) with downwardrowing, cristlike structure (red arrow) containing
amorphous brown pigments0.15 m, Selong section. Scale bar = 1 mm. (B) Crinoid
grainstone (MF2) exhibiting densely packed crinoid (Cr) fragme@tg0 m, Selong section.
Scale bar = 1 mm. (C) Coral-bearing grainstone containing slightly abraded rugose corals
(Co) and abundant crinoid (Cr) fragments; the broken parts of corals are filled with crinoid
fragments.—0.25 m, Selong section. Scale bar = 1 cm. (D) Shelly tempestite (MF4)
consisting of densely-packed bivalve shells (Bi) with rounded micritic intraclasts (Cl), +0.30
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686 m, Selong section. Scale bar = 1 mm. (E) Bioclastic packstone (MF5) containing abundant
687  crinoid (Cr) and occasional bivalyBi) fragments and foraminifera (Fo), +1.25 m, Selong
688  section. Scale bar = 1 mm. (F) Bioclastic wackestone containing diverse fossils (MF6),
689 including bivalves (Bi), crinoids (Cr), and ostracods (Os), +1.8 m, Selong section. Scale bar
690 =1 mm.

691

692

693 Fig. 5. Photomicrographs of microfacies associations from the oatep setting. (A)
694  Bryozoan-echinoderm rudstone (MF7); note the abraded crinoids (Cr), brachiopod
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699

700

701

702

703

704

705

706

707

fragments (Br) with micro-borings (Bo), and bryozoan fragments (By) showing relict
fenestral structure-4.50 m. Scale bar = 1 mm. (B) Bryozoan-echinoderm rudstone (MF7)
containing bryozoans (By), small foraminifera (Fo) and brachiopod fragments (Br); note
the well-preserved fenestral structure of bryozoa#h0 m. Scale bar = 1 mm. (C) Heavily
abraded crinoid wackestone (MF8) consisting of occasional crinoid fragments (Cr) floating
in micritic matrix, -0.6 m, Gongpu section. Scale bar = 1 mm. (D) Dolomitic bioclastic
wackestone (MF9), which is made up of rare fragments of thin-shelled bivalves (Bi) and
echinoderms (Ec) floating in a dolomicritic matrix, +1.8 m, Tulong section. Scale bar = 1
mm. (E) Thin-shelled bivalve packstone (MF10) consisting of thin-shelled bivalves with
random orientations, +2.9 m, Tulong section. Scale bar = 1 mm. (F) Ammonoid-calcisphere
wackestone (MF12), with a complete juvenile ammonoid (Am) and round, sparry

calcispheres (Ca) floating in micritic matrix, +2.1 m, Qubu section. Scale bar = 1 mm.
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722
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724

Fig. 7. (A) Field photos of macro-structures near the Permian-Triassic boundary at the
Selong section, yellow dashed line marks the PTB. ‘P’, Permian; ‘T’, Triassic. (B)
Thin-bedded, fossiliferous limestone containing abundant fragments of crinoids (Cr) and
brachiopods (Br);-5.9 m. Pen (15 cm in length) for scale. (C) Bryozoan-echinoderm
rudstone containing abundant fragments of bryozoans, crinoids (Cr) and brachiopods (Br),
4.5 m. Scale bar = 1 cm. ([@xinoid grainstone showing cross-stratification (denoted by
dashed lines) +1.5 m. Pen (15 cm in length) for scale. (E) Coral-bearing grainstone that
contains occasional corals (Co) floating in crinoid)(@rinstone—-0.25 m. Scale bar = 1

cm.
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739

740

741

Fig. 9.(A) Field photograph of the Permian-Triassic boundary (PTB) at the Gongpu section,
yellow dashed line marks the PTB. ‘P’, Permian; ‘T’°, Triassic. (B) Bioclastic
wackestone/mudstone consisting of highly abraded fragments of crinoids (Cr) (MF8) and
bryozoans (By);-0.2 m. Scale bar = 1 mm. (C) Dolomitic mudstone (MF9) consisting of
homogenous, fine (260 um), subhedral to euhedral dolomite crystals, +2.0 m. Scale bar =

1 mm. (D) Bioclastic packstone (MF5) containing gastropods (Ga), bivalves (Bi), and
crinoids (Cr), +6.2 m. Scale bar = 1 mm) @&oclastic wackestone (MF6) containing the

foraminifera Dentalina sp. (Fo), +6.6 m. Scale bar = 1 mm.
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744  Fig. 10.Sequence stratigraphy amdcrofacies evolution from the uppermost Permian to the
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752

753

754

755

Fig. 11.(A) Field photograph of the Permian-Triassic boundary (PTB) at the Tulong section;
yellow dashed line marks the PTB, ‘P’, Permian; ‘T’, Triassic. (B) Dolomitic bioclastic
wackestone (MF9) containing rare echinoderm fragments (Ec) and thin-shelled bivalves (Bi),
+0.5 m, scale bar = 1 mm. (C) Dolomitic bioclastic wackestone (MF9) containing an
echinoid spine (Ec), and occasional crinoid fragments (Cr) floating in a matrix consisting of

euhedral/subhedral dolomite crystals, +1.4 m, scale bar = 0.5 mm. (D) Dolomitic mudstone
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756  (MF9) consisting of homogenous, fine (30um), subhedral to euhedral dolomite crystals,
757 +2.3 m, scale bar = 1 mm. (E) Thin-shelled bivalve packstone (MF10) showing bivalve

758  shells (Bi) with a random orientation, +2.9 m, scale bar = 1 mm.

759
. Texture Facies
IS -
olc| = o Inner Middle
c o Outer Ram
@ =|8 @ o clo|o © Ramp Ramp P
ozl e o i w|l2lelc|5|8c Se
Slalgl 2 Lithology 2|ls|a|6|S|5|8 q.
SIBlE| = AR N ol «| | stra.
n| Bl g |2 Slxx[El8 2|~ ||| d|(w|]lo|~|olo| | ~]|
wi = gﬁgggsggu_u_u_u_u_u_u_u_u_u_u_u_
= ngaotﬁEEEEEEEEEEEEE
2.5
c
.©
5 — —
o
c p—
2
[m]
/ 2'0--:'—'|_|
c
i) 2
% =
©
w
-g §1_5-
El |8
gl |e
o|l5| &
|85
Slo
©lcl 1.0
gm
0 | X
Q@
O]
0.5
TST
PTB
= — 0.0 e e e i e e —TTL8T I
E o E rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr - e cenach i
E|lc|
HEE
S| 2
5|53
ggg-D.S
=1 hadle]

760 E—lLimestone BZADolostone [E=ZlShale [EEZISilty shale

761  Fig. 12.Sequence stratigraphy amilcrofacies evolution from the uppermost Permian to the
762  lowermost Triassic at the Qubu section. ‘Changhsing.’, Changhsingian; ‘Fm.’, Formation.

763  ‘PTB’, Permian-Triassic boundaryHST’, highstand systems tract ‘LST’, lowstand
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Fig. 13.(A) Field photograph of the Permian-Triassic boundary (PTB) at the Qubu section;
yellow dashed line marks the PTB, ‘P’, Permian; ‘T, Triassic. (B) Dolomitic bioclastic
wackestone (MF9) containing rare echinoderm fragments (Ec) and thin-shelled bivalves (Bi),
+0.4 m. Scale bar = 1 mm. (C) Dolomitic mudstone (MF9) consisting of homogenous, fine
(20-50 pum in size) dolomite crystals, and the small foraminifera Nodosaria sp. (Fo), +0.2 m.
Scale bar = 0.5 mm. (D) Dolomitic bioclastic wackestone (MF9) containing small
foraminifera Glomospirasp. (Fo), +0.2 m. Scale bar = Gndm. (E) Ammonoid-calcisphere

wackestone (MF12) containing the occasional ammonoids (Am) and common calcispheres
48



774

775

776

777

778

779

780

(Ca), +2.7 m. Scale bar =1 mm.
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Fig. 14. Schematic carbonate sedimentary model for the latest Permian of South Tibet. The
cool-water carbonate ramp is characterized by sporadically scattered rugose corals in the
inner ramp and isolated patch mounds that are deetbof bryozoans and echinoderms in

the middle to outer rampFWRB?’, fair-weather wave base; ‘SWB’, storm wave base.
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782  Fig. 15. Schematic carbonate sedimentary model for the earliest Triassic of South Tibet in
783  the aftermath of the Permian-Triassic crisis. The homoclinal carbonate ramp is characterized
784 by a shallow shoal comprised of bioclastic debris in the inner ramp and a gentle slope that
785  consists of homogenous dolomitic lime mudstone in the middle to outer ramp. ‘FWB’,

786  fair-weaher wave base; ‘SWB’, storm wave base.
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Fig. 16. Composite figure showing frequent changes in lithofacies, a sharp decrease in
metazoan carbonate producing faunas, rapid sea level changes and significant global
warming during the Permian-Triassic transition. Lithofacies and fossil data are from the
Selong section. Estimated sea surface temperatures after Sun et al., (BWMR),
fair-weather wave base; ‘SWB’, storm wave base. ‘PTB’, Permian-Triassic boundary.
‘EPME, end-Permian mass extinctiotdST’, highstand systems tract.‘LST’, lowstand
systems tract.“TST’, transgressive systemsS tract. ‘SB’, sequence boundary. ‘MRS,
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Table 1. Microfacies classification and description.

Sediment Standard Depositional
; ; imentar eposition
Microfacies Biogenic content and texture Y microfacies g i
settin
structure (Flugel, 2010) g
Minor peloids and rare ostracods; downward growth of mmtthick laminae SMF26
MF1 Calcrete )
laminated crusts.
o i Abundant echinoderm fragments; minor foraminifera low angle Inner
MF2 Crinoid grainstone ] ) ) d . RMF27
grain-supported with spiée cement. cross-stratification Ramp
- i ional corals floating in crinoid grainstone; slightl .
MF? Coral-bearing Occasional co a.s oat_ g | c_ oid g ainstone; slightly massive RME27
grainstone abraded corals filled with crinoid ossicles
MF4 Densely packed Abundant shell fragments with common, well-rounded
bivalve grainstone with intraclasts, rare ostracods and foraminifera; densely packe massive
micritic intraclasts bivalves with spay cement.
MF5 Bioclastic Common echinoderm ossicles and bivalves with occasionz ) Middle
- . _ _ massive RMF26
packstone with diverse ostracods, foraminifera and ammonoids; grain-supported v Ramp
fossils micritic matrix.
MF6 Bioclastic Minor bivalves, echinoderm ossicles, gastropods, ostracod massive or nodular RMES
wackestone/floatstone  and foraminifera; micritic matrix-supported. bedding
Abundant bryozoans, echinoderms, brachiopods and comr
MF7 Bryozoan- N , o . . : SMF5 Outer
, foraminifera; grain-supported with micritic matrix; occasion massive
echinoderm rudstone ) ) Ram
micro-breccias. P
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MF8 Heavily abraded
crinoid packstone/
wackestone

MF9 Dolomitic
bioclastic
wackestone/mudstone
MF10 Thin-shelled
bivalve packstone/
wackestone

MF11 Lime-mudstone

MF12 Ammonoid-

calcisphere wackestone

Dominated by echinoderm fragments with occasional
bryozoan fragmentsnicritic matrix-supported; occasional
micro-breccias.

Minor bivalves, echinoderms, ostracods, foraminifera, and

calcispheres; micritic matrix-supported.

Abundant thin-shelled bivalves with occasional juvenile
ammonoidssometimes densely packed.

Pure micritic mudstone with common pyrite.

Occasional ammonoids with calcispheres; micritic
matrix-supported.

massive

massive

massive

massive

massive

RMF9

SMF3

RMF5

SMF8

Outer
Ramp
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