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The end-Triassic mass extinction is considered one of the “Big Five” extinction events in
the Phanerozoic. However, whether the terrestrial ecosystem began to deteriorate or
even collapse prior to the Triassic-Jurassic (Tr-J) transition remains controversial. Com-
pared with the documented data from the western Tethyan region, evidence from the
eastern Tethyan realm is limited. We undertake a fitting analysis of the sedimentary sys-
tem, floral community successions and major geological events of the Xujiahe Formation
as reflected by the Qilixia Section, Xuanhan area, northeast Sichuan Basin, China. Our
results reveal an oscillating fluvial-lacustrine depositional system during the Late Triassic,
with the dominant sedimentary processes mainly controlled by the Indosinian Move-
ment. Beside the sedimentary influence on the Xujiahe Flora, climate changes played a
more important role. Fluctuating conditions to cooler and dryer climates at this time pro-
moted diversification of gymnosperms under an overall warm and humid climate setting
in the Late Triassic in the Xuanhan area. Superimposed on this oscillating long-term cli-
mate state, ecosystem destabilization occurred over 1 million years prior to the Tr-J
interval in the Xuanhan study area, possibly in response to the intensified storm and wild-
fire activity and the following environmental changes. Although the Xujiahe Flora always
recovered from the interruption of the tectonic movement, it ultimately collapsed under
extreme climatic events and ecological pressures induced by the Late Triassic Central

Atlantic Magmatic Province event.
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1 | INTRODUCTION

The Triassic-Jurassic transition (Tr-J, 201.36 + 0.17 Ma, Wotzlaw
et al., 2014) is marked by the end-Triassic mass extinction, one of
the “Big Five” extinction events of the Phanerozoic (Benton, 1995;
Raup & Sepkoski, 1982; Sepkoski, 1981). The biotic turnover, eco-
logical crisis, and environmental background across the Tr-J transi-
tion have drawn significant attention over the last decades
(Barash, 2015; Hesselbo et al., 2007). The impact of the end-
Triassic mass extinction on marine organisms has been extensively
documented (e.g., radiolarians, Hallam, 2002; foraminifera,
Michalik et al., 2007; ammonites and brachiopods, Tomasovych &
Siblik, 2007; corals and calcisponges, Stanley Jr. et al., 2018;
bivalves, Atkinson et al., 2019). Bio- and chemo-stratigraphic data
and stratigraphic correlations of sea-level changes, ocean acidifica-
tion and release of greenhouse gases (e.g., CO,, CH,) suggest this
event to be triggered by the breakup of Pangea and particularly by
the eruptions of the Central Atlantic Magmatic Province (CAMP) at
that time (Marzoli et al., 2004; Van de Schootbrugge et al., 2009;
Whiteside et al., 2010; Ruhl et al., 2011, Ruhl et al., 2020; Percival
et al., 2017; Capriolo et al., 2020; He et al., 2020). Extreme climatic
events caused by significant global warming led to habitat and eco-
system disruption and destruction, with palynological and geo-
chemical data suggesting this to have occurred simultaneously in
the terrestrial and marine realms (Cleveland et al., 2008; Go6tz
et al., 2009; Hesselbo et al., 2002; Korte et al., 2019; McElwain
et al., 1999; Williford et al., 2009). However, the extinction pat-
terns across this event remain controversial, with some sugges-
tions for multiple extinction events throughout the Late Triassic
instead of a single mass extinction at the end of the Late Triassic
(Benton, 1986; Hallam, 2002; Lucas & Tanner, 2015, 2018). Con-
siderable controversy derives from the response of terrestrial veg-
etation to these events. Studies of the plant taxonomic records
from Greenland, North America, Europe and Gondwana revealed a
significant floral turnover at species and community levels (Belcher
et al., 2010; Fowell & Olsen, 1993; Kirschner et al., 2007;
Kustatscher et al.,, 2018; McElwain et al, 1999; McElwain &
Punyasena, 2007; Olsen et al., 2002). Other works considered that
plant community changes across the Tr-J transition were linked to
gradual and adaptive ecological reorganization related to long-
term environmental variations, suggesting terrestrial plant changes
to be local turnovers rather than those associated with a mass
extinction (Cascales-Minana & Cleal, 2012; Barbacka et al., 2017;
Lucas & Tanner, 2018; Zhou et al., 2021). As most studies on the
end-Triassic mass extinction were carried out in the western
Tethyan realm, especially in Europe and North America, critical
insight on global changes, including as recorded in the eastern
Tethyan realm, is largely missing.

Terrestrial Tr-J transition sequences are well developed in the
Sichuan Basin, southwestern China, representing the most expanded
Tr-J strata in the eastern Tethyan realm (Wang et al., 2010). Funda-
mental studies on regional geology, stratigraphy and palaeontology
were previously conducted (Wang et al., 2010), showing abundant
and diverse plant fossils, represented by the Xujiahe Flora, in the

Upper Triassic sequences of the Sichuan Basin (Huang, 1995; Wang
et al.,, 2010; Ye et al., 1986). The Xujiahe Flora has been suggested to
be flourishing under tropical-subtropical hot and humid climatic condi-
tions (Lee, 1964; Ye et al., 1986; Wu, 1983; Sun et al., 1995). In recent
years, studies on systematic palaeobotany (Lu et al., 2021; Wang
et al., 2015; Xu et al., 2021), palynology (Li et al., 2016, 2018; Liu
et al., 2015), as well as sedimentology and geochemistry (Lu
et al.,, 2019; Pole et al., 2018; Shen et al., 2022; Zhu et al., 2017) were
conducted for these Upper Triassic sequences of the Sichuan Basin,
showing notable temporal variations in climate at that time
(Li et al., 2020; Li et al., 2021; Lu et al., 2019; Tian et al., 2016). The
environmental evolution during the Late Triassic in the northeastern
Sichuan Basin is yet poorly understood, which is critical to provide
insight on the level of ecosystem stability, deterioration and/or col-
lapse prior to the Tr-J transition in this region.

Here, we investigate the sedimentary succession and sedimentary
features of the Upper Triassic sequences in the northeastern Sichuan
Basin, with emphasis on the significance of the macro- and micro-
floral records related to their depositional context. We aim to reveal
the environmental/climatic oscillations and ecological responses dur-
ing the Rhaetian (Late Triassic) in the northeastern Sichuan Basin, next
to discussion on the wider stability of the terrestrial ecosystem prior

to the Tr-J transition.

2 | GEOLOGICAL SETTINGS

The Sichuan Basin occurred on the northern frame of the eastern
Tethyan realm (Figure 1a). This basin is one of the largest sedimentary
basins in southwestern China, covering the eastern Sichuan Province
and the majority of Chongging City (Figure 1b). Its tectonic evolution
can be divided into three stages: basement formation, craton basin
and foreland basin (Wang et al., 2010). The igneous basement of the
Sichuan Basin is Meso-Neoproterozoic in age. The sedimentary cover
of the Sichuan Basin recorded a stable craton development stage, as
reflected by a set of shallow platform carbonate deposits. When the
South China Block, the North China Block and the Songpan-Ganzi
Terrane collided during the Late Triassic, the Sichuan foreland basin
was formed, and the depositional environment changed from marine
to terrestrial (Wang et al., 2010). During this time interval, both the
end-Triassic mass extinction and the long-term formation of the Sich-
uan Basin were accurately, and continuously recorded in the Upper
Triassic deposits.

The Upper Triassic sequences of the Sichuan Basin are repre-
sented by the Xujiahe Formation, a succession of clastic rocks with
abundant coal and gas resources (Wang et al., 2010). The formation is
widely distributed and well outcropped on the eastern and northeast-
ern margins of the basin. The Qilixia Section is one of the key and
well-known Upper Triassic-Lower Jurassic sections in this area,
occurring close to Qili town in Xuanhan County, Dazhou City
(Figures 1b,c). The Xujiahe Formation is about 520 m thick, outcrop-
ping along the road from Xuanhan to Kaijiang counties. The Xujiahe
Formation unconformably overlies the Middle Triassic Leikoupo For-
mation, and it is conformably overlain by the Lower Jurassic
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South China Block

Upper Triassic Xujiahe Formation
Middle Jurassic Xintiangou Formation Middle Jurassic Xiashaximiao Formation
UpperJurassic Suining Formation

Indo-China Block

-I Lower Jurassic Zhenzhuchong Formation

Middle Jurassic Penglaizhen Formation

Maps showing the location of the Qilixia Section, NE Sichuan Basin, China. (a) The palaeogeographical location of Sichuan Basin

during the Rhaetian (Base map after Metcalfe, 2011); (b) The location of the Qilixia Section, NE Sichuan Basin; (c) Simplified geological map of the

Qilixia Section and surrounding region (after Wang et al., 2010).

Zhenzhuchong Formation. The Xujiahe Formation is divided into
seven members (Members [-VII) with distinct lithological boundaries
between each member (Wang et al., 2010). Previous palaeobotanical
and palynological data suggest that the Xujiahe Formation is Norian
to Rhaetian in age (Li et al., 2016, 2018, 2020; Ye et al., 1986). The
combined cyclo- and magneto-stratigraphic record for this
section and formation demonstrate that the age of the Xujiahe Forma-
tion spans from the latest Norian to the Rhaetian, that is, from 207.2
to 201.3 Ma (Li et al., 2017).

3 | MATERIAL AND METHODS

The Qilixia Section was here studied and sampled for sedimentological
investigations. Facies analyses were conducted according to precise
sequence data and sedimentary features (Figures 2-4).

Published plant macrofossils of the Xujiahe Formation at the
Qilixia Section were compiled and analysed, revealing their ecology
(Lu, 2019; Wang et al., 2010; Wu, 1999; Ye et al,, 1986), and new plant

specimens were collected and supplemented to the previously existing
dataset, next to sporomorph data (Li et al., 2016, 2020; Lu et al., 2019).

Photographs of plant fossils were taken with a Nikon® Z7 digital
camera with an Z 24-70 mm f/4 S lens. The photographs of plant fos-
sils and lithologies of the Xujiahe Formation were corrected only for
contrast and sharpness using Adobe® Photoshop®. The line drawings
of some plant fossils were produced using CorelDRAW® 2021. The
selected specimens of plant fossils reported and figured here are
housed in the Nanjing Institute of Geology and Palaeontology, Chi-
nese Academy of Sciences, Nanjing, China, with catalogue numbers:
PB201033-201041.

4 | RESULTS
4.1 | \Lithology

The Xujiahe Formation comprises seven lithological members (Members
I-VIl) in the studied section. Stratigraphic boundaries between each
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FIGURE 2 Stratigraphic boundaries and lithologies of the Xujiahe Formation at the Qilixia Section. (a) The lithological boundary between the
Upper Triassic Xujiahe Formation and the Middle Triassic Leikoupo Formation; (b) The lithological boundary between the Lower Jurassic
Zhenzhuchong Formation and the Upper Triassic Xujiahe Formation; (c) The massive sandstone bed of Member Il; (d) The sandstone bed with
carbonized branches of Member 1V; (e) The mudstone bed with siderite concretions of Member |; (f) The fossils- bearing layers and coal seam of
Member VII; G. The conglomerate layer of Member II; (h) The conglomerate layer with tree trunks of Member 1.
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FIGURE 3 Sedimentary structures of the Xujiahe Formation at the Qilixia Section. (a) The sandstone bed with conglomerate lens and erosion
surface of Member II; (b) The parallel bedding of Member 1V; (c) The cross-bedding of Member VI; (d) The climbing ripples of Member IV; (e) The
wave-ripple marks of Member VI; (f) The load casts of Member II; (g) The mud cracks of Member ; (h) The Skolithos burrows of Member IlI (after

Pole et al., 2018).

member and bed are distinct, and they are easily recognized through lith-
ological features (Figure 2a,b). The Xujiahe Formation is represented by a
succession of dominant sandstone and mudstone beds, while conglomer-
ates, coal seams and thin layers of concretions were also deposited. Rock
colours, sedimentary structures, coal accumulation and fossil preservation

further reflect the Late Triassic depositional features.

The members Il, IV and VI of the Xujiahe Formation are domi-
nated by thick sandstone beds, mostly medium- to fine-grained
feldspathic-quartz and quartz sandstone, showing greyish to grey col-
ours (Figure 2c). Carbonized plant branches are preserved in these
sandstone beds (Figure 2d). A few coarse sandstone layers occur with

quartz and/or chert gravels and with erosional surfaces (Figure 3a).
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Cross-bedding is the most frequent and notable structure in the sand-
stone beds, usually associated with parallel bedding as well
(Figure 3b,c). Climbing ripples are recorded in members Il and IV
(Figure 3d). Wave-ripple marks and load-casts occur in the sandstone
of the members Il and VI (Figure 3e,f).

The members |, lll, V and VII are dominated by grey to black mud-
stone and silty mudstone beds (Figure 2a,e,f). Variations in colours,
between “grey”, “dark grey” and “black” are mainly dependent on the
organic matter content, beds of these colours were mostly deposited
in a coastal marsh (e.g., Member 1) or peat swamp (e.g., Member VII),
co-existing with coal seams. The horizontal and massive bedding of
the mudstone beds are typically indicative of changing hydrodynamics
and the supply of terrestrial clastics. Mudstones with preserved root-
mucks and mud-cracks in Member | suggest that unconsolidated sedi-
ments were once exposed to relatively dry climate conditions
(Figures 3g, 5a). The Skolithos-type burrows of Member Il show a
near-shore environment (Figure 3h). Some thin layers of siderite con-
cretions are exposed in the mudstone beds of members | and V
(Figure 2e), and two layers of calcic concretions are developed on the
top of Member I.

Conglomerate layers are exposed at the bottom of the sandstone
beds, and some conglomerate lenses occur within sandstone beds
(Figures 2g, 3a). Quartzite and chert pebbles are common in conglom-
erate layers, indicating a long distance of transportation and/or flush-
ing effects of high-energy flow. Fossil tree trunks are commonly
observed in the conglomerate layers as a result of flash flooding,
debris flow events (Figure 2h).

Multiple thin coal seams occur in the mudstone members |, I, V
and VII (Figure 2a,f), suggesting a reducing environment with abun-
dant clastic sediments. The main industrial coal seams occur in Mem-
ber VII (Figure 2f), and a few coal seams of Member V also have
mining significance. Particularly thin layers of siltstone and muddy silt-

stone occur as roof and floor shales.

4.2 | Sedimentary facies and environment

The Xujiahe Formation of the Qilixia Section records a fluvial and
lacustrine system (Figure 4), while Member | records also a coastal
marsh depositional system. These systems could be identified based
on facies, subfacies and microfacies characters.

The sandstone members record a well-developed meandering
river system (e.g., members Il and IV, Figure 4). Associated riverbed
microfacies is mainly represented by conglomerate and pebbly sand-
stone with clear erosional surfaces (e.g., the middle part of bed
04, Member I, Figure 4). The typical retention sediments, including
tree trunks and mud inclusions, are usually exposed as lenses at the
bottom of erosional surfaces (Figure 3a). The marginal bank (point bar)
microfacies are mainly represented by greyish, cross-bedded sand-
stone (e.g., the upper part of bed 04, Member Il, Figure 4). The levee
microfacies are developed upward along the marginal banks, deposit-
ing fine-grained sandstone and siltstone. Flash floods destroyed

levees and formed crevasse splay microfacies. Carbonized branches

and mud interlayers are common in the sandstone beds of a crevasse
splay (e.g., Figure 2d). The floodplain subfacies are generally devel-
oped at the top stage of a meandering river system or lateral it, con-
sisting of siltstone and muddy siltstone. Horizontal beddings are
common, and calcic concretions occur locally. The observed peat
swamp is developed in a floodplain with limited preservation for chan-
nel lateral migration (e.g., bed 10, Member V, Figure 4).

The fluvial delta plain facies expanded into a fluvial-lacustrine transi-
tion zone (e.g., Member V, Figure 4). The distributary channel microfacies
are mainly represented by fine-grained, well-sorted sandstone. Mud
flames and tree trunks are common to the bottom of channel sandstone
beds (e.g., bed 10, Member V, Figure 4). The interdistributary bay microfa-
cies are dominated by dark grey to black mudstone and carbonaceous
mudstone, interlayered with thin-bedded siltstone. Plant fossils and sider-
ite concretions are common in the interdistributary bay deposits (e.g., the
lower part of bed 09, Member V, Figure 4). Peat continuously accumulate
in the swamps of a relatively stable delta plain, which represents the
important coal accumulating environments (e.g., the upper part of bed
09, Member V, Figure 4).

The lacustrine system include lakeshore and shallow lake subfa-
cies (e.g., bed 16 and the lower part of bed 15, Member VII, Figure 4).
However, semi-deep and deep lake subfacies do not develop in the
Qilixia Section locality. The lakeshore subfacies are dominated by
grey-dark to black mudstone. Industrial coal seams are developed in
the lakeshore swamp microfacies, containing fine-grained and thin
bedded sandstone and siltstone beds (Figure 2f). The shallow lake
subfacies are dominated by thin-bedded grey mudstone, silty mud-
stone, and muddy siltstone. Some hydrophyte plant taxa
(e.g., Neocalamites) and bivalves occur in the shallow lake deposits
(Huang & Lu, 1992).

According to the occurrence of marine bivalve fossils in the west-
ern Sichuan Basin and the occurrence of Lingula sp. in the eastern
Sichuan Basin, the microfacies of Member | consists of lagoon, coastal
marsh and estuarine sandbars (Gou, 1998; Wang et al, 2017,
Figure 4), as a result of the transgression and regression cycles during
the latest Norian to the Rhaetian (Lu et al., 2015, 2019).

4.3 | Floral community succession

The Xujiahe Flora has been reported throughout the Sichuan Basin,
yielding well-preserved and highly diverse fossils, especially for the
Qilixia Section and its surrounding areas (Ye et al, 1986; Wang
et al., 2010; Figure 5), counting 110 species of 59 genera of plant
macrofossils (Ye et al., 1986; Lu, 2019; Figure 6, Table S1). Palynologi-
cal studies of the Qilixia Section are extensive, reporting a high diver-
sity of spores and pollen, counting 151 species of 64 genera (Li
et al., 2016, 2020; Figure 7).

Most of the plant fossils from Member | are too fragmentary
to be investigated. According to palynological investigations, the
dominant groups in Member | are ferns (52.09% ~ 55.31%), fol-
lowed by conifers (19.56% ~ 30.17%) and cycads/bennettites/
ginkgophytes (8.94% ~ 14.97%) (Figure 8). Some palynomorph
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FIGURE 5 Representatives of the Xujiahe Flora collected from the Qilixia Section. (a) Radicites sp., Member |, PB201033; (b) Neocalamites sp.,
Member II; (c) Pterophyllum angustum (Braun) Gothan, Member V, PB201034; (d) Cladophlebis raciborskii Zeiller, Member V, PB201035; (e)
Ixostrobus sp., Member V, PB201036; (f) Cladophlebis sp., Member V, PB201037; (g) Baiera elegans Oishi, PB201038; (h) Ginkgoites sibiricus (Heer)
Seward, Member VII, PB201039; (i) Cladophlebis sp., Member VII, PB201040; (j) Dictyophyllum nathorsti Zeiller, Member VII, PB201041. ((a), (c)-(),
scale bar = 10 mm; (b) scale bar = 50 mm; The plant fossils are showing in the stratigraphic order).
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FIGURE 6 Stratigraphic occurrences of the plant macrofossils and division of the floral communities of the late Triassic Xujiahe Flora. *The

division of the floral communities are based on the plant macrofossils and palynological data.

environmental indicators (i.e., Sulcusicystis sp. and Radicites sp.) are
also found in Member | (Lu et al., 2015; Li et al., 2016; Figure 5a),
all indicating a coastal hydrophyte community (CHC) for Member |
at this time (Figure 6).

Plant macrofossils preserved in Member Ill suggest a community
dominated by ferns, cycads, and horsetails (Figure 6, Table S1). The
palynological data also indicate a similar community composition, with
dominant groups of ferns (51.06% ~ 64.33%) and cycads/bennet-
tites/ginkgophytes (14.33% ~ 15.60%) (Figure 8). The plant macrofos-
sils and palynological data indicate a delta-plain wetland community
(DWCQC) (Li et al, 2020; Lu, 2019). Compared with the CHC of
Member |, the diversity of gymnosperms is higher in the DWC of
Member IlI (Lu et al., 2019; Figure 6).

Both macro- and micro-fossils are preserved in the lower beds
of Member V (Figures 5¢c-f and 8). However, the top of Member V
yields only macrofossils and no palynomorphs (Figure 8). The dom-
inant groups include ferns (e.g., Cladophlebis raciborskii, Todites sp.,
Figure 5d,f), cycads (e.g., Pterophyllum angustum, Figure 5c), and
ginkgophytes (e.g., Ixostrobus sp., Figure 5e). The proportion of
fern spores is up to 71.78%, whereas the conifers are only 15.34%
(sample QLX-10 of Bed 9, Member V; Figure 8). Both the macro-
and micro-fossils indicate a swamp wetland community (SWC)
being preserved in Member V (Lu, 2019; Li et al., 2020; Figures 6
and 8).

Most fossil taxa of the Xujiahe Flora were found in Member
VII, such as Dictyophyllum nathorsti, Cladophlebis sp., Baiera elegans
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FIGURE 7 Representative spore and pollen taxa recovered from the Xujiahe Formation at the Qilixia Section. (a) Sphagnumsporites clavus
(Balme, 1957) Huang, 2000, Member |, QLX-1-1; (b) Sphagnumsporites perforates (Leschik) Liu, 1986, Member I, QLX-1-4; (c) Cibotiumspora
robusta Lu et Wang, 1983, Member |, QLX-1-1; (d) Dictyophyllidites harrisii Couper, 1958, Member |, QLX-1-1; (e) Toroisporis minoris (Nakoman)
Sun et He, 1980, Member |, QLX-1-3; (f) Toroisporis minoris (Nakoman) Sun et He, 1980, Member IIl, QLX-7-7; (g) Concavisporites toralis (Leschik,
1955) Nilsson, 1958, Member |, QLX-1-3; (h) Cyathidites minor Couper, 1953, Member |, QLX-1-4; (i) Osmundacidites granulata (Mal.) Zhou, 1981,
Member |, QLX-2-1; (j) Cyclogranisporites arenosus Madler, 1964, Member Ill, QLX-8-2; (k) Angiopteridaspora denticulata Chang, 1965, Member |,
QLX-1-1; (I) Granulatisporites triconvexus Staplin, 1960, Member |, QLX-1-4; (m) Osmundacidites wellmanii Couper, 1953, Member lll, QLX-9-2;
(n) Planisporites dilucidus Megregor, 1960, Member V, QLX-12-2; (o) Araucariacites australis Cookson, 1947, Member |, QLX-1-3; (p) Alisporites
parvus De Jersey, 1962, Member VII, XHQL-89-5; (q) Alisporites parvus De Jersey, 1962, Member VII, XHQL-91-1; (r) Vitreisporites pallidus
(Reissinger) Nilsson, 1958, Member Il, XHQL-40-2; (s) Pinuspollenites divulgatus (Bolkh.) Qu, 1980, Member VII, XHQL-91-1; (t) Pinuspollenites
alatipollenites (Rouse) Liu, 1982, Member VII, XHQL-91-1; (u) Piceites enodis Bolkhovitina, 1956, Member Il, QLX-2-1; (v) Quadraeculina
anellaeformis Maljavkina, 1949, Member VII, XHQL-89-1; (w) Podocarpidites unicus (Bolkh.) Pocock, 1970, Member Il, XHQL-40-1; (x) Cycadopites
parvus (Bolkh.) Pocock, 1970, Member I, QLX-1-1; (y) Cycadopites follicularis Wilson et Webster, 1946, Member Il, XHQL-40-2; (z) Cycadopites
reticulata (Nilsson) Arjang, 1975, Member VII, XHQL-91-1; (aa) Monosulcites granulatus Couper 1960, Member VII, XHQL-91-1; (ab) Monosulcites
minimus Cookson, 1947, Member |, QLX-1-4; (ac) Monosulcites enormis Jain, 1968, Member VII, XHQL-89-3. (scale bar = 20 um).

and Ginkgoites sp. (Figure 5g-j). Both species and genera diversity show an upward decrease in ferns and an increase in gymnosperms
of the plant macrofossils increase at first and then decrease (e.g., conifers, ginkgophytes) from Bed 15 to Bed 17 (Li et al., 2020;
(Figure 6). The dominant groups changed from horsetails to ferns and Figure 8). This assemblage change reflects a transitional community suc-
cycads (Bed 15), and then to ginkgophytes and conifers (Bed 15-17) (Ye cession (TCs), changing from lakeshore swamp to high lands that were
et al,, 1986; Lu, 2019; Figure 6). Meanwhile, the palynological data also preserved in Member VII (Figures 6 and 8).
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FIGURE 8 Stratigraphic occurrences and abundance diagram of major spore-pollen groups recovered from the Xujiahe Formation at the

Qilixia section

5 | DISCUSSION
5.1 | Oscillations between fluvial and lacustrine
depositional systems

Significant changes in terms of palaeogeography, palaeoclimate and
palaeoecology occurred in the Sichuan Basin throughout the Late Trias-
sic. The Sichuan Basin occurred on the northern margin of the South
China Block during the Late Triassic (Figure 1a). With the convergence
of the South China Block, the North China Block, and the Indo-China

Block (known as the Indosinian Movement), the Sichuan Basin was
raised during the Middle to Late Triassic (Zhong, 1998). Due to the
uplift of the Sichuan Basin, the westward retreat of the Tethys
occurred, and the Middle Triassic Leikoupo Formation was weathered
during the Middle to Late Triassic in the Xuanhan area (Deng, 1996;
Wang et al, 2010; Zhong, 1998). This large-scale regression was
recorded by the sedimentary gap between the Middle Triassic Leikoupo
Formation and the Upper Triassic Xujiahe Formation (Figure 2a).
Following the large-scale regression, a new transgressive episode

started in the Carnian and influenced the Xuanhan area in the latest
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Norian (Lu et al., 2015). Thereafter, a coastal marsh began to take
shape and the Xujiahe Formation was deposited unconformably over
the Leikoupo Formation remains (Figure 2a). Some thin layers of coal
were accumulated, with the coincidental formation of calcic concre-
tions and gypsum in Member | deposits, indicating a hot climate (Lu
etal, 2015).

With the continuous northward compression of the northern mar-
gin of the South China Block, the Qinling Orogen to the north of the
Sichuan Basin became raised, and rivers originating from the Qinling
Orogen started to shape the topography of the Xuanhan area with suf-
ficient terrigenous clastic sediments and water. The meandering rivers
became the dominant sedimentary environment, as represented by the
sequences of Member |l. Repeated flood events, inferred from the reg-
ular occurrence of riverbed-point bar-natural levee associations, sug-
gest regular heavy rain events in response to a megamonsoon
development (Parrish & Peterson, 1988; Tian et al., 2016) (Figure 9).

With the initial formation of the Sichuan Basin and the continu-
ous deepening of the water at the study locality, the transition from
channel to floodplain to lakeshore swamp was recorded in Member I
(Figures 4 and 9). However, the relatively stable environment did not
last long before the start of another episode of the Indosinian Move-
ment (also known as the Anxian Movement, Wang, 1990). The tec-
tonic activities not only promoted the continuous uplift of the Qinling
Orogen, but also resulted in the uplift of the Longmenshan mountains,
forming a prominent syntectonic conglomerate sequence near the
source area (He, 2014; Liu et al, 2021; Wang, 2003). The fluvial
dynamics of the surrounding orogens were therefore enhanced, pro-
viding sufficient terrigenous clastic sediments and water. The facies
association of Member IV of the Qilixia Section recorded the Anxian
Movement and its impact from a distance (Figure 4).

With tectonic activities tending to moderate, the environment
became stable, and the lake level became raised (Figure 9). The wide del-
taic flood-plain was formed in the middle Rhaetian (ca. 203 ~ 203.5 Ma,
Figure 9), with distributary channels and interdistributary bay deposits
(Figures 4 and 9). The coal accumulation was enhanced in the stable peat
swamp of the interdistributary bay environment, and some thick, industry
grade coal seams developed in the lower mudstone beds of Member V
(e.g., upper part of Bed 9, Figure 4).

Subsequently, the environment became disturbed again, as sug-
gested by the mudstone breccia of the upper beds of Member V. The
mudstone breccia composed of angular boulders suggests either an
exceptional storm or even a tsunami event (Pole et al., 2018). Under this
disturbed environmental background, very few plant fossils could be
preserved. Root clay and siderite concretions occurred in the upper
beds of Member V, suggesting fluctuations in the lake level (Figure 9).
The disturbed environmental conditions extended throughout the upper
Member V and the Member VI. The occurrence of both hummocky and
swaley cross beddings in Member VI was proposed as strong evidence
of more stormy conditions (Pole et al., 2018). The fine-grained and well-
sorted quartz sandstone with wave-ripple marks of the Member VI may
suggest a wave-dominated, near-shore environment.

Influenced by the lake transgression, a stable lakeshore and shal-

low lake environment developed prior to the Tr-J transition

(Figure 9). The depositional environment and facies evolution were
mainly controlled by lake level changes. With the fall of lake level, a
peat swamp environment occurred and the Xuanhan area became the
coal depocenter, with industry grade, thick coal seams accumulated
related to the stable environmental conditions of Member VI
(Figure 2f).

52 |
response

Palaeoclimate implications and ecological

Species diversity, community composition and dominant taxa of the
fossil assemblages can allow for inferences on palaeoclimate varia-
tions and palaeo-ecosystem stability (McElwain et al., 2007). Further-
more, syntheses of the sedimentary systems, community succession
and major geological events contribute to a better understanding of
the ecological response of the Xujiahe Flora to the end-Triassic mass
extinction and associated climatic and environmental change at that
time (Figure 9).

The observed water-level transgression across the wider deposi-
tional environment resulted in the formation of a transitional environ-
ment, which provided the initial habitats for the rise of the Xujiahe
Flora in the latest Norian (ca. 207 ~ 207.2 Ma, Figure 9). The thriving
CHC of Member | marked the origin of the Xujiahe Flora in the latest
Norian in the Xuanhan area. Both the community composition and
the dominant taxa indicate hot and humid climatic conditions (Lu
etal., 2019).

Subsequently, an environmentally disturbed floodplain developed
during the uplift of the Qinling orogen across the Norian-Rhaetian
transition (ca. 205 ~ 207 Ma, Figure 9), terminating the favourable
habitats for terrestrial plant ecosystems as described above. Locally,
only the sphenopsid Neocalamites survived and became the dominant
element, but Podozamites leaves, mainly transported and buried in the
banks of lakes or marshes, indicate a nearshore hydrophyte ecosystem
as preserved in Member Il (Huang & Lu, 1992). The occurrence of the
fossil wood Xenoxylon guangyuanensis in the neighbouring region of
this basin was notable (Tian et al., 2016). Previously, evidence sug-
gests that the genus Xenoxylon was mainly distributed in the high lati-
tude regions and reflecting cool and/or wet climate conditions, the
southernmost occurrences of Xenoxylon in regions otherwise under
warm or dry palaeoclimates might indicate global colder/wetter cli-
matic snaps (Philippe et al., 2009; Philippe & Thévenard, 1996). There-
fore, the X. guangyuanensis would suggest a climatic cooling event
linked to the development of the Late Triassic megamonsoon (Tian
et al., 2016), influencing the evolution of gymnosperms.

Nearshore peat swamps developed as a result of lake level rise
(Figure 9). A community dominated by ferns, cycads and horsetails
was thriving for a short period of time during the early Rhaetian
(ca. 204.5 Ma, Figure 9). The occurrence of ginkgophyte fossils (Sta-
chyopitys) indicates that the climate was not as hot as during the latest
Norian, and the delta plain wetlands community (DWC) of Member IlI
represented the rise of the Xujiahe Flora in the early Rhaetian (Lu
etal, 2019).

85UB017 SUOWWOD BAITe1D) 8]qeo! (dde 8y A peusenob aJe Sspie YO ‘9Sn JO SNl J0) AreiqT 8UIUQ A8]1/M UO (SUORIPUOD-PUE-SWBIALO" A3 (1M Alelq Ul [Uo//SdnL) SUORIPUOD pue swie | 8y} 88 *[£20z/ZT/yT] uo Ariqiiauliuo A8|im ‘1O Aisienun npbusyd Aq 859t 16/200T 0T/10p/L00 A8 1M Atelq 1 jput|uo//Sdny Wwiol) pepeojumod ' ‘€202 ‘vE0T660T



22 | WILEY

LU ET AL.

The second gap, induced by the Anxian Movement, influenced
the floral communities again (Member VI, Figure 9), coeval with the
uplift of the Longmenshan mountain range towards the southwest,
blocking the warm, moist water flow from the Tethys Ocean, deeply
reshaping local humidity patterns and the regional climate (Lu, 2019).

In the Middle Rhaetian (ca. 203 ~ 203.5 Ma, Beds 9 and 11 of
Member V, Figure 9), ferns and cycads were still dominant (Figures 6
and 8). The ratio of fern spores was even as high as 71.78%, whereas
the conifer pollen is only 15.34% (sample QLX-10 of Bed 9, Member
V; Figure 8). Both the macro- and micro- fossils indicate a swamp wet-
lands community (SWC) of the lower beds of Member V, growing
under a warm and humid climate. Although the conifers and ginkgo-
phytes showed higher diversity than the CHC of Member | and the
DWC of Member lll (Figure 6), the abundance was still low, and they
were not the dominant groups.

Community destabilization marked the third gap in the floral suc-
cession at the study locality, suggesting a precursor interval of envi-
ronmental stress in the late Rhaetian (ca. 202 ~ 203 Ma, Figure 9).
The mudstone breccia of Member V and the occurrence of both hum-
mocky and swaley cross beddings in Member VI recorded the stormy
conditions (Pole et al., 2018). The detrital charcoal fragments and iner-
tinite recovered from the samples of the Xujiahe Formation also indi-
cate a disturbed environment marked by intensive wildfire events
(Lu, 2019; Pole et al., 2018). This ecosystem disturbance is also indi-
cated by a series of discrete spikes in sulphide content and changes in
planktonic community composition in the Panthalassic Ocean prior to
the Tr-J boundary (Schoepfer et al., 2022).

Until the terminal Rhaetian, a stable nearshore environment
became the refuge of the Xujiahe Flora in the Xuanhan area. Not
only did the favourable habitats permit the prosperity of the ferns,
but also, it contributed to the diversification of conifers and gink-
gophytes. Unlike the communities of the underlying members, the
transitional community successions (TCs) of Member VII showed
an upward non-uniformity (Figures 6, 8, and 9). Some hydrophyte
taxa (e.g., Neocalamites) were preserved in the lowermost mud-
stone layers (TC-1), co-existing with some bivalve fossils (Huang &
Lu, 1992; Ye et al., 1986). With the drop of the lake level, the shal-
low lake retreated and the lake shoreline changed, with the lake-
shore subfacies becoming dominant. Within the lakeshore swamp
microfacies, the wetland taxa became dominant in the Xuanhan
area (TC-2). With the continuous drop in the lake level, the river
dynamics became the main sedimentary feature and the flood plain
expanded. Both the highland and the wetland taxa (i.e., conifers,
ferns) were diverse and abundant in the middle mudstone layers of
Member VII (TC-2, 3). The bivalve fossils demonstrate the rise of
lake level in the topmost bed of Member VII (Huang & Lu, 1992;
Ye et al., 1986), with only a low-diversity floral community domi-
nated by some upland xerophytic taxa (TC-4). The floral associa-
tions of the Member VII show an ecological collapse to the end of
the Rhaetian (ca. 201.5 ~ 202 Ma, Figure 9).

It is notable that the turnover from TC-2 to TC-3 and the ecologi-
cal collapse are correlated with mercury enrichment prior to the Tr-J
transition, as a CAMP global influence (Shen et al., 2022) (Figure 9).

Previous studies proposed that the Central Atlantic Magmatic Prov-
ince (CAMP) volcanism have increased the frequency and scale of
extreme climatic events (Belcher et al., 2010; McElwain et al., 1999,
2007), so that the enormous ecological pressure ultimately destroyed
the terrestrial flora and generally their ecosystems (Capriolo
et al, 2020; Lindstrém et al., 2017; Mander et al., 2013; McElwain
et al,, 1999, 2007; Steinthorsdottir et al., 2012; Yager et al., 2021).
Recently, wildfire events across the Tr-J interval were identified at
the Qilixia Section and throughout the whole basin (Lu, 2019; Pole
et al, 2018; Song et al, 2020). Moreover, a multiproxy analysis
(including organic carbon isotopes, mercury (Hg) concentrations and
isotopes, the chemical index of alteration (CIA), and clay minerals) of
the Xujiahe Formation, across the Tr-J interval at Qilixia Section was
undertaken (Shen et al., 2022). The increasing CIA in association with
Hg peaks was interpreted as results of reflecting the volcanism-
induced intensification of continental chemical weathering, which
were linked with the CAMP event (Shen et al., 2022). Therefore, the
ecological collapse at the end of the Rhaetian in the Xuanhan area was
suggested to be largely induced by the CAMP emplacement and its

associated climatic effects.

6 | CONCLUSIONS

1. The Upper Triassic Xujiahe Formation yields the best record of the
major changes in palaeogeography, palaeoclimate and palaeoecol-
ogy occurring in the Late Triassic of the northeastern Sichuan
Basin, South China. The oscillating fluvial-lacustrine depositional
system during the late Triassic, and the sedimentary evolution of
the basin were mainly controlled by the Indosinian Movement and
the regression-transgression cycle.

2. Within an overall warm and humid climate during the Late Triassic
in the Xuanhan area, some climatic variations occurred, as inferred
from differences in floral communities of each member. The cool-
ing and drying fluctuations influenced the diversification of
gymnosperms.

3. Four communities and three obvious gaps document the rise and
demise of Xujiahe Flora throughout the Late Triassic in the north-
east Sichuan Basin. The floral community successions were closely
related to sedimentary processes and to climatic variations. An
ecosystem destabilization occurred in the Xuanhan area over 1 mil-
lion years prior to the Tr-J interval, followed by an ecological col-
lapse occurring at the Tr-J interval.

4. The Xujiahe Flora always recovered from the interruptions induced
by tectonic movement, and it ultimately collapsed under the
extreme climatic events and ecological pressure induced by the
CAMP event.
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