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The presence of distinct and extensive growth rings in all fossil woods from the Induan of the research area were probably
caused by the seasonal climate with great precipitation variability during the earliest Triassic in the Turpan—Hami Basin. This
is also supported by the occurrence of Calcisols, vertic Calcisols, and calcic Argillisols from coeval deposits nearby. The
occurrence of fossil wood with anatomical structures from the Induan confirms that woody gymnosperms, probably conifers,
were crucial elements on the Early Triassic landscape in northeastern Pangaea. It appears that some gymnosperms had survived
the end-Permian biotic crisis based on the continuous records of Protophyllocladoxylon-type woods from the Wuchiapingian
(upper Permian) to Norian (Upper Triassic) in Bogda Mountains.

© 2019 Elsevier B.V. All rights reserved.

A silicified gymnospermous wood, Protophyllocladoxylon zhaobishanensis sp. nov., is described from the Induan (Lower
Triassic) Jiucaiyuan Formation in Zhaobishan section, Shanshan County, southern Bogda Mountains, Xinjiang Uygur
Autonomous Region, northwestern China. The pycnoxylic wood contains thick-walled tracheids and parenchymatous ray cells.
It is characterized by uni- to triseriate araucarian radial tracheidal pitting, uniseriate rays, one to two large, simple pits in each
cross-field, and uni- to biseriate tangential tracheidal pits.

1. Introduction

Wood is an important organ of gymnosperms, providing support and
conduction (Beck, 2010). Fossil woods contain valuable information on biotic
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diversity in the geological history (Creber and Francis, 1999; Zhang et al., 2007;
Zheng et al., 2008; Wan et al., 2017d). In addition, silicified fossil woods with
well-preserved internal structures in clastic sediments provide taxonomic,
environmental and ecological information on plants (e.g., Wan et al., 2016c,
2017b). A variety of fossil woods have been described from Xinjiang
Autonomous Region, northwestern China over the past few years in the Permian,
Upper Triassic and Jurassic (Wang et al., 2000; Shi et al., 2014, 2015,2017; Wan
et al., 2014, 2016b,c, 2017a,c, 2019a, b; Wei et al., 2016; Chen et al., 2018).
They have provided tremendous information about the floral composition,
paleoclimatic conditions and plant paleoecology (Wan et al., 2014, 2016a,
2019a,b). However, fossil woods from the Lower Permian are poorly represented,
both in this region and globally (Zheng et al., 2008).In this
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contribution, we describe a silicified wood, Protophyllocladoxylon
zhaobishanensis sp. nov., from the Induan (Lower Triassic) Jiucaiyuan
Formation in Zhaobishan section, Shanshan County, Xinjiang Uygur
Autonomous Region, northwestern China. Our study represents the evidence
of woody plant macrofossil from the Lower Triassic in northeastern Pangaea,
and provides significant information on the climatic condition during that time.

2. Geological setting, material and methods
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The study area is located in the southern foothill of Bogda Mountains,
Xinjiang Uygur Autonomous Region, northwestern China (Fig. 1 A-B). The
Bogda Mountains are a large complex anticline, contain the Devonian to
Quaternary rocks, and separate the Turpan—Hami Basin to the south from the
Junggar Basin to the north-northwest (Zhang, 1981; Yang et al., 2010). Along
the northern and southern foothills of the Bogda Mountains, Permian—Triassic
fluvial and lacustrine deposits are exposed, overlying the uppermost
Carboniferous volcanic-arc basement (Allen et al., 1995; Carroll et al., 1995;
Wartes et al., 2002; Greene et al., 2005; Yang et al., 2007, 2010, 2018;
Metcalfe et al., 2009). Paleocurrent and petrographic studies indicate that the

Greene et al., 2005) and, therefore, the Junggar and Turpan—Hami basins were
most likely connected during the Permian to Early Triassic (Wartes et al., 2002;
Yang et al., 2010). Tens of Permian—Triassic stratigraphic sections have been
measured in Zhaobishan and Tarlong— Taodonggou in the Turpan—Hami
Basin, and Dalongkou in the Junggar Basin in the last 15 years (Yang et al.,
2007, 2010; Thomas et al., 2011; Obrist-Farner and Yang, 2015, 2016, 2017;
Fredericks, 2017). Correlations among the sections are largely based on
lithostratigraphy, biostratigraphy, and cyclostratigraphy. Here, we use the

stratigraphic terminology of Yang et al. (2007, 2010).
In the Zhaobishan section (Figs. 1C and 2), six cyclostratigraphic units, or
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Fig. 1. Maps showing the location of study area in northwestern China (A, rectangle). The collection site indicated by a rectangle (B), and the geological map of the Zhaobishan area in Turpan—Hami
Basin, southern Bogda Mountains (C), modified from (Yang, 2016; Fredericks, 2017; Yang et al., 2018).

Bogda Mountains were not uplifted by the Early Triassic (Shao et al., 2001; low-order cycles (LCs) are identified as: Lucaogou, Hongyanchi, Quanzijie,
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Wautonggou, the Jiucaiyuan, the Shaofanggou, and Karamay LCs (Fredericks,
2017; Yang, 2016; Yang et al., 2018). Correlation between lithostratigraphic
formations and the cyclostratigraphic units is shown in Fig. 2. The Lucaogou,
Hongyanchi, Quanzijie, Jiucaiyuan, Shaofanggou, and Karamay LCs correlate
with so-named formations respectively. The Wutonggou LC, on the other hand,
includes the Wutonggou and Guodikeng formations (see also, Yang et al., 2010).
Silicified wood fragments were collected from the middle part of the Jiucaiyuan
LC, about 103 m above the Wutonggou—-Jiucaiyuan LCs

Formation, and no single excursion can be uniquely interpreted to represent the
late Changhsingian global negative excursion as seen in the marine records.
Commonly, the lowest occurrence of vertebrate Lystrosaurus has been
considered as the base of the Triassic in terrestrial records (cf. Lucas, 1998). In
Junggar and Turpan basins, Lystrosaurus fossils have been found in the middle
to upper parts of the Guodikeng Formation (Cheng and Lucas, 1993; Cheng et
al., 1996, 1997; Liu et al., 2002; Liu and Abdala, 2017). However, recent
chronostratigraphic, magnetostratigraphic and biostratigraphic studies in Karoo
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Fig. 2. Chrono-, litho-, and cyclostratigraphy of Permian—Triassic strata in the Bogda Mountains. Absolute ages at stage boundaries from the International Chronostratigraphic Chart (2018/08); Hachured
areas indicate missing strata. Wavy lines are major unconformities. Dashed lines indicate uncertain age correlations.

boundary. In the Zhaobishan section, the Jiucaiyuan LC is 221.9 m thick, and
composed mainly of meandering and braided stream deposits
(Fredericks, 2017).

Foothills surrounding the Turpan—-Hami and Junggar basins contain a
continuous sedimentary record across the Permian—Triassic boundary (PTB)
with abundant vertebrate, invertebrate and plant fossils (Metcalfe et al., 2009;
Yangetal., 2010). The PTB is not well constrained in Turpan—-Hami and Junggar
basins. Palynological (Qu and Wang, 1986; Ouyang and Norris, 1999; Liu, 2000;
Hou, 2004; Afonin and Foster, 2005; Foster and Afonin, 2005), invertebrate (Liu,
1994; Pang and Jin,

2004), vertebrate (Cheng and Lucas, 1993; Cheng et al., 1996, 1997; Liu et al.,
2002; Liu and Abdala, 2017), and paleomagnetic (Li et al., 2003) data result in
various interpretations of the PTB. Nevertheless, most of the data point to the
PTB in the middle to upper part of the Guodikeng Formation. Cao et al. (2008)
used a negative excursion on the stable organic carbon isotope curve to place a
Permian—Triassic event boundary (PTEB) in the upper part of the Guodikeng
Formation in the Taoshuyuan section (synonymous with Taodonggou section,
~37 m bellow the base of the Jiucaiyuan Formation) and Dalongkou section (~53
m bellow the base of the Jiucaiyuan Formation). However, Metcalfe et al. (2009)
pointed out that multiple §"C,y, negative excursions occur in the Guodikeng

Basin have confirmed that the first occurrence of Lystrosaurus is older than
previously thought, and should not be used as the PTB in non-marine sections
(Lucas, 2009; Gastaldo et al., 2015). Lucas (2009) suggested the last occurrence
of Dicynodon be much closer to the PTB, although exact correlation is not certain.
According to biostratigraphic and magnetostratigraphic data from the Junggar
Basin, Metcalfe et al. (2009) proposed that the most likely position of the PTB
is close to the base of Jiucaiyuan Formation. Considering all previous results as
described above, we assign the Jiucaiyuan Formation in Zhaobishan section of
the Turpan—Hami Basin, where current fossil wood fragments were collected, as
Lower Triassic, probably of an Induan age. Additional geochronological studies
are needed in the future to further constrain the Permian—Triassic
chronostratigraphy in Turpan—Hami and Junggar basins.

The description and discussion of anatomical features of the fossil wood
in this study use the terminology of Richter et al. (2004) and Philippe and
Bamford (2008). A thin-section microscopic study of the stems indicates that
they are well silicified. Thin section images were taken using a Leica DM5000
compound microscope and Leica DC 500 digital microscope camera system.
The fossil woods and thin sections are stored in the Paleobotanical Collection
of the Nanjing Institute of Geology and Palaeontology, Chinese Academy of
Sciences.
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Genus: Prototophyllocladoxylon Krausel, 1939

3. Systematics
Type species: Protophyllocladoxylon leuschii Krausel, 1939

Division: Gymnospermae
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Fig. 3. Photographs showing anatomical structures of Protophyllocladoxylon zhaobishanensis sp. nov. from the Induan Jiucaiyuan Formation in Zhaobishan area, Shanshan County, Turpan— Hami Basin,
southern Bogda Mountains. (A) Transverse section of the fossil wood, showing the arrangement of tracheids, and distinct growth rings. White arrow points to the earlywood. Black arrow points to the
latewood with thicker walls and smaller diameters. Collection number: PB22937; slide number: PB2937-1; holotype. (B). Transverse section of the fossil wood, showing three distinct growth rings.
Collection number: PB22937; slide number: PB22937-1; holotype. (C). Transverse section of the fossil wood, showing morphology of tracheids in the latewood (black arrows) and earlywood
respectively. White arrows point to the uniseriate parenchymatous rays. Collection number: PB22937; slide number: PB22937-1; holotype. (D) Radial section of the fossil wood, showing the sharp
transition from the latewood to the earlywood. White arrow points to the last tracheid in the latewood, which is next to the earlywood with smallest diameter. Collection number: PB22937; slide number:
PB22937-2; holotype. (E). Rradial section of the fossil wood, showing the uni- to triseriate pitting on radial tracheidal walls. White arrow point to the continuous uniseriate pits on radial tracheidal walls
of the latewood. Collection number: PB22937; slide number: PB22937; holotype. (F). Radial section of the fossil wood, showing the uniseriate pitting on radial tracheidal walls of the earlywood. White
arrows point to the pits which are distributed in groups. Collection number: PB22937; slide number: PB22937-2; holotype. (G). Radial section of the earlywood, showing the uniseriate pitting on

tracheidal walls with slightly flattened pits.
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Collection number: PB22937; slide number: PB22937-3; holotype. (H). Radial section of the earlywood, showing the uniseriate pitting with partially biseriate pits on tracheidal walls (white arrow).
Collection number: PB22937; slide number: PB22937-3; holotype. (I). Radial section of the earlywood, showing the biseriate pitting on tracheidal walls. Pits are rounded, bordered with circular
apertures. Collection number: PB22937; slide number: PB22937-3; holotype.
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Fig. 4. Photographs showing anatomical structures of Protophyllocladoxylon zhaobishanensis sp. nov. from the Induan Jiucaiyuan Formation in Zhaobishan area, Shanshan County, Turpan—Hami Basin,
southern Bogda Mountains. (A). Radial section of the earlywood, showing the biseriate pitting on tracheidal walls. Pits are hexagonal, bordered with circular apertures, continuously and alternatively
arranged. Collection number: PB22937; slide number: PB22937-4; holotype. (B). Radial section of the fossil wood, showing the biseriate pitting on tracheidal walls of earlywood (black arrow) and
uniseriate pitting on tracheidal walls of latewood (white arrows). Bordered pits of latewood are continuous arranged with slit-like apertures (white arrows). Collection number: PB22937; slide number:
PB22937-5; holotype. (C). Radial section of the earlywood, showing the simple pitting in cross-fields, occupying nearly the entire field. There is commonly one large pit in each field. In some cases,
there are two pits in each field, which are commonly horizontally arranged (white arrows). Collection number: PB22937; slide number: PB22937-5; holotype. (D). Radial section of the fossil wood,
showing the simple pitting in cross-fields of the latewood (white arrows) and earlywood (black arrows). Walls of parenchymatous rays are smooth. Collection number: PB22937; slide number: PB22937-
6; holotype. (E). Tangential section of the fossil wood, showing the uniseriate parenchymatous rays. Collection number: PB22937; slide number: PB22937-7; holotype. (F). Tangential section of the
fossil wood, showing the uniseriate parenchymatous rays (black arrows) and pits on tangential walls (white arrows). Collection number: PB22937; slide number: PB22937-8; holotype. (G). Tangential
section of the fossil wood, showing the uniseriate (black arrow) to biseriate pitting (white arrow) on tangential walls. Uniseriate pits are bordered, arranged continuously (black arrow). Biseriate pits are



68 M. Wan et al. / Review of Palacobotany and Palynology 267 (2019) 62-72

alternatively and loosely distributed. Collection number: PB22937; slide number: PB22937-8; holotype. (H). Tangential section of the fossil wood, showing uniseriate rays (black arrow) and the biseriate
pitting (white arrows) on tangential walls. Biseriate pits are bordered, with circular apertures, alternatively and loosely distributed. Collection number: PB22937; slide number: PB22937-8; holotype.

Protophyllocladoxylon zhaobishanensis Wan, Yang et Wang sp. nov.
(Figs. 3-4)

Holotype: The specimens with catalog PB 22937, and the slides PB 22937-
1 to PB 22937-8

Repository: Paleobotanical Collection of Nanjing Institute of Geology and
Palacontology, Chinese Academy of Sciences

Type locality: Zhaobishan, Shanshan County, Turpan, Xinjiang Uygur
Autonomous Region, China

Stratigraphic horizon: Jiucaiyuan Formation

Age: Induan, Early Triassic

Etymology: The specific epithet indicates that the specimens were collected
from the Zhaobishan section.

Diagnosis: Secondary xylem pycnoxylic, composed of tracheids and
parenchymatous rays. Growth ring distinct. Tracheids rounded or polygonal,
sometimes squarish in transverse section. Radial tracheidal pits of early wood
commonly uniseriate to biseriate, rarely triseriate. Uniseriate pits commonly
continuous, rarely arranged in groups. Multiseriate pits contiguously and
alternatively arranged. Bordered pits on radial tracheidal walls commonly
rounded to polygonal, rarely flattened in outline, with circular apertures. Radial
pits on radial walls of late wood commonly uniseriate, rounded in outline,
continuously arranged, with slit-like apertures. Tangential tracheidal pits
present on tracheid walls, uniseriate to biseriate, rounded with circular apertures.
Bordered pits contiguous or separate. Rays uniseriate, 1-28 cells high. Ray

parenchymatous cells procumbent, rectangular. Cross-field pitting window-like.

Each cross-field with 1-2, rectangular, circular, oval simple pits. Axial xylem
parenchyma and ray tracheids absent.

4. Description

Woody specimens are decorticated, with only secondary xylems. The
secondary xylem is composed of tracheids and parenchymatous rays. Axial
parenchyma and resin canals are absent. Growth rings are distinct and of
varying widths, ranging from 200 pm to 1 mm (Fig. 3A-B). Boundaries of
growth rings are well-defined by the presence of early wood with thinner cell
walls and late wood with thick walls. The transition from early wood to late
wood is gradual.

Tracheids in early wood are crudely rounded to polygonal and, in some
cases, squarish in transverse section (Fig. 3A—C). They are distributed in regular
radial files. The diameter of tracheids in early wood is ranging from 45 to 85
pum. Diameters of tracheids in late wood vary from 15 to 55 pm. Tracheids are
long and fusiform with blunt ends in radial section. Radial pits are uni- to
triseriate, commonly uni- to biseriate on tracheidal walls of early wood (Fig.
3D-F). The triseriate pitting is commonly confined to the first one to two
tracheids of the early wood (Fig. 3E).In early wood, uniseriate radial pitting is
commonly contiguously arranged (Fig. 2E, G-H), with partially biseriate pits
(Fig. 3H). Occasionally, they are clustered in groups with 1-17 pits (Fig. 3F).
Biseriate radial pitting is contiguously and alternatively arranged (Figs. 31; 4A—
B). Radial pits in early wood are commonly bordered, rounded to hexagonal
(Figs. 31; 4A-B), and rarely flattened (Fig. 3G) in outline, with circular
apertures (Figs. 3G; 4A). The diameter of bordered pits on radial walls of early
wood is ranging from 15 to 35 um. Uniseriate pits in late wood are bordered,
contiguous, with slit-like to oval apertures (Fig. 4B).

Rays are homogenous and commonly uniseriate (Fig. 4E=F). Cell walls of
ray parenchyma are smooth. Rays are 1-28, commonly 4-16 cells high. The
cross-field pitting is window-like (sensu Richter et al., 2004), with commonly
1-2 large simple pits in each field (Fig. 4C-D). Pits in each field are rounded,
square, elliptical or rectangular, occupying nearly the entire field. In cases of
two pits in a cross-field, they are commonly arranged in horizontal (Fig. 4C).

Uniseriate to biseriate pits are present on tangential tracheidal walls (Fig.
4F). They are bordered, rounded, with circular apertures. The diameter of
tangential pits varies from 7 to 15 um. Uniseriate pits are commonly continuous,
rarely separated (Fig. 4G). Biseriate pits are commonly alternatively arranged
(Fig. 4G). In some instances, tangential pits are separately distributed (Fig. 4G—
H). Some of the tracheids contain numerous tylosis-like membranous structures.
They are thin and separate tracheids into many lumens (Figs. 3E-F; 4E-F). In
some cases, such structures originate from the ray cells (Fig. 4F).

5. Discussion
5.1. Paleoxylotomy and comparison

Pycnoxylic tracheidoxyls that have dominantly or exclusively araucarian
radial pitting and, less than three simple, large pits in each cross field are
commonly assigned to Protophyllocladoxlon Krdusel (Krdusel, 1939;
Lepekhina and Yatsenko-Khmelevsky, 1966; Lepekhina, 1972; Pant and Singh,
1987; Zheng et al., 2008). At least 29 species of Protophyllocladoxlon have
been recorded from the late Paleozoic to Cenozoic (Zhang et al., 2010; Pujana
et al., 2014; Fletcher et al., 2014). Among them, only six species, including P.
derbyi (Oliveira) Maheshwari, P. dolianitii Mussa; P. henanense Yao et al., P.
indicum Pant and Singh, P. jingyuanense Zhang et al. and P. natalense (Warren)
Schultze-Motel, are from the Paleozoic (Mussa, 1958; Schultze-Motel, 1961;
Maheshwari, 1972; Pant and Singh, 1987; Yao et al., 1994; Zhang et al., 2010).
These species, and our Early Triassic wood specimens, are similar to the type
species, P. leuchsii Krdusel, with exclusively araucarian radial pitting. The
specific radial pitting in our wood differs from that in some of the Mesozoic
species, such as P. chudeaui Batton, P. capense (Walton) Krausel, P.
korubaense Serra, P. maurianum Gazeau, P. quedlinburgense Shultze-Motel, P.
thylloides Serra, and P. xenoxyloides Serra, which have dominantly araucarian
and rarely abietinean pits on radial walls (Krdusel, 1939, 1949; Schultze-Motel,
1961; Batton, 1965; Serra, 1966a, 1966b; Gazeau, 1969). Protophyllocladoxlon
chaoyangense
Zhang et al., P. derbyi, P. franconicum Vogellehner, P. haizhouense Ding, P.
jingyuanense, P. maurianum, P. oolithicum Vogellehner, P. quedlinburgense,
and P. szei Wang are characterized by the dominantly uniseriate radial pitting,
which differs from the uni- to triseriate pits in our wood (Schultze-Motel, 1961;
Vogellehner, 1966; Gazeau, 1969; Maheshwari, 1972; Wang, 1993b; Ding et
al., 2000; Zhang et al., 2000, 2010). Tangential tracheidal pitting is an important
characteristic for fossil wood taxonomy (Zheng et al., 2008). Eleven species of
Protophyllocladoxlon have uniseriate bordered pits on tangential walls of
tracheids (Zhang et al., 2010; Pujana et al., 2014). The occurrence of uni- to
biseriate tangential pits in our wood makes it distinct from all of the species of
Protophyllocladoxlon. Seven genera of fossil stems with pith and primary
xylem, including Junggaropitys Shi et al, Medullopitys Krausel,
Megaporoxylon Kréusel, Phyllocladopitys Kréusel, Septomedullopitys
Lepekhina and Turpanopitys Shi et al., contain Protophyllocladoxlon-type
secondary xylem (Kréusel, 1928, 1956; Lepekhina, 1969, 1972; Shi et al., 2014,
2015, 2017; Wan et al., 2014). In addition, a cordaitalean wood, Cordaixylon
andresii Césari et al., was described with Protophyllocladoxlon-type secondary
xylem from the Pennsylvanian of Spain (Césari et al., 2015). However, none of
those stems with Protophyllocladoxlon-type wood have biseriate tangential
pitting that is comparable to the specimens described here.

Cross-field pitting is one of the critical taxonomic characteristics in extant
(Richter et al., 2004) and fossil (Pant and Singh, 1987; Philippe and Bamford,
2008) gymnospermous woods. In general, three types of cross-field pitting are
present in the species of Protophyllocladoxlon, including phyllocladoid (sensu
Philippe and Bamford, 2008), window-like (sensu Richter et al., 2004), and
small to medium oval/rounded pitting. All pits in cross fields of the
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Protophyllocladoxlon wood are simple without borders. The type species of
Protophyllocladoxlon (P. leuchsii) has phyllocladoid cross-field pitting, with 1—
2 simple, elliptical pits with pointed to sub-pointed tips in each field (Krdusel,
1939; Philippe and Bamford, 2008). However, the morphology of pits in cross
fields of Protophyllocladoxlon is variable. Some species have at least two types
of cross-field pitting. In P. henanense, cross-field pits are phyllocladoid, circular,
and oval (Yao et al., 1994). Protophyllocladoxlon owensii has both
phyllocladoid and rounded (circopores) pits (Fletcher et al., 2014). When there
are more than one pit present in each cross field, they are commonly
horizontally distributed (e.g., Pant and Singh, 1987; Fletcher et al., 2014), rarely
vertically arranged (Zhang et al., 2010). Similar to the current material, six
species of Protophyllocladoxlon have window-like cross-field pitting.
Protophyllocladoxlon dephtericum Batton et Boureau, P. franconicum
Vogellehner, P. lechangense Wang, and P. szei are different from our Early
Triassic wood in the relatively lower (less than 15 cells high) rays (Batton and
Boureau, 1965; Vogellehner, 1966; Wang, 1991; Wang, 1993a).
Protophyllocladoxlon chudeaui Batton and P. dephtericum are characterized by
the occurrence of axial parenchyma, which is absent in our wood (Batton, 1965;
Batton and Boureau, 1965).

Tens of fossil woods have been described from the Permian and Triassic of
northern Xinjiang during the past few years (e.g., Wan et al., 2016b, 2016c,
2017a, 2017¢). Four species are documented with Protophyllocladoxlon—type
secondary xylems (Shi et al., 2014,2015,2017; Wan et al., 2014). Among them,
Junggaropitys dalongkouense Shi et al., Septomedullopitys szei Wan et al., and
Xinjiangoxylon turpanense Shi et al. have both phyllocladoid and window-like
cross-field pitting (Shi et al., 2014, 2015; Wan et al., 2014). Our wood is
comparable with the secondary xylem of Turpanopitys taoshuyuanense Shi et
al., which has dominantly window-like cross-field pitting (Shi et al., 2017).
However, T. taoshuyuanense does not have tangential pitting as in our material.

Our wood fragments from the Lower Triassic have unique anatomical
which with  the genus
Protophyllocladoxylon, and are different from all of the described species of
this genus. Based on the evidence and discussion mentioned above, we establish
a new species P. zhaobishanensis sp. nov. herein. Protophyllocladoxylon is

characteristics are  consistent fossil

commonly associated with eusteles composed of piths and primary xylems
(Krdusel, 1928, 1956; Lepekhina, 1969, 1972; Shi et al., 2014, 2015, 2017;
Césari et al., 2015). Its anatomical features are different from those of seed ferns,
cycads and ginkgoes. Protophyllocladoxylon-type woods from the Mesozoic
are commonly proposed as conifers (e.g., Fletcher et al., 2014; Pujana et al.,
2014). Therefore, P. zhaobishanensis is tentatively regarded to be of a
coniferous affinity.

5.2. Paleoecological implications

The growth pattern of fossil wood may provide key information on regional
paleoclimate and plant paleoecology in deep time (Creber and Chaloner, 1984;
Falcon-Lang, 2005; Yang et al., 2013). Presence of growth rings in silicified
woods indicates seasonal variations in precipitation, temperature and light
availability (e.g., Taylor and Ryberg, 2007; Yang et al., 2013). Growth rings
are distinct in all silicified wood samples from the Lower Triassic Jiucaiyuan
LC in the Zhaobishan section. They occur in the secondary xylem of
Protophyllocladoxylon zhaobishanensis and indicate a seasonal climate in the
area during the Early Triassic. Moreover, they show a gradual transition from
earlywood to latewood suggesting gradual changes of environmental and
climatic conditions during the growth seasons (Creber and Chaloner, 1984).
This type of growth ring is different from those occurred in fossil woods from
high latitudes. The latter is characterized by extensive earlywood and very little
late wood (Ryberg and Taylor, 2007). During the Permian and Early Triassic,
Turpan—Hami Basin was located at about 40 to 50°N paleo-latitude (Yang et
al., 2010; Scotese and Wright, 2018). Therefore, annual light/dark cycle is not
the reason for growth rings in P. zhaobishanensis. In the Early Triassic middle
latitude of NE Pangaea, a region with a mean annual temperature were 11—

14 °C, and a mean annual temperature range of only 4.4 °C (Thomas et al.,
2011), indicate that unusually low temperatures are not responsible for the
growth ring in current study. The absence of traces of arthropods and fungi in
P. zhaobishanensis suggests arthropod attack and fungal infection are not the
cause of growth rings.

The thick braided stream deposits in the lower and middle parts of
Jiucaiyuan LC in Zhaobishan section contain little sedimentary evidence on
paleoclimatic conditions; but the stacked Calcisols developed in lake plain
mudrocks in the uppermost part suggest semi-arid to subhumid, highly seasonal
conditions (Fredericks, 2017; Yang et al.,, 2018). In addition, abundant
interpretation of the climatic conditions conforms to those based on
sedimentary, paleosol, and geochemical evidence from the Tarlong—
Taodonggou area, ~90 km east to the Zhaobishan section in the Turpan—Hami
Basin (Yang et al., 2010; Thomas et al., 2011; Liu et al., 2019) substantiate our
climatic interpretation. Calcisols, vertic Calcisols, and calcic Argillisols are
common in floodplain and lakeplain deposits of the Jiucaiyuan LC in Tarlong—
Taodong area. Their occurrence indicates a period of landscape stability and a
semi-arid to sub-humid climate, at least during the time of pedogenesis
(Retallack, 1990; Mack and James, 1994). The calcareous paleosols suggest
periods of low ground water table and soil moisture deficiency (Yang et al.,
2010). Thomas et al. (2011) estimated 290-1014 mm/yr MAP (mean annual
precipitation) value using the CIA-K (chemical index of alteration minus
Potassium) proxy data of the paleosols and suggested a great precipitation
variability in a highly seasonal semi-aird to sub-humid climate during the Early
Triassic in the Turpan—-Hami Basin. Although the Zhaobishan section and
Tarlong—-Taodonggou area may have been located in two different half-grabens
in the Early Triassic, the two areas would likely have had similar climatic
conditions as indicated by regional trend of lake contraction and expansion
(Fredericks, 2017; Yang et al., 2018). Consequently, we speculate that the
growth rings in P. zhaobishanensis may have been mainly triggered by droughts
during the growing season, causing the physiological water stress of the trees
due to great precipitation variability.

5.3. Implications for the end-Permian mass extinction

Our findings add to the complex field of plant evolution across the Permian—
Triassic boundary (PTB). The end-Permian mass extinction event is considered
to be the most severe biotic catastrophe in the Phanerozoic (e.g., Sepkoski, 1984;
Erwin, 1994; Shen et al., 2011; Shen and Zhang, 2017). It is generally accepted
that this crisis had a substantial influence on marine invertebrates (e.g., Jin et
al., 2000; Payne and Clapham, 2012; Stanley, 2016) over a geologically short
time (Bowring et al., 1998; Shen et al., 2011, 2018). However, the impact of
the event on land plants has long been controversial. Evidence for floral changes
has commonly been documented using palynological data of the Permian—
Triassic interval (Ouyang and Utting, 1990; Looy et al., 1999, 2001; Ouyang
and Norris, 1999; Lindstrom and McLoughlin, 2007; Hochuli et al., 2010a,b,
2016; Schneebeli-Hermann et al., 2015, 2017; Fielding et al., 2019), but yielded
conflicting results (SchneebeliHermann et al., 2017, Nowak et al., 2019).
Palynological data from Jameson Land, East Greenland, demonstrate that the
terrestrial ecosystem had collapsed in a multi-phase process; and the subsequent
extinction of typical late Permian subangaran gymnospermous forests preceded
the Permian—Triassic boundary and was followed by a dominant vegetation of
herbaceous lycopsids throughout the Early Triassic (Looy et al., 2001;
Twitchett et al., 2001). However, palynological records from the southern
Barents Sea of offshore Norway and the Kap Stosch, East Greenland indicate a
gymnosperm extinction at the Induan—Olenekian boundary in the Early Triassic
(Hochuli et al., 2010a, 2016; Schneebeli-Hermann et al., 2017), and no
significant floral diversity decrease at the Permian—Triassic boundary
(SchneebeliHermann et al., 2017). In northern Xinjiang, palynomorphs are
diverse and well-preserved, and show similar species composition and
percentage from the Guodikeng and Jiucaiyuan formations (Qu and Wang,
1986; Yu et al., 1986; Ouyang and Norris, 1999; Liu, 2000). The Early Triassic
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(Induan) palynological assemblage from the Jiucaiyuan Formation is
characterized by dominant and diverse pteridophytic spores and subordinate but
almost equally diverse gymnospermous pollen. Ouyang and Norris (1999)
suggested that the presence of transitional palynofloras in the lowermost
Triassic of northern Xinjiang, and there is no catastrophic mass extinction of
terrestrial floras at the global scale at the end of the Permian.

Plant macrofossil data are also used to interpret that the vegetation suffered
enormous losses during the end-Permian mass extinction event (Wang, 1989,
Wang, 1993a, 1996; Retallack, 1995a,b; Wang and Chen, 2001; Grauvogel-
Stamm and Ash, 2005; Yu et al., 2007, 2015; Shen et al., 2011; Zhang et al.,
2016). In Australia, marcrofloral records show that the peat-forming
Glossopteris flora was replaced by the Triassic vegetation dominated by
herbaceous lycopsids and voltzialean conifers at the PTB (Retallack, 1995b).
However, it should be noted that glossopterids have been reported from the
Triassic of Gondwana (Srivastava, 1969; Anderson and Anderson, 1985;
Holmes, 1992). Recently, Gastaldo et al. (2015) reported a Glossopteris-
dominated megafloral assemblage and a Permian palynoflora above the highest
occurrence (HO) of Dicynodon in the Karoo Basin. If the HO of Dicynodon
marks the PTB, there are significant range extensions of typical Permian plants
into Triassic strata. Research on the evolution and extinction of plants across
the PTB from west Guizhou and eastern Yunan (WGEY) of South China have
been deeply conducted (e.g., Yao etal., 1980; Yuetal.,2007; Feng et al., 2018).
Vegetation in this area is marked by a severe decline in biodiversity around the
PTB and, a dramatic turnover from the typical Gigantopteris flora to the
Annalepis-dominated flora (Yu et al., 2015). However, the bone of contention
is whether the plant extinction WGEY was synchronous with the marine
animals, or not, and if it was a rapid collapse of the tropical rainforest or a
longterm changeover process and extinction pattern (Yu et al., 2007, 2010, Yu
et al., 2015; Shen et al., 2011; Zhang et al., 2016). Early Triassic floral data in
the mid- to high-latitudinal Angara are scarce (Dobruskina, 1994, 1995;
Grauvogel-Stamm and Ash, 2005; Karasev, 2015). In eastern Siberia (eastern
Taimyr, Lena—Anabar Trough, Verkhoyansk region), the Permian cordaitalean
coal-forming flora was replaced by the lycopsid-dominant (Tomiostrobus
Neuburg) flora (Mogucheva, 1980, 1989; Dobruskina, 1994). In the Tunguska
and Kuznetsk basins and partially in the Verkhotansk region, fossil records
show a dramatic transformation from the late Permian Tatarina flora to a diverse
equisetale- and fern-dominated flora in the Induan (Mogucheva and
Naugolnykh, 2010; Mogucheva, 2016). However, there is a sedimentary hiatus
at the boundary between the Permian and Triassic in the Angaraland
(Mogutcheva and Krugovykh, 2009; Mogucheva, 2016; and references therein).
In North China, the Changhsingian flora was replaced by the Pleuromeia-
dominant flora around the PTB (Wang, 1989, 1996, 2000; Tian et al., 2000;
Wang and Chen, 2001). However, the diversity of the late Permian flora in
North China decreased since the Wuchiapingian (Wang and Wang, 1986; Wang,
1989). Typical Cathaysia floral elements have a dramatic decline at the
beginning of deposition of the Capitanian—-Wuchiapingian Upper Shihhotse
Formation (Shen, 1995; Wang, 2010). In addition, it is important to note that
there is a 300-m thick sandstone interval between the last Permian flora
assemblage and the earliest Triassic Pleuromeia-dominated flora in North China
(Wang, 1996). No fossil has been found from this interval. Therefore, Wang
(Wang, 1993b, p. 474) suggested that plant extinction at the PTB in North China
was a long-term and complex evolutionary event, rather than a single
catastrophic event.

Studies by Cascales-Mifiana and Cleal (2012, 2014) demonstrated a long-
term decline of 55% of plant families across the Permian—Triassic interval.
Global compilations of land plant diversity show no substantial land plant mass
extinction at the end of the Permian (Knoll, 1986; Traverse, 1988; Rees, 2002;
McElwain and Punyasena, 2007; Xiong and Wang, 2011). The Permian—
Triassic interval records a long period of vegetational turnover in a time frame
of millions of years, during which there was extensive replacement of higher-
level taxa (Knoll, 1986; Wing and Sues, 1992). There is hardly any evidence
for the extinction of major groups of plants at the PTB (Kerp, 2000). Most of

the major plant groups that characterize Mesozoic floras had already evolved
during the latest Carboniferous or Permian (Meyen, 1979; Kerp, 2000;
DiMichele et al., 2001; Kerp et al., 2006; Abu Hamad et al., 2008). Recently,
Lopingian plant fossils from Jordan studied by Blomenkemper et al. (2018)
confirmed that three seed—plant lineages (Corystospermales, Bennettitales and
Podocarpaceae) that were dominant during the Mesozoic had evolved during
the Permian. In northern Xinjiang, the composition of flora in the uppermost
Permian and Lower Triassic is poorly documented in well-exposed Permian—
Triassic continental deposits. Five species, including Viatscheslavia cf.
vorcuntensis (Zalessky) Neuberg, Lepidostrobophyllum sp., Paracalamites sp.,
Zamiopteris cf. glossopteroides Schmalhausen, Walchia sp. and Samaropsis sp.,
were described from the Changhsingian Guodikeng Formation (Zhou and Zhou,
1986). Only one fossil plant fragment, Pecopoteris sp., was found from the
Lower Triassic (Induan) Jiucaiyuan Formation (Zhou and Zhou, 1986). Records
of Early Triassic flora are scarce globally (Zhou and Li, 1979; Bose et al., 1990;
Wang and Wang, 1990; Fuchs et al., 1991; Retallack, 1995a; Yu et al., 2010;
Naugolnykh, 2012; Feng et al., 2018). Therefore, current state of knowledge on
the latest Permian and Early Triassic plants, and the resolution of correlation
between marine and non-marine deposits is too limited to conclude patterns in
extinction, recovery, and radiation across the Permian— Triassic boundary.

Fossil gymnospermous wood is rarely used to identify the patterns of
extinction and survival in the geological history. In most cases, woody
fragments cannot be related to the macrofossil of their parent plants (Boulter et
al., 1988). In addition, the spatio-temporal distribution of gymnospermous
woods is commonly not well constrained (e.g., Wan et al., 2016b). Occurrence
of Protophyllocladoxylon-type wood ranges from the Mississippian to Eocene
(Zhang et al., 2010; Pujana et al., 2014; Fletcher et al., 2014). In northern
Xinjiang, this type of wood has been reported from the Wuchiapingian
Wutonggou Formation (Wan et al, 2014), Changhsingian—-Induan (?)
Guodikeng Formation (Shi et al., 2014, 2017), and Anisian—Carnian Karamay
Formation (Shi et al., 2015). In addition to current discovery in the Induan
Jiucaiyuan Formation, it seems that this type of wood is continuously
distributed from the base of upper Permian to Middle—Upper Triassic. The
similarities in anatomical structures except the presence of tangential pitting on
tracheidal walls in P. zhaobishanensis, and their occurrence in the same region,
suggest the Protophyllocladoxylon-type woods from the upper Permian to
Triassic in northern Xinjiang represent a single coniferous group. Triassic
elements of this group represented by the wood-species are most likely
developed and evolved from the Permian in this geographic region. This
suggestes the group was not drastically affected by the end-Permian mass
extinction. The prevailing model for the end-Permian terrestrial catastrophe is
the extinction of woody trees in response to extreme environmental stress (Looy
etal., 1999; Shen et al., 2011; Zhang et al., 2016), and increased sediment loads
as a function of profound soil erosion due to deforestation (Benton and Newell,
2014; Sephton et al., 2005). However, occurrence of P. zhaobishanensis from
the Induan of northern Xinjiang shows that there existed survivors of woody
plants after greatest biotic crisis in Earth history.

6. Conclusions

A new type of coniferous wood, Protophyllocladoxylon zhaobishanensis, is
proposed from the Induan (Lower Triassic) Jiucaiyuan Formation in the
southern Bogda Mountains, northwestern China. Description of this species
adds to the knowledge on the diversity of the Early Triassic flora in the
northeastern Pangaea in the earliest Triassic. The presence of distinct and
extensive growth rings in all fossil woods from the Induan of the research area
and the occurrence of Calcisols, vertic Calcisols, and calcic Argillisols from
coeval deposits nearby suggests a seasonal climate with great precipitation
variability during the earliest Triassic in the Turpan—Hami Basin. Continuous
records of Protophyllocladoxylon-type wood from the upper Permian to
Middle-Upper Triassic in northern Xinjiang suggest that conifers may have
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suffered a strong decline at the end of Permian, but some survived the end-
Permian biotic crisis.
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