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Abstract \
it

Fifty-six cordaitalean h anatomical features are discovered and described
from the Mosco@s vanian) Benxi Formation in Yangquan City, Shanxi
Province, NoNg . Chi®. They are allochthonously preserved in fluvial channel
depositqgand WgsSified into two types based on the anatomy. The first type is
ch@z y a solid and heterocellul#éin,@ndarch primary xylem and

h ¢ secondary xylem with araucarian radial tracheidal pits and araucarioid

field pitting. The second type contains a septate pith and a pycnoxylic

secondary xylem which is comparable to that of the first typedeyi xylem is
absent in the second type. The diameter of these trunks ranges from 0.11 m to 0.55 m.
The largest tree is estimated to be 29.96 m high using an allometric approach. The

trunks represent the oldest and largest trees from the North Chinadsidcg the

Pennsylvanian due to the absence of Silurian, Devonian, and Mississippian there. The
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fossil evidence shows that cordaitaleans were large arborescent trees growing on
clastic substrates in the Cathaysia during the Pennsylvanian. Their occtmoemce

the upper Pennsylvanian in North China Block suggests that the previously reported
diversity of cordaitaleans, which were estimated based on impressions, is a gross
underestimate. The absence of growth rings in the trunks aoccoorence of
arboresent lycopsids in the same interval, together with coal seam X

around the fossibearing horizons, indicate that the trees grew un@ id

tropical conditions. O

Keywords: Fossil wood; Anatomy; Carboniferous; K, Palaeoecology

1. Introducti on
Fossil plants from the Benxi Form @ve oldest documented tracheophytes

in central North China Block. T, t the early evolutionary stage of the
Cathaysia Flora (Wu et alL987, g et al2019, and are considered to be a link

betwea the Cathaysian an®guramerican floras (Cleal and Wag). However, as

pointed out by Hilton 07, shortage of anatomically preserved plant
fossils prevents omparison and discussion of the relationship between
these two ro ed in the palaeotropical regions during the Pennsylvanian.
Systematic of fossil stems are effective to improve the knowledge of the

past vegetation (Zheng et2008 Yang et al.2013. Anatomy of
|zed stems froofastic deposits provides additionally taxonomic,
oecological, and environmental information on plants (Wan 20al g
20178H. Woody detritus is an important component of modern forest ecosystems and
plays a significant role in energy flow, hydogic and geomorphologic processes as
well as in carbon and nutrient cycling (Harma621). Allochthonous accumulation

of large cordaitalean trunks as logjams have been reported from the Pennsylvanian in
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the Euramerica (Falcebang and Scott200Q Gibling et al.,2010 and recently
documented from the Cisuralian (lower Permian) in the Cathaysia (Wan et al.,
20200. However, similar records have never previously been found from the
Pennsylvanian in North China.

Cordaitaleans are an extinct group of gymnosperms closely related onifers
(Rothwell,1988 Hilton and Batemar006), characterized by large, e

and coriaceous leaves, woody stems, axillary branching, an Sy mic seeds
(e.g., Gu and Zhil974 FalcorLang and Bashfortt£005 Tay|gge 9. The

Pennsylvanian) of both South and North China (§ eng,1982 Jin, 1995

earliestCordaitesleaves were recorded from the Vi&ﬁ ssippian, lower

Mi et al.,2001). Cordaitalean gymnosperms mmon elements on the

Pennsylvanian landscapes of palaeotropj as ( raRaymond, 1988

>

Wang,198
DiMichele and Hook1992 DiMigie %I|Ipsl994 Li et al., 1995 Wu, 1995
FalconLang aml Scott,2000 FalCgfang,2003 2007 FalconLang and Bashforth,
2004 2005 FalconLang MG 009 2011, DiMichele et al.201Q Raymond
et al.,201Q Wang,ZOlW e,2014). They became prominent since the
a

Cisuralian (early

¢ Cathaysia, serving as significant components of the
peatforming Q tic wetlands (Tian and Wahg87, 1988 Wang,1989 1997,

1998 Sun,1%g1 ®en,1994 Wang et al.;1995 Tian et al. 1994 Liu et al.,1998
Hiltg 1, 20094 20094 Yang et al.2006 Pfefferkorn and Wang,007,

a Q Yang,201G Wang et al.2012 Zhou et al.2015 2017 Wan et al.,

2019a Backer et al.2019 Liang et al.2019. However, the Pennsylvanian
cordaitaleans are extremely poorly preserved in the Cathaysia comparing with those
from the Permian. Their inner structures of cellular anatomy are not yet found and

described. They were recorded sporadically as fragmentargdd Stockmans and
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Mathieu,1939 Zhang et al.1987 He et al.,199Q 1995 Li et al.,1993 Lavine et al.,
2003 Cheng et al.2019. Hence, their growth habits and habitat preference are still
unclear.

In this contribution, we report large tree trurikcan the Moscovian Benxi

wood anatomy suggests that they are cordaitaleans. Conceivable tre re

Formation (Pennsylvanian) in Yangquan City, Shanxi Province, North Chigg. The
©

calculated based on trunk diameters. Their growth habitat is brieg

Moscovian palaeoclimate in the research area is interpreted

xi Formation.

seasonality as indicated by the absence of growth rings g ks, and the
lithological and other palaeobotanical evidence fro %

2. Geologicalsetting, materials and methods

Fifty-six fossil trunks were found and d frorthe Benxi Formation in
Yaxinyuan section, Yangquan City, S @ce, North China (Fig. 1A,
37A556450606N, &64066E). Duofitheg t he
North China Block in palacoequX@rial Paldezihys Ocean (Fig. 1B). The Benxi
Formation overlies the Mi Ordovician Fengfeng Formation with a major
li

unconformity and und ormably the GzhélBakmarian Taiyuan Formation

(Fig. 1C; Wanaan 33 Shao et al.2006 2008. It is composed of

carbonaceouﬂ nes, limestones, conglomerates, and bauxitic mudstones (Shao
et al.,2015. QLI W m thick bauxite occurs at the base of the formation and overlies
the ty. Three lingtone units occur in the Benxi Formation, and are
Im named as Pingdingshi Limestone locally. The limestones in Yangquan
re Morrelated with the Bangou Limestone in the Eastern Hill section, constrained by a
well-defined biostratigraphic framewonk the city of Taiyuan (Wang and Zhang,
1983 He et al.1999. The age of Benxi Formation in eastern Shanxi Province is

Moscovian as indicated by fusulinids, brachiopods, conodonts and fossil plants

(Zhang et al.1987 He et al. 1995 Cleal and Wang;002).

Peni
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[Approximate position for Fig. 1]

The fossitbearing interval is between the middle and upper units of Pingdingshi

Limestone (Fig. 2). It is about 28 m thick, composed of four upsrarshing

successions of conglomerates, gravelly sandstones, ferruginous siltston d
mudstone (Fig. 3A)The sandstones are greenish gray and contain c %y

coarse, moderately to well sorted and rounded tonvathded quart clWgpar

framework grains. Large to medium tabular and trough cros are common.

G

overbank deposits. Fossil trunks are commonly pre

The sandstones are interpretedlagal channelfill deposit stones as
cgarallel to the bedding in

basal channdill sandstones and conglomerates, s % g an allochthonous origin

(Fig. 3B D). In some cases, cordaitaldaav

the sandstone bodies (Fig. 3E). K

[Approximate position for Fig. 2

Thin sections of f@\s are studied following the method introduced by
r

minology of Richter et ak{04) andPhilippe and

Hass and Row )
Bamford Qooﬁs ed in the description and discussion of wood anatomical
0

featuregof t il stems. The polished cross section of large specimens were

ph ith a Nikon D800 digital sindéms reflex camera (Figs, 4A, 6A).
mn images were taken using a Leica DM5000 compound microscope and
cid®h DC 500 digital microscope camera system. The maximum height of the host
tree i s est i m®%)ecpirinallyideriged, Niomethanga relétionship
between basal tnk diameter (D) and tree height (H) for woody plants:

logioH = 1.59 + 0.39(logyD) i 0.18(logoD)?.
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The specimens and corresponding thin sections are housed in the Palaeobotanical
Collection of the Nanjing Institute of Geology and Palaeontology, Chinesgeftty of

Sciences.

[Approximate position for Fig. 3]

3. Results &6

The trunks are straight, decorticated, and have a diame erom 0.11 mto
0.55 m. Margins of each trunk are parallel. Attached Ia@ves and branch scars
ﬁ SWf the trees. The

allometric estimates of tree height are 1122196 rvl'a e S1). Two types of trunks

are identified on the basis of pith morp I@ wood anat8rhyType I: fossil

trunks with solid pith and pycn 0

3.1.1. Systematic palaeontology
GenusDamudoxonri\/IahesN;L%?

Type speciesDamudo@y oniMaheshwari,1967.
Damudoxyloﬁ g and Wan, n. sp.

(Figs. 44D)

Q: The specific epithet is dedicated to Mr. Sh&kg Mei (Senior

rimentalist of Nanjing Institute of Geology and Palaeontology, Chinese

are absent, suggesting tlhiaey are the lower or midg

Academy of Sciences) for his finding the current material and his continuous
exploration of petrified woods in thesearch area during the last decade.
Holotype: The specimen with Catalog No. PB23311, and the slides PB2B&11
PB233119.

Repository: Nanjing Institute of Geology and Palaeontology, Chinese Academic of
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Sciences.
Diagnosis:Woody tree, stem eustelic. Risolid, circular, heterocellular, with
spherical secretory cavities at the periphery. Primary xylem endarch, with helical and

scalariform thickenings on radial tracheidal walls. Secondary xylem pycnoxylic,

composed of tracheids and ray parenchyma. Radigteidal pits arranged
alternately, commonly biseriate, rarely uniseriate. Rays uniseriate, @ high

Crossfield pitting araucarioid. Axial parenchyma and tangential tO its

Province, China.

absent.
Type locality: Yaxinyuan section, Sanquan ViIIage,ngqanxi

Stratigraphic horizon: Benxi Formation.

Y4

Age: Moscovian, Pennsylvanian, Carbonifz

3.1.2. Description

Nine specimens belong to tM&type. Their diameters range from 0.13 m to 0.33
m. They are cylindrical in eserved shape in the field. The following description is
based on slides from t en which has been catalogued as PB23311.

The trunk is ¢ %lth primary and secondary xylems. Phloem, cortex
and peridermﬁ t pr@served (Fig. 4A, B). The pith is circular in cross section, solid

and hetero s, and consists of parenchymatous cells and secretory cavities (Fig.

IMgroglh’ seicin, the diameter of pith varies from 0.02 m to 0.03 m (Fig. 4A,

). @ hymatous cells are commonly rounded, oval, and polygonal (Fig. 5A).

N diameters range from 40nto 144 mThe smaller cells are distributed at the
rginal portion of the pitlSome opague contents are present in the parenchyma
(Fig. 5A, red arrows). In the radial section of the pith, cells are commonly
guadrangular, rarely rounded (Fig. 5C). They are of a larger size at the central pith,
and the width is greater than height.tAe periphery, their sizes decrease, and
horizontal walls are shorter than the vertical walls. Secretory cavities distribute at the

periphery of the pith (Fig. 4C, white arrow). Diameters of the cavities vary from 100
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€ mto 260e mEach cavity is surrowted by 2 3 rings of small, elongate, and oval
parenchymatous cells (Fig. 4D, E, white arrows). The primary xylem is endarch (Fig.
5A, B, white arrows). In radial section, scalariform and spiral thickenings are present

on the radial tracheidal walls (FigC5white arrows).

The wood is pycnoxylic, containing tracheids and rays. Growth ring@sent.
e

Tracheids are rounded and polygonal in the cross section (Fig. 5A, rs of
the tracheids are 4@2 ¢ min radial section, rounded and hexago jis are
present on the tracheidal walls. They are mostly biseriate (928§ ), rarely
uniseriate (Fig. 5D, E). Uniseriate pits are continuously 3 Fig. 4E, red
arrows). When biseriate, pits are alternatively distrilygd Wl0. 5D, E, white's).

smooth cell walls. They are uniseriate, 2 t[czf higMFig. 5F, white arrows). In

Tangential pitting and axial parenchyma are abse are parenchymatous, with

2 to 5 tracheids. Pdssfialds

radial section, ray cells are rectangular ni :
are obscure. In some cases, sg o. P d bordered pits with circular apertures are

present (Fig. 5G, white arrows) ey are small in size, with a diameter less than 7

eEm.

[Approximate position %x 5]

3.1.3. Remar
The s \ith secretory cavities, endarch primary xylem, and pycnoxylic
Ig of the trunks are consistent with the anatomical diagnosis of

¥lorMaheshwari (Maheshwarl967, 1972 Pant and SingHh,987).

other is heterogeneous with secretory cells (Mahesh&&r, 1972. Eight

species with similar characteristics were put under this genus. However, Pant and
Singh (L1987 proposed that these two types of pith would represent host plants with
totally different affinities. They establish&hapmanoxyloPant and Singh fohbse

with homogeneous pith, endarch primary xylem, and pycnoxylic woods. Five species,

including Damudoxylon daintree{Chapman) Maheshwald. jamuriense
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MaheshwariD. parenchymosur{Surange and Maithy) Maheshwdbi, porosum
(Kréausel) Maheshwari, arid. rangei(Krausel) Maheshwari, have been transferred to
Chapmanoxylon daintregiChapman) Pant and SindB, jamuriensg Maheshwari)

Pant and SinglC. parenchymosur(Surange and Maithy) Pant and Sin@h,

porosum(Krausel) Pant and Singh, a@drangei (Krdusel) Pant and Singh,
respectively (Pant and Singtf87). In addition,Dadoxylon adhariens 6

Dadoxylon chandrapuraensi®rasad, an®adoxylon maharashtrae

reclassified aBamudoxylon adharieng®rasad) Pant and Singh
chandrapuraensigPrasad) Pant and Singh, abdmudoxyl %
(Prasad) Pant and Singh respectively. Furtbamudo %ahang and Zheng

was erected based on the early Permian material Taiyuan Formation in North

China (Zkeng et al.2009. Kurzawe et al. 2{@ lishe&¥p. buritiranaense

zawe, Merlotti and lannuzzi,

Kurzawe, Merlotti, Rohn and lannuz®,
andD. roessleriKurzawe, Merl Q)/aMyzzi according to the fossil trunks from

the Permian of the Paaiba Basi

NOrtheastern Brazil. In summary, ten species of

Damudoxylorare formally blishel
The mostly biseri% racheidal pitting in the wood of current trunks is
distinguishabl uio triseriate pits ilDamudoxylon arberfWalton)

Pant and SQ harashtraensjD. roesslerj D. waltonii Maheshwari and.

and accepted (Table 1).

zhouj(M ari,1967, 1972 Zheng et al.2008 Kurzawe et al.2013. The
eath in the pith and paired leaf tra@ indicumare not present in
aterial (Maheshwalfi967, 1972. Uni- to biseriate rays iD. adhariense
ndD. chandrapuraensiare different from the entirely uniseriate rays in our
trunks (Prasad,982. Pits on ray parenchymatous cells and axial parenchyma in
the wood ofD. zhouiis absent in our material (Zheng et aDP9. Damudoxylon
buritiranaenseand

D. humileis featured by mostly uniseriate radial tracheidal pitting (Kurzawe et al.,

2013, which is different from that of our trunk. The occurrence of tangential



Pagel!

tracheidal pitting irD. humilemakes it distinct from the trunls this study.

However, it shoulde noted that the assignmentfburitiranaenseandD. roessleri
with homocellular pith is suspicious. According to Pant and Sihg§&7, the pith of
Damudoxyloris heterogenous with parenchyma and secretory cells. Secretory
cavities present at the pigieriphery, which are diagnostic features of curregirunks,
have never been recorded from any speci&aofiudoxylonDue to its

anatomical features and dissimilarities to the established specie@ 0se a new

speciesPamudoxlon meiWang andNan herein. O

[Approximate position for Table 1]

It should be noted th&@amudoxylorwa: d bas®d on fossil stems from the
Permian of Gondwana (Maheshwar®7 @of this genus have extensively
been reported from the Southg & &re, inotuthie Antarctic (Maheshwari,
1967, 1972, Brazil (Kurzawe et an& 13, India (Pant and Singh987), and South
Africa (Pant and Singh,98 owever, the occurrence bt zhouifrom the lower
Permian of Chaoyang i laconing Province, northeastern China (Zheng et al.,
2008, demonstraffs S genus was not constrained within the Gondwana. Our
trunk from th% vian of Yangquan City, Shanxi Province, North China,
represegt th®ge®®ndespes ofDamudoxylonn the Cathaysia. Its presence indicates
tha ormay not have any palaeogeographic implications.

Qtory structures are common in the pith of fossil stems from the upper

eozoic all over the world (e.g., Pant and Sifng&y; Feng et al.201Q
FalconLang et al2016 Wan et al.20179. Among them, secretory cells and ducts
are characterized by slightly thickened walls and opaque contents. They are circular in
cross section, with a larger size than normal parenchymegtisgKulkarni et al.,

1971), and distributing separately (Pant and Sifgig7 Kurzawe et al.2013 or in

cluster (Wan et al20179. Secretory ducts are canular in cross section. In some
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cases, they are joined by narrow transverse connections (edrgs. 972).

However, in the pith obamudoxlon mein. sp., secretory cavities are spherical and
distribute at the periphery. Their middle parts are hollow. Each secretory cavity is
surrounded by two to three rings of small, elongate, and oval parenciygcalls,
which is distinguishable from secretory cells/ducts without any adjacent gggament.

Similar secretory cavities have only been recorded from the p§hanf

taiyuanenseilton et al., a cordaitalean plant from the lower Perno ima

(Hilton et al.,20090).
The eustelic trunk with thick development of woo n mein. sp.

suggests that it is a member of gymnosperms. The

of irregular arrangement of

Byvacel) axial

parenchymatous tissue makasmeiin. sp. di rom ®nks of ginkgophyte

(Feng et al.2010. Flora from the Mosc% egki Formation in North China,
1

7

©s| (Wu,1999. Although their affinities are still

tracheid elements, bent endings of tracheids, abnO%

where current materials were ominated by neuropterid forliage
(Paripteris Gothan) and.inopteri
on debate, they are comm found associated with medullosan seeds and pollen
organs (Cleal and Sh od of medullosan seed ferns is commonly
manoxylic (Galti -Berthaud 2006, which is distinguishable from the

pycnoxylic welld oy meii. Trunks of cordaitaleans have a similar wood anatomy

with tha@ (e.g., Falcdmang et al.2016. However, unequivocal remains

of ¢ never been foufrdm the Carboniferous in the Cathaysia. The oldest
ng leaves are recorded from the lower Permian in North China (Si3én,

I ntrast, cordaitalean leaves are common in the Cathaysia since the beginning of

Pennsylvanian (Wu,995. Commonly the trunks and branches of cordaitaleans are
characterized by a septate pith (e.g., Stewart and Rotliweélk Taylor et al. 2009.
However, as noted by Falchrang 007, in the basal part of cordaitalean trunks and

their young shoots, pith is commordglid with an incompletely developed
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diaphragm. Cordaitalean stems and shoots with solid pith have been well documented
from the Pennsylvanian in palaeotropical areas (Falemy,2007 Césari et al.,

2019. Therefore, a cordaitalean affinity Of meiin. sp. is preferred in current study.

3.2.Type II: fossil trunks with septate pith and pycnoxylic wood

3.2.1.Description &6

Forty-seven trunks, including the biggest one with a diagss 5 m, are of
comparable anatomical features, and thus attributed to he description is
based on slides from the specimen which has bee &ed as PB23312.

The trunk is compaxd of pith and secondary x g. 6A). Structures of the
primary xylem are indiscernible due to the eservaion. The pith is circular and
0.025 m in diameter (Fig. 6A). It show aced septa in radial section (Fig.
6B, C, white arrows). Each se Xhick. Cellular features of the pith are
not preserved. The secondary X is pycnoxylic, consisting of tracheids and rays
(Fig. 6C). Growth rings a%nt( ig. 6A). In radial section, predominantly
uniseriate pitting (94%fn occurs on tracheidal walls (Fig. 6D, white arrows).
Pits are borderedfn uously distributed. In some cases, partially biseriate pits
with dternateqfarraygement are present (Fig. 6D, red arrows). Rays are
parenchyma®s¥and 1 to 12 cells high in tangential section (Fig. 6E, white arrows).
Cro ¥ are not welpreserved. Only some dispersed small, bordered pits are

meachcssfield (Fig. 6F). Tangential pitting and axial parenchyma are

bsBnt.

[Approximate position for Fig. 6]
3.2.2.Remarks

The second type of trunk is featured by the septate pith with horizontal
diaphragms, which is distinct froBamudoxylon mein. sp. with satl pith described

above. In addition, its mostly uniseriate radial tracheidal pitting and relatively lower
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rays in tangential section are different from thosB.aheiin. sp. The absence of
cellular features of the pith and primary xylems prevents fudbeparisons between
these two types of trunks from the same fossil interval. Traditionally, fossil woods
with septate pith from the Cathaysia were attributeddmdaioxylonGr and 6 Eur y
(Hsu and Bos€l,952 Wang,2000 Zheng et al.2008. It should be pmted ou t

the primary xylem oCordaixylonshows an endarch maturation (Rot I

Warner,1984 Césari et al.2015 Conceicao et al2020. Therefore,

inappropriate to assign current trunkordaioxylondue to the
xylem. The wood described here is characterized by pr& uniseriate

araucarian radial pitting and scattered bordered i hich is comparable

to the fossil specie&raucarioxylon lee{Sze) Wang Permian of North China

(Sze,1952. However, the genuAraucarloxy (IS iNgitimate (Philippe,
1993 2017). The species that formerly thls genus shoulddssigned to
AgathoxylorHartig (Bamford a 1 Philippe and Bamford,009).

From this point of viewAraucariORon lee(Sze) Wang is keombined as

Agathoxylon leefSze) Wan®yand Wan, n. comb. heréigathoxylorieein. comb. in

current study is propo evof cordaitalean affinity due to the occurrence of
septate pith, and erlstlcmac Cordaitales with mostly uniseriate radial
tracheidal p| short rays in the wood (Doubinger and Margu&#iés, Noll
et al.,20 5

ion

ermineralized plants with anatomical characteristics are extremely rare from the
Pennsylvanian of Ghaysia. The oldest Cordaitalean axis from the Cathaysia is
recorded from the Bashkirian Hongtuwa Formation in Jingyuan, Gansu Province,
China, and was named Badoxylon(?Mesoxylof sp. by Tian et al.1099.
However, the description of inner structuoéshis species has never been provided or

formally published (Feng et akp08. Feng et al.Z008 described a fossil wood
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named aZalesskioxylon xiaheyanenseng, Wang and Shen from the lower part of
Taiyuan Formation in Ningxia, China. The age d@itHossil interval is proposed to

be Stephanian (Kasimovia@zhelian), which is younger than that of the Benxi
Formation in North China. Pith and primary xylemZokiaheyanensare absent.
Therefore, the affinity of this fossil wood is unknovidalesskoxylon xiaheyanggss
characterized by numerous simple pits in each diekk which is distin %
bordered pits in our trunks. Anatomically preserved fossil plants oscovian
in North China are only documented from the Benxi Formatigg 'glll,

Taiyuan City, Shanxi Province (Cleal and Wangp2. Cha @

anatomical structures of plants with gymnospermo ities were not found.

Therefore, the two types of trunks describegm I(s stud
gymnosperms with definite anatomy fr scovian in Cathaysia.
The diversity of Pennsylv r leans in palaeotropical regions is not well

understood. Common character’9fCs that have been used to differentiate species of

represdirsthe

cordaitalean leass, includin®gize, shape, and venation schemes, are thought to be

artificial and not diagn@stj m T2808).KThe limited number of characteristics
and fragmentary gffe n of the fossils themselves further compound the problem
(DiMichele, Zﬂ jcular analyses based on cordaitalean leaves demonstrate that

the divegsity W&t group was grossly underestimated (Zodrow €08, Gi mT n e k ,
ZOOQe @ Korjan2013. Cordaitaleans are commonly represented by the

C of leave adpstsns and permineralized materials from the Permian of

ataysia (Wand,999. However, they are of a low diversity and a sporadic
distribution in North China during the Pennsylvanian (\A205. Only one species,
Cordaites principaligGermar) Geinitz, repreviously been recorded from the
Moscovian Benxi Formation in four localities of the Cathaysia, including Eastern and

Western Hills in Taiyuan, Shanxi Province, Zhungeerqi and Hulusitai in Inner

Mongolia, and Kaiping in Hebei Province (Stockmans ardhi¢u,1939 Gu and
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Zhi, 1974 Zhang et al.1987 He et al.,199Q Laveine et al.2003. In Yangquan
area, six species of plants includingpidodendrorsp.,Annulariasp.,
Sphenophyllunoblongifolium(Germar) UngeCyathocarpus hemitelioides

(Brongniat) Mosbrugger an@aripteris gigantegSternberg) Gothan, have

previously been reported from the Benxi Formation (1€&,7 Wang and Zhagg,
1983. Cordaitaleans have never been found and recorded in this r %resence

s area. The

@ breviously inferred

was bhiased. This

of Damudoxylon mein. sp. andAgathoxylon leen. comb. with septm m

Yangquan provides the first evidence of Moscovian cordaita

two species of fossil trunks in current research area indi

low diversity of cordaitaleans frothe Moscovian of

observation is further supported by the cuticular re principalis from the

Canadian Carboniferous Maritimes Basin, ysmgl®eveal®five distinct epidermal
morphotypes within one taxon (Zodro

VV@Pt
There is a substantial unc ty Mgtween the Middpger Ordovician and

the upper Carboniferous across Wgarly the entire North China Block (e.g., Wang et al.,
2010 Cocks and TorsvikkOW, representing ca. 135 million years of missing time.

This gap makes the inges ion of the origination and evolution of vascular plants
during the Silurigif! , and early Carboniferous impossible. Geochemical
evidence sho@th China Block was uplifted as a continental upland during
this timg(

colm errestrial landscape in North China Block (Cleal and VZang).

[.,2010. The Benxi flora represents the oldest vascular plants

C to the statistical work by Wa§95), sixty species of thirty genus have
ecl recorded from ¢nBenxi Formation of this region. However, due to the
fragmentary preservation of the fossils, the occurrence of tall trees and the
completeness of Moscovian floral communities in North China are obscure. It has
been proposed that lycophytes were the oalydidate of arborescent trees based on
empirical analysis (Cleal and Warif)02). Arborescent trees are crucial for lidiee

plants, providing physical and physiological supports (Cai and Z1is). The rarity
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of arborescent groups has been used ttagxthe absence of scrambling and

climbing plants in Benxi flora (Hilton and Cle&l)07). Cordaitaleans had a range of

growth habits, including small scrambling forms, mangdke and giant trees

(Cridland,1964 Rothwell,1988 FalcorLang and Scot200Q FalcorLang and

Bashforth,2004 2005 Raymond et al201Q Wan et al.20200). The trunks wi a
% grow

diameter up to 0.55 m in current study suggest that the cordaitalea

to a height of 29.96 m and is, at present, the tallest plants in Cam ing the

Moscovian. In additionDamudoxylon mei. sp. andigathoxylQgge b. with
septate pith from Yangquan represent the oldest trees, i North China
Block. And arborescent cordaitaleans were one of i roups migrating to North
China during the Moscovian. Recent finding of a s terophwiosclimbing

on Cordaitestrees from the lower Permian Mon®®lia indicates that
cordaitaleans were suitable for hosting @ nQ€ dyying the Palago®ig e wtiall, k a
2020. Considering the fact th a localities with Moscovian fossilge

intervals have been excavated I@orth China (W95 and references therein), the
lack of scrambling and cINplan S is probably caused by the insufficient fossil
collection.

The cordait documented here are allochthonous indigéatezirb
occurrence luvidgchannel lag deposits and the absence of attached leaves, rooting
systems, or M@n®nes. Pennsylvanian cordaitaleans were ecological diverse, with
grom varying from mariniefluenced coastal margins (Falebang,2005),

a

g and clastiksubstrate swamps (DiMichel2)14), dry lands (Bashforth et

|., )14, to uplands (Falcehang and Bashfortt£004 2009. The dispersed logs
are a timeaveraging assemblage, and their provenance is highly variant (Trimper et
a., 2020. Hence, it is difficult to determine the exact growth habitat of current
cordaitalean trees from taphonomy. One possibility is that host trees of these trunks
were from streamside niches in the upper drainage basin up to hundreds of kilometers

away. Fossil trunks from the intermontane alluvial conglomerates suggest that
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Pennsylvanian uplands in Euramerica were forested by arborescent cordaitaleans
(FalcornLang and Bashfortl,004). However, for the trunks in current study, an

origin from streamiparian zones of the river in lowland is preferred. This

interpretation is supported by the presence of abundant cordaitalean leaves from the
same interval, which are parauto t honous,
local vegetation (Wing andiMichele, 1995 DiMichele and Gastald@,

Cordaitalean trees probably grew in the overbank area and fell i ams when

the bank collapsed due to erosion caused by lateral channe/Jg (Wan et al.,

20208.
Fossil woods provide importantugs in palaeocligg &j palaeoenvironmental

@ rings in fossil woods is

aB&i3 199Q Creber

reconstruction (Wan et akp17h 20209. Presence o
indicative of palaeoclimatic seasonality (C and 8
and Chaloner] 985 Wan et al.20203. hegthgr hand, absence of growth rings

@

¥0171. Therefore, the absence of growth rings

may indicate a norto weakly sg

cliyate with a short or no dry season

(FalconLang2003 Wan et al.20
in all the trunks from Yang®an suggests that thesstgrew in an environment
without large seasonalfil t1I0Nns in temperature, precipitation, and ground water
table. Indicators @ deficiency, such as Calcisols and Vertisols, are not
present from%' e Benxi Formation in the research(&faag and Zhand|,983
Shao etal.2 . ®he occurrence of arborescent lycopsids (IL.&&,; Wang and

th hich are commonly interpreted as hydrophytes (e.g., DiMichele,

1 the same fossil interval, also suggests that the regionaitelivas not
ry Bbiderite nodules and bauxite, which are indicative of trdaakropical humid
climate
(Boucot et al.2013, are present around the fossil interval (Wang and ZH&®5).
In summary, the climate in Yangquan area of Shanxi Province was likely perhumid
(sensuCecil and Dulong2003 during the Moscovian when these tall cordaitalean

trees thrived.
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5. Conclusions

Fifty-six trunks, with diameters ranging from 0.11 m to 0.55 m, are recorded
from the Moscovian Benxi Formation in Yangquan City, Shanxi Province, North
China. They belong to two types. The first type is identifieDasudoxylon mein.
sp., characterizely a solid pith with secretory cavities, endarch primary x , and

pycnoxylic secondary xylem. The second type with septate pith is a4 0

Agathoxylon leen. comb., featured by predominantly unseriate rm idal
be

pitting and scattered bordererossfield pits. Both types are

members of cordaitaleans mainly based on their anato es. Pregence of

meiin. sp. andA. leein. comb. with septate pith sugggs previous speculations
% oscovian flora in North
es are estimated to be up to

about 30 m tall and probably the taIIes% inglathaysia during the Moscovian. They
s

on the diversity of cordaitaleaasd diversity of the €
China based only on impressions are inac
also represent the oldest ar orth China because the Late Ordovician
to early Carboniferous sedimen records are missing. The absence of growth rings
in the trunks, together with occurrence of bauxite, siderite nodules, and lycopsid
stems, suggests that tjfe fean trees would have grown in a stream riparian

environment un id climate.
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Figure captions @

Fig. 1. (A) Map showing the research area to the W

alyuan City, Shanxi
Province, North China. (B) Palaeogeographic mvsh ying the research area situated

in palaeoequatorial area of the Cathays;j r; after Scotese and ¥0right,

(C) Geologcal map of research ified after Wan ef@ll /1), showing

collection site marked by the r : Ordovician Liangjiashan Formation,0O
Ordovician Fengfeng Forygtion: boniferous Benxi Formation and lower part
of the Taiyuan Formatj : er to middle Permian including the upper part of
the Taiyuan FormaagQ, xi Formation, Lower Shihezi Formation and Upper
Shihezi Form 2 upper Permian Sunjiagou Formation; Lower Triassic
Liujiagou Qn and Heshanggou Formaatid,: Middle Triassic Ermaying

FormatioM@ndlTongchuan Formation; N: Neogene; Q: Quaternary, loess deposit.

FigQ. Chroneand lithostratigraphy of the Benxi, Taiyuan, and Shanxi formations in
angquan, Shanxi Province, North China (modified after WantyZhang1983.

The wood symbol marks the collection interval between the upper two limestones

units. In the Benxi Formation, PDL No. 1 refers to the lowermost unit of Pingdingshi

Limestone; PDL No. 2 is the second unit of Pingdingshi Limestone in the middle;

and, PDL No3 points to the uppermost unit of Pingdingshi Limestone. In the
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Taiyuan Formation, SJSL is the Sijieshi Limestone; QSL means the Qianshi

Limestone; and, HSL refers to the Houshi Limestone.
Fig. 3. (A) Field photo showing an upward thinning succession of sandstones with a

channel base; white arrow points to the large cross beddings. (B) F howing

basal channel lag composed of conglomerates (red arrow) overlying an eggsional
&,

three fasil trunks and axes in the channel lag deposits (red arro jeld photo

showing a large trunk with an inflated base preserved parall mg (red arrow);

the mddle preserved in gravelly sandstone. (E) Fiel

hammer is 0.28 m long. (D) Field photo showing a fossil a central pith in
showing cordaitalean

leaves present in the same fossil interval with disti llel venation.

Y4

Fig. 4. Photographs showing the gross @gy and anatomical features of
Damudoxylon mei. sp. fromth =@ pvidg Benxi Formation in Yangquan, Shanxi

Province, North China. (A) Phot®aph of a cross section of the fossil wood, showing

the overview of the plantNonta ning a solid pith (P) and secondary xylems (SX);

Catalog No.: PB23314h .J(Bhotograph of a cross section of the fossil

wood, showing t ith (P) surrounded by secondary xylems (SX); Catalog

No.: PB23314¥ho e. (C) Photograph of a cross section of the fossil wood,

showing,a sSg ey cavity (white arrow) situatimdghe periphery of the pith (P); SX

ref condary xylem; Catalog No.: PB23311, holotype. (D) Photograph of a
gon of the fossil wood, showing a secretary cavity surroundéad bings

f prenchymatous cells (white arrows); Catalog R&23311, holotype. (E)
Photomicrograph of a cross section of the fossil wood, showing the hollow secretory
cavity enveloped by parenchymatous cells (white arrows); red arrow points to the

normal circular parenchymatous cell in the pith; Catalog No.: BBR3lide number:

PB233111, holotype.
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Fig. 5. Photomicrographs showing the anatomical featurBsumiudoxylon mein.

sp. from the Moscovian Benxi Formation in Yangquan, Shanxi Province, North
China. (A) Cross section of the fossil stem, showing tlgae primary xylem

(white arrow); red arrows point to the parenchymatous cells in the pith (P) with
opaque contents; the size of parenchymatous cells decreases from the cggger to the
marginal part of the pith; SX refers to the secondary xylem; Catala %
slide number: PB23311, holotype. (B) Cross section of the fossil wing the
distribution of the pith (P), primary xylem (white arrow) and gg leem (SX);

Catalog No.: PB23311, holotype. (C) Radial section of t @ ood, shaine
large cells with greater width in the central pith (CP &smaller cells at the
periphery pith (PP); white arrows point to the scalthckenings of the primary
xylem (PX); Catalog No.: PB23311, slide . PB23B1holotype. (D) Radla
section of the fossil wood, showing theﬁ agply biseriate bordered pits on

pg R

C/

holotype. (E) Radial section of tf@vood, showing the predominant biseriate (white

tracheidal walls (white arrows PB23311, slide number: PB23311

arrows) and artially uniseri®g (red arrows) pitting on tracheidal walls; Catalog No.:

PB23311, slide numbg: 1holotype. (F) Tangential section of the wood,
showing the unisgfia (white arrows); Catalog No.: PB23311, slide number:
PB233114, @Radial section of the wood, showing the dispersed
bordere@ e arrows) in the crdsdd; Catalog No.: PB23311, slide number:
PBG, otype.
Fig . Photographs showing the gross morphology and anatomical features of
Agathoxylon leen. comb. from the Moscovian Benxi Formation in Yangquan, Shanxi
Province, North China. (A) Photograph of a cross section of the fossil wood, showing
the overview of the plant stem containing a pith (P) and secondary xylems (SX);

Catalog No.: PB23312. (B) Plagraph of a radial section of the fossil wood, showing
the septate pith with horizontal diaphragms (white arrows); Catalog No.: PB23312.
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(C) Photograph of a radial section of the fossil wood, showing the distribution of
septate pith (P) and secondary xylgX); Catalog No.: PB23313. (D) Radial section

of the fossil wood, showing the dominantly uniseriate (red arrows), partially biseriate
(white arrow) bordered pits on tracheidal walls; Catalog No.: PB23312, slide number:

PB233121. (E) Tangential sectioof the wood, showing the uniseriate rays gghite

arrows); Catalog No.: PB23312, slide number: PB2331(F) Radial s&

wood, showing the dispersed bordered pits (white arrows) in thej§ log

No.: PB23312, slide number: PB23312
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Abstract: Fifty-six cordaitalean trunksith anatomical features are discovered and
described from the Moscovian (Pennsylvanian) Benxi Formation in Yangquan City,

Shanxi Province, North China. They are allochthonously preserved in fluvial channel

deposits and classified into two types basedtlma anatomy. The first e is
characterized by a solid and heterocellular pith, endarch primary xyl %noxylic

secondary xylem with araucarian radial tracheidal pits and oidfielldss
pitting. The second type contains a septate pith apyc @ondary xylem
which is comparable to that of the first type. Primar bsent in the second type.
The diameter of these trunks ranges from 0.11 tw . The largest tree is estimated
to be 29.96 meters high using an allomgt p@rodbe trunks represent the oldest

and largest trees from the N &aton during the Pennsylvanian due to the
absence of Silurian, Devégjan, anO§ississippian there. The fossil evidence shows that

AN

cordaitaleans were lar cent trees growirgpstic substrates in the Cathaysia

during the Pennglilv - Their occurrence from the upper Pennsylvanian in North
China Cra &ge ts that the previously reported diversity of cordaitaleans, which
wer | based on impressions, is a grossastiteate. The absence of growth

Eae trunks and eaoccurrence of arborescent lycopsids in the same interval,

ther with coal seams and bauxite around the fbeailing horizons, indicate that

the trees grew under perhumid tropical conditions.

Keywords: Fossil wood; Anatomy; Carboniferous; Cathaysia; Palaeoecology
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