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Abstract—The Ordos Basin is one of the largest continental sedimentary basins and it represents one major
and famous production area of coal, oil and gas resources in China. The Jurassic non-marine deposits are
well developed and cropped out in the basin. The Middle Jurassic Yan’an Formation is rich in coal and con-
tains diverse plant remains. We recognize 40 species in 25 genera belonging to mosses, horsetails, ferns,
cycadophytes, ginkgoaleans, czekanowskialeans and conifers. This flora is attributed to the early Middle
Jurassic Epoch, possibly the Aalenian-Bajocian. The climate of the Ordos Basin during the Middle Jurassic
was warm and humid with seasonal temperature and precipitation fluctuations. The result tends to support
the palacophytogeographic/palaeoclimatic setting of the Ordos Basin in the North Floristic Province, or the
North Chinese Province in the warm temperate zone during the Middle Jurassic.

Keywords: Middle Jurassic, Yan’an Formation, Plant diversity, Palacophytogeography, Palacoclimate, Ordos

Basin, China
DOI: 10.1134/50031030119110091

INTRODUCTION

The Ordos Basin, bounded by the Yinshan and
Dagingshan on the north, the Qinling on the south,
the Helanshan and Liupanshan on the west, and the
Luliangshan and Taihangshan on the east, is one of
the largest continental sedimentary basins (Ritts et al.,
2009; Zhao et al., 2012). It consists of a thick, unde-
formed stratigraphic succession over a wide region,
representing a major and famous coal, oil and natural
gas producing area in China. The Jurassic non-marine
deposits are well developed and mainly exposed in
northeastern and central Ordos Basin, and the Middle
Jurassic is represented by the Yan’an, the Zhiluo and
the Anding formations in ascending order (Bureau of
Geology and Mineral Resources..., 1991; Bureau of
Geology and Mineral Resources..., 1996; Wang et al.,
2000). The Yan’an Formation is rich in coal resources
and contains diverse plant remains.

The fossil plants of the Ordos Basin have been suc-
cessively studied since the 1930s. Pan (1936) is the first
to record the Late Triassic plants of the Ordos Basin.

Subsequently, Sze (1956a) described 62 species from
the Late Triassic Yanchang Formation of northern
Shaanxi and established the Mesozoic floristic succes-
sion and continental strata classification scheme in
China. The most important publication on the stratig-
raphy and palaeobotany of the Ordos Basin is probably
the monograph by Huang and Zhou (1980). Another
important paper describing the Middle Jurassic flora
of the southern Ordos Basin was later published by
Duan et al. (1986). A series of brief studies on the fossil
plants from the Yan’an Formation at Gaotouyao in the
northern Ordos Basin were published at the beginning
of the 21th century (Ge et al., 2004, 2006, 2007).
Additionally, Sun et al. (2011) and Zhao et al. (2011)
described the fossil plants from the Yan’an Formation
from the Dongsheng Coal Field and attributed the
flora of the Yan’an Formation to the Early—Middle
Jurassic in age.

However, all the aforementioned palaeobotanical
studies were based on material without cuticle. With
the discovery of new material with well-preserved
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Fig. 1. Geographic map showing the fossil localities in the northeastern area of the Ordos Basin, China.

cuticle from the Ordos Basin, it is now possible to
carry out detailed study on the cuticular anatomy of
these plant fossils and provide important information
in resolving their systematic positions. In addition to
studying the Middle Jurassic plant diversity pattern
and palaecoclimate of the Ordos Basin, it is also possi-
ble to assess the floristic assemblages and to apply this
information in biostratigraphic correlations. Recently,
with the ongoing conversion of the coal mining oper-
ations from underground to the surface, more and
more coal seams and plant-bearing beds have been
exposed, providing good opportunities to collect and
study the fossil plants in a sequential order in this area.
During the 2012 and 2015 field seasons, we visited six
opencast coal mines in the northeastern area of the
Ordos Basin and collected numerous beautiful and
well-preserved plant megafossils from the Middle
Jurassic Yan’an Formation. Preliminarily investiga-
tions show that the flora of the Middle Jurassic Yan’an
Formation is very diverse, consisting of mosses,
horsetails, ferns, cycadophytes, ginkgoaleans, cze-
kanowskialeans and conifers (Li et al., 2015a, b; Sun
et al., 2015a). Among these collections, a number of
taxa have well-preserved cuticle (i.e., cycadophytes,
ginkgoaleans, czekanowskialeans and conifers). The
leaf morphology, cuticular characters and diversity
pattern of the Czekanowskiales from the Middle
Jurassic sediments of the northern part of the Ordos
Basin have been studied and published (Li et al., 2014,
2015a; Sun et al., 2015a, Sun et al., 2015b). A new spe-
cies of the genus Eretmophyllum (Ginkgoales), E. nei-
mengguensis Li et Sun, was reported by Li et al. (2018)
from the same area.

The purpose of this paper is to present a brief
review of the plant biodiversity of the Middle Jurassic
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Yan’an Flora, and to discuss the biostratigraphic,
palaeophytogeographic and palaeoclimatic implica-
tions based on our examinations on the plant fossil
materials collected from the Ordos Basin. In this
paper, plant fossil taxa are mentioned mostly at the
generic level. Detailed palacobotanical studies on the
leaf cuticular structure and their systematics will be
published separately. This study will provide helpful
information for the stratigraphic correlation of the
Early Mesozoic coal bearing strata in the Ordos Basin,
and will widen our knowledge on the Middle Jurassic
plant diversity and palaeoclimate of northern China.

GEOLOGICAL SETTINGS,
MATERIAL, AND METHOD

The plant remains studied here were collected from
the Middle Jurassic coal-bearing Yan’an Formation from
six opencast coal mines in the northeastern area of the
Ordos Basin, Inner Mongolia, China, including
Chuangxin Coal Mine (40°0'37.67” N, 109°54°50.58"E),
Yanjiata Coal Mine (39°59'46.00” N, 109°5552.00” E),
Xingheng Coal Mine (39°57°58.37” N, 109°54°20.00” E),
Manshijinyang Coal Mine (39°47'52.62" N,
110°10’39.13” E), Shenshangou Coal Mine
(39°42°10.90” N, 110°13’44.00” E) and Wulanhada
Coal Mine (39°42°19.56” N, 110°16’14.67” E)
(Fig. 1).

Tectonically, the Ordos Basin is located in the
western part of North China Block (Hu et al., 2013;
Ritts et al., 2009; Zhao et al., 2015). A relatively con-
tinuous continental sedimentary strata was formed in
the Triassic to the Early Cretaceous and had remained
undeformed (He, 2003; Ritts et al., 2009). The Meso-
zoic strata include the Triassic, Jurassic and Creta-
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Fig. 2. Geological map of the northeastern area of the Ordos Basin, China (modified after Geological Survey Institute of Inner
Mongolia, 2010). T, Lower Triassic; Toe, Middle Triassic Ermaying Formation; T3y, Upper Triassic Yanchang Formation;
J,f, Lower Jurassic Fuxian Formation; J,y, Middle Jurassic Yan’an Formation; J,zh, Middle Jurassic Zhiluo Formation;

K, Lower Cretaceous; N, Neogene; Q, Quaternary; Trifoliate leaf symbols indicate fossil sites.

ceous continental deposits. The Jurassic deposits were
divided into four formations, in ascending order, the
Lower Jurassic Fuxian Formation, the Middle Juras-
sic Yan’an, Zhiluo and Anding formations (Huang
and Zhou, 1980; He et al., 2004; Sun et al., 2015a).

In the northeastern area of the Ordos Basin, the
well-developed Yan’an Formation unconformably
overlies the Upper Triassic Yanchang Formation and
is conformably overlain by the Middle Jurassic Zhiluo
Formation (Fig. 2). The Yan’an Formation consists of
two members. The lower member is the main coal-
bearing deposits and comprises sandstone, siltstone,
mudstone and coal seams, representing fluvial, lacus-
trine and swamp environments. The upper member is
characterized by lacustrine deposits. In recent years,
we have collected abundant fossil plants and a few
bivalves from the lower part of the lower member
(Fig. 3).

We examined over 1000 specimens collected from
the siltstone, mudstone and fine-grained sandstone
beds in the lower part of the lower member of the
Yan’an Formation. Plant remains are represented by
thalluses, leaves, leafy shoots, stems, and male and
female fructifications preserved as compressions. The
majority of the plant remains are represented by
leaves. Fine details of leaf morphology and compara-
tively complete leafy shoots provide evidence of short
distance transportation to burial. Cuticle of some taxa
(i.e., cycadophytes, ginkgoaleans, czekanowskialeans
and conifers) is usually well preserved, allowing details

PALEONTOLOGICAL JOURNAL

of the cuticle to be studied. Hand specimens were
examined using a stereomicroscope (Olympus SZX10).
The photographs were taken using a Canon digital
camera (Canon 5D Mark II) and Keyence digital
microscope with a camera attachment (Keyence
VHX-1000). Plates and figures were made using Adobe
Photoshop CS5, CorelDraw X7 sp2, MapGIS67 and
DGSInfo 1.0. All specimens and preparations are
stored at the Research Center of Palacontology and
Stratigraphy of Jilin University, Changchun, China.
Hand specimens are numbered using prefix capital let-
ters, which denote the fossil localities. For example,
MSIJY denotes the locality in the Manshijinyang Coal
Mine.

PLANT DIVERSITY

Field investigation and specimen collections sug-
gest that plants are diverse during the Middle Jurassic
time in the Ordos Basin. Based on examination of
specimens, we recognized 40 species of 25 genera,
belonging to mosses, horsetails, ferns, cycadophytes,
ginkgoaleans, czekanowskialeans and conifers (Table 1).
The species diversity of each group is shown in Fig. 4. All
taxa listed below are illustrated in Figs. 5—11.

Ferns show a relatively high diversity in the flora
(Figs. 4, 7, 8), contributing 25% of the species diver-
sity. Recognized taxa are allied to Osmundaceae and
Dicksoniaceae. They are assigned to ten species
belonging to four genera: Coniopteris, Cladophlebis,
Vol. 53
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Fig. 3. (a) Generalized stratigraphic column of the Triassic and Jurassic strata in the Ordos Basin, China. Plant fossils were col-
lected from the lower member of the Yan’an Formation; (b) part of section of the Middle Jurassic Yan’an Formation showing the
upper and lower members; (c) field images of the lower member showing siltstones and fine-grained sand stones of the plant-

bearing beds.

Todites and Eboracia (only sterile leaves were found).
Coniopteris (3 species) and Cladophlebis (5 species) are
the most diverse. Representatives of Todites and Ebo-
racia show rather low species diversity, each with one
single species. Fine details of venation and leaf mor-
phology of fern elements are illustrated to corroborate
their specific determinations (Fig. 5).

Following ferns are the ginkgoaleans (20%) and
czekanowskialeans (20%). Ginkgoaleans (Figs. 9, 10)
are represented by Ginkgo, Baiera, Sphenobaiera, and
Eretmophyllum. Ginkgo is the most common and spe-
cies rich (3 species). Their well-preserved cuticular
features corroborate their generic determinations.
Baiera and Sphenobaiera are of low species diversity,
with two species and one species respectively. Signifi-
cantly, oar-like ginkgoalean leaves were described as a
new species of the genus Eretmophyllum (E. neimeng-
guensis) based upon the gross leaf morphology and
cuticular structure. It is the first record of the genus
Eretmophyllum with cuticular structure in China (Li
et al., 2017). Possibly closed to male strobili of Gink-
goales, Stenorachis bellus Mi et al. have also been rec-
ognized from this flora. Czekanowskialeans (Fig. 10)
are represented by leaves and leafy short shoots

PALEONTOLOGICALJOURNAL Vol.53 No. 11

belonging to Czekanowskia and Phoenicopsis, male
fructifications of Ixostrobus and female fructifications
attributable to Leptostrobus. Czekanowskia (subg. Har-
risella) ordosensis C.-L. Sun, H.-S. Wang, D. L. Dilcher,
T. Li, Y.-F. Li, Y.-L. Na is recognizable by its cuticular
characteristics (Sun et al., 2015b). Among czekanows-
kialeans, Phoenicopsis is the most species diverse.
Three species of three subgenera were recognized by
their cuticular features: Ph. (subg. Culgoweria) ordo-

m Mosses

W Horsetails

m Ferns

H Cycadophytes

m Ginkgoaleans

m Czekanowskialeans

Conifers

Fig. 4. Floristic composition of the Yan’an Flora.
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Table 1. Floristic components of the Ordos flora and their occurrences at the different localities in the northeastern area of

the Ordos Basin

Taxa

Locality

Chuang-xin

Yan-jiata

Xing-heng

Manshi-
jinyang

Shenshan-
gou

Waulan-hada

Mosses

Hepaticites arcuatus (L.et H.)
Harris

Thallites sp.

Horsetails

Fquisetites laterale (Phillips) Phil-
lips

FEquisetostachys sp.

Neocalamiteshoerensis (Schimper)
Halle

Annulariopsis bunkeiensis
(Kobatake) Kimura

Ferns

Todites williamsoni (Brongniart)
Seward

Cladophlebis asiatica Chow et Yeh

Cladophlebis haiburnensis
(L. et H.) Brongniart

Cladophlebis hirta Moeller

Cladophlebis nebbensis
(Brongniart) Nathorst

Cladophlebis tsaidamensis Sze

Coniopteris burejensis (Zalessky)
Seward

Coniopteris hymenophylloides
(Brongniart) Seward

Coniopteris simplex (L. et H.)
Harris

FEboracia lobifolia (Phillips)
Thomas

Cycadophytes

Pterophyllum irregulare Nathorst
Pterophyllum sp. 1

Prterophyllum sp. 2

Nilssonia tenuicaulis (Phillips)
Nathorst

Ginkgoaleans
Ginkgo sp. 1
Ginkgo sp. 2
Ginkgo sp. 3
Baiera sp. 1

Baiera sp. 2

PALEONTOLOGICAL JOURNAL
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Locality

Taxa
Chuang-xin

Yan-jiata

Manshi-
jinyang

Shenshan-
gou

Xing-heng Waulan-hada

Sphenobaiera sp. 1 +
Eretmophyllum neimengguensis
Liet Sun

Stenorachis bellus Mi et al.
Czekanowskialeans

Czekanowskia (subg. Harrisella) +
ordosensis Sun et al.

Phoenicopsis (subg. Culgoweria) +
ordosensis Li et al.
Phoenicopsis (subg. Phoenicopsis) +
ordosensis Li and Sun

Phoenicopsis (subg. Windwardia) sp.
Phoenicopsis sp.

Ixostrobus lepidus (Heer) Harris +
Ixostrobus cf. whitbiensis Harris +
Leptostrobus cancer Harris
Conifers

Pityophyllum lindstroemi Nathorst

Sewardiodendron laxum (Phillips) +
Florin

+ +
+

sensis Y.-F. Li, C.-L. Sun, D. L. Dilcher, H.-S. Wang,
T. Li, Y.-L. Na, A.-P. Wang, Ph. (subg. Phoenicopsis)
ordosensis Li et Sun, and Ph. (subg. Windwardia) sp.
(Li et al., 2014, 2015a; Sun et al., 2015a). Phoenicop-
sis-type leaves preserved as impression are assigned to
Phoenicopsis sp.

Each of the following three groups, i.e., cycado-
phytes, horsetails and conifers, account for 10% of the
species diversity. Cycadophytes (Figs. 4, 8) are of low
species diversity. Three species of Pterophyllum and
one species of Nilssonia are recognized. Horsetails
(Fig. 6) are represented by impressions of stems and
nodal diaphragms referable to FEquisetites laterale
(Phillips) Phillips and Neocalamites hoerensis (Schim-
per) Halle, stems with attached leaf whorls attributed
to Annulariopsis bunkeiensis (Kobatake) Kimura.
Among them, the first predominates. Strobili of Equi-
setites were attributed to Equisetostachys sp. Among
conifers, Pityophyllum, Sewardiodendron, Podozamites
and Flatocladus were identified, with one species each.
Whereas, seed cones attached leafy shoots attributed
to Sewardiodendron laxum (Phillips) Florin is most
common.

Mosses (Figs. 4, 6) are the lowest diverse (5%).
Only Hepaticites arcuatus (L.et H.) Harris and Thal-
lites sp. are recognized based on a few specimens.

PALEONTOLOGICALJOURNAL Vol.53 No. 11

AGE OF THE FLORA

Previous biostratigraphic research suggests the age
of the Yan’an Formation as the Middle Jurassic
(Huang and Zhou, 1980; Duan et al., 1986; Bureau of
Geology and Mineral Resources..., 1991, 1996; Zhou,
1995; Wang et al., 2000; He et al., 2004). Our study of
the flora from the Yan’an Formation, based on exam-
inations of a much larger collection, allows more pre-
cise biostratigraphic correlations of the plant-bearing
deposits.

Firstly, Hepaticites arcuatus (mosses) has only been
found in the Bajocian “Middle Deltaic Series” of
Yorkshire, England (Harris, 1961) and the Middle
Jurassic Orgilokhbulag Formation of South Mongolia
(Kostina and Herman, 2013).

As to horsetails, Equisetites laterale was firstly
described from the Middle Jurassic flora of Yorkshire,
England (Phillips, 1829; Harris, 1961) and is widely
distributed in the Early and Middle Jurassic of Eurasia
(Chen et al., 1984; Li et al., 1988; Vakhrameev, 1991;
Zhou, 1995; Mi et al., 1996; Zhang et al., 1998;
Kostina and Herman, 2013; Kostina et al., 2015). It is
well known that, during the Late Triassic to the Early
Jurassic, the stems of Equisetites and Neocalamites are
relatively strong, while in the Middle Jurassic, these
taxa were mostly with slender stems. Vakhrameev
(1988, 1991) thought that Neocalamites is a typical

2019
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Fig. 5. Line drawing of the fern leaves: (a) Todites williamsoni (Brongniart) Seward, YJTO075; (b) Coniopteris burejensis (Zalessky)
Seward, SSGO005; (c) Cladophlebis haiburnensis (L. et H.) Brongniart, XHO18; (d) Coniopteris hymenophylloides (Brongniart)
Seward, MSJY032; (e) Coniopteris simplex (L. et H.) Harris, sterile pinna, CX008; (f) Coniopteris simplex (L. et H.) Harris, fertile
pinna, CX026; (g) Eboracia lobifolia (Phillips) Thomas, MSJY033; (h) Cladophlebis asiatica Chow et Yeh, WLHDO0O01; (i) Clado-

phlebis hirta Moeller, YJT080; (j) Cladophlebis tsaidamensis Sze, XH001; (k) Cladophlebis nebbensis (Brongniart) Nathorst,
SSGO003. All scale bars = 5 mm.

Early Jurassic taxon. However, it usually occurred in  Therefore, the occurrence of Equisetites laterale and
the Middle Jurassic floras of North China which  Neocalamites hoerensis with slender stems support
infers that those floras were the early Middle Juras- that the age of the present flora is the early Middle
sic in age (Zeng et al., 1995; Zhang et al., 1998). Jurassic.

PALEONTOLOGICAL JOURNAL  Vol. 53  No. 11 2019
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Fig. 6. Mosses and horsetails: (a) Hepaticites arcuatus (L.et H.) Harris, XHO035; (b) Thallites sp., MSJY035; (c) Neocalamites hoe-
rensis (Schimper) Halle, stem, XHO006; (d) Neocalamites hoerensis (Schimper) Halle, branch with leaves, MSJY083; (e) Neocal-
amites hoerensis (Schimper) Halle, nodal diaphragm, MSJY070; (f) Equisetites laterale (Phillips), stem and nodal diaphragm,

MSJY052; (g) Equisetites laterale (Phillips), nodal diaphragm,MSJY084; (h) Equisetostachys sp., YJTO12; (i) Annulariopsis
bunkeiensis (Kobatake) Kimura, XHO031. All scale bars = 10 mm.

PALEONTOLOGICALJOURNAL Vol.53 No.11 2019
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Fig. 7. Ferns: (a) Todites williamsoni (Brongniart) Seward, YJTO075; (b) Coniopteris burejensis (Zalessky) Seward, SSG005;
(c) Cladophlebis haiburnensis (L. et H.) Brongniart, XHO18; (d) Coniopteris hymenophylloides (Brongniart) Seward, MSJY032;
(e) Coniopteris simplex (L. et H.) Harris, sterile pinna, CX002; (f) Coniopteris simplex (L. et H.) Harris, fertile pinna, CX026;
(g) Eboracia lobifolia (Phillips) Thomas, MSJY033. All scale bars = 10 mm.

PALEONTOLOGICAL JOURNAL  Vol. 53  No. 11 2019
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Fig. 8. Ferns and cycadophytes: (a) Cladophlebis asiatica Chow et Yeh, WLHDOO01; (b) Cladophlebis hirta Moeller, YJIT080;
(c) Cladophlebis tsaidamensis Sze, XHO001; (d) Cladophlebis nebbensis (Brongniart) Nathorst, SSG003; (e) Pterophyllum irregular
Nathorst, YIT055; (f) Pterophyllum sp. 1, SSGO006; (g) Pterophyllum sp. 2, SSG006-1; (h) Nilssonia tenuicaulis(Phillips)Nathorst,
YJTO054. All scale bars = 10 mm.

PALEONTOLOGICALJOURNAL Vol.53 No.11 2019
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Fig. 9. Ginkgoaleans:(a) Ginkgo sp. 1, MSJY005; (b) Ginkgo sp. 2, XHO025; (c) Ginkgo sp. 3, SSGO18; (d) Baiera sp. 1, MSJY036;
(e) Baiera sp. 2, MSIY023; (f) Eretmophyllum neimengguensis Li et Sun, MSJY062; (g) Sphenobaiera sp. 1, MSIY074. All scale
bars = 10 mm.

PALEONTOLOGICAL JOURNAL  Vol. 53  No. 11 2019



MIDDLE JURASSIC PLANT DIVERSITY AND CLIMATE IN THE ORDOS BASIN, CHINA

Fig. 10. Czekanowskialeans and ginkgoaleans incertae sedis: (a) Czekanowskia (subg. Harrisella) ordosensis Sun et al., YIT062;
(b) Phoenicopsis (subg. Windwardia) sp., SSGO018; (c) Phoenicopsis (subg. Culgoweria) ordosensis Li et al., YIT001; (d) Phoenicop-
sis (subg. Phoenicopsis) ordosensis Li and Sun, SSGO11; (e) Phoenicopsis sp., WLHDO069; (f) Phoenicopsissp., WLHDO064; (g) Ixos-
trobus lepidus (Heer) Harris, MSJY031; (h) Ixostrobus cf. whitbiensis Harris, XHO003; (i) Leptostrobus cancer Harris, YJT003-1;
(j) Leptostrobus cancer Harris, YJIT003-2; (k) Stenorachis bellus Mi et al., XH024. All scale bars = 10 mm.

PALEONTOLOGICALJOURNAL Vol.53 No.11 2019
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Fig. 11. Conifers: (a) Pityophyllum lindstroemi Nathorst, SSG007; (b) Sewardiodendron laxum (Phillips) Florin, YJT047;
(¢, d) Podozamites distans (Presl) Braun, (¢) XH022; (d) XH010. All scale bars = 10 mm.

PALEONTOLOGICAL JOURNAL  Vol. 53  No. 11 2019
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The present flora is characterized by the high diver-
sity of the fern genera Coniopteris (Dicksoniaceae) and
Cladophlebis. It is widely accepted that the Dicksonia-
ceae were flourished with a high species diversity of
the genus Coniopteris, which is usually represented by
several species (four or more) in the Middle Jurassic
(especially Bajocian) floras throughout the Northern
Hemisphere (Brick, 1953; Harris, 1961; Teslenko,
1970; Vakhrameev, 1974, 1991; Genkina, 1977, 1979;
Luchnikov, 1982; Chen et al., 1984; Duan, 1987; Li
et al., 1988; Zeng et al., 1995; Mi et al., 1996; Zhang
et al., 1998; Shang et al., 1999b; Deng and Lu, 2006;
Kiritchkova et al., 2002; Deng et al., 2003; 2017;
Kostina and Herman, 2013). Coniopteris hymenophyl-
loides (Brongniart) Seward, one of the typical Middle
Jurassic species through the Northern Hemisphere, is
also present in the Yan’an Flora. C. burejensis
(Zalessky) Seward and C. simplex (L. et H.) Harris are
not only the important elements of the Middle Juras-
sic Yorkshire Flora of England, but also are common
in the Middle Jurassic floras of North China and East
Asia. Another ferns species, Eboracia lobifolia (Phil-
lips) Thomas, is also a characteristic member from
Middle Jurassic in Siberian area. Additionally, some
common genera of the Late Triassic-Early Jurassic
(e.g., Dictyophyllum and Clathropteris) were not found
in the flora.

Cycadophytes are only represented by bennettital-
ean Pterophyllum and cycadalean Nilssonia which were
common in the Late Triassic and Jurassic floras.
Pterophyllum irregulare Nathorst was recorded from
the Rhaetian-Bajocian (Late Triassic—Middle Juras-
sic) flora of Scania, southern Sweden (Pott,
McLoughlin, 2009). Nilssonia tenuicaulis (Phillips)
Nathorst has been found in the Middle Jurassic floras
of Yorkshire, England (Harris, 1964) and Hebei,
China (Sze and Li, 1963; Mi et al., 1996).

Ginkgoaleans and czekanowskialeans were flour-
ished throughout Mesozoic, but they were rather
diverse in the Middle Jurassic. Among conifers, Pityo-
phyllum lindstroemi Nathorst is widely distributed in
the Jurassic deposits of North China. Sewardioden-
dron laxum has only been found in the Bajocian
“Lower and Middle Deltaic Series” of Yorkshire,
England (Harris, 1979) and in the Middle Jurassic
(Bajocian to Bathonian) flora of Yima, Henan (Yao
et al., 1989; 1998; Zeng et al., 1995). Elatocladus sp. is
very similar to FElatocladus ramosus (Florin) Harris
from the Middle Jurassic flora of Yorkshire, England
(Harris, 1979) and E. gaidamensis Wu from the Mid-
dle Jurassic flora of the Qaidam Basin, Qinghai (Li
et al., 1988).

Furthermore, the composition of the Yan’an Flora
is very similar to those of the Aalenian-Bajocian from
the North China and Mongolia, e.g. the floras of the
Dameigou Formation from the Qaidam Basin (Li
etal., 1988), the Haifanggou Formation from west
Liaoning (Mi et al., 1996), the Shangyaopo Formation
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from Western Hill of Beijing (Chen et al., 1984) and
the Nariin-Sukhait Flora of South Mongolia (Kostina
and Herman, 2013), the Tsagan-Ovoo Flora of Cen-
tral Mongolia (Kostina et al., 2015).

In summary, the age of the Yan’an Flora is
attributed to the early Middle Jurassic, possibly the
Aalenian-Bajocian, based upon correlation with
coeval floras. This conclusion is also supported by pal-
ynological data. The temporal distribution of palyno-
morph and comparison with similar the early Middle
Jurassic palyno-assemblages of Eurasia infer that the
palynoflora from the Yan’an Formation should be
early Middle Jurassic, possibly the Aalenian-Bajocian
(Shang, 1995; Yin and Hou, 1999; Jiang and Wang,
2002; Sun et al., 2017).

PALAEOPHYTOGEOGRAPHIC
AND PALAEOCLIMATIC IMPLICATIONS

The Yan’an Flora is of palacophytogeographic and
palaeoclimatic significance. According to Vakhra-
meev (1964, 1974, 1988), during the Early to Middle
Jurassic, Eurasia was divided into two palaeofloristic
regions: the Siberian Region with a temperate or
warm-temperate climate and the Euro-Sinian Region
with a subtropical climate. In China, the northern and
the southern floristic regions, usually referred to Coni-
opteris- Phoenicopsis and Dictyophyllum-Clathropteris
floras, respectively, were proposed based upon the flo-
ristic components. The northern floristic region is sit-
uated in the Siberian Region, and the southern floris-
tic Region is in the Euro-Sinian Region (Sze, 1956b;
Sze and Chow, 1962; Sze and Li, 1963; Zhou, 1995).
Our study shows that the Yan’an Flora is mainly com-
posed of ginkgoaleans, czekanowskialeans, conifers,
ferns and a few members of cycadophytes. It is charac-
terized by the abundance and high diversity of the fern
genera Coniopteris and Cladophlebis, the absence of
thermophilous ferns belonging to the families Dipteri-
daceae, Marattiaceae and Matoniaceae, the scarcity
and low diversity of cycadaleans and bennettitaleans,
the abundance and high diversity of ginkgoaleans and
czekanowskialeans, the abundance of conifer foliage
assignable to Pityophyllum and the presence of Podo-
zamites and Elatocladus, and the absence of thermo-
philic conifers with adpressed scale-like and rigid
hook-like leaves (e.g., Brachyphyllum and Pagiophyl-
lum). The composition of the Middle Jurassic Yan’an
Flora demonstrates that it clearly lies in the Siberian
Region or in a typical Coniopteris- Phoenicopsis flora,
characterized by a temperate or warm temperate cli-
mate. Along with more and more knowledge about the
floras of the Siberian Region, it is worth noting that
some palaeobotanists have noticed that the taxonomic
composition of the Early and Middle Jurassic floras
from the south part of the Siberian Region was differ-
ent from the north Siberian Region, characterized by
the presence of a small number of thermophilous
ferns, cycadaleans and bennettitaleans (Sun, 1992;

2019



1230

Kiritchkova et al., 2005; Sun et al., 2010, 2015a;
Kostina and Herman, 2013, Kostina et al., 2015).
Based upon the composition, the south part of the
Siberian Region can be considered to be a mixed zone
(ecotone) between the Euro-Sinian Region and the
Siberian Region. In Gordenko’s (2008) opinion,
Phoenicopsis, Eretmophyllum, Czekanowskia, and
Podozamites, which are usual indicators of ecotone
floras, are usually present in the mixed zone. This
mixed zone was referred to the North Floristic Prov-
ince (Sun, 1992; Sun et al., 2010, 2015a) or the North
Chinese Province (Kiritchkova et al., 2005; Kostina
and Herman, 2013, Kostina et al., 2015). The floristic
components of the Middle Jurassic Yan’an Flora are
similar to those of the North Floristic Province or the
North Chinese Province, reflecting a warm-temperate
climate.

On the other hand, vegetation/climate biome
models based on a more comprehensive database
(flora and lithological data combined) revealed evi-
dently climatic vertical zonation consistent with lati-
tudes during the Jurassic (Krassilov, 1981; Hallam,
1984, 1985, 1993; Ziegler et al., 1993, 1996; Rees et al.,
2000; Scotese, 2001, 2002). Ziegler et al. (1996)
thought that the scale of Vakhrameev’s (1991) climatic
zonation was too warm through and gave the impres-
sion that the poles were very warm indeed. They pro-
posed three main climatically related biomes for the
Jurassic throughout Eurasia, the dry subtropical in low
to middle palaeolatitudes, the warm temperate center-
ing at about 45° palaeolatitude and extending to palae-
olatitudes of up to 60° north and cool temperate in
middle to high palaeolatitudes, a zonation which was
basically the same as proposed by Krassilov (1981) or
the same as Hallam’s (1984, 1985, 1993) dry, season-
ally wet and wet belts. Thereafter, Rees et al. (2000)
distinguished five vegetation biomes for the Jurassic
based on exploring the foliar morphology and climate
relationship using multivariate statistical analysis:
(a) cool temperate at high latitudes (>60°) with low
species diversity and seasonality; (b) warm temperate
(40°—60°) with high species diversity and abundant
macrophyllous cycadophytes; (c) winter-wet with
microphyllous elements that are typical for seasonal
water deficits (narrowband in N-America, India,
southern Hemisphere); (d) sub-tropical desert where
plants are absent; and (e) summer-wet (tropical)
around the equator with microphyllous elements,
where cycads, ginkgophytes and some of the conifer
families are absent. Scotese’s (2001, 2002) biome map
illustrated a climatic zonation which is nearly the same
as Rees et al. (2000). According to these models, the
floras have some marked differences in the abundance
and variety of the plant genera and higher taxonomical
groups present, depending on their palacogeographic
positions. Continental reconstructions from palaeco-
magnetic data and globally constrained plate motion
patterns suggest that the Ordos Basin of north China
was situated at palaeolatitudes of 35°—55°N (Zhang
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etal., 1995, 1998; Ziegler et al., 1996) in the warm
temperate/humid zone during the Middle Jurassic
(Krassilov, 1981; Hallam, 1984, 1985, 1993; Ziegler
etal., 1993, 1996; Rees et al., 2000; Scotese, 2001,
2002).

The relationship between plants and palaeoclimate
in past time is a subject of palacobotanic interest. Dis-
tribution and diversity pattern of fossil flora and the
floristic components are often used to infer the palae-
oclimate (Behrensmeyer and Hook, 1992; Chinnappa
et al., 2015; DiMichele and Gastaldo, 2008). The fos-
sil records and their nearest living relatives can provide
informative evidence for general climatic conditions
(Wang et al., 2005; 2006). The floristic components
and their nearest living relatives’ habitat indicate a
warm and humid climate in the Ordos Basin during
the Middle Jurassic (Table 2). Among the floristic
components, mosses, including Hepaticites and Thal-
lites, favor a humid and warm climate, although they
can still endure arid environments (Deng, 2007; Na
et al., 2017). Extant mosses are widely spread in low-
lands, wetlands and swamps of the tropical, subtropi-
cal, temperate and cold climatic zones, but it always
indicates a wet habitat (Shaw, Renzaglia, 2004; Stech
and Quandt, 2010). Generally, horsetails, including
Equisetites, Neocalamites, Annulariopsis and Equiseto-
stachys, are usually coexisting, indicating that they
share similar ecological habits. Watson (1983), Wat-
son and Betten (1990) and Watson and Alvin (1996)
suggested that these plants grown at riverbanks, stream
margins or freshwater marshes. Fossil Equisetites are
usually found in the swamp, flood plain deposits,
indicating wet habitats near water bodies (Cuneo
et al., 2003; Costamagna et al., 2018). Extant Equise-
tum is very similar to Equisetites in gross morphology,
growing at riverbanks, stream margins or underside of
wet forests of temperate and cold climatic zones of the
Northern Hemisphere.

Ferns are much diverse, including Coniopteris,
Cladophlebis, Todites and Eboracia allied to Osmunda-
ceae and Dicksoniaceae. The ecology of the majority
of Mesozoic ferns including the Osmundaceae and
Dicksoniaceae confirms the common view that they
grew under moist, rather warm conditions either in
marshes, along river banks or as understory in forests
(Van Konijnenburg-van Cittert, 2002; Barbacka and
Bodor, 2008). High abundance and diversity of ferns
in the flora that require moisture for reproduction can
be generally regarded as good indicators of more or
less humid conditions preferably in a warm environ-
ment (Chen et al., 1984; Hallam, 1984, 1985, 1993;
Vakhrameev, 1991; Frakes et al., 1992; Abbink, 1998;
Abbink et al., 2004; Deng, 2007; Deng et al., 2017).
Additionally, thermophilous ferns belonging to the
families Dipteridaceae, Marattiaceae and Matonia-
ceae which lived only in tropical or subtropical areas
during the geologic past (Zhou, 1995; Van Konijnen-
burg-van Cittert, 2002; Wang, 2002; Deng, 2007), are
absent in the present flora. The majority of extant
Vol. 53
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Fossil characters

Nearest living relatives’ habitat

Taxa and distribution and distribution Climate inferred
Mosses Hepaticites Morphological structure sim-| Usually grows under forests Humid
ple, creeping; widely distrib-
uted
Thallites Grows inshady and moist Humid
places
Horsetails Equisetites Living Equisetum distributes | Generally grows in wet or Humid
Equisetostachys | in frigid and temperate belts | damp habitats and are particu-
Neocalamites of North Hemisphere larly common along the banks
N of streams or irrigation canals
Annulariopsis
Ferns| Osmundaceae | Todites Large pinnae and small pin- | The nearest living genus Warm and
Cladophlebis nules Todea, perennial ferns with humid

Dicksoniaceae | Coniopteris

These genera may supposed

short trunk and pinnate
fronds, are widely distributed
in tropical and south temper-
ate belt

The modern Dicksoniaceae, |Humid, subtrop-

Eboracia to be tree ferns; widely dis- | distributed in tropical belt and | ical or temperate
tributed temperate belt of Southern
Hemisphere
Cycadophytes Pterophyllum Distributed mainly in tropical | The living cycad plants are Tropical
Nilssonia or subtropical belts only distributed in tropical or temperate
and subtropical belts
Ginkgoaleans Ginkgo Seasonal deciduous The living Ginkgo, with only | Temperate
Baiera one species, Ginkgo biloba, is
Sphenobaiera seasonal deciduous trees; nat-
Eretmophyllum ural habitat in high altitude
i (500-1000m) in Tianmu
Stenorachis mountain, Zhejiang Prov-
ince, China. Widely cultivated
Czekanowskialeans | Czekanowskia Seasonal deciduous Temperate
Phoenicopsis
Ixostrobus
Leptostrobus
Conifers Pityophyllum Long-broad or needle-lance- | The living conifers are ever- | Temperate
Sewardiodendron | olate leaf green or deciduous treesand
Podozamites Pityophyllum seasonal decid- | are distributed in temperate
uous belt
Elatocladus

ferns prefer to grow in a shady, humid environment in
tropical zone, but they can also be common in temper-
ate forests (Abbink, 1998). The modern counterpart of
Eboracia and Coniopteris are represented today by
Dicksonia, and Cladophlebis and Todites are repre-
sented today by 7odea. These extant ferns usually
occur in tropical and southern temperate zones. The
Mesozoic cycadophytes can be subdivided into two
groups based on their climatic implications. One indi-
cates hot and dry climate, including Ptilophyllum, Oto-
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zamites, Zamites, etc.; the other shows warm but
humid climate, such as Pterophyllum, Nilssonia, Nils-
soniopteris, Anomozamites, etc. (Vakhrameev, 1991;
Deng, 2007; Deng et al., 2017). In the Yan’an Flora,
the cycadophytes are represented by Prerophyllum and
Nilssonia belonging to the bennettitaleans and
cycadaleans. Extant cycads occur in tropical and sub-
tropical zones and many are adapted to withstand
drought, being typical tropical and subtropical flora
elements (Wang et al., 2005, 2006).
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Ginkgoaleans and czekanowskialeans are of most
abundance and diversity in the Yan’an Flora. In the
Mesozoic times, the ginkgoaleans were a more diverse
group that was mainly restricted to temperate regions,
but occasionally representatives were found in the sub-
tropical belt (Tralau, 1967, 1968; Wang et al., 2005,
2006). Furthermore, ginkgoaleans and czekanows-
kialeans are regarded as typical deciduous plants, indi-
cating a warm and humid climate with seasonal varia-
tions (Vakhrameev, 1991; Royer et al., 2003; Greb
et al., 2006; Sun et al., 2008, 2009; Zhou, 2009; Na
et al., 2017). It’s worth noting that the genus Eretmo-
phyllum which can be considered as an indicator of
humid and warm climatic conditions (Li et al., 2017),
is present in the flora. Eretmophyllum and Czekanows-
kia (Czekanowskiales) are characterized by thin and
brittle cuticles suggesting a humid environment similar
to extant Ginkgo and fossil ginkgophytes (Costamagna
et al., 2018). Ginkgo biloba L. is the only extant repre-
sentative of the ginkgoaleans (Hasebe, 1997; He et al.,
1997; Zhou, 1997, 2009). It is a deciduous tree that
lives in temperate regions and can withstand severe
frost (Wang et al., 2005, 2006; Deng, 2007).

Conifers are represented by Pityophyllum, Sewardi-
odendron, Podozamites, and Elatocladus belonging to
Pinaceae, Taxodiaceae, and Podocarpaceaec. The
present of these long-broad or needle-lanceolate coni-
fer leaves and the absence of thermophilic conifers
with adpressed scale-like and rigid hook-like leaves
(e.g., Brachyphyllum and Pagiophyllum) indicate a cli-
mate in warm or cool areas instead of tropical or sub-
tropical regions (Krassilov, 1978; Vakhrameev, 1991;
Yao et al., 1998; Barbacka, 2009, 2011). Living Pina-
ceae is widely distributed at uplands in temperate
regions of the Northern Hemisphere, and many taxa
can withstand severe cold (Shang et al., 1999a). Podo-
carpaceae occur nowadays only in (sub) tropical and
southern temperate areas of the Southern Hemi-
sphere. Extant Taxodiaceae are thermophilic conifers
living in the subtropical areas, but they prefer humid
environments and are associated with wet lowland
conditions (Yu, 1995).

In conclusion, the climate of the Ordos Basin
during the Middle Jurassic was warm and humid with
seasonal temperature and precipitation fluctuations.
The floristic composition supports the Ordos Basin
was located in North Floristic Province (Sun, 1992;
Sun et al., 2010, 2015a), or the North Chinese Prov-
ince (Kiritchkova et al., 2005; Kostina and Herman,
2013, Kostina et al., 2015) in the warm temperate cli-
mate zone (Krassilov, 1981; Hallam, 1984, 1985, 1993;
Ziegler et al., 1993, 1996; Rees et al., 2000; Scotese,
2001, 2002) during the Middle Jurassic.
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