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Abstract

Steppe vegetation represents a key marker of past Asian aridification and is associated with monsoonal intensification. Little
is, however, known about the origin of this pre-Oligocene vegetation, its specific composition and how it changed over time
and responded to climatic variations. Here, we describe the morphological characters of Ephedraceae pollen in Eocene strata
of the Xining Basin and compare the pollen composition with the palynological composition of Late Cretaceous and
Paleocene deposits of the Xining Basin and the Quaternary deposits of the Qaidam Basin. We find that the Late Cretaceous
steppe was dominated by Gneraceaepollenites; in the transition from the Cretaceous to the Paleocene, Gnetaceaepollenites
became extinct and Ephedripites subgenus Ephedripites dominated the flora with rare occurrences of Ephedripites subgen.
Distachyapites; the middle to late Eocene presents a strong increase of Ephedripites subgen. Distachyapites; and the Quatern-
ary/Recent is marked by a significantly lower diversity of Ephedraceae (and Nitrariaceae) compared to the Eocene. In the
modern landscape of China, only a fraction of the Paleogene species diversity of Ephedraceae remains and we propose that
these alterations in Ephedreaceae composition occurred in response to the climatic changes at least since the Eocene. In
particular, the strong Eocene monsoons that enhanced the continental aridification may have played an important role in
the evolution of Ephedripites subgen. Distachyapites triggering an evolutionary shift to wind-pollination in this group.
Conceivably, the Ephedraceae/Nitrariaceae dominated steppe ended during the Eocene/Oligocene climatic cooling and
aridification, which favoured other plant taxa.
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The steppe vegetation of China is, similar to the
steppe in the eastern extent of Europe, mainly com-
posed of Poaceae, Asteraceae and Chenopodiaceae
with minor amounts of Ephedraceae and Nitraria-
ceae including taxa such as Stipa, Festuca, Cleisto-
genes, Artemisia and Sanguisorba (Sun & Wang
2005). The vegetation in the desert regions of north-
west China is partially influenced by the East Asian
monsoon system and, contrary to other Chinese
steppes, mainly composed of Salsola, Anabasis,

Suaeda and Artemisia. In this region, the Nitrariaceae
(Nitraria) and the Ephedraceae occur in much lower
percentages than other xeromorphic taxa (Wu 1980;
Zhang et al. 2007).

Today, there are only five recognised species of
Nitrariaceae and 14 recognised species of Ephedra in
northern and northwest China (Fu et al. 1999; Yang
2002; Li 2008). However, during the Late Creta-
ceous—Paleogene, the palynological fossil record
shows that Ephedraceae and Nitrariaceae were both
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widely distributed and diverse and dominating
steppe vegetation of China (Li 1989; Shaw 1998;
Wang et al. 1999; Yu et al. 2003; Wu et al. 2006;
Duan et al. 2007; Li et al. 2008; Hoorn et al. 2012;
Miao et al. 2013a; Miao et al. 2015). According to
Song (1999), based on pollen, more than 100 species
of Ephedraceae are reported for China during the
late Cretaceous—Cenozoic. The relatively high diver-
sity and abundance of polyplicate fossil pollen grains
(ephedroid pollen, see later) are characteristic not
only for China, but also globally during the Late
Cretaceous—Cenozoic (Figure 1; Wodehouse 1933;
Cookson 1956; Gray 1960; Scott 1960; Ghosh et al.
1963; Muller 1968; Srivastava 1968; Hochuli 1981;
Chlonova et al. 1994; Takahashi et al. 1995; Dino
et al. 1999; Dilcher et al. 2005; Akkiraz et al. 2008;
Narvaez & Sabino 2008; Abubakar et al. 2011).

But when did the steppe-desert assemblage change
from an Ephedraceae and Nitrariaceae dominated
composition to a vegetation dominated by Poaceae,
Asteraceae and Chenopodiaceae? There are different
views on this. The pollen record from the Qaidam
Basin and the Linxia Basin shows that the Chenopo-
diaceae already dominated the steppe vegetation in
the Oligocene (Zhu et al. 1985; Ma et al. 1998;
Wang & Shu 2013). Miao et al. (2011) combined
Ephedraceae records from the Xining Basin with that
of four other sedimentary basins in north-western
China (Tarim, Qaidam, Junggar and Lunpola
basins), and came to the conclusion that the abun-
dance of Ephedraceae was high during the Paleocene
and Eocene and decreased gradually from the mid-
dle Eocene onwards. In contrast, Song et al. (2008)
stated that Nitrariaceae and Ephedraceae rapidly
increased in the middle-late Eocene and dominated
the steppe vegetation in northwest China during the
Oligocene only to be replaced by the Artemisia and
Chenopodiaceae vegetation in the late Oligocene. In
addition, pollen records from the Xining-Minhe
Basin show that Ephedripites dominated the pollen
assemblages from the Senonian (Late Cretaceous),
and reached their peak during the Paleocene (up to
60%), decreased in early-middle Oligocene and
finally were replaced by Chenopodiaceae in the late
Oligocene (Sun et al. 1984; Wang et al. 1990; Ma
et al. 1998). Previous studies in the Tarim Basin
reveal that, while Ephedripites dominated the late
Paleocene—Oligocene, Asteraceae and Chenopodia-
ceae were abundant in the Miocene (Wang et al.
1990; Zhang & Zhan 1991).

Until now, most palaeo-palynological studies of
Ephedraceae have focused on fluctuations in relative
abundance through time. Few studies address the
morphological differences among pollen types and
studies on how ephedroids evolved throughout their
long evolutionary history from the Cretaceous to the

Present are limited. Furthermore, due to the limited
resolution of light microscopy (LM), earlier descrip-
tions of fossil polyplicate pollen types did often not
mention details of the psedosulci.

To contribute to a better understanding of the
evolution of the steppe development, we here focus
on the Cretaceous to Paleogene records in northwest
China, with particular emphasis on the Eocene
record in the Xining Basin. We illustrate key taxa
with scanning electron microscopy (SEM) and
LM photography and describe key morphological
features. Finally, we compare this record with that
of the Quaternary of the nearby Qaidam Basin
(Figure 2) and highlight implications for improved
understanding of steppe evolution.

Study area

The study area is located north of the Tibetan
Plateau, which provides key records of the aridifica-
tion of Central Asia and the evolution of the East
Asian monsoon system in response to changes in
global climate and regional land-sea distribution
(Kutzbach et al. 1993; Liu & Yin 2002; Davis
2005; Leier et al. 2005; Dupont-Nivet et al. 2008;
Paytan 2012; Quan et al. 2012; Wu et al. 2012; Lu
& Guo 2013; Li et al. 2014; Bosboom et al. 2014b).
Our study areas are situated in the Xining and
Qaidam basins and form part of the Qinghai pro-
vince, China (Figure 2). These two basins both
include continuous records of the variations in cli-
mate aridity at least since the Eocene (Sun & Wang
2005; Song et al. 2008; Abels et al. 2011). As such,
the available terrestrial sedimentary sequences from
these settings (Xiao et al. 2010; Abels et al. 2011;
Wang et al. 2012; Song et al. 2013) provide the
ideal material to better understand the evolution of
steppe vegetation during the Cenozoic.

Nowadays, there are eight recognised species of
Ephedra in the study area. These include Ephedra
przewalskii Stapf, E. intermedia Schrenk ex C.A.
Mey., E. gerardiana Wall. ex C.A. Mey., E. equisetina
Bunge, E. monosperma C.A. Mey. and E. minuta
Florin (distributed within an altitudinal range of
300-3700 m to 3000-5300 m), E. sinica Stapf
(often found in mountain slopes between
700-1600 m) and E. distachya L. (mainly found in
sandy places and rocky mountain slopes below
900 m; Fu et al. 1999).

The Xining Basin is located at the north-eastern
margin of the Tibetan Plateau in the northern Qinghai
province, at an elevation of ~2000 m and is charac-
terised by a cold and semi-arid climate affected by the
East Asian monsoons. The Cretaceous study site is
situated in east Xining (36° 35’ N, 101° 54’ E) and the
Eocene sites are located in Shuiwan (36° 39’ N, 101° 52’
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Figure 1. Global distribution of ephedroid pollen in the Cretaceous—Cenozoic. Modified after Caveney et al. (2001) and Dilcher et al.
(2005) with ephedroid pollen locations from reference list (Attachment 1) and from Garcia et al. (2016). Noteworthy is the extensive
distribution of ephedroid pollen in the Cretaceous compared to the present.

E) and Tiefo, near the city of Xining (Dai et al. 2006;
Dupont-Nivet et al. 2007, 2008; Abels et al. 2011;
Hoorn et al. 2012; Bosboom et al. 2014a). All these
sites are well-documented and especially the middle to
late Eocene sections are well-dated with magnetostrati-
graphy (Figure 3; Horton et al. 2004; Dupont-Nivet
et al. 2007; Abels et al. 2012; Bosboom et al. 2014a).
Palynological samples from these sites were processed
and analysed to detect changes in palynological compo-
sition (Hoorn et al. 2012; Bosboom et al. 2014a).

The Qaidam Basin is situated to the west of the
Xining Basin (northwest Qinghai province) at an
elevation of ~3000 m and is characterised by a cold
arid to semi-arid climate. The Quaternary samples
were taken from the SG-1 core, which was retrieved
in 2008 in the western Qaidam Basin (38° 24’ 35" N,
92° 30’ 33" E). The core sediments span the entire
Quaternary based on a robust age model obtained
through magnetostratigraphy, optically stimulated
luminescence (OSL) dating and orbital tuning
(Figure 3; Zhang et al. 2012; Herb et al. 2015).

Material and methods
Sample processing

The Cretaceous—Early Palacogene samples were pre-
viously processed by Horton et al. (2004) and two of
them (02X 351 and O2X 535) were reprocessed at the

University of Amsterdam (UvA), The Netherlands, in
order to select single grains for SEM photography.
Samples from the Shuiwan section (13 samples) and
the Tiefo section (seven samples) were previously
processed at the Vrije Universiteit (VU), Amsterdam,
The Netherlands, and three additional samples from
theTiefo section were processed at UvA (Hoorn et al.
2012). Methods are explained in Hoorn et al. (2012)

Figure 2. Location of the study area (modified after Bosboom
et al. 2014b).
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Figure 3. Magnetostratigraphy and sample position of the studied section in the Xining Basin and of the SG-1 core from the Qaidam Basin.
All the pollen samples were used for morphological study, but it should be noted that the samples from the SG-1 core were not included in
the percentage diagrams. The lithological column of Shuiwan section was modified after Abels et al. (2011) and Hoorn et al. (2012); the
lithological column of Tiefo and Xiejia section were modified after Bosboom et al. (2014b). The lithological column of SG-1 core was
modified after Zhang et al. (2012) and Herb et al. (2015).



and Bosboom et al. (2014a). The Quaternary samples
(19 samples) from the SG-1 core were processed with
standard palynological techniques including freeze
drying, weighing, treating with hydrochloric acid
(HCD (30%) and hydrofluoric acid (HF) (40%), and
sieving (10 pm nylon mesh) in an ultrasonic bath.

Pollen was observed using a Leica DMLB light
microscope (100X objective, 10X eyepieces) and
the microphotographs were photographed by
Nomarski Differential Interference Contrast (DIC)
microscopy (Bercovici et al. 2009). While making
the photographs, the varying z-axis was recorded
and images were later combined through manual
z-stacking in Photoshop. This stacking technique
combines different layers to provide a sense of
depth to the images, with a result comparable to
three-dimensional (3D) photography.

Single grains of polyplicate pollen were first photo-
graphed using LM at a magnification of 40x and then
evaporated onto aluminium stubs using the single
grain technique (Hesse et al. 2009). The pollen was
sputter-coated with gold (40 s at 10 mA) and studied
under a JEOL JSM-7401 F scanning electron micro-
scope at 2.0 kV at the Department of Materials and
Environmental Chemistry, Stockholm University,
Stockholm, Sweden. Length of the polar and the
equatorial axes was measured directly on the SEM
screen and the P/E ratio was obtained. The number
of plicae was counted on the visible side of the grain
and multiplied by two to obtain the total number of
plicae.

Pollen grains were identified using the ‘Genera File of
Fossil Pollen and Spores’ (Jansonius & Hills 1980) and
other references (Krutzsch 1961, 1970; Stover 1964;
Song 1978, 1999; De Lima 1979a; Sun & He 1980;
Zhu et al. 1985; Zhang & Zhan 1991). Terminology
follows Punt et al. (2007) and the pollen description
generally follows the format outlined by Jaramillo and
Dilcher (2001). At least ten grains (30 for average, 150
for maximum) were measured for each studied species.
The counted specimens are represented in cumulative
and composition diagrams constructed with the pro-
gram Tilia (Grimm 1987). The complete palynological
assemblage was previously published in Hoorn et al.
(2012) and Bosboom et al. (2014a).

Results
Taxonomic review

According to the current pollen classification of the
Cenozoic in China, ephedroid pollen is represented by
three genera (Ephedripites, Regalipollenites, Steevesipolle-
mites) and three subgenera (E. subgen. Ephedripites, E.
subgen. Distachyapites, E. subgen. Spiralipites; Song
1999). It should also be mentioned that Schizaeoisporites
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is frequently thought of as a spore with narrow or broad
plicae without fusion (Song 1999) and is often confused
with Gnetaceaepollenites.

Thiergart (1938) first described the morphological
characteristics of ephedroid pollen and erected Gne-
taceaepollenites to include all ephedroid pollen. Sub-
sequently, Potonié (1958) formulated the diagnosis
and pointed out that this genus was characterised by
elliptical to fusiform outline with longitudinal plicae
and a delicate zig-zag line between each pair of plicae
(Potonié 1958; Jansonius & Hills 1980). The grooves
between plicae and their characteristics have been
variously denoted as pseudosulci (Huynh 1975;
Bolinder et al. 2016), colpi (Steeves & Barghoorn
1959; Bharadwaj 1963; Zhang & Xi 1983), hyaline
lines (Wodehouse 1935; Steeves & Barghoorn 1959;
Kedves 1987; Kurmann & Zavada 1994; El-Ghazaly
& Rowley 1997) and Z-lines (Krutzsch 1961, 1970;
Song 1978, 1999). To avoid confusion, we will con-
sistently use the term pseudosulcus in the present
paper (for justification, see Bolinder et al. 2015),
also when citing authors that originally used another
term.

After the work by Potonié¢ (1958), Krutzsch
(1961) demonstrated that the two specimens illu-
strated by Thiergart (1938) were morphologically
dissimilar and that one of the specimens was not of
ephedraceaen affinity. He further concluded that
Gmnetaceaepollenites was invalid (Krutzsch 1961). Jan-
sonius (1962) revised this genus to include pollen
that is morphologically similar to that of Ephedra and
Welwitschia. De Lima (1979a) summed up the diag-
nostic characters of Gnetaceaepollenites as polyplicate,
ellipsoidal to elongate pollen with a few to numerous
plicae that run from one tip to the other without
fusion and no visible marks.

Bolkhovitina (1953) first described the fossil poly-
plicate pollen and erected Ephedripites and Wel-
witschiapites. Later, Bolkhovitina (1961) renamed
that fossil polyplicate pollen as ‘Schizaeites’, which
was assumed to be related to Ephedra (Pocock
1964). After that, Krutzsch (1961) emended Ephe-
dripites and gave a detailed description. Later,
Pocock (1964) mentioned that Ephedripites was of
doubtful affinity and he amended Equisetopollenites,
which was described by Daugherty (1941), to
include all the ephedroid pollen, and considered
Ephedripites as senior synonym. Azéma and Bolten-
hagen (1974) accepted the validity of Ephedripites
and Gmueraceaepollenites.

Systematic palynology

A total of 30 polyplicate pollen types belonging to
three different genera were found in the samples:four
Gmnetaceaepollenites-types, three Ephedripites-types
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Figure 4. Light micrographs of Eocene ephedroid pollen from the Xining Basin. The sample number and England Finder reference are
given for each specimen. A. Steevesipollenites cupuliformis (PTFO02, 1.35/4). B. Ephedripites (E.) montanaensis (PTF02, G41/3). C. Ephedripites
(E.) montanaensis. (TS-1, K49/4). D. Ephedripites (D.) eocenipites (PTF02, S41/2). E. Ephedripites (D.) fusiformis (PTF02, M34/4). F.
Ephedripites (D.) megafusiformis (PTF14, G40/3). G. Ephedripites (D.) fushunensis (TS-1, J57/4). H. Ephedripites (D.) lusaticus (PTF02, K35/
1). L. Steevesipollenites major (TS-1, Q42/1). J. Steevesipollenites jianxiensis (PTF02, V35/2). K. Steevesipollenites globosus (PTF02, T39/3). L.
Steevesipollenites globosus (TS-1, V51/2). M. Steevesipollenites cf. S. binodosus (PTF02, V34/4). N. Ephedripites (E.) notensis (PSW02, 1.34/3).
O. Ephedripites (D.) bernheidensis (PTF15, W46/1). P. Ephedripites (E.) lanceolatus (TS-1, S51/3). Q. Ephedripites (E.) sp. (PTF02, 045/2).
R. Ephedripites (D.) longiformis (PTF14, 1.39/2). S. Ephedripites (D.) nanlingensis (P°TF14, T50/4). T. Ephedripites (D.) megafusiformis (TS-1,
N51/3). U. Ephedripites (D.) fusiformis (TS-1, P44/4). V. Ephedripites (D.) oblongatus (PTF02, M47/2). W. Ephedripites (D.) cheganica
(PTF02, K37/3). X. Ephedripites (D.) major (TS-1, R63/4). Y. Ephedripites (D.) tertiarius (P°TF02, 1L42/3). Z. Ephedripites (D.) obesus (TS-1,
S47/1). Scale bar — 10 pm.




and one Sreevesipollenites-type in the Late Cretaceous
samples; 17 Ephedripites-types and six Steevesipolle-
nites-types appear in the Eocene samples; two Ephe-
dra-types were found in the Quaternary samples.
Table I provides a summary of morphological char-
acteristics and Figures 4-7 include photographic
illustrations of key pollen types. The diagnoses and
descriptions, here including details of the pseudo-
sulci, are based on our own observation in combina-
tion with the description of the original authors
(adapted if needed). Dimensions in diagnoses are
range values; dimensions in the descriptions are
arithmetic means of observed values.

Order Gnetales

Genus Ephedripites Bolchovitina ex Potonié emend.
Krutzsch

Remarks. — According to the presence or absence
of side branches on the pseudosulci, Ephedripites is
divided into the two subgenera Ephedripites and Dis-
tachyapites, which correspond to the modern pollen
types, the ancestral type and the derived type (Bolin-
der et al. 2016), respectively.

Affiniry. — Ephedra.
Ephedripites subgenus Distachyapites Krutzsch

Diagnosis. — Polyplicate pollen with a low number
of plicae (approximately 3-8) and a branched pseu-
dosulcus between each pair of plicae; plicae are
usually straight or slightly sinuous (Krutzsch 1961).

Ephedripites (Distachyapites) bernheidensis Krutzsch
(Figure 40)

1961 Ephedripites  (Distachyapites)  bernheidensis,
Krutzsch, p. 25, pl. 2, figs 22-26.

1980 Ephedripites (Distachyapites) bernheidensis, Sun
and He, p. 91, pl. 18, figs 12, 14.

1999 Ephedripites  (Distachyapites)  bernheidensis,
Song, p. 244, pl. 75, figs 17-18.

Diagnosis. — Polyplicate, medium-large sized grain
(40-55 pum in long equatorial diameter); peroblate,
6-9 straight or slightly sinuous plicae, poorly defined
pseudosulci, P/E ratio ranges from 0.45 to 0.5.

Description. — Monad, symmetry bilateral, isopolar,
peroblate, seven slightly curved plicae fused at the
tips, plicae ¢. 1 pm wide, grooves ¢. 8 um wide,
poorly defined pseudosulci with rarely occurring
first-order branches.
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Dimensions. — Polar axis 23.5 um; long equatorial
diameter 50 um; P/E ratio 0.47.

Occurrence. — Shuiwan section, Xining Basin
(Eocene).
Remarks. — This species is characterised by its rarely

branched pseudosulci and the higher number of plicae
relative to other species of Ephedripites subgen. Dista-
chyapites.

Ephedripites (Distachyapites) cheganica (Shakhmundes)
Ke et Shi
(Figure 4W)

1965 Ephedra cheganica, Shakhmundes, p. 221, pl. 2,
figs 1-4.

1978 Ephedripites (Distachyapites) cheganica (Shakh-
mundes) Ke et Shi, Song, p. 97, pl. 32,
figs 1-3.

1985 Ephedripites (Distachyapites) cheganica, Zhu
et al., p. 85, pl. 31, fig. 4.

1999  Ephedripites (Distachyapites) cheganica, Song,
p. 244, pl. 73, figs 9-10.

Diagnosis. — Polyplicate, crenate margin, medium-
large sized grain (40-70 um in long equatorial dia-
meter); peroblate—oblate, 5—7 straight plicae, pseu-
dosulci with well-defined branches, P/E ratio ranges
from 0.4 to 0.6.

Description. — Monad, symmetry bilateral, isopolar,
peroblate-oblate; fusiform shaped, five straight plicae
fuse at the tips, plicae ¢. 2 um wide, grooves ¢. 10 um
wide, pseudosulci with long first-order branches.
The long first-order branches reach all the way to
the plicae and form the crenate margin.

Dimensions. — Polar axis 22 pm, long equatorial
diameter 52 um; P/E ratio 0.42.

Occurrence. — Shuiwan section, Xining Basin

(Eocene).

Remarks. — Shakhmundes (1965) first described
this species as having large grains with branched
pseudosulci. Krutzsch (1970) considered that Ephe-
dra cheganica Shakhmundes was a synonym of Ephe-
dripites (Distachyapites) eocenipites. After that, Song
(1978) combined Ephedra cheganica with similar but
larger pollen grains (up to 71 pm in long equatorial
diameter) as Ephedripites (Distachyapites) cheganica
(Shakhmundes) Ke et Shi, and this species is char-
acterised by its crenate margin. Ephedripites (Dista-
chyapites) cheganica is different from E. (D.)
eocenipites in its acute tips and the size of E. (D.)
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Figure 5. Light micrographs of fossil ephedroid pollen selected by
single grain technique in the study area. The sample number is given
for each specimen. A. Gnetaceaepollenites barghoornii (02X351). B.
Ghnetaceaepollenites sp. 1 (02X351). C. Gnetaceaepollenites sp. 2
(02X351). D. Steevesipollenites communis (PSWO03). E. Gnetaceaepol-
lenites sp. 3 (02X351). F. Steevesipollenites cupuliformis (PSW41). G.
Ephedripites (E.) montanaensis (PSW41). H. Ephedripites (S.) retiformis
(02X351). 1. Ephedripites (E.) lanceolatus (PSW34). J. Ephedripites
(E.) lanceolarus (PSW41). K. Ephedra sp. 2 (Q437.25). L. Ephedripites
(E.) notensis (02X351). M. Ephedripites (D.) fushunensis (02X535).
N. Ephedripites (D.) lusaticus (PSW41). O. Ephedripites (D.) fusiformis
(PSWO03). P. Ephedripites (D.) longiformis (PSW34). Q. Ephedripites
(D.) megafusiformis (PTF14). R. Ephedra sp. 1 (Q39.75). S. Ephe-
dripites (D.) eocenipites (PSW34). T. Ephedripites (D.) claricristatus
(PSW34). Scale bar — 20 pm.

cheganica is much bigger than that of E. (D.) fush-
unensis

Ephedripites (Distachyapites) claricristatus (Shak-
mundes) Krutzsch
(Figures 5T, 6T, 7A)

1965 Ephedripites claricristata, Shakhmundes, p.
226, pl. 4, figs 4-6.

1970 Ephedripites  (Distachyapites)  claricristatus
(Shakhmundes), Krutzsch, p. 158, pl. 45,
figs 1-31.

1999 Ephedripites  (Distachyapites)  claricristatus,
Song, p. 244, pl. 73, figs 7-8.

Diagnosis. — Polyplicate, medium sized grain (33—

50 um in long equatorial diameter); peroblate-oblate,
4-7 straight or slightly sinuous plicae, pseudosulci
with prominent branches, P/E ratio ranges from 0.4
to 0.6.

Description. — Monad, symmetry bilateral, isopolar,
peroblate-oblate; four slightly sinuous plicae fuse at

the tips, plicae ¢. 2 pm wide, grooves c. 6.5 um wide,
significantly branched pseudosulci with first- and
second-order branches, and the branching not
always occurring at the angles formed by the undula-
tions of the pseudosulci.

Dimensions. — Polar axis 21 pm, long equatorial
diameter 47 pm; P/E ratio 0.44.

Occurrence. — Shuiwan section, Xining Basin

(Eocene).

Remarks. — Ephedripites (Distachyapites) fusiformis,
E. (D.) lusaticus, E. (D.) claricristatus and E. (D.)
eocemipites all are similar to each other. Krutzsch
(1970) considers that the most practical criterion
for separating the species is the P/E ratio, as follows:
E. (D.) fusiformis is more slender (0.3-0.4), the P/E
ratio of E. (D.) claricristatus (0.4—0.6) is the same as
E. (D.) eocenipites, however, the latter one is larger,
E. (D.) lusaticus is smaller and stockier (0.6-0.7).

Ephedripites (Distachyapites) eocenipites (Wode-
house) Krutzsch
(Figures 4D, 58S, 6S, 7B, C)

1933  Ephedra eocenpites, Wodehouse, p. 495,
fig. 20.

1958 Gmneraceaepollenites  eocenipites (Wodehouse
1933), Potonié.
1961 Ephedripites (Distachyapites) eocenipites

(Wodehouse), Krutzsch, p. 27, pl. 3, fig. 41.
1965 Ephedra eocenica Schakhmundes, p. 219, text-
figs 2-3.
1999 Ephedripites (Distachyapites) eocenipites, Song,
p. 245, pl. 72, figs 7-9.

Diagnosis. — Polyplicate, large sized grain (50-75
pm in long equatorial diameter), peroblate—oblate,
5-7 slightly sinuous or straight plicae, typically
branched pseudosulci, P/E ratio ranges from 0.4
to 0.6.

Description. — Monad, symmetry bilateral, isopolar,
peroblate, seven plicae with angular shape fuse at the
tips while one plica vanishes in the groove, plicae c. 2
pm width, grooves ¢. 10 um wide, typically branched
pseudosulci with long first-order branches.

Dimensions. — Polar axis 28.2 um, long equatorial
diameter 66.4 ym; P/E ratio 0.4.

Occurrence. — Shuiwan
(Eocene).

section, Xining Basin
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Figure 6. Scanning electron micrographs of the same fossil pollen grains as in Figure 5. The sample number is given for each specimen.
A. Gnetaceaepollenites barghoornii (02X351). B. Gnetaceaepollenites sp.1 (02X351). C. Gnetraceaepollenites sp. 2 (02X351). D. Steevesipolle-
nites communis (PSWO03). E. Gnetaceaepollenites sp. 3 (02X351). F. Steevesipollenites cupuliformis PSW41). G. Ephedripites (E.) montanaensis
(PSW41). H. Ephedripites (S.) retiformis (02X351). 1. Ephedripites (E.) lanceolatus (PSW34). J. Ephedripites (E.) lanceolatus (PSW41).
K. Ephedra sp. 2 (Q437.25). L. Ephedripites (E.) notensis (02X351). M. Ephedripites (D.) fushunensis (02X535). N. Ephedripites (D.) lusaticus
(PSW41). O. Ephedripites (D.) fusiformis (PSWO03). P. Ephedripites (D.) longiformis (PSW34). Q. Ephedripites (D.) megafusiformis (PTF14).
R. Ephedra sp. 1 (Q39.75). S. Ephedripites (D.) eocenipites (PSW34). T. Ephedripites (D.) claricristarus (PSW34). Scale bar — 10 um.
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Remarks. — The vanished plica is common in Ephe-
dripites (Distachyapites) eocenipites. It has also been
observed in modern Ephedra pollen and is more
likely caused by abnormal growth. It does not seem
to be a diagnostic character of this species.

Ephedripites (Distachyapites) fushunensis Sung et
Tsao
(Figures 4G, 5M, 6M, 7D)

1980 Ephedripites (Distachyapites) fushunensis, Sung
and Tsao, p. 4, pl. 2, figs 18-19.

1980 Ephedripites (Distachyapites) palaeocenicus, Sun
and He, p. 94, pl. 17, figs 17-22.

1999  Ephedripites (Distachyapites) fushunensis, Song,
p. 246, pl. 73, figs 1-3.

Duagnosis. — Polyplicate, medium sized (2040 um
in long equatorial diameter), oblate, crenate margin,
3-5 stout plicae that fuse at the tips forming a fusi-
form or a circular shape.

Description. — Monad, symmetry bilateral, isopolar,
oblate; five wide plicae fuse at the tips, the width of
plicae is ¢. 4 um, the plica articulates with the adja-
cent plica forming a fusiform or a circular shape,
groove 4.5 ym wide, pseudosulci with long first-
order branches, the first-order branches usually
bifurcate or trifurcate forming second- and third-
order branches; the branches reach all the way to
the plicae and form the crenate margin.

Dimensions. — Polar axis 22 um, long equatorial
diameter 35 um; P/E ratio 0.65.
section,

Occurrence. — Shuiwan Xining Basin

(Eocene).

Remarks. — Ephedripites (Distachyapites) palaeoceni-
cus Sun et He and E. (D.) fushunensis are of the same
size; both of them have wider plicae and crenate
margins. Sung and Tsao (1980) first described E.
(D.) fushunensis without defining a holotype. Sun
and He (1980) named it E. (D.) palacocenicus. We
here consider E. (D.) palaeocenicus a junior synonym
of E. (D.) fushunensis.

Ephedripites (Distachyapites) fusiformis (Shakh-
mundes) Krutzsch
(Figures 4E, U, 50, 60, 7E)

1961 Ephedripites (Distachyapites)? trinata (Zaklins-
kaya), Krutzsch, p. 21.

1965 Ephedripites fusiformis, Shakhmundes, p. 222,
pl. 3, figs 1-6.

1970 Ephedripites (Distachyapites) fusiformis (Shakh-
mundes), Krutzsch, p. 160, pl. 46, figs 1-31.

1980 Ephedripites (Distachyapites) zigzagus, Sun and
He, p. 94, pl. 19, figs 3-7

1999 Ephedripites (Distachyapites) fusiformis, Song,
p. 246, pl. 71, figs 16, 17, 22, 23

Diagnosis. — Polyplicate, medium-large sized grain
(35-60 um in long equatorial diameter); peroblate, a
low number of straight or slightly spiral plicae
(approximately 4-8), typically branched pseudosulci,
P/E ratio range from 0.3 to 0.4.

Description. — Monad, symmetry bilateral, isopolar,
peroblate; fusiform pollen with six straight to slightly
sinuous plicae that fuse at the tips, the width of
plicae is ¢. 2 um, grooves ¢. 7 um wide, pseudosulci
with long first-order branches, and branching occurs
at the angles formed by the undulations of the pseu-
dosulci. Most of the first-order branches are straight,
and few bifurcate at the end forming second-order
branches.

Dimensions. — Polar axis 20 pm, long equatorial
diameter 57 um; P/E ratio 0.35.

Occurrence. — Shuiwan section, Xining Basin
(Eocene).
Remarks. — Krutzsch (1961) mentioned the species

Ephedripites (Distachyapites)? trinata (Zakl.) with
uncertainty. The only difference between E. (D.)
trinata and E. (D.) fusiformis is the number of plicae.
It seems like E. (D.) trinata has three plicae under
LLM; however, we have confirmed that it has at least
four plicae using SEM. As such, E. (D.) trinata is a
synonym of E. (D.) fusiformis.

Ephedripites (Distachyapites) longiformis Sun et He
(Figures 4R, 5P, 6P, 7F)

1980 Ephedripites (Distachyapites) longiformis, Sun
and He, p. 95, pl. 20, fig. 15.

1991 Ephedripites (Distachyapites) longiformis, Zhang
and Zhan, p. 183, pl. 59, figs 13-14, pl. 60,
figs 27-30.

1999 Ephedripites (Distachyapites) longiformis, Song,
p. 247, pl. 73, figs 16-17.

Diagnosis. — Polyplicate, large sized grain (50-80
pm in long equatorial diameter); peroblate, this
species is characterised by its elongate shape, a
low number of slightly spiral plicae (approxi-
mately 4-6), typically branched pseudosulci, P/E
ratio < 0.25.



Description. — Monad, symmetry bilateral, isopolar,
peroblate; five slightly spiral plicae fuse at the tips,
plicae ¢. 2 um wide, grooves ¢. 7 um wide, typically
branched pseudosulci with first-order branches, the
branching occurs at the angles formed by the undu-
lations of the pseudosulci, most of the first-order
branches are straight.

Dimensions. — Polar axis 13 um, long equatorial
diameter 65 pm; P/E ratio 0.2.

Occurrence. — Shuiwan  section,
(Eocene).

Xining Basin

Remarks. — This species differs from Ephedripites
(Distachyapites) fusiformis in having a smaller P/E
ratio and elongate shape.

Ephedripites (Distachyapites) lusaticus Krutzsch
(Figures 4H, 5N, 6N, 7G)

1961 Ephedripites (Distachyapites) lusaticus,
Krutzsch, p. 26, pl. 6, figs 120-128.
1970 Ephedripites (Distachyapites) lusaticus,

Krutzsch, p. 162, pl. 47, figs 1-21.

1980 Ephedripites (Distachyapites) lusaticus, Sun
et al., p. 95, pl. 20, fig. 28.

1999 Ephedripites (Distachyapites) lusaticus, Song, p.
247, pl. 74, fig. 5.

Diagnosis. — Polyplicate, medium sized grain (28—
44 um in long equatorial diameter), oblate, 4-8
plicae with small protuberance in the tip area,
typically branched pseudosulci, P/E ratio range
from 0.6 to 0.7.

Description. — Monad, symmetry bilateral, isopolar,
oblate; five plicae, about 2 um width, plicae with acute
ends fused in the tip area to form a small protuberance;
there is one plicae with two ends vanishing in the
grooves that only appears in the middle part of the
grain; the width of grooves is ¢. 6.5 pm, pseudosulci
with long first-order branches; the branching occurs at
the angles formed by the undulations of the pseudo-
sulcus, some of the first-order branches bifurcate at the
end forming second-order branches.

Dimensions. — Polar axis 22 um, long equatorial
diameter 37 um; P/E ratio 0.6.

Occurrence. — Shuiwan section, Xining Basin
(Eocene).
Remarks. — This species has a general similarity to

Ephedripites (Distachyapites) fushunensis, but the
plicae of E. (D.) fushunensis are much more pro-

Steppe development in Tibetan Plateau 81

nounced than those of E. (D.) lusaticus. The branch-
ing pattern of the pseudosulci is also more complex
in E. (D.) fushunensis than in E. (D.) lusaticus.

Ephedripites (Distachyapites) major Ke et Shi
(Figure 4X)

1978 Ephedripites (Distachyapites) major Ke et Shi,
Song, p. 99, pl. 31, figs 5-8, 10.

1991 Ephedripites (Distachyapites) major, Zhang et
Zhan, p. 184, pl. 59, figs 22-23.

1999 Ephedripites (Distachyapites) major, Song, p.
247, pl. 72, figs 13-15.

Diagnosis. — Polyplicate, large sized grain (> 80 um
in long equatorial diameter); peroblate, 4-8 plicae,
typically branched pseudosulci, P/E ratio range from
0.3 to 0.5.

Description. — Monad, symmetry bilateral, isopolar,
peroblate; eight slightly sinuous plicae which fuse at
the tips. The width of plicae is ¢. 1 um, grooves c. 4.5
um wide, and typically branched pseudosulci.

Dimensions. — Polar axis 26 um, long equatorial
diameter 80 um; P/E ratio 0.33.
section,

Occurrence. — Shuiwan Xining Basin

(Eocene).

Remarks. — This species differs from Ephedripites
(Distachyapites) sp. in being larger (> 80 pm in equa-
torial diameter).

Ephedripites (Distachyapites) megafusiformis Ke
et Shi
(Figures 4F, T, 5Q, 6Q, 7H)

1978 Ephedripites (Distachyapites) megafusiformis Ke
et Shi, Song, p. 99, pl. 31, figs 5-8, 10.

1985 Ephedripites (Distachyapites) parafusiformis,
Zhu and Wu, p. 91, pl. 32, figs 24-26.

1991 Ephedripites  (Distachyapites)  megatrinatus,
Zhang and Zhan, p. 184, pl. 58, figs
20-21, 31.

1999 Ephedripites (Distachyapites) megafusiformis,
Song, p. 247, pl. 72, figs 4—6.

Diagnosis. — Polyplicate, large sized grain (60-80
um in long equatorial diameter); peroblate, a low
number of straight or slightly sinuous plicae (4-6),
pseudosulci with first-order branches, FP/E ratio
range from 0.27 to 0.4.

Description. — Monad, symmetry bilateral, isopolar,
peroblate; five slightly sinuous plicae fuse at the tips,
the width of the plicae is ¢. 1.7 um, grooves c. 9 um
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Figure 7. Details of plicae and branched pseudosulci of selected species, scanning electron micrographs. The sample number is given for
each specimen. A. Third order of branching, Ephedripites (D.) claricristatus (PSW34). B. First order of branching and vanished rib,
Ephedripites (D.) eocenipites (PSW34). C. First order of branching and fused plicae, Ephedripites (D.) eocenipites (PSW34). D. Second
order of branching and wide rib, Ephedripites (D.) fushunensis (02X535). E. Second order of branching and fused plicae, Ephedripites (D.)
Susiformis (PSWO03). F. First order of branching, Ephedripites (D.) longiformis (PSW34). G. Second order of branching and small protuber-
ance, Ephedripites (D.) lusaticus (PSW41). H. Second order of branching, Ephedripites (D.) megafusiformis (PTF14). I. Thick exine,
Steevesipollenites communis (PSWO03). J. Partly fused plicae, Gnetaceaepollenites barghoornii (02X351). K. None-fused plicae, Gnetraceaepolle-
nites sp.2 (02X351). L. Partly fused plicae, Gneraceaepollenites sp.3 (02X351). M. Fused plicae, Ephedripites (S.) retiformis (02X351). N.
First order of branching, Ephedra sp.1 (Q39.75). O. First order of branching, Ephedra sp.2 (Q39.75). P. Unbranched pseudosulci, Ephedra

sp. 2 (Q437.25). Scale bars — 5 um.

wide. The pseudosulci have first-order branches, and
branching occurs at the angles formed by the undula-
tions of the pseudosulci; few first-order branches bifur-
cate at the end and form second-order branches.

Dimensions. — Polar axis 20 pm, long equatorial
diameter 68 pm; P/E ratio 0.3.

Occurrence. — Shuiwan section, Xining Basin

(Eocene).

Remarks. — This species differs from Ephedripites
(Distachyapites) fusiformis only in being larger than
the latter species. Zhu et al. (1985) named it E. (D.)
parafusiformis because it has a slightly different P/E
ratio (0.41); Zhang and Zhan (1991) named it E.
(D.) megatrinarus after the number of plicae (three
plicae); both of these two species have the same size
and same branched pseudosulci as E. (D.) megafusi-
formis. We consider E. (D.) megafusiformis the valid
name and E. (D.) parafusiformis and E. (D.) mega-
trinarus as senior synonyms.



Ephedripites (Distachyapites) nanlingensis Sun et He
(Figure 4S)

1980 Ephedripites (Distachyapites) nanlingensis, Sun
and He, p. 92, pl. 19, figs 12-16.

1991 Ephedripites  (Distachyapites)  nanlingensis,
Zhang and Zhan, p. 185, pl. 59, figs 1-4.

1999  Ephedripites  (Distachyapites)  nanlingensis,
Song, p. 249, pl. 72, figs 1-3.

Diagnosis. — Polyplicate, medium-large sized grain
(40-70 um in long equatorial diameter); peroblate, a
low number of straight or slightly spiral plicae (5-7),
typically branched pseudosulci, P/E ratio range from
0.33 to 0.4.

Description. — Monad, symmetry bilateral, isopolar,
peroblate; five slightly spiral plicae fuse at the tips,
the width of plicae is ¢. 2 um, grooves c. 7 pm wide,
pseudosulci with first-order branches, most of the
first-order branches bifurcate at the end and form
second-order branches.

Dimensions. — Polar axis 22 um, long equatorial
diameter 65 um; P/E ratio 0.33.

Occurrence. — Shuiwan section, Xining Basin

(Eocene).

Remarks. — This species differs from Ephedripites
(Distachyapites) fusiformis only in having relatively
rounded tips.

Ephedripites (Distachyapites) obesus Ke et Shi
(Figure 47)

1978 Ephedripites (Distachyapites) obesus, Ke and
Shi, Song, p. 99, pl. 30, fig. 12.

1991 Ephedripites (Distachyapites) obesus, Zhang and
Zhan, p. 185, pl. 58, fig. 26.

1999 Ephedripites (Distachyapites) obesus, Song, p.
249, pl. 73, figs 21-22.

Diagnosis. — Polyplicate, medium-large sized grain
(40-57 pym in long equatorial diameter); suboblate-
subspheroidal, 4-6 straight or slightly sinuous plicae,
pseudosulci with significantly branches, P/E ratio
range from 0.7 to 0.9.

Description. — Monad, symmetry bilateral, isopolar,
suboblate-subspheroidal; six slightly sinuous plicae
fuse at the tips, plicae ¢. 1.5 pm wide, pseudosulci
with long first-order branches, most of the first-order
branches bifurcate at the end and form second-order
branches.
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Dimensions. — Polar axis 31 pm, long equatorial
diameter 44 um; P/E ratio 0.70.

Occurrence. — Shuiwan section, Xining Basin
(Eocene).
Remarks. — The plicae are strongly waved in some

grains of this species. Such strongly waved plicae are
common in modern Ephedra pollen grains that have
been treated with ethanol; thus, we hypothesise that
the strongly waved plicae may be an artificial effect of
treatment with ethanol during processing of the sam-
ples.

Ephedripites (Distachyapites) oblongatus Ke et Shi
(Figure 4V)

1978 Ephedripites (Distachyapites) oblongarus, Ke and
Shi, p. 100, pl. 30, figs 13-14.
Song, pl. 32, figs 4-8.

1991 Ephedripites (Distachyapites) oblongatus, Zhang
and Zhan, p. 185, pl. 58, figs 9-10.

1999 Ephedripites (Distachyapites) oblongatus, Song,
p- 250, pl. 74, figs 20-22.

Diagnosis. — Polyplicate, medium-large sized grain
(40-55 ym in long equatorial diameter); oblate-subo-
blate, 4-7 straight or slightly sinuous plicae, typically
branched pseudosulci, P/E ratio range from 0.6 to 0.8.

Description. — Monad, symmetry bilateral, isopolar,
oblate-suboblate; four slightly sinuous plicae fuse at
the tips, plicae c¢. 1 pm wide, grooves ¢. 10 pm wide,
pseudosulci with long first-order branches, the
branching occurs at the angles formed by the undu-
lations of the pseudosulci.

Dimensions. — Polar axis 28 um, long equatorial
diameter 45 um; P/E ratio 0.62.

Occurrence. — Shuiwan  section,
(Eocene).

Xining Basin

Remarks. — The definition of species Ephedripites
(Distachyapites) oblongatus is very loose (similar to
some pollen grains of E. [D.] claricristatus and E.
[D.] eocenipites, but differs from the holotype), and
the crenate margin of this species is very similar to
that of E. (D.) cheganica. However, the P/E ratio of E.
(D.) oblongarus is larger than that of E. (D.) cheganica.

Ephedripites (Distachyapites) tertiarius Krutzsch
(Figure 4Y)

1970 Ephedripites (Distachyapites)
Krutzsch, p. 156, pl. 44, figs 1-21.

tertiarius,
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1980 Ephedripites (Distachyapites) tertiarius, Sun
and He, p. 90, pl. 17, fig. 11.

1999  Ephedripites (Distachyapites) tertiarius, Song,
p. 252, pl. 74, figs 13-15.

Diagnosis. — Polyplicate, medium-large sized grain
(45-55 ym in long equatorial diameter), peroblate,
4-8 slightly sinuous or straight plicae, typically
branched pseudosulci, P/E ratio range from 0.4 to
0.5.

Description. — Monad, symmetry bilateral, isopolar,
peroblate, five slightly sinuous plicae fuse at the tips,
plicae ¢. 2 ym wide, grooves ¢. 11 pm wide, pseudo-
sulci with long first- and second-order branches.

Dimensions. — Polar axis 20 um, long equatorial
diameter 47 pm; P/E ratio 0.42.

Occurrence. — Shuiwan  section,
(Eocene).

Xining Basin

Remarks. — Frederiksen (1973) considered that
Ephedripites (Distachyapites) tertiarius is a synonym
to E. (D.) claricristatus, but we consider that E.
(D.) terniarius differs from E. (D.) claricristatus
because the latter tends to have relatively more
rounded ends. This species is very similar to E.
(D.) eocemipites, whereas E. (D.) tertiarius is distin-
guished by the smaller size and the generally slimmer
shape.

Ephedra sp. 1
(Figures 5R, 6R, 7N)

Description. — Polyplicate, medium-large sized
grain (40-60 pm in long equatorial diameter), pero-
blate, 4-8 slightly sinuous or straight plicae, typically
branched pseudosulci, P/E ratio range from 0.25 to
0.4. Monad, symmetry bilateral, isopolar, peroblate,
six slightly sinuous plicae fuse at the tips, plicae c. 2
pum wide, grooves c¢. 5 pm wide, pseudosulci with
short straight first-order branches.

Dimensions. — Polar axis 18 um, long equatorial
diameter 53 um, P/E ratio 0.33.

Occurrence. — SG-1 core, Qaidam Basin (Quater-
nary).

Ephedra sp. 2
(Figures 5K, 6K, 70, 7P)

Description. — Polyplicate, medium-large sized
grain (35-65 pym in long equatorial diameter), pero-
blate, 8—14 slightly sinuous or straight plicae, pseu-
dosulci with short first-order branches or without

first-order branches, IPE ratio range from 0.3 to
0.4. Monad, symmetry bilateral, isopolar, peroblate,
10 slightly sinuous plicae fuse at the tips, plicae ¢. 3
pm wide, grooves ¢. 1.5 um wide, pseudosulci with-
out first-order branches.

Dimensions. — Polar axis 13 um, long equatorial
diameter 35 um; P/E ratio 0.37.

Occurrence. — SG-1 core, Qaidam Basin (Quater-
nary).

Remarks. — The two types of Neogene Ephedra pol-
len grains that were found in the Qaidam Basin may
belong to the following high elevation species,
namely E. intermedia, E. gerardiana, E. przewalskii
or E. minuta. Ephedra sp. 1 has pollen grains with a
low number of plicae (approximately 4-8) and the
pseudosulci between the plicae have obvious first-
order branches. This species may be conspecific
with E. intermedia or E. gerardiana, which often has
a clearly branched sulcus. Ephedra sp. 2 has pollen
grains with approximately 8—14 plicae and the nar-
row valleys between the plicae show unclear pseudo-
sulci, sometimes with short first-order branches.
This species may be conspecific with E. przewalskii
or E. minuta, which often have unbranched pseudo-
sulci.

Ephedripites subgenus Ephedripites Krutzsch

Diagnosis. — Polyplicate pollen with numerous pli-
cae (8-20), pseudosulci between the plicae without
first-order branches.

Ephedripites (Ephedripites) lanceolatus Zhu er Wu
(Figures 4P, 51, ], 6L, ])

1985 Ephedripites (Ephedripites) lanceolatus, Zhu and
Wu, p. 96, pl. 34, figs 23-25.

1999 Ephedripites (Ephedripites) lanceolatus, Song, p.
255, pl. 70, figs 15-17.

Diagnosis. — Polyplicate, large sized grain (50-65
pm in long equatorial diameter), peroblate, elliptical
outline, 8-14 longitudinal plicae, plicae ¢. 3-4.5 um
wide, P/E ratio range from 0.3 to 0.5.

Description. — Monad, symmetry bilateral, isopolar,
peroblate, outline elliptical, 12 slightly sinuous plicae
fuse at the tips, plicae ¢. 4 um wide, grooves c. 1 um
wide, unbranched pseudosulci.

Dimensions. — Polar axis 23 um, long equatorial
diameter 55 pm; P/E ratio 0.41.



Occurrence. — East Xining, Tiefo, and Shuiwan sec-
tions, Xining Basin (Late Cretaceous—middle to late
Eocene).

Remarks. — This species is characterised by flat and
broad plicae observed in transverse section, but the
width of the plicae is less than that of Ephedripites
(Ephedripites) strigatus Brenner.

Ephedripites (Ephedripites) montanaensis Brenner
(Figures 4B, C, 5G, 6G)

1968 Ephedripites (Ephedripites) montanaensis, Bren-
ner, p. 362, pl. 6, fig. 8.

1980 Ephedripites (Ephedripites) montanaensis, Sun
and He, p. 98, pl. 20, figs 8, 13.

1999  Ephedripites (Ephedripites) montanaensis, Song,
p. 257, pl. 71, figs 9-10.

Diagnosis. — Polyplicate, large sized grain (50-67
pm in long equatorial diameter), peroblate, elon-
gated outline, rounded ends, 10-18 slight inclined
plicae, plicae ¢. 1-2 ym width, P/E ratio range from
0.28 to 0.33.

Description. — Monad, symmetry bilateral, isopo-
lar, peroblate, elongated outline, sub-truncate
ends, 12 longitudinal narrow plicae fuse at the
tips, plicae ¢. 1.5 ym wide, 3 um high, grooves c. 1
um wide, unbranched pseudosulci.

Dimensions. — Polar axis 20 um, long equatorial
diameter 62 um; P/E ratio 0.32.

Occurrence. — East Xining, Tiefo, and Shuiwan sec-
tions, Xining Basin (Late Cretaceous—middle to late
Eocene).

Ephedripites
Krutzsch
(Figures 4N, 5L, 6L)

(Ephedripites) notensis (Cookson)

1957 Ephedripites notensis, Cookson, p. 45, pl. 9,
figs 6-10.

1961 Ephedripites (Ephedripites) notensis (Cookson),
Krutzsch, p. 20.

1991 Ephedripites (Ephedripites) notensis, Zhang and
Zhan, p. 188, pl. 31, fig. 33, pl. 60, figs 16,
25-26.

1999  Ephedripites (Ephedripites) notensis, Song, p.
258, pl. 69, figs 21-22.

Diagnosis. — Polyplicate, medium sized grain (25—
50 ym in long equatorial diameter), peroblate, out-
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line elliptical, 10—15 longitudinal plicae, plicae c. 3
um wide, P/E ratio range from 0.45 to 0.56.

Description. — Monad, symmetry bilateral, isopolar,
perprolate, outline elliptical, oval ends, 12 longitudi-
nal flat plicae fuse at the poles, plicae ¢. 3 pm wide,
grooves ¢. 0.5 um wide, no branched pseudosulci.

Dimensions. — Polar axis 17 pm, long equatorial
diameter 36 um; P/E ratio 0.47.

Occurrence. — East Xining, Tiefo, and Shuiwan sec-
tions, Xining Basin (Late Cretaceous—middle to late
Eocene).

Ephedripites subgenus Spiralipites Krutzsch

Diagnosis. — Polyplicate pollen with numerous
rotated plicae with unbranched pseudosulci and
mostly found in the Upper Cretaceous.

Ephedripites (Spiralipites) retiformis Gao et Zhao
comb. nov.
(Figures 5H, 6H, 7M)

1976 Schizaeoisporites retiformis, Gao and Zhao, p.
34, pl. 6, figs 3-8.

2002 Ephedripites sp., Yi and Batten, p. 697, fig.
7P, Q.

Diagnosis. — Polyplicate, large sized grain (57.5
um in long equatorial diameter), peroblate, out-
line elliptical, 25-30 rotated plicae, plicae c. 1.5
um wide, unbranched pseudosulci, P/E ratio c.
0.45.

Specimen. — 02X 351-1

Description. — Monad, symmetry bilateral, isopolar,
peroblate, outline elliptical, 25 spirally rotated plicae
(flat in transverse section) and with narrow ends that
fuse at the tips, forming a ‘checkered’ pattern under
LM; some plicae vanished or joined another plica
near the tip area, plicae ¢. 1.5 pym wide, grooves c.
0.2 pym wide, unbranched pseudosulci.

Dimensions. — Polar axis 25.7 um, long equatorial
diameter 57.5 pm; P/E ratio 0.45.

Occurrence. — East Xining section, Xining Basin
(Late Cretaceous).

Remarks. — Some species of Schizaeoisporites and
Ephedripites are morphologically similar and can
easily be mixed up, especially when the monolete
mark of the former is unclear. Song (1999) use the
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Figure 8. The plicae pattern of Gneraceaepollenites. A. The plicae
pattern for Gneraceaepollenites barghoornii and Gnetaceaepollenites
sp. 1. The horseshoe-shaped plicae arranged in two sets R1, R2.
B. The plicae pattern for Gnetaceaepollenites sp. 2. The plicae are
arranged in two sets R1 and R2, and are sharing one longitudinal
plica (marked with shadow parts).

inclined and none fused plicae to differentiate Schi-
zaeoisporites from Ephedripites. For this species,
although there are numerous inclined plicae forming
a ‘checkered’ pattern, there are no visible laesurae
and the plicae fused at the poles. We consider it as
Ephedripites (Schizaeoisporites) retiformis; E. (S.) prae-
clarus (Khl.) Krutzsch is larger (57-80 um in long
equatorial diameter) and the plicae (c. 3.5 pm) are
wider than those of E. (S.) retiformis.

Genus Gnetaceaepollenites Thiergart emend. Fansonius

Diagnosis. — Polyplicate; ellipsoidal to elongated
pollen with a few to numerous plicae; plicae run
along the equator plane without fusion at the tips,
no visible laesurae.

Gnetaceaepollenites barghoornii (Pocock) De Lima
(Figures 5A, 6A, 7])

1964 Equisetosporites barghoornii, Pocock, p. 149, pl.
1, fig. 21.

1976 Schizaeoisporites laevigaraeformis (Bolchovi-
tina), Gao et Zhao, p. 34, pl. 5, figs 13-16.

1980 Gmneraceaepollenites  barghoornii  (Pocock),
Lima, p. 35, pl. 3, fig. 12.
Diagnosis. — Polyplicate, medium sized grain (30—

50 um in long equatorial diameter); peroblate, 10-14
inclined and partly fused plicae, and the plicae
arranged in two sets on the opposite sides of grain
forming the pattern A (Figure 8A). P/E ratio range
from 0.4 to 0.5.

Description. — Monad, symmetry bilateral, isopolar,
peroblate; plicae on one side are oblique to those on
the other side, forming a ‘checkered’ pattern. Five
long, horseshoe-shaped, ¢. 2-3 pym wide plicae
divided into two sets (R1 and R2) of two or three
long plicae each. The plicae start near one tip and
cross over the other tip to the opposite side of the
grain, ending nearly opposite their point of origin;
both ends of the two set of plicae are fused.

Dimensions. — Polar axis 20 pm, long equatorial
diameter 42 pm; P/E ratio 0.47.

Occurrence. — East Xining section, Xining Basin
(Late Cretaceous).

Remarks. — The numbers of plicae for each set varies
from two to four. Besides the long plicae, there are
short plicae that do not cross over the other tip but
vanish in the grooves. Gneraceaepollenites clathratus
Stover (form f) has two long, horseshoe-shaped plicae;
however, the plicae pattern and the size are different.

Gnetaceaepollenites sp. I
(Figures 5B, 6B)

Description. — Polyplicate, large sized grain (50—60
pm in long equatorial diameter); oblate, 10-14
inclined and partly fused plicae, and the plicae
arranged in two sets on the opposite sides of grain
forming the pattern A (Figure 8A). P/E ratio range
from 0.5 to 0.6. Monad, symmetry bilateral, isopo-
lar, oblate; plicae on one side are oblique to those on
the other side, forming a ‘checkered’ pattern. Five
long, horseshoe-shaped, ¢. 3—4 um wide plicae are
divided into two sets (R1, R2) of two or three long
plicae. The plicae start near one tip and cross over
the other tip to the opposite side of the grain, ending
nearly opposite their point of origin; both ends of the
two set of plicae are fused.

Dimensions. — Polar axis 28 pm, long equatorial
diameter 53 pm, P/E ratio 0.52.

Occurrence. — East Xining section, Xining Basin
(Late Cretaceous).

Remarks. — The plicae pattern of Gnetaceaepollenites
sp. 1 is similar to that of G. barghoornii. Both have
long horseshoe-shaped plicae and a ‘checkered’ pat-
tern, Gnetaceaepollenites sp. 1 differs from G. barg-
hoornii in being larger, generally almost spherical,
and in having much flatter plicae as seen in trans-
verse section.

Gnetaceaepollenites sp. 2
(Figures 5C, 6C, 7K)



Description. — Polyplicate, medium-large sized
grain (45-60 pm in long equatorial diameter); pero-
blate, 1014 spiral plicae arranged in two sets on the
opposite sides of the grain forming a B-pattern
(Figure 8B). P/E ratio range from 0.2-0.35.
Monad, symmetry bilateral, isopolar, peroblate; pli-
cae on one side are oblique to those on the other
side, forming a ‘checkered’ pattern. The plicae
arranged in two sets R1, R2, and each set of plicae
start near one tip and cross over the other tip to the
opposite side of the grain, ending nearly opposite
their point of origin; the ends of the two set of plicae
are partly fused. The plicae set R1 and R2 shared
one longitudinal plica (marked with shadow parts).

Dimensions. — Polar axis 12 pm, long equatorial
diameter 47 um; P/E ratio 0.25.

Occurrence. — East Xining section, Xining Basin
(Late Cretaceous).

Remarks. — This species is characterised by the
elongate shape and the number of circumferential
plicae that vary between two and four. There are a
few short plicae that are parallel to the long plicae
vanishing in the grooves near the tip.

Gnetaceaepollenites sp. 3
(Figures 5E, 6E, 7L)

Description. — Polyplicate, small sized grain (17 um
in long equatorial diameter); prolate, ten longitudinal
flat and partly fused plicae; P/E ratio range c. 0.65, this
species is characterised by the small size and rounded
shape. Monad, symmetry bilateral, isopolar, oblate;
ten longitudinal flat and partly fused plicae, ¢. 2.5 ym
wide at the mid-length and gradually narrowing
towards the tips; grooves c¢. 0.3 um wide.

Dimensions. — Polar axis 11 pm, long equatorial
diameter 17 um; P/E ratio 0.64.

Occurrence. — East Xining section, Xining Basin
(Late Cretaceous).

Remarks. — This species is characterised by the
small size and partly fused flat plicae. Gneraceae-
pollenites uesuguir De Lima is similar to this species,
but is larger in size and has continuous circumfer-
ential plicae. The most similar to this species are
the grains that Yu et al. (1983) illustrated and
referred to Ephedripites (Ephedripites) mingshuiensis
Yu, Guo et Mao. They share small size, an oval
outline, and ten partly fused plicae. Ephedripites
(E.) mingshuiensis differs from Gnetaceaepollenites
sp. 3 in having sinuous plicae in the middle
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section, however this could be an artificial charac-
teristic during the sample treatment.

Genus Steevesipollenites Stover

Duagnosis. — Polyplicate, ellipsoidal to fusiform pol-
len with a few to numerous longitudinal plicae, the
exine is unusually thick at both ends compared to
other ephedroids, forming expansion in the tips.

Steevesipollenites ¢f. Steevesipollenites binodosus
Stover
(Figure 4M)

Description. — Polyplicate, large sized grain (50-60
um in long equatorial diameter), peroblate, fusiform
pollen with 10-12 plicae fused at the tips, the exine is
unusually thick at both ends compared to other
ephedroids, forming distinct knob, FP/E ratio range
from 0.3 to 0.43. Monad, symmetry bilateral, isopo-
lar, perprolate; ten slightly sinuous plicae fused at the
tips. Plicae ¢. 2 pym wide, grooves ¢. 8 um wide; each
tip has a prominent, semi-circle knob of ¢. 6 pm wide
by ¢. 3 um high.

Dimensions. — Polar axis 24 um, long equatorial
diameter 58 um; P/E ratio 0.41.

Occurrence. — East Xining, Tiefo, and Shuiwan sec-
tions, Xining Basin (Late Cretaceous—middle to late
Eocene).

Remarks. — This species is very similar to Steeve-
sipollenites binodosus. These two species have the
same size, but S. binodosus tends to have fewer
but wider plicae (6—10 plicae, ¢. 2.5-4 um). The
knobs at the tips differ from each other; S. binodo-
sus has prominent subspherical knobs, whereas
Steevesipollenites cf. S. binodosus only has prominent
semi-circle knobs.

Steevesipollenites communis Zhang et Zhang
(Figures 5D, 6D, 71)

1991 Steevesipollenites communis, Zhang and Zhang,
pl. 76, pl. 56, figs 21-24.

1999  Stecvesipollenites communis, Song, p. 263, pl.
76, figs 14-16.

Diagnosis. — Polyplicate, medium sized grain (35—
52 pm in long equatorial diameter), oblate, fusi-
form pollen with 10-16 fused plicae, the exine is
unusually thick at both ends compared to other
ephedroids, forming a distinct knob, P/E ratio
range from 0.4 to 0.47.
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Description. — Monad, symmetry bilateral, isopolar,
oblate; fusiform pollen with 14 plicae fused at the
tips that are slightly oblique to the polar axis. Plicae
width is ¢. 2.5 um at mid-length and gradually nar-
rowing towards the tips. The exine is unusually thick
at both ends, in comparison to other ephedroids, and
forms a distinct knob which is ¢. 6 ym wide and ¢. 2.5
um high.

Dimensions. — Polar axis 17 pm, long equatorial
diameter 39 um; P/E ratio 0.43.

Occurrence. — East Xining, Tiefo, and Shuiwan sec-
tions, Xining Basin (Late Cretaceous—middle to late
Eocene).

Steevesipollenites cupuliformis Azéma et Boltenhagen
(Figures 4A, 5F, 6F)

1974  Steevesipollenites cupuliformis, Azéma and Bol-
tenhagen, p. 27, pl. 3, figs 1-3.

1980 Steevesipollenites cupuliformis, Lima, p. 41, pl.
4, figs 11-13.

1991 Stecvesipollenites  cupuliformis, Zhang and
Zhang, p. 177, pl. 57, figs 15-19.

1999  Steevesipollenites cupuliformis, Song, p. 263, pl.
76, figs 11-13.

Diagnosis. — Polyplicate, large sized grain (40-70
um in long equatorial diameter), peroblate, elongate
shape, 8-10 straight or slightly sinuous plicae fused
at the tips, the exine is unusually thick at both ends
compared to other ephedroids, forming a distinct
knob, P/E ratio range from 0.18 to 0.3.

Description. — Monad, symmetry bilateral, isopolar,
peroblate, elongate shape, eight slightly sinuous pli-
cae fused at the tips. Plicae are ¢. 1.5 ym wide and
4.5 pm high; the knob is ¢. 7.5 pm wide and ¢. 2 pm
high.

Dimensions. — Polar axis 16 um, long equatorial
diameter 65 um; P/E ratio 0.24.

Occurrence. — Tiefo section, Xining Basin (middle
to late Eocene).

Remarks. — Both Ephedripites (Ephedripites) monta-
naensis and Steevesipollenites cupuliformis have the
same size and the same numbers of plicae, but the
plicae of E. (E.) montanaensis are more slender,
whereas the plicae of S. cupuliformis have relatively
rounded top as seen in transverse section. The
grooves of E. (E.) montanaensis extend to the tips,
while those of S. cupuliformis stop at least 2 pm from

the tip. The P/E ratio of S. cupuliformis is smaller
than that of E. (E.) montanaensis.

Steevesipollenites globosus Sun et He
(Figure 4K, L)

1980 Stecvesipollenites globosus, Sun and He, p. 99,
pl. 19, figs 17-20, 28.

1987 Steevesipollenites globosus, Lei et al. p. 288, pl.
37, fig. 21, pl. 46, figs 23, 24.

1991 Steevesipollenites globosus, Zhang and Zhang, p.
177, pl. 56, figs 8-11.

1999  Stecvesipollenites globosus, Song, p. 264, pl. 75,
figs 21, 22.

Diagnosis. — Polyplicate, medium sized grain (30—
40 pym in long equatorial diameter), oblate, 10-12
plicae fused at the tips, the exine is unusually thick at
both ends compared to other ephedroids, forming a
distinct knob, P/E ratio range from 0.6 to 0.8.

Description. — Monad, symmetry bilateral, isopolar,
subspheroidal-perprolate, oval-spherical outline, ten
relatively wide, straight, smooth plicae slightly obli-
que to the polar axis and fused at the tips. Plicae ¢c. 5
pm wide at mid-length and gradually narrowing
towards the tips, grooves ¢. 0.5 pm; the tip knob is
¢. 9 um wide and ¢. 2 um high.

Dimensions. — Polar axis 28 um, long equatorial
diameter 37 pm; P/E ratio 0.75.

Occurrence. — Tiefo, and Shuiwan sections, Xining
Basin (middle to late Eocene).

Remarks. — This species is characterised by the
oval-spherical outline and the relatively wide,
straight plicae.

Steevesipollenites jiangxiensis Sun et He
(Figure 4])

1980 Steevesipollenites jiangxiensis, Sun and He, p.
99, pl. 19, figs 21-22, 26-27.

1991 Stecvesipollenites  jiangxiensis, Zhang and
Zhang, p. 178, pl. 57, figs 1-3, 5.

1999  Stecvesipollenites jiangxiensis, Song, p. 265, pl.
75, figs 15-16.

Diagnosis. — Polyplicate, medium sized grain (30—
40 ym in long equatorial diameter), oblate, 7-11
plicae fused at the tips, the exine is unusually thick
at both ends compared to other ephedroids, forming
a distinct knob, P/E ratio range from 0.5 to 0.7.



Description. — Monad, symmetry bilateral, isopolar,
oblate, fusiform pollen with ten straight, wide plicae
that are fused at the tips. Plicae ¢. 5 ym wide at mid-
length and gradually narrowing towards the tips,
three relatively slender plicae (2.5 um wide) are
strongly waved, grooves ¢. 0.5 um wide, the knob is
¢. 6.5 ym wide and c¢. 1.5 pym high.

Dimensions. — Polar axis 23 um, long equatorial
diameter 40 um; P/E ratio 0.57.

Occurrence. — Tiefo and Shuiwan section, Xining
Basin (middle to late Eocene).

Remarks. — This species is similar to Steevesipolle-
nites globosus, but S. jiangxiensis has relatively smaller
P/E ratio and sinuous plicae. The sinuous plicae
might be an artificial character due to the treatment;
however, given that not all the plicae of the grain are
strongly sinuous, they may represent a true diagnos-
tic characteristic of this species.

Steevesipollenites major Zhang et Zhang
(Figure 4I)

1991 Stecvesipollenites major, Zhang and Zhang, p.
178, pl. 56, fig. 33.

1999 Stecvesipollenites major, Song, p. 265, pl. 77,
fig. 27.

Diagnosis. — Polyplicate, large sized grain (70-75
pum in long equatorial diameter), peroblate, 10-14
plicae fused at the tips, the exine is unusually thick
at both ends compared to other ephedroids, forming
a distinct knob, P/E ratio range from 0.3 to 0.5.

Description. — Monad, symmetry bilateral, isopolar,
peroblate, fusiform pollen with 12 spiral and wide
plicae, fused at the tips. Plicae on one side oblique to
those on the other side forming a ‘checkered’ pat-
tern; plicae ¢. 5.5 ym wide at mid-length and gradu-
ally narrowing towards the tips, the knob is ¢. 9.5 pm
wide and ¢. 1.5 ym high.

Dimensions. — Polar axis 35 um, long equatorial
diameter 73 um; P/E ratio 0.48.

Occurrence. — Tiefo and Shuiwan section, Xining
Basin (middle to late Eocene).

Remarks. — This species differs from other species
in having a larger size (> 70 um in long equatorial
diameter).
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Changes in Gnetales composition through time

Our palynological records show that the morphologi-
cal changes of ephedroid pollen in northern Tibet can
be divided at least into four stages (Figure 9; Herb
et al. 2013). During the late Early Cretaceous, ephe-
droid pollen is predominantly represented by Gueta-
ceaepollenites (more than 85%), with low percentages
of Ephedripites subgen. Ephedripites (c. 10%) and Stee-
vesipollenites (less than 2%), and rare Ephedripites sub-
gen. Distachyapites. In the late Late Cretaceous—early
Palaeogene, the ephedroid pollen assemblage is domi-
nated by increased percentages of Ephedripites subgen.
Ephedripites (c. 20%), higher percentages of Ephedri-
pites subgen. Distachyapites (c. 15%) than in the late
Early Cretaceous, and slightly higher percentages of
Steevesipollenites (c. 3%); notably Gnetaceaepollenites is
no longer present. During the middle to late Eocene,
Ephedripites comprises about 20-60% of the total pol-
len composition, with a predominance of Ephedripites
subgen. Distachyapites.

We subdivided the middle to late Eocene paly-
nological record into two Ephedripites zones (Fig-
Figure 10). Zone I is composed of Ephedripites
subgen. Distachyapites (60—-80%), Ephedripites sub-
gen. Ephedripites (5-20%) and Steevesipollenites (5—
15%). Within this zone, some species with highly
diverse branched pseudosulci and a larger P/E ratio
(such as Ephedripites [Distachyapites] fushunensis, E.
[D.] claricristatus and E. [D.] lusaticus) occur in
relatively high percentages (5-25%). Zone II is
dominated by Ephedripites subgen. Distachyapites
(more than 90%) and the percentage of species
with less branched pseudosulci (i.e. E. [D.] fusifor-
mis, E. [D.] longiformis) increase, whereas the per-
centages of Ephedripites subgen. Ephedripites (less
than 10%) and Steevesipollenites (less than 5%)
decrease sharply.

Finally, in the Qaidam Basin, Ephedripites per-
centages of around 10% or less of the total pollen
composition (Herb et al. 2013) are recorded in the
Quaternary deposits. These values are in stark con-
trast with the Eocene interval. In the Quaternary
deposits, only two types of Ephedra pollen were
found and both are equivalent to the derived type
as described by Bolinder et al. (2016), but with
poorly developed first-order branches of the pseu-
dosulci. As yet no quantitative data are available
for the latest Paleogene and Neogene deposits in
our sections.

Changes in Cenozoic steppe composition through time

The Late Cretaceous—early Palaecogene pollen
assemblages are characterised by ~40% presence of
typical steppe taxa (Figure 9), which are mainly
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Figure 9. Cumulative diagrams showing pollen of steppe type
vegetation versus that of other taxa from the Late Cretaceous to
the Eocene in the Xining Basin. Little Ephedripites subgen. Dis-
tachyapites occurred during the late Early Cretaceous, whereas
Gnetaceaepollenites did not. The percentage of Ephedripites subgen.
Distachyapites has increased since the late Late Cretaceous—early
Palaeogene, and the amount of Steevesipollenites decrease after that
time. Ephedripites subgen. Distachyapites and Nitraripollis/Nitraria-
dites sp. increased considerably and dominated the steppe vegeta-
tion of the late Eocene.

composed of Ephedripites. In the middle Eocene
(here ¢. 42-40 Ma; Lutetian—Bartonian, comprising
47.8-37.8 Ma), the steppe taxa are made up of Ephe-
dripites (25-40%) and Nitraripollis/Nitrariadites (10—
30%), which account for ~50% of the pollen sum. In
contrast, in the middle to late Eocene (here c.
40-34 Ma; Priabonian, comprising 37.8-33.9 Ma),
steppe pollen dominates the pollen sum (~80%). The
base of this time interval is rich in Ephedripites pollen
(up to 60%), whereas Nitraripollis/Nitrariadites
becomes dominant at the top (25-60%). Also the
pollen of Chenopodiaceae, Amaranthaceae and Car-

yophyllaceae (CAC group) appear during this per-
iod, although their percentages do not exceed ~5% of
the pollen sum. During the Quaternary in the Qai-
dam Basin, steppe taxa account for ~80% of the
pollen sum, but, contrary to the Eocene situation,
pollen of the CAC group dominates the pollen
assemblage (around 60%) and percentages of
Ephedripites pollen are low (~12%) and Nitraripollis/
Nitrariadites is rare.

Discussion

Morphology and abundance of ephedroid pollen in the
Cretaceous—Eocene strata of the Xining Basin

Generally, both Ephedripites and Equisetopollenites are
used to describe pollen grains with affinity to Ephe-
dra. Considering the possibility of confusion and the
unsuitability of the name Equisetopollenites, we choose
to use Ephedripites to describe pollen with tip-fused
plicae. Based on the presence or absence of side
branches on the pseudosulci, Ephedripites can be
grossly divided into two groups: pollen grains with
branched pseudosulci classified in Ephedripites sub-
gen. Distachyapites, and pollen grains with
unbranched pseudosulci, which traditionally have
been subdivided into Ephedripites subgen. Ephedri-
pites (straight plicae) and Ephedripites subgen. Spira-
lipites (spiral plicae). Recent work on modern pollen
indicates, however, that the spiral form is frequently
found intermingled with straight forms in the same
microsporangium (Norbédck-Ivarsson 2014) and the
division of pollen with unbranched pseudosulci into
the two subgenera Ephedripites subgen. Ephedripites
and Ephedripites subgen. Spiralipites is most probably
artificial and redundant. Furthermore, only a few
pollen grains of the spiral form have been found in
the Late Cretaceous strata of the Xining Basin. From
the Cretaceous to the Eocene, Ephedripites subgen.
Ephedripites and Ephedripites subgen. Distachyapites
occur during every epoch, but the percentage of
Ephedripites subgen. Ephedripites is higher in the
Late Cretaceous—Paleocene than in the Eocene. By
contrast, the diversity and abundance of Ephedripites
subgen. Distachyapites expands rapidly during the
Paleocene, reaching its maximum in the Eocene,
and decline after the Eocene-Oligocene boundary.
In the samples from the Quaternary and the present,
the percentages of ephedroids are even lower.
Although this suggests a further decline of ephedroid
pollen in the Xining Basin from the early Oligocene
onwards, it should be noted that there are currently
no available data from the Neogene in this basin.
Steevesipollenites, which has fused plicae and an
exine that is unusually thick at both ends (if com-
pared to other ephedroids), was found in the Late
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Figure 10. Eocene ephedroid pollen composition diagram in the Xining Basin. Zone I is characterised by a mix of Ephedripites subgen.
Ephedripites and Ephedripites subgen. Distachyapites and Steevesipollenites. Ephedripites subgen. Distachyapites dominates Zone II while
Ephedripites subgen. Ephedripites decreased. The changes in ephedroid pollen composition (Zones I-1I) coincide with aridification phases

observed in Hoorn et al. (2012) and Bosboom et al. (2014a).

Cretaceous—Eocene strata. It occurs in relatively high
percentages in the Late Cretaceous—Paleocene and
declines in the Eocene.

On the confusion of Gnetaceaepollenites and
Schizaeoisporites

As for the pollen with none-fused or partly fused
plicae, we choose to call them Guetaceaepollenites fol-
lowing De Lima (1979a). According to the original
description (Jansonius & Hills 1980), Schizaeoisporites
are monolete spores with plicae converged at the two
narrow ends, and the monolete mark enclosed by
plicae. Similar grains are called Schizaeoisporites in
the Cretaceous strata of China (Song 1978, 1999;
Zhu et al. 1985; Wang et al. 1990; Zhang & Zhan
1991) because the plicae are not fused at the narrow
ends and the laesura is difficult to see. In this study,
24 grains of this pollen type (previously assigned to
Schizaeoisporites, see earlier) were examined by means
of SEM. In none of these grains, a laesura was found;
we consequently suggest that they are pollen, not
spores, and belong to Gneraceaepollenites.

Ephedroid pollen types and paleoenviromental change

In the Xining study area, both lithofacies and pollen
assemblages indicate rapid aridification during the
middle Eocene (~40 Ma; Bosboom et al. 2014a).

This aridification might be associated with a change
in monsoonal intensity related to regional tectonic
uplift as well as global climate and land-sea distribu-
tion changes (Quan et al. 2011; Licht et al. 2014;
Bosboom et al. 2014b). The aridification is not only
recorded in the Xining Basin, but also in the neigh-
bouring Qaidam Basin (Rieser et al. 2009; Song
et al. 2013) and it coincides with changes in ephe-
droid pollen composition (Zones I-II; Figure 10) as
documented in our study.

It has been previously reported that Ephedra grains
shrink by polar contraction under dry conditions; the
grooves become deeper and narrower and the plicae
become less arched and closer together (Wodehouse
1935), which yields a smaller P/E ratio. By contrast,
under moist conditions, the grains expand and the pli-
cae flatten out (Wodehouse 1935) and the P/E ratio is
larger. We suggest that the development of branched
pseudosulci as shown in Ephedripites subgen. Distachya-
pites could have evolved as an adaptation to a dryer
climate and perhaps also to a different pollination syn-
drome as suggested by Bolinder et al. (2015). Zone I is
characterised by a mix of Ephedripites subgen. Ephedri-
pites and Ephedripites subgen. Distachyapites. The crenate
margin of some species (E. [D.] fushunensis, E. [D.]
claricristatus, E. [D.] cheganica) may be caused by the
flattening of plicae and protruding grooves, which in
addition to the relatively high percentages of species
with a large P/E ratio indicates a relatively humid
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climate. In zone II, Ephedripites subgen. Distachyapites
dominates while Ephedripites subgen. Ephedripites has
decreased. The percentage of species with smaller P/E
ratio, especially E. (D.) longiformis (Figure 10), is abun-
dant within this zone, which indicates a dryer environ-
ment.

Notably, the presence of Ephedripites subgen. Dis-
tachyapites (E. eocemipites, E. fusiformis, E. lusaticus
and E. claricristatus) has also been observed in the
Cenozoic record in the sedimentary basins of south-
ern Brazil, albeit in much lower percentages than in
the Tibetan sections (Garcia et al. 2016). Neverthe-
less this points at a global distribution of these taxa, a
matter that deserves further study.

Conclusions

Our data indicate that the steppe vegetation in the Tibe-
tan Plateau changed significantly from the Late Cretac-
eous to the Oligocene. The ephedroid pollen record in
the Xining Basin suggests that the genus Gnetaceaepolle-
nites, which is abundant in the Cretaceous, went extinct
in association with the Cretaceous—Paleogene (K-
Pg) boundary. Ephedripites subgen. Ephedripites and
Steevesipollenites are also common in the Cretaceous.
Both Ephedripites subgen. Ephedripites and Ephedripites
subgen. Distachyapites were highly diverse in the Paleo-
cene—middle Eocene, together with small percentages of
Steevesipollenites. Around 40 Ma, Ephedripites subgen.
Distachyapites increased considerably and dominated
the steppe vegetation at least until the late Eocene,
while Ephedripites subgen. Ephedripites and Steevesipolle-
nites decreased. In contrast, during the Quaternary, the
steppe vegetation in the Qaidam Basin is mainly com-
posed of Artemisia and Chenopodiaceae accompanied
by Poaceae, Cyperaceae and Asteraceae and relatively
low percentages and a low diversity of Ephedraceae. We
hypothesise that these temporal changes in composition
of ephedroid pollen are linked to regional as well as
global climatic changes. The regional aridification in
the Xining Basin during the middle to late Eocene
might have played an important role in the diversifica-
tion of Ephedripites subgen. Distachyapites and the pos-
terior drop in diversity and relative abundance of
Ephedripites may be linked to the global cooling leading
to the Eocene—Oligocene transition.
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Table I. Reference list for Figure 1.
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Name Location Age Reference
Ephedroid pollen Hokkaido, Japan Upper Albian 15, 16, 30, 65, 73
Punjab, India Lower Miocene—Oligocene
SE Oregon Miocene
NW Siberia Paleogene
Germany Oligocene
Ephedra archaeorhytidosperma Western Liaoning Province, northeast Early Cretaceous 77
China
Ephedra stapfii Steeves et Barghoorn  Long Island, North America Late Cretaceous 2,17, 8,19, 32, 33,

1959

Ephedripites ambonoides Brenner
1968

Ephedripites barghoornii Pocock 1964

Ephedripites brasiliensis Herngreen
1973

Ephedripites eocenipites (Wodehouse)
Krutzsch 1961

Ephedripites elstkit Herngreen 1975

Equisetosporites huguesi Pocock 1964

Ephedripites jansonii (Pocock 1964)
Miiller 1968

Ephedripites megafusiformis Ke et Shi
1978

Ephedripites montanaensis Brenner
1968

Ephedripites pentacostatus Brenner
1968

Ephedripites subtilis Regali, Uesugui
et Santos 1974

Ephedripites sulcatus Brenner 1968
Ephedripites validus Brenner 1968

Ephedripites wolkenbergensis Krutzsch
1961

Ephedripites (Ephedripites) sp.

Ephedripites sp.

Ephedripites (Distachya) sp.

Equisetosporites albertensis Singh 1964

Equisetosporites ambiguus Hedlund,
1966 in De Lima 1980

Juan Basin, New Mexico, Minnesota

NE Texas, Western Alabama, Dubois,
Wyoming, Oklahoma, Siberia,
Northern Spain, Nigeria, Venezuela
and Iran

Peru

NE Brazil, Colombia
NE Brazil

Northern Taiwan

NE Brazil, Maranhdo, Barreirinhas
Basin

Saskatoon, Saskatchewan

NW Bolivia

Offshore Korea

Western part of Eastern Kunlun, China

NW Bolivia

Peru, NE Brazil

NE Brazil

Peru
Peru

Southern margin of Laurasia, Xizang
(Tibet)

NE Brazil, Suriname

southeastern Australia

South Hungary

NW Argentina (Las Conchas Creek
area)

southern Alps, southern Switzerland,
northern Italy

Xining Basin, China

Qaidam Basin,China

Lanzhou Basin

Fenghuoshan Group, Hoh Xil Basin

(Claiborne) Flora, Alabama

Florida, USA

southern Hungary

NE Brazil, Alagamar, Crato, Ipubi Fms.

NE Brazil, Exu, Crato, Ipubi, Missdo
Velha, Rio Batateira Fms. Colombia,
Venezuela

Albian—Cenomanian 5

53, 71, 74, 76

Albian—Cenomanian 20-25
Albian—Cenomanian 20, 21, 39
Eocene 66
Cenomanian 22-24, 39
Middle—upper Albian 55
Upper Cretaceous—Paleocene 75

79
Eocene 18
Upper Cretaceous—Paleocene 75
Albian—Cenomanian 5, 35, 61
Cenomanian 39, 61
Albian 5,6
Albian 5
Cretaceous—Eocene 33
Aptian—Maastrichtian 4,10, 13, 21-23, 27,
Paleocene-Eocene 48, 49, 50
Miocene
Neocomian
Aptian—Albian
Cenomanian
Eocene 28, 46, 70
Miocene
Cretaceous—Eocene
Eocene 17, 29, 49
Middle Eocene
Miocene
Aptian-Lower Albian 11, 13, 35, 37-39, 59

Aptian—Albian

35-38, 43, 56-59, 67

(Continued)
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Table 1. (Continued).

Name

Location

Age

Reference

Equisetosporites cancellatus Paden
Phillips et Felix 1971

Equisetosporites chinleanus Daugherty
1941

Equisetosporites concinnus Singh 1964

Equisetosporites costaliferous (Brenner
1968) De Lima 1980

Equisetosporites crenulatus De Lima
1981

Equisetosporites dudarensis (Deak
1964) De Lima in Pons 1988

Equisetosporites elegans De Lima 1980

Equisetosporites elongatus (Horowitz
1966) De Lima 1982

Egquisetosporites evidens (Bolkhovitina
1961) De Lima 1980

Equisetosporites fragilis De Lima 1980
Equusetosporites huguesi Pocock 1964

Equisetosporites irregularis (Herngreen
1973) De Lima 1980

Equisetosporites lanceolatus De Lima
1980

Egquisetosporites laticostatus De Lima
1980

Equisetosporites lawalii Schrank 2000

Equisetosporites leptomarus De Lima
1980

Equisetosporites luridus De Lima 1980

Equisetosporites maculosus Dino 1994

Equisetosporites minuticostatus De
Lima 1980

Equisetosporites mollis Srivastava 1968

Equisetosporites notensis (Cookson
1957) Romero 1977

Equisetosporites ovatus (Pierce 1961)
Singh 1964

Equisetosporites procerus (Brenner
1968) De Lima 1980

Equisetosporites reyrei De Lima 1981

Equisetosporites strigatus (Brenner
1968) De Lima 1980

Equisetosporites subcircularis De Lima
1980

Equusetosporites subcircularis De Lima
1980

Equisetosporites translucidus Deak et
Combaz 1967

NE Brazil, Rio do Peixe

USA, Chinle, Arizona, Circle Cliffs,
Garfield County, Utah

NE Brazil, Alagamar, Codé, Crato,
Ipubi, Missdo Velha, Rio Batateira
Fms.

SE Tanzania, East-central Alberta

NE Brazil, Codé, Crato, Exu Fms.;
Colombia, Peru

NE Brazil; Crato, Exu Fms.

NE Brazil, Alagamar, Crato, Ipubi,
Miss@o, Velha, Rio Batateira Fms.
Colombia, Peru, Venezuela

NE Brazil, Crato Fm.
NE Brazil, Cod6, Crato Fms.

NE Brazil, Crato Fm.

NE Brazil, Codd, Crato, Exu Fms.
NE Brazil, Crato, Exu Fms.

NE Brazil, Barreirinhas, Crato, Exu
Fms.

NE Brazil, Crato, Exu Fms.

NE Brazil, Alagamar, Crato, Exu Fms.

El-Kharga, Egypt

NE Brazil, Alagamar, Crato, Exu,
Jatoba, Missdo Velha, Rio Batateira
Fms., Colombia

NE Brazil; Alagamar, Crato, Missdo
Velha, Rio Batateira Fms.

NE Brazil, Alagamar, Crato Fms.

NE Brazil, Alagamar, Codd, Crato,
Ipubi, Missdo Velha, Rio Batateira
Fms.

Colombia

Otago, Southern New Zealand

NE Brazil, Alagamar, Crato, Exu,
Ipubi, Missdo Velha, Rio Batateira
Fms., Rio do Peixe

NE Brazil, Crato Fm., Peru

NE Brazil, Crato, Exu Fms.

NE Brazil, Codé, Crato Fms.,
Colombia, Peru

NE Brazil, Codé, Crato, Exu Fms.,
Colombia

NE Brazil, Cod6, Crato, Exu Fms.,
Colombia

Colombia, Venezuela

Neocomian

Cretaceous

Aptian—Albian; Lower
Cretaceous
Lower Cretaceous

Aptian-Cenomanian
Aptian—Albian
Aptian—-Cenomanian

Late Aptian—Lower Albian
Aptian—Albian

Late Aptian—-Lower Albian
Aptian—Albian
Aptian—Albian
Aptian-Cenomanian
Aptian—Albian
Aptian—Albian
Cenomanian- Early Turonian
Aptian—Albian
Aptian—Albian
Aptian-Lower Albian
Aptian—Albian

Albian

Early Miocene (~ 23 Ma)

Neocomian—Albian

Aptian—Albian

Aptian—Albian
Aptian—Albian

Aptian—Albian

Aptian—Albian

Aptian—Albian

42
54

79

11, 12, 35, 37, 40,
43, 59, 63, 68

5, 3540, 56, 57

35-37, 39

5, 11, 12, 35, 37, 38,
44, 57, 59, 63

35, 37-39
11, 35, 37, 38, 40

35, 37, 38

35-40
35-38
20-24, 26, 35-38, 62

35-39

12, 35, 36, 38, 39

64

12, 35-39, 41, 43,
56, 57, 59

12, 35, 37, 38, 39,
43, 59

13, 59
12, 3540, 43, 59

56, 57

47

12, 35-38, 42, 43,
59

5, 6, 38

35-37, 39, 58
5, 35, 36, 38, 40, 67

35-40, 57, 58

35-40, 57, 58

57, 67

(Continued)
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Name Location Age Reference
Equisetosporites virginiaensis Brenner NE Brazil, Rio do Peixe Neocomian 42

1968
Equisetosporites sp. NE Brazil, Crato Fm. Aptian—Albian 35, 38, 52

Gnetaceaepollenites barghoornii
(Pocock 1964) De Lima 1980

Gnetaceaepollenites boltenhagenit
Dejax 1985

Gnetaceaepollenites chlatratus Stover
1964

Gnetaceaepollenites clathratus Stover
1964

Ghnetaceaepollenites diversus Stover
1964

Gnetaceaepollenites fissuratus
(Paden-Phillips et Felix 1971)
De Lima 1980

Gnetaceaepollenites jansonii (Pocock
1964) De Lima 1980

Gnetaceaepollenites lajwantis
Srivastava 1968

Gnetaceaepollenites mollis (Srivastava
1968) De Lima 1980

Gnetaceaepollenites oreadis Srivastava
1968

Gnetaceaepollenites ornatus De Lima
1980

Ghnetaceaepollenites ovatus

Gnetaceaepollenites perforatus
De Lima 1980

Ghnetaceaepollenites retangularis
De Lima 1980

Gnetaceaepollenites santosii De Lima
1980

Gnetaceaepollenites uesuguir De Lima
1980

Gnetaceaepollenites undularus (Regali
et al. 1974) De Lima 1980

Gnetaceaepollenites sp.

Regalipollenites De Lima 1980

Regalipollenites amphoriformis (Regali
et al. 1974) De Lima 1980

Singhia Srivastava 1968
Singhia acicularis De Lima 1980
Singhia crenulata De Lima 1980

Singhia elongata (Horowitz 1970) De
Lima 1980

NE Brazil, Alagamar, Crato, Exu, Ipubi,
Missdo Velha, Rio Batateira Fms.

NE Brazil, Rio do Peixe; Barreirinhas
Basin, Crato, Ipubi, Missdo Velha,
Rio Batateira Fms., Colombia

NE Brazil, Alagamar, Crato, Exu,
Missdo Velha Fms., Rio do Peixe;

Bornu Basin, NE Nigeria

NE Brazil, Africa
Tano basin, Ghana

NE Brazil, Crato, Exu Fms.

NE Brazil, Alagamar,
Codo, Crato, Exu, Missdo Velha, Rio
Batateira Fms., Barreirinhas Basin

NE Brazil, Rio do Peixe
NE Brazil, Alagamar, Crato Fms.

NE Brazil, Codd, Crato, Exu Fms.
Alberta

NE Brazil, Crato, Exu Fms.

Shikotan Island
NE Brazil, Crato Fm., Colombia

NE Brazil, Codd, Crato Fms.

NE Brazil, Alagamar, Crato Fms.

NE Brazil, Crato, Exu Fms., Rio do
Peixe

NE Brazil, Crato, Exu, Missdo Velha
Fms.

NE Brazil, Crato Fm., Suriname

NW Argentina (LLas Conchas Creek
area)

Gongola Basin, Nigeria

El-Kharga, Egypt

Urengoy, Russia

NE Brazil

NE Brazil, Alagamar, Crato, Missido
Velha Fms., Barreirinhas Basin,
Ecuador

Africa

NE Brazil, Crato Fm.

NE Brazil, Alagamar, Crato Fms.
NE Brazil, Alagamar, Crato Fms.

Aptian—Albian

Neocomian—Cenomanian

Neocomian—Cenomanian
Albian—Cenomanian
Cenomanian

Albian-Tutonian
Aptian—Albian

Upper Aptian-Cenomanian

Neocomian

Aptian-Lower Albian

Aptian—-Albian
Upper Cretaceous
Aptian—Albian

Maastrichtian—Danian
Aptian—Albian

Aptian—Albian

Aptian-Lower Albian

Neocomian—Albian

Aptian—Cenomanian

Aptian—Turonian
Neocomian
Cenomanian
Aptian—Cenomanian

Upper Aptian—Middle Albian
(type species)

Upper Aptian—Middle

Albian

Cretaceous (type species)
Aptian—Albian
Aptian-Lower Albian
Aptian-Lower Albian

12, 20, 22, 35, 36,
38, 43, 44, 58, 59

20, 42, 43, 57-59

12, 35-38, 42, 43,
59, 61, 72

51

3, 22-24, 26, 61, 72

35-38

12, 20, 24, 26, 35,
36, 38, 40, 42, 43,
44, 59

42

12, 35, 37, 38

35, 36, 38, 40, 69

35, 36, 38-40

45
35, 37-39, 56

2, 35, 37, 38, 40
12, 35, 37-39

11, 12, 35-39, 42
12, 35-38, 43, 59,

61

1,4, 8,9, 11, 35, 37,
38, 50, 64

14, 35, 38

12, 14, 35, 37, 38,
43, 59, 61

69

35, 37-39
12, 38
12, 38

(Continued)
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Table 1. (Continued).

Name Location Age Reference
Singhia minima De Lima 1980 NE Brazil, Cod6, Crato Fms. Aptian—Albian 35, 37-40
Singhia montanaensis (Brenner 1968)  Peru, NE Brazil, Codd, Crato, Exu Aptian—Cenomanian 5, 35-38, 40

De Lima 1980

Singhia multicostata (Brenner 1968)
De Lima 1980

Singhia minima De Lima 1980
Singhia punctata De Lima 1980
Singhia reyrei De Lima 1980
Steevesipollenites Stover 1964

Steevesipollenites alariformis Regali
et al. 1974

Steevesipollenites binodosus Stover
1964

Steevesipollenites cupuliformis Azéma
& Boltenhagen 1974

Steevesipollenites dayani Brenner
1968

Steevesipollenites duplibaculum Regali
et al. 1974

Steevesipollenites giganteus Regali
et al. 1974

Steevesipollenites grambasti Azéma et
Boltenhagen 1974

Steevesipollenites multilineatus Stover
1964

Steevesipollenites nativensis Regali
et al. 1974

Steevesipollenites patapscoensis
(Brenner 1963) De Lima 1980

Steevesipollenites pygmeus Azéma &
Boltenhagen 1974

Steevesipollenites sp.

Fms.

NE Brazil, Alagamar, Crato Fms.

NE Brazil, Exu, Crato Fms.
NE Brazil, Crato Fm.

NE Brazil, Crato Fm.
Africa

NE Brazil

Africa, NE Brazil, Crato, Exu Fms.,
Sergipe et Barreirinhas Basins,

Gongola Basin, Nigeria Bornu Basin,

NE Nigeria
NE Brazil, Alagamar, Codo, Crato

Fms.
Peru, NE Brazil, Crato, Exu Fms.
NE Brazil
NE Brazil
NE Brazil, Codd, Crato, Exu Fms.
Africa, NE Brazil
NE Brazil
NE Brazil, Crato, Exu Fms.

NE Brazil, Crato, Exu Fms.

NE Brazil, Crato Fm. SE Tanzania

Aptian—Lower Albian
Aptian—Albian

Upper Aptian

Upper Aptian
Cenomanian—Turonian
(type species)

Albian

Aptian—Cenomanian

Aptian—Albian

Albian—Cenomanian

Albian—Cenomanian

Cenomanian

Aptian—Albian

Albian—Cenomanian

Cenomanian

Aptian—Albian

Aptian—Albian

Aptian—Albian, Lower
Cretaceous

11, 35, 37, 38

35-39
35, 37-39
11, 38

72

39, 61

1,20-23, 35-38, 51,
61, 72

12, 35, 37, 38, 40

5, 6, 35, 36

39, 61

39, 61

35-38, 40

20, 23, 24, 26, 72

61

35-38

35-38

35, 37, 38, 44, 63

References: 1, Abubakar et al. (2011); 2, Anderson (1959); 3, Baltes (1966); 4, Belsky et al. (1975); 5-6, Brenner (1968, 1976); 7, Brown
and Pierce (1962); 8, Chlonova et al. (1994); 9, Chlonova et al. (1961); 10, Cookson (1956); 11, Crane and Maisey (1991); 12-13, Dino
(1992, 1994); 14, Dino et al. (1999); 15, Ghosh et al. (1963); 16, Graham (1965); 17, Gray (1960); 18, Guo et al. (2006); 19, Hedlund
(1966); 20-23, Herngreen (1973, 1974, 1975, 1981); 24, Herngreen and Chlonova (1981); 25, Herngreen and Duenas Jimenez (1990); 26,
Herngreen et al. (1996); 27, Hochuli (1981); 28, Hoorn et al. (2012); 29, Jarzen and Dilcher (2006); 30, Kirchheimer (1950); 31, Krutzsch
(1961); 32, Kuyl et al. (1955); 33, Leopold and Pakiser (1964); 34, Li et al. (2008a); 35-41, De Lima (1978a, 1978b, 1979b, 1980, 1981,
1982, 1984); 42, De Lima and Coelho (1987); 43, De Lima and Perinotto (1984); 44, Mabesoone and Tinoco (1973); 45, Markevich et al.
(2012); 46, Miao et al. (2013b); 47, Mildenhall et al. (2014); 48, Miiller (1966); 49, Nagy (1963); 50, Narvaez and Sabino (2008); 51, Ola-
Buraimo (2013); 52, Osborn et al. (1993); 53, Pierce (1961); 54, Pocock and Vasanthy (1988); 55, Pocock (1964); 56-57, Pons (1983,
1988); 58-59, Pons et al. (1990, 1994); 60, Potonié (1958a); 61, Regali et al. (1974); 62, Regali and Viana (1989); 63, Schrank (2010); 64,
Schrank and Mahmoud (2000); 65, Shakhmundes (1965); 66, Shaw (1998); 67, Sinanoglu (1984); 68, Singh (1964); 69, Srivastava (1968);
70, Staisch et al. (2014); 71, Steeves and Barghoorn (1959); 72, Stover (1964); 73, Takahashi et al. (1995); 74, Upshaw (1964); 75, Vajda-
Santivanez (1999); 76, Van Ameron (1965); 77, Yang et al. (2005); 78, Yi and Batten (2002); 79, Zavada (1990).



