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A B S T R A C T

The Lower Cretaceous terrestrial strata of northeast China are predominantly located in northern Hebei, western 
Liaoning, Jilin, and eastern Inner Mongolia Provinces. Among these, the Jiufotang Formation in western 
Liaoning has garnered significant global attention due to its rich fossil record, particularly in relation to Jehol 
Biota. The age of the Jiufotang Formation has long been debated primarily due to the absence of biostratigraphic 
fossil evidence. In this study, we analyzed the palynological content collected from the Jiufotang Formation in 
the Pijiagou section of the Fuxin Basin. A total of 41 species in 24 palynomorph genera were recognized as 
belonging to the Appendicisporites-Pinuspollenites-Jiaohepollis assemblage. We documented the new occurrence of 
Appendicisporites imperfectus in the Jiufotang Formation, which has been recognized as a valid biostratigraphic 
indicator for Aptian palynological assemblages, thereby providing crucial new palynological evidence for dating 
this formation. Furthermore, LA-ICP-MS zircon U–Pb dating for a rhyolitic tuff yielded a new age of 118.07 ±
0.98 Ma, suggesting that the Pijiagou section was dated to the middle Aptian. Based on the palynological data, 
the Lower Cretaceous Jiufotang flora was represented by coniferous forests. Considering the associated biota, the 
palaeoenvironment during the middle Aptian was characterized by a sub-humid warm temperate climate with 
seasonal changes.

1. Introduction

The Cretaceous strata are widespread and varied in China, and the 
Lower Cretaceous terrestrial strata in northeastern China mainly occur 
within volcanic sedimentary basins distributed in northern Hebei, 
western Liaoning, and eastern Inner Mongolia Provinces (Wan et al., 
2007; Xi et al., 2019). The Fuxin Basin of western Liaoning Province was 
one of the main coal- and oil-bearing basins in northeast China during 
the Mesozoic Era, and its Cretaceous strata, including the Yixian, Jiu
fotang, Shahai, Fuxin, and Sunjiawan formations are well developed 
(Chen and Jin, 1999; Zhou et al., 2003; Sha, 2007; Wu et al., 2015; Xi 
et al., 2019). The strata of the Jiufotang Formation in western Liaoning 
are well developed and rich in terrestrial organism fossils from various 

taxa, including the world famous Jehol Biota, with evidence for the 
origin and early evolution of birds, insects, and angiosperms (Ji et al., 
2004; Zhou, 2014; Zhou and Wang, 2017; Wu et al., 2018; Xu et al., 
2020). However, its age is still debated due to the scarcity of available 
biostratigraphic fossils and dating data from the Jiufotang Formation 
(He et al., 2004; Chang et al., 2009; Yu et al., 2021). In recent years, 
radiometric dating data of the tuff layers in the Jiufotang Formation 
have ranged from 122.1 to 118.9 Ma, corresponding to the late Barre
mian to the Aptian (He et al., 2004; Chang et al., 2009; Yu et al., 2021). 
Previous dates for the Jiufotang Formation were obtained from different 
locations, e.g., the Chaoyang − Beipiao and Jianchang Basins (Chang 
et al., 2009; Yu et al., 2021). Isotope chronology is scarce in the Fuxin 
Basin; thus, radiometric dating of the tuff layers is still necessary in the 
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Jiufotang Formation. The fossiliferous layers of the Jiufotang Formation 
provide evidence for biostratigraphical correlations, including birds, 
plants, fossil wood, and palynomorphs (Pu and Wu, 1985; Yu et al., 
1986; Zhou, 2014; Wang et al., 2015; Wang et al., 2020), although the 
available biostratigraphic fossils associated with these correlations have 
yet to be clearly defined.

In this study, we present U–Pb zircon dating data from the Jiufotang 
Formation in the Fuxin Basin that was obtained using the LA-ICP-MS 
method. These data serve as supplementary evidence for stratigraphic 
correlations. Additionally, the new palynological data offer valuable 
insights into palaeoenvironmental and palaeoclimate reconstructions 
related to the Jiufotang Formation in the Fuxin Basin.

2. Geological setting

The Fuxin Basin, one of the typical faulted basins in western Liaoning 
Province (Wu et al., 2015), is distributed in the northern part of the 
North China Plate and northeastern part of the Yanshan Tectonic Belt 
(Wang et al., 1998; Zhang et al., 2005). The Jiufotang Formation in 
western Liaoning Province is widely distributed, mainly developed in 
Fuxin, Jianchang, and Chaoyang − Beipiao Basins (Su et al., 2008). The 
Pijiagou section, located in the south − central part of the Fuxin Basin, 
mainly exposed the upper part of the Jiufotang Formation (Fig. 1A, Chen 
et al., 2019). This section is dominated by shore-shallow lake deposits 
and yielded vertebrate remains such as Confuciusornis (Jinzhouonzis), 
Yixianomis, Microraptor, Ikechosaurus and Hyphalosaurus, along with 
abundant well-preserved ostracods (Zhang et al., 2007). All samples of 
this study were collected from the Jiufotang Formation in the Pijiagou 
section of the Fuxin Basin (Fig. 1A–B).

3. Material and methods

All radiometric dating and palynomorph samples were collected 
from the Lower Cretaceous Jiufotang Formation in the Fuxin Basin, 

western Liaoning Province, northeast China (Fig. 1A). The rhyolitic tuff 
samples were collected for dating (sampling horizons were marked in 
Fig. 1B). 20 palynological samples were collected from the Pijiagou 
section of the Jiufotang Formation, which mainly comprise grayish- 
yellow tuff siltstone, grayish-yellow sandstone, and light grayish-green 
shale (Fig. 1B). Only 5 palynological samples contained spores and 
pollen; their inventory numbers were marked in Fig. 1B (named as 419, 
420, 421, 422 and 423 in ascending order). The naming methods for 
fossils were primarily based on the guidelines established by Song et al. 
(2000).

3.1. Palynological analysis

All samples were initially pulverized into fine powder. Each sample 
(20 g) underwent two sequential treatments with HCl (30%) and HF 
(40%) to remove carbonate and silicate minerals, respectively. During 
each treatment, the samples were washed multiple times with distilled 
water. Subsequently, all samples were exposed to a NaOH (5%) solution 
for one hour. The remaining residues were rinsed with distilled water 
and then passed through a 10 μm mesh sieve. Slides were mounted using 
glycerin jelly and sealed with nail polish. At least 200 sporomorphs were 
counted in each sample. Palynomorphs were identified and counted 
under Leica DM3000 microscope, and images were photographed using 
a Leica DMC5400 microscopic imaging system. All palynological sam
ples and mounted slides were stored in the Key Lab of Evolution of Past 
Life in NE Asia of Paleontology of Liaoning, Shenyang Normal 
University.

3.2. U–Pb dating

Zircon particles were isolated utilizing heavy liquid and magnetic 
methods at the Beijing CreaTech Testing Technology Co., Ltd. in Beijing, 
China. The preferred zircon crystals were then embedded in epoxy resin 
and carefully polished to expose their internal structure. Transmitted 

Fig. 1. Occurrence and stratigraphic column of the Jiufotang Formation. 
A. Location of the Jiufotang Formation in the Fuxin Basin and locations of the Jehol Biota in Russia and Mongolia (revised from Bugdaeva and Golovneva, 2024), 1. 
Pijiagou section, Fuxin Basin of western Liaoning Province, China; 2. Dongning Formation of Heilongjiang Province, northeast China; 3. Tevshiin Govi Formation, 
Tevshiin Govi Coal Mine, Mongolia; 4. Turga Formation, Bukachacha Basin of Eastern Transbaikalia, Russia; 5. Turga Formation of Semion locality, Central 
Transbaikalia, Russia; 6. Turga Formation, Chita–Ingoda Basin, Central Transbaikalia, Russia; 7. Selenga Formation, Gusinoe Ozero Basin, western Transbaikalia, 
Russia; 8. Sanga Formation of Khasurty locality, western Transbaikalia, Russia; 9. Zaza Formation of Baisa locality, Central Transbaikalia, Russia; 10. Lipovtsy 
Formation, Razdolnaya River Basin, Russia. Chinese base map from the Standard Map Service, plan approval number: GS (2022) 4302. B. The composite stratigraphic 
column and all sampling horizons of the Jiufotang Formation in the Fuxin Basin.
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light, reflected light, and cathodoluminescence (CL) were applied to 
each zircon crystal to examine details such as microfractures, internal 
inclusions, and oscillatory zoning, etc., to precisely identify the analysis 
locations. U–Pb dating analyses were conducted with LA-ICP-MS (Laser 
ablation-inductively coupled plasma mass spectrometer), conducted in 
the same company as zircon selection. The analytical setup comprised an 
AnalytikJena PQMS Elite ICP-MS instrument coupled with a 193-nm 
excimer laser ablation system (RESOlution). Helium was applied as a 
carrier gas. Operating with a laser beam diameter of 24 μm, an energy 
density of 8 J cm− 2, and a repetition rate of 6 Hz, the system provided 
highly accurate results. Each batch of ten samples underwent two ana
lyses using zircon standard GJ-1, one with zircon standard Plesovice, 
and another with glass standard NIST 610 (Jackson et al., 2004; Hou 
et al., 2009; Geng et al., 2011). Off-line raw data selection, integration of 
background, analytical signals, time-drift correction, and quantitative 
calibration for U–Pb dating were processed using ICPMSDataCal (Liu 
et al., 2010), while the Concordia diagram and weighted average ages 
were calculated utilizing Isoplot software (Ludwig, 2003; Liu et al., 
2008).

4. Results

4.1. Zircon U–Pb dating

Representative zircon cathodoluminescence images, selected LA spot 
locations, and spot ages are illustrated in Fig. 2A, while the Concordia 
plots and weighted mean ages are presented in Fig. 2B − C. Compre
hensive data pertaining to Uranium (U) and Thorium (Th) concentra
tions, isotopic ratios, and the age of each zircon grain are tabulated in 
Table 1. In the dating process, a total of 25 spots from 25 zircons were 
scrutinized, with 19 grains exhibiting a discordance of less than 5%. 
These zircons typically exhibit sub-euhedral to euhedral shapes, ranging 
from 100 to 300 μm in length, and boasting an aspect ratio varying 

between 1 and 5. Distinctive oscillatory zoning patterns are observed in 
the CL images, along with Th/U ratios spanning from 0.44 to 0.75 
(Table 1), suggesting a magmatic origin (Koschek, 1993). The dating 
results of these zircons conform to the Concordia curve, yielding a 
weighted mean 206Pb/238U age of 118.07 ± 0.98 million years (n = 19, 
MSWD = 1.3), which represents the eruption age of this rhyolitic tuff 
sample.

4.2. Palynological assemblage

Five palynological samples yield diverse and well-preserved paly
nomorphs. A total of 41 species in 24 genera of palynomorphs are 
recognized (Table 2). Based on the presence of certain taxa with strati
graphical significance in palynomorph compositions of the Jiufotang 
Formation, this assemblage is named the Appendicisporites-Pinuspollen
ites-Jiaohepollis assemblage (APJ assemblage). A prominent character
istic of this assemblage is the dominance of gymnosperm pollen (avg. 
98.62%) over fern spores (avg. 1.83%). Among the fern spores, Cyathi
dites (avg. 0.24%; Fig. 3A), Lycopodiumsporites (avg. 0.16%; Fig. 3B), 
Punctatisporites (avg. 0.52%; Fig. 3C), Appendicisporites imperfectus (avg. 
0.1%; Fig. 3D), and Osmundacidites wellmanii (avg. 0.34%; Fig. 3E) are 
the common taxa. The gymnosperm pollen is mainly composed of 
bisaccate grains, the percentage of Classopollis (Cheirolepidiaceae; 
Fig. 3F − G) is relatively small (avg. 0.75%); the percentage of mono
sulcate pollen of cycadophytes/ginkgophytes (Fig. 3H) is 1.98% on 
average, and the pollen with a single sac or no sac is much higher than 
fern spores, represented by Araucariacites (avg. 21.10%; Fig. 3I), Pso
phosphaera (avg. 21.10%; Fig. 3J), Callialasporites (avg. 0.68%; Fig. 3K), 
and Jiaohepollis (avg. 0.7%; Fig. 3L). Bisaccate conifer pollen is the most 
abundant, represented by Alisporites (avg. 2.3%; Fig. 3M), Podocarpidites 
(avg. 1.98%; Fig. 3N), Cedripites (avg. 3.8%; Fig. 3O), Piceapollenites 
(avg. 12.56%; Fig. 3P), Piceites (avg. 0.26%; Fig. 3Q), Parcisporites (avg. 
0.08%; Fig. 3R), and Pinuspollenites (avg. 24.66%; Fig. 3S), suggesting 

Fig. 2. Illustrations of U–Pb dating analysis and results. 
A. CL images; B. Concordia plots of the rhyolitic tuff; C. The weighted mean ages of the rhyolitic tuff.
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the dominance of Pinuspollenites among a bisaccate conifer pollen.

4.3. Appendicisporites imperfectus

4.3.1. Nomenclature of Appendicisporites imperfectus
Appendicisporites imperfectus has significant stratigraphic importance, 

as it serves as a valuable biostratigraphic marker in the palaeobotanical 
record (Kovaleva et al., 2017). However, some taxonomical issues 
remain unresolved with respect to taxon nomenclature. Appendicisporites 
imperfectus was first named Plicatella trichacantha imperfecta by 
Malyavkina (1949). It was later reclassified by Bolkhovitina (1961) as 
Anemia imperfecta. Since Anemia is not a fossil plant, these fossil fern 
spores needed a different name. Wеуlаnd and Кriеgеr (1953) first pro
posed it as the genus Appendicisporites. This was followed by Pocock 
(1964), who endorsed the proposal, abandoned the genus Anemia and 
reassigned the taxon to Appendicisporites, describing over 15 species 
from Lower Cretaceous strata in Canada (Pocock, 1964). Until now, 
most palynologists have considered Appendicisporites to be a valid fossil 
taxon (Pocock, 1964; Kovaleva et al., 2017). However, the potential 
significance, identification, and usage of A. imperfectus are not widely 
recognized among palynologists due to a lack of detailed descriptions. 
This study reports the first occurrence of A. imperfectus in the Jiufotang 
Formation and provides comprehensive descriptions to enhance its 
biostratigraphic relevance and encouraging further research on strati
graphic correlations and palaeoecological interpretation.

4.3.2. Systematic paleontology
Order: FILICALES.
Family: LYGODIIACEAE.
Genus: Appendicisporites Weyland and Krieger, 1953.
Type species: Appendicisporites tricuspidatus Weyland and Krieger, 

1953.
Species: Appendicisporites imperfectus Bolchovitina 1961 emend. Ying, 

Sun et Liang (Figs. 3D; 4A − D).
1949 Plicicatella trichacantha imperfecta, Malyavkina, p. 62, pl. 12, 

fig. 4;
1953 Appendicisporites imperfecta, Weyland and Krieger, p. 35, figs. 

27, 28;
1961 Anemia imperfecta, Bolchovitina, pl. XV, figs. 12a − d; pl. XVII, 

figs. 1a, b;
2017 Appendicisporites imperfectus, Malyavkina, Bolchovitina and 

Pocock, p. 183, pl. I, fig. 22.
Lectotype: Specimen slide number 423–3–5 (Fig. 3D) is here 

designated.
Studied Material: One newly collected specimen of Appendicisporites 

imperfectus had been studied. The specimen is deposited in the Key Lab 
of Evolution of Past Life in NE Asia of Paleontology of Liaoning, She
nyang Normal University, with slide number of 423–3–5.

Locality of the lectotype: Fuxin Basin, Liaoning Province, China.
Stratigraphic horizon: The Jiufotang Formation, Aptian.
(Emended) diagnosis: Trilete spore with somewhat sinuous suture; 

length of the rays approximately 3/4 of the radius. Spore outline sub
circular to triangular, with a diameter of 66–80 μm. Spore sides straight 
to slightly convex, with protruding apical angles. In the proximal view, 
3–4 sets of rib ornamentations, each set parallel to one side, with 
approximately 1.0 μm of space between sets, rib widths 5 to 8 μm. In the 
distal view, 3–6 sets of rib ornamentations, each set also parallel to one 
side; three joined ribs forming a triangular configuration in the distal 
pole, additional ribs extending beyond apices of this triangle and 
irregularly connecting to distal ribs in each set. Adjacent ribs typically 
connected at their ends, forming three apical corners; the sexine of these 
three corners thickens and forms three appendices, with heights of 9 μm 
and widths of 7 μm. Outermost ribs fused at their inflated ends, slight 
splitting.

Description: The spore exhibits a simple and somewhat sinuous trilete 
suture with the length of the rays approximately 3/4 of the radius Ta
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(Figs. 3D; 4A, B). The outline of the spore is sub-circular to triangular 
and 66–80 μm in diameter (Fig. 4A − D). The sides are straight to slightly 
convex, featuring apical angles and protruding corners (Fig. 4A − D). 
The outermost ribs fuse at their slightly inflated ends, which exhibit 
slight splitting (Fig. 4A − D). In the proximal view, the ornamentation 
consists of 3 sets of ribs, each set parallel to 1 side and spaced 0.5–1.0 μm 
apart, with rib widths ranging from 5 to 8 μm (Fig. 4A, B). In the distal 
view, the ornamentation comprises 3–6 sets of ribs, which are also 
parallel to one side (Fig. 4C, D). The distal pole is occupied by an 
irregular triangular configuration, and the joined ribs in each set show 
an irregular configuration (Fig. 4C, D). The arrangement of fused ribs on 
each side forms an inclined comb shape (Fig. 4C). At the apices of the 3 
corners, the sexine is thickened to form appendices that measure 9 μm in 
height and 7 μm in width (Fig. 4C, D).

Comparison: In contrast to the spores of other Appendicisporites spe
cies, the trilete suture, the size, inflated structure with slightly split 
appendices and the arrangement of fused ribs on each side exhibit 
notable differences. When compared to the similar species A. cooksonii, 
the distal sexine ornamented ribs are distinct; compared to A. laevigatus, 
the undulating sexine surface of the latter species differs from that of the 
present species; furthermore, when compared with other similar species 
listed in Table 3 (Bolkhovitina, 1961; Pocock, 1964; Pu and Wu, 1985; 
Singh, 1964; Song et al., 2000).

Remarks: The studied specimen can be classified as Appendicisporites 
imperfectus for several reasons. First, the protruding structure at the 
corners of the fossil is clearly evident; second, the size of the spore is 
relatively large, at 66–80 μm in diameter. Third, the irregular arrange
ment of the joined ribs in each set (Fig. 4C) and the configuration of the 
fused ribs on each side, which form an inclined comb shape (Fig. 4C, D), 
are important characteristics of A. imperfectus. A typical feature of this 
species is the outermost ribs fused at their slightly inflated ends, which 
form appendices that are slightly split.

4.4. Palaeovegetation and palaeoenvironment reconstruction

Spore and pollen fossils originate from terrestrial vegetation, which 
is highly sensitive to climate and environmental changes (Gao et al., 

1999; Deng, 2002, 2007; Wang et al., 2005; Li et al., 2020); therefore, 
the composition of palynological assemblages responds to these changes 
(Abbink et al., 2004; Zhao et al., 2014; Li et al., 2020). The ecological 
environments of the parent plants are categorized following the APJ 
assemblage and the ecological types (Table 4) of the palynological 
parent plants from the Jiufotang Formation in the Fuxin Basin (Gao 
et al., 1999; Abbink et al., 2004; Zhang et al., 2021). Table 5 shows the 
palynological percentages in relation to vegetation, climate, and hu
midity types (Gao et al., 1999; Zhao et al., 2014; Zhang et al., 2021). The 
results demonstrate that the vegetation type in the upper part of the 
Jiufotang Formation in the Fuxin Basin was predominantly coniferous 
forest and that the climate was warm temperate with a sub-humid 
environment.

5. Discussion

5.1. Age of the Jiufotang Formation in the Fuxin Basin

5.1.1. Dating evidence
The Jiufotang Formation represents the third evolutionary stage of 

the Jehol Biota (Pan et al., 2013; Zhou, 2014; Zhou et al., 2021; Zheng 
et al., 2023), when it reaches its peak in development and spreads over a 
large area, the precise age or isotopic dating data remain scarce, and a 
consensus on the isotopic chronology for this formation has not been 
reached (He et al., 2004; Chang et al., 2009; Yu et al., 2021). 40Ar/39Ar 
dating of the SHRIMP U–Pb zircon data from the lower part of Jiufotang 
Formation in the Shangheshou section, Chaoyang City, indicated that 
the precise age was 120.3 ± 0.7 Ma (He et al., 2004). Chang et al. (2009)
reported a 40Ar/39Ar age of 122.1 ± 0.3 Ma for a tuff layer from the 
lowermost Jiufotang Formation near Pijiagou Village of western 
Liaoning. The latest high-precision geochronological study by Yu et al. 
(2021) indicates that the Jiufotang Formation in the Jianchang Basin 
was formed around 122.0–118.9 Ma. Previous radiometric dates were 
mostly obtained from the tuffs in the middle and lower parts of this 
formation, while the ages and duration of the upper part tuffs and their 
equivalent strata related to the late Jehol Biota remain unclear. Our 
newest LA-ICP-MS zircon U–Pb date for the tuff in the upper part of 

Table 2 
Palynological percentage composition (%) and spectrum (%) from the Jiufotang Formation in the Fuxin Basin.

Sample No. 
Sporo-pollen

423 422 421 420 419 Palynological spectrum (%)

Spores 1.83 1.65 1.26 1.73 0.43 1.38
Appendicisporites 0.5 0.1
Cyathidites 0.4 0.8 0.24
Lycopodiumsporites 0.4 0.4 0.16
Osmundacidites 0.4 0.4 0.9 0.34
Punctatisporites 1.4 0.8 0.4 0.52

Gymnosperm pollen 98.17 98.35 98.74 98.27 99.57 98.62
Abiespollenites 2.3 2.1 0.4 0.4 2.6 1.56
Abietineaepollenites 1.8 2.1 3.4 4.3 6.4 3.6
Alisporites 4.6 1.7 1.3 3.0 0.9 2.3
Araucariacites 22.5 18.6 23.2 17.3 23.9 21.10
Callialasporites 0.9 0.8 0.4 0.4 0.9 0.68
Cedripites 5.5 4.5 3.0 2.2 3.8 3.80
Chasmatosporites 1.4 0.8 0.9 0.62
Classopollis 2.1 1.68 0.75
Ephedripites 0.4 0.08
Ginkgocycadophytus 4.1 3.3 0.8 0.4 1.3 1.98
Jiaohepollis 1.4 0.8 1.3 0.7
Parcisporites 0.4 0.08
Piceapollenites 12.4 14.9 11.8 13.4 10.3 12.56
Piceites 0.5 0.8 0.26
Pinuspollenites 20.6 22.7 22.8 30.3 26.9 24.66
Podocarpidites 3.2 2.5 0.8 3.0 0.4 1.98
Protopicea 1.4 0.8 0.4 0.52
Protopinus 0.4 0.4 0.4 0.24
Psophosphaera 15.6 21.5 26.2 22.1 20.1 21.10
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Fig. 3. Fossil spores and pollen from the upper part of the Jiufotang Formation (taxon name is followed by the slide number and position in England finder). 
A. Cyathidites minor Couper, 1953, 422–3–3, O25–4; B. Lycopodiumsporites sp., 420–1–4, J12–3; C. Punctatisporites sp., 423–2–2, G25–2; D. Appendicisporites imper
fectus (Maljavkina et Bolchovitina, 1961) Pocock, 1964, 423–3–5, O25–4; E. Osmundacidites wellmanii Couper, 1953, 420–2–1, C13–3; F. Classopollis annulatus 
(Verbitzkaja) Li, 1974, 422–2–5, P12–4; G. Classopollis classoides Pflug, 1953 emend. Pocock et Jansonius, 1961, 422–4–1, Q22–2; H. Ginkgocycadophytus sp., 
421–4–2, B24–4; I. Araucariacites australis Cookson, 1947, 419–5–1, L17–2; J. Psophosphaera sp., 419–5–2, J18–1; K. Callialasporites dampieri (Balme, 1957) Sukh Dev, 
1961, 421–3–4, K19–4; L. Jiaohepollis sp., 419–1–3, F25–3; M. Alisporites aequalis Mädler, 1964, 422–3–1, C17–1; N. Podocarpidites biformis Rouse, 1957, 420–1–2, 
H28–2; O. Cedripites sp., 419–4–3, D16–2; P. Piceapollenites complanatiformis (Bolkh.) Xu et Zhang, 1980, 423–3–4, D15–1; Q. Piceites sp., 422–4–1, E20–2; R. Par
cisporites sp., 423–2–3, E11–4; S. Pinuspollenites insignis (Naumova) Pu et Wu, 1982, 420–1–2, K11–1; Scale bar = 50 μm.
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Jiufotang Formation is 118.07 ± 0.9 Ma, providing the youngest age 
estimates. By combining our new data with previous chronological re
sults, the age of the Jiufotang Formation spans from 122 to 118 Ma, 
corresponding to the latest Barremian to middle Aptian (He et al., 2004; 
Chang et al., 2009; Yu et al., 2021; Geologic Time Scale, 2020).

5.1.2. Biostratigraphic correlations
Based on the palynological composition of the APJ assemblage, 

palynomorphs of significant stratigraphic importance include Appendi
cisporites, Callialasporites, and Jiaohepollis. Among these, Appendicispor
ites is a key representative of the Cretaceous (Pocock, 1964; Song et al., 
2000), with A. imperfectus serving as a crucial biostratigraphic element 
of Aptian palynological assemblages (Wеуlаnd and Кriеgеr, 1953; Bol
khovitina, 1961; Kovaleva et al., 2017). Callialasporites, commonly 
found in Jurassic to Early Cretaceous strata (Song et al., 2000), is also 
present. Jiaohepollis was first reported in the Wulin and Naizishan for
mations, which are now classified as the Changcai Formation, from the 
Jiaohe Basin of Jilin Province. It is considered a typical index fossil of the 
Early Cretaceous (Aptian − Albian) period (Li, 1984). These paly
nomorphs not only signify the stratigraphic importance of the APJ 
assemblage but also allow for correlations with other notable assem
blages. The APJ assemblage has been correlated with the Piceaepollen
ites-Cicatricosisporites-Concavissimisporites and Concavissimisporites- 
Heliosporites-Aequitriradites assemblages of the Jiufotang Formation in 
the Liaohe and Tieling Basins of western Liaoning Province (Pu and Wu, 
1985; Yu et al., 1986), although the two assemblages have a higher 
abundance of fern spores. This composition difference highlights the 
distinctiveness of the APJ assemblage. The APJ assemblage also re
sembles the Cicatricosisporites-Concavissimisporites-Classopollis assem
blage from the Shen 249 drilling well in the Liaohe Basin (Wen, 2006) 
and the Concavissimisporites-Cicatricosisporites-Protoconiferus assemblage 
from the Tieling Basin (Wu and Lei, 2007), although it differs in the fern 
spore content. Many of these palynological assemblages are dominated 
by gymnosperm pollen, particularly those featuring high bisaccate pol
len percentages. Compared with seven palynozones established in the 
Lower Cretaceous of the South Primorye in Russia, the Aptian paly
nozone Rouseisporites laevigatus-Gleicheniidites is dominated by diverse 
Gleicheniaceae spores, with a significant number of fern spores with 
Cyatheaceae and Schizaeaceae affinities (Markevitch, 1994). This 
composition is distinct from the APJ assemblage. In contrast, the 

Fig. 4. Sketch diagram of Appendicisporites imperfectus. 
A. Proximal view picture we drew according to Fig. 3D and Fig. 4B; B. Proximal 
view of A. imperfectus under microscope, slide number 423–3–5; C. Distal view 
picture we drew according to Fig. 3D and Fig. 4D; D. Distal view under mi
croscope, slide number 423–3–5. Scale bar = 50 μm.

Table 3 
Comparisons with other similar species of Appendicisporites.

Species Size (μm) Outline Proximal view Distal view Width of ribs 
(μm)

Appendices structure References

Appendicisporites 
imperfectus 66–80

Sub-circular to 
triangular

Three sets, 
parallel 3–6 sets, parallel 5–8

Protrude with slightly 
split This paper

A. cooksonii 42.0–62.4 Triangular Parallel Parallel 5.0 Sharp Pocock, 1964

A. crickmayii 35 Triangular Parallel Three sets, 
parallel

1.5 Protrude Pocock, 1964

A. crimensis 43–62 Convex triangular Three sets, 
parallel

One set 3–5 Protrude with small 
spherical

Pocock, 1964

A. cristatus 45.5–50 Triangular Parallel Parallel 1.5 Protrude Pocock, 1964
A. degeneratus 42–63 Triangular No description Parallel 3 Protrude Pocock, 1964
A. erdtmanii 50–55 Triangular Parallel Parallel 3.6 Protrude with thickened Pocock, 1964

A. grandis 60–70 Circular triangular
Three sets, 

parallel
Parallel No description Protrude with thickened Pocock, 1964

A. irregularis 50–52 Triangular Three sets, 
parallel

Three sets, 
parallel

3.4–4.0 Protrude with thickened Pocock, 1964

A. macalisteri 65–70 Triangular Parallel Parallel No description Rounded Pocock, 1964

A. major 81–115 Triangular Parallel Parallel 2.5–5 Protrude
Song et al., 

2000

A. perpusillus 28–32 Triangular
Three sets, 

parallel
Three sets, 

parallel 1–1.2 Protrude
Pu and Wu, 

1985

A. problematicus 45–60 Triangular Three sets, 
parallel

Three sets No description Protrude Singh, 1964

A. protensus 48–76 Triangular Parallel Parallel 3.5–5 Protrude Pu and Wu, 
1985

A. sellingii 60–66 Triangular No description No description 2.5 Sharp Pocock, 1964
A. spinosus 24.5–33.6 Triangular Parallel Parallel 1.0 Sharp Pocock, 1964

A. singhii 37–45 Triangular No description
Three sets, 

parallel
3–4 Protrude with thickened Pocock, 1964

A. trichacanthus 50–65 Triangular Three sets, 
parallel

Parallel 1.8–2.4 Protrude Pocock, 1964

A. tricostatus 51–80 Triangular Three sets, 
parallel

No description 2.5–3.0 Sharp Pocock, 1964
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palynological assemblages from the Dongning Formation in the 
Dongning Basin of China and the Lipovtsy Formation in the adjacent 
Razdolnaya River Basin of the South Primorye region of Russia all 
include the typical element Appendicisporites imperfectus, which is strictly 
associated with the Aptian (Malyavkina, 1949; Wеуlаnd and Кriеgеr, 
1953; Bolkhovitina, 1961; Kovaleva et al., 2017). In summary, the APJ 
assemblage from the upper part of the Jiufotang Formation in the Fuxin 
Basin is Aptian. Considering the isotopic data, the age of the Pijiagou 
section of the Jiufotang Formation has been determined to be middle 
Aptian.

During the Aptian − Albian of the Early Cretaceous, early angiosperm 
pollen showed an increasing abundance in coeval Cretaceous palyno
logical assemblages in southern Europe, North America, Brazil, 
Argentina, and other regions of China (Archangelsky et al., 2009; 
Heimhofer and Hochuli, 2010; Zhang et al., 2015; Li et al., 2019a, 

2019b). However, these fossil records do not comprehensively represent 
the global angiosperm fossil distribution, since angiosperm pollen from 
inland continents is relatively scarce (Zhang et al., 2015). This fossil 
record gap underscores the importance of exploring diverse geological 
settings.

Volcano-sedimentary and coal-bearing deposits with abundant 
lacustrine palaeofauna and terrestrial palaeoflora of the Jehol Biota type 
(Bugdaeva and Golovneva, 2024) are widespread in Transbaikalia 
(Russia), Mongolia, and northeastern China (Fig. 1A). The sedimentary 
sequences of these regions are notably similar, as the evolution of the 
Jehol Biota coincides with the initial and peak stages of North China 
Craton destruction (Zhou et al., 2021). Active geological processes, 
particularly volcanism, induced a high level of endemism in the biota, 
making stratigraphic correlations with adjacent territories straightfor
ward, according to absolute dating. The age of these beds, containing 
remains of the Jehol Biota, has been considered Barremian to Aptian 
(Chang et al., 2009, 2012, 2017; He et al., 2004; Smith et al., 1995; Wu 
et al., 2013; Yang et al., 2020; Yu et al., 2021; Zhong et al., 2021) or 
Valanginian to Aptian (Li, 2023).

5.2. Palaeoclimate and palaeoenvironment significance

Spores and pollen offer valuable insights into ecological conditions, 
varied climatic environments, and the paleogeography of their parent 
plants (Gao et al., 1999; Deng, 2002, 2007; Abbink et al., 2004; Wang 
et al., 2005; Li et al., 2020). The abundance and diversity of bisaccate 
pollen from Pinaceae genera, including Pinuspollenites, Cedripites and 
Alisporites, suggest the presence of high-altitude environments, Alispor
ites is typically associated with coastal areas (Abbink et al., 2004; Wang 
et al., 2005; Wu and Lei, 2007; Wang et al., 2016; Li et al., 2020). 
Elevated temperatures during the deposition of the Jiufotang Formation 
in the Fuxin Basin, may have been influenced by the contemporaneous 
Cretaceous oceanic anoxic event of the Aptian (OAE1a) (Jenkyns, 2010; 
Hu et al., 2012; Huber et al., 2018; Jones et al., 2018). The presence of 
Classopollis-bearing conifers suggests the existence of thriving coastal 
and salt marsh environments (Smith et al., 2024). In contrast, the 
Cheirolepidiaceae family, which is characterized by Classopollis pollen, 
has adapted to arid regions, saline soils, and swampy lowlands (Alvin, 
1982; Krassilov and Bugdaeva, 1982; Deng, 2002, 2007; Smith et al., 
2024; Yang et al., 2024).

Ginkgocycadophytus suggests a seasonal palaeoclimate marked by 
variations that align well with the fossil wood of the Jiufotang Forma
tion (Wang et al., 2015). The climate of the Jiufotang Formation appears 
to have been more humid and warmer than the Yixian Formation and 
characterized by seasonal droughts (Pu and Wu, 1985; Li and Liu, 1999; 
Ding et al., 2003a, 2003b; Ding and Zhang, 2004; Li, 2010; Cui et al., 
2015). The mid-Aptian Selenga Formation, Gusinozerskaya Depression, 
Western Transbaikalia, contains inertinite coals with charcoals 
(Bugdaeva and Golovneva, 2024). This may indicate a humid climate 
with drought periods that promoted wildfires. Considering the associ
ated plants, this climate would be more appropriately classified as warm 
temperate, reflecting varied palynological evidence.

The sedimentary environment of the Jiufotang Formation has a 

Table 4 
Ecological types of palynological parent plant from the Jiufotang Formation in 
the Fuxin Basin (according to Gao et al., 1999; Abbink et al., 2004; Zhang et al., 
2021).

Sporo-pollen Vegetation type Climate type Humidity 
type

Fern spores
Appendicisporites Shrub Tropics Mesophyte
Cyathidites Evergreen broad-leaf 

forest
Tropics Hygrophyte

Lycopodiumsporites Herb Tropic- 
temperate

Hygrophyte

Osmundacidites Herb Tropic- 
temperate

Hygrophyte

Punctatisporites Herb Tropic- 
temperate

Hygrophyte

Gymnosperm pollen
Abiespollenites Coniferous forest Temperate Mesophyte
Abietineaepollenites Coniferous forest Tropic- 

temperate
Mesophyte

Alisporites Coniferous forest Temperate Mesophyte
Araucariacites Coniferous forest Tropics Hygrophyte
Callialasporites Coniferous forest Tropics Hygrophyte
Cedripites Coniferous forest Sub-tropics Mesophyte
Chasmatosporites Broad-leaf forest Tropics- 

subtropics
Mesophyte

Classopollis Coniferous forest Tropics- 
subtropics

Xerophyte

Ephedripites Shrub Temperate Xerophyte
Ginkgocycadophytus Evergreen broad-leaf 

forest
Tropics Mesophyte

Jiaohepollis Coniferous forest Temperate Mesophyte
Parcisporites Coniferous forest Tropics Hygrophyte
Piceapollenites Coniferous forest Temperate Mesophyte
Piceites Coniferous forest Temperate Hygrophyte
Pinuspollenites Coniferous forest Tropic- 

temperate
Mesophyte

Podocarpidites Coniferous forest Tropics Hygrophyte
Protopicea Coniferous forest Temperate Hygrophyte
Protopinus Coniferous forest Temperate Xerophyte
Psophosphaera Coniferous forest Tropic- 

temperate
Mesophyte

Table 5 
Palynological percentage in vegetation, climate and humidity types of the Jiufotang Formation in the Fuxin Basin (according to Gao et al., 1999; Zhao et al., 2014; 
Zhang et al., 2021).

Vegetation types (%)
Coniferous forestConiferous forest Broad-leaf forest Shrub Herb

95.96 2.84 0.17 1.03
Climate types (%)

Tropics-temperateTropics Tropics-subtropics Sub-tropics Tropics-temperate Temperate
26.16 1.38 3.78 50.52 18.16

Humidity types (%)
Sub-humidXerophyte Mesophyte Hygrophyte Euryphyte Hydrophyte

1.12 72.98 25.90 0 0
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diverse landscape with high mountains, lakes, rivers, and coastal salt 
marshes (Zhang et al., 2024). These varied environmental settings 
fostered diverse ecological niches, increasing biodiversity and allowing 
the late Jehol Biota to flourish (Zhou and Wang, 2017; Xu et al., 2020; 
Yu et al., 2021). The vertebrate assemblage of the Jiufotang Formation 
differs significantly from the underlying Yixian Formation (Matsukawa 
et al., 2014), with terrestrial vertebrate fauna dominated by omnivorous 
birds. In contrast, herbivorous non-avian dinosaurs dominated the Yix
ian terrestrial vertebrate fauna (Matsukawa et al., 2014). These changes 
in the vertebrate fauna from the deposition of the Yixian Formation 
through the Jiufotang Formation were associated with environmental 
shifts, as reflected by coniferous forests.

A reconstruction is now possible based on the APJ assemblage and its 
associated biota in the upper part of the Jiufotang Formation (Fig. 5), 
including a coniferous forest in low mountains under a sub-humid, 
warm temperate climate with distinct seasonal changes.

6. Conclusions

(1) The new LA-ICP-MS zircon U–Pb dating (118.07 ± 0.98 Ma) of 
the rhyolitic tuff from the upper part of the Jiufotang Formation 
in the Fuxin Basin indicates an age in the middle Aptian.

(2) The Appendicisporites-Pinuspollenites-Jiaohepollis assemblage of 
the Jiufotang Formation in the Pijiagou section of the Fuxin 
Basin, including the new occurrence of Appendicisporites imper
fectus, is recognized as a valid biostratigraphic indicator of the 
Aptian that provides significant palynological evidence for 
dating.

(3) The palynological assemblage indicates coniferous forests on 
hilled mountains near a marine shoreline under a sub-humid, 
warm-temperate climate with distinct seasonal changes.
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