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Abstract The Middle Jurassic represents a critical transition from greenhouse to coolhouse conditions,
with a cooling episode recorded in the Callovian Stage linked to declining atmospheric CO, concentrations
{pC0O,) and notable geological activity. However, the relationship between pCO, fluctuations and terrestrial
evidence remains unclear. Here, we report the first in situ zircon U—Pb ages from velcanic interbeds at the
coal-bearing Wanbao Formation of the Mangniuhai Coal Mine, Tuguan County, Inner Mongolia, ME China. A
weighted-mean age of 163.6+1.2 Ma firmly placed these deposits in the Callovian. Moreover, we present the
first guantitative epidermal study of Ginkgoites longifolius in this region, focusing on its abaxial stomatal
parameters. Stomatal-based paleo-pCO, reconstruction yielded a wvalue of 688.5+140.3 ppmv, indicating
relatively low pCO; value and a cocler climate consistent with previously recegnized Callovian cooling phases.
Considering the palecgeographic distribution of its habitats, these results suggest that Ginkgoites longifolius
was adapted to and confined within strongly seasonal temperate-subtropical regimes. These findings are
crucial for elucidating the palecenvironmental context underlying feathered dinosaur diversification and
early mammalian evolution during the Callovian.
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1. Introduction

Jurassic climates have been largely conceptual-
ized through warm “greenhouse” models character-
ized by an elevated atmospheric CO; concentrations
{pC0O;); however, this paradigm is being increasingly
contested (Holz, 2015; Li et al., 2022; Judd et al.,
2024). The Middle Jurassic (174.1-163.5 Ma) repre-
sents a critical transitional interval, with a significant
turnover from prevailing warm conditions to cooler
climates (Bodin et al., 2020; Li et al., 2022; Judd
et al., 2024). Evidence now indicates the intermit-
tent development of “cool mode™ or even transient
icehouse conditions, often coupled with a demon-
strably lower pCO;, suggesting a far more dynamic and
fluctuating climate than previously conceived during
the Middle Jurassic (Korte et al., 2015; Alberti et al.,
2020; Bodin et al., 2020; Li et al., 2022; Judd et al.,
2024; Cavallina et al., 2025). The recognition of
these Middle Jurassic “coolhouse™ episodes, coexist-
ing with diminished pCO; and significant global
geological processes (Scotese et al., 2021; Judd et al.,
2024), highlights the growing imperative to thoroughly
investigate this interval. Examples include the pro-
posed “Callovian lce Age” linked to pCO; drawdown
(Dromart et al., 2003), global cooling events poten-
tially triggered by bolide impacts (Scotese et al.,
2021), and the demonstrated interplay between
pCO; variations and global sea level fluctuations
(Miiller et al., 2008; Bodin et al., 2020).

However, a significant limitation persists, in that
our current knowledge of Earth's state during this
pivotal period is overwhelmingly constructed from
marine proxy archives (Dera et al., 2011; Korte et al.,
2015; Alberti et al., 2020), which highlights a critical
gap in our understanding as well as an inherent bias in
existing palecclimatic reconstructions. Notably,
research focusing on terrestrial records or proxies of
the Callovian age remains comparatively sparse, but
such records offer unique insights into continental
climate dynamics and regional variability, which are
often obscured in marine data. Therefore, robust and
high-resolution paleoclimatic reconstructions from
the continental realm are crucial to achieve a more

complete and nuanced understanding of the Middle
Jurassic climate change. In addition, the immense
potential of continental archives is highlighted by the
abundance and diversity of terrestrial vertebrate
fauna (¥u et al., 2018; Li et al., 2025), the compre-
hensive record of major plate tectonic events (Martini
and Ortega-Gutierrez, 2018), and evidence of large-
scale geological and oceanic events (Dera et al.,
2011; Scotese et al., 2021). Moreover, paleobotan-
ical evidence (Wang et al., 2005; Sun et al., 2008,
2018; Yan et al., 2009; Wu et al., 2016; Zhou et al.,
2020a; Zhou et al., 2020b; Steinthorsdottir et al.,
20223 Huang et al., Z024) serves as an important in-
dicator of past climate change, providing information
on temperature, precipitation, and seasonality that
complements geochemical proxies and the faunal
distribution. Newvertheless, well-preserved terrestrial
strata and associated plant fossils from the Callovian
with precise age constraints are rare and geographi-
cally limited. This scarcity limits the precise deter-
mination of the relationships between pCO; values
and the paleoclimate during this critical interval.
Resultantly, we present a quantitative analysis of
Ginkgoites leaf fossils from the Callovian, providing
pivotal fossil evidence for investigating and charac-
terizing the proposed cooling events during this stage.

2. Material and methods

2.1. Geological setting

Fossil materials and U—Pb geachronological samples
were collected from the Middle Jurassic Wanbao For-
mation exposed at the Mangniuhai Coal Mine, Tuguan
County, Inner Mongolia, China (Fig. 14). Both the dated
tuff samples and plant fossil specimens were obtained
from the upper part of the Wanbao Formation (Fig. 1B),
which is predominantly composed of mudstone, silt-
stone, and sandstone, interbedded with thin coal seams
and tuff layers. Petrographic abservations showed that
the dated sample is a rhyolitic tuff with a typical tuffa-
ceous texture, which mainly consists of vitric fragments
(~60%) and rhyolitic lithic fragments (-30%), with minor
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Fig. 1 Fossil site and stratigraphic column of the Wanbao Formation in the Tuguan Basin. A) Fossil site of Ginkgoites longifolius; B)
Composite stratigraphic column showing the fossil-bearing layer and tuffaceous siltstone sample location,

Fig. 2 Rhyolitic tuff sample for U-Pb dating. A) and B) Tuff hand specimen; C) and D) Zircon U-Pb dating sample with tuff textures in

single and crossed polarized light. Cr = Crystal clasts; Lv = Volcanic lithic clasts; Vit = Vitric clasts.
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crystal fragments (-10%) dominated by feldspar and
quartz. An anorthoclase crystal-rich tuffaceous siltstone
sample (Sample Mo. WBO1TW3) was collected from a
lens within the coal-bearing strata exposed at the mine
outcrop, with a thickness of approximately 20 cm
(Fig. 2A). The rock has a pyroclastic texture with a
massive structure, predominantly composed of volcanic
lithic clasts, vitric clasts, crystal clasts, and volcanic ash
{Fig. 2B-D}). All components are cemented by volcanic
ash (Fig. 2C and D).

2.2. U-Pb dating

Petrographic thin sections were prepared and
the MNortheast

analyzed at Mineral Resources

Supervision and Testing Center, Ministry of Natural
Resources. The rhyolitic tuff texture was examined
using an Olympus BX53 polarizing microscope under
both plane-polarized and cross-polarized light. Zircon
separation, mounting, and cathodoluminescence (CL)
imaging were conducted at the laboratory of the Hebei
Institute of Regional Geological and Mineral Survey.
Zircon grains were recovered using conventional
heavy-liguid and magnetic separation techniques,
from which euhedral and inclusion-free grains were
handpicked under a binocular microscope. The
selected zircons were mounted in epoxy resin and
polished to expose their internal structures. CL imag-
ing, in combination with transmitted and reflected
light microscopy, was used to identify microfractures,
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Fig. 3 Illustration of zircon U-Pb dating analysis and results. A) CL images of zircons, B) Concordia plot of the tuffaceous siltstone sample;

C) Weighted mean ages of the tuffaceous siltstone sample.
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inclusions, cscillatory zoning and other internal fea-
tures, thereby determining suitable analytical
damains.

LA-ICP-M5 U-Pb analysis was performed at the
Shenyang Center, China Geological Survey, using an
Agilent 7900 inductively coupled plasma mass spec-
trometer coupled to a Photon Machine laser ablation
system. Analytical conditions included a laser spot
diameter of 35 um, a repetition rate of 8 Hz, and an
energy density of approximately 4.24 J.em™?, with He
as the carrier gas. MISTH10 glass was used as the
external standard and **5i as the internal standard. For
quality control, zircon standards 91500 and Plesovice
[Jackson et al., 2004; Geng et al., 2011; Hou et al.,
2009) were analyzed, with bwo analyses of 91500 and
orve of Plesovice conducted after every etght unknown
analyses. Data reduction was carried out using ICPMS-
DataCal version 10.%, and concordia diagrams together
with weighted mean age calculations were obtained
using Isoplot (Ludwig, 2003; Liu et al., 2008).

2.3, Cuticle treatment

First, leaf fossils were first photographed using a
iD large depth-of-field microscopy system (Olympus
DEX-1000). Mext, cuticles were isolated from the rock
matrix and treated following the Schulze maceration

method (Dilcher, 1974). Cuticle maceration was con-
ducted using an acid—alkali procedure as described by
Liang ef al. (2021} and Liu et al. [2025). After
maceration, a portion of the cuticle specimen was
mounted in glycerin jelly for observation and imaging
under an optical microscope (Leica DM3000) and a
fluorescence microscope (Leica DM-4B). The remain-
ing specimens were moeunted on stubs, coated, and
observed using a scanning electron microscope [SEM;
HITACHI 5-4800 instrument). All laboratory proced-
ures were conducted in the Key Laboratory of Pale-
ontolegical Evolution in Mortheast Asia, Shenyang
Hormal University, Ministry of Natural Resources. The
fossil specimens, prepared microscope slides, and SEM
stubs are permanently housed in the College of Pale-
ontoledy, Shenyvang Mormal University, Liaoning Prov-
ince, China. Leaf anatomical terminclogy follows that
of Harrts {1974).

2.4. Statistics

The stomatal index (51) was calculated using the
fellowing formula: 51 (%) = [SDS(SD+ED)]=100, where
S0 represents the stomatal density (nember of sto-
mates per unit area) and ED represents the epidermal
cell density (number of epidermal cells per unit area).
pCOz; was  primarily reconstructed using  two

Thipam) U {ppm) ThiU |lsatopic ratics Eotapic ages (Ma) Concor
i Thes 2Tph 235 Wpy TN WP AR R Aty Mepy ey dance

Ratia 1z Ratic 1o Ratia 1a Age 1o Age 1o Age o
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WBO1TW3-10 37 Th 048 0.0485 0.0032 01792 0.0M05 0.0259 0LO0DS 124.F 14B.1 167.3 9.1 1649 31 9E%
WED1TW3I-11 124 & 055 0.0509 0.0014 O.17ER O.D0MB 0.0256 DLODD3 2353 630 1671 4.2 162.7 1.9 97%
WBOITW3I-12 47 ar 0.4&8 0.0508 0LO0R2 O.17731 00070 0.0257 0.0005 231.6 8.1 165.7 &0 1638 219 98%
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WBOITW3-16 1075 781 1.38 0.049% 0.0010 01698 0.0031 0.0248 0.DOO2 185.0 309
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WBDITW3-17 43 . 0.46 0.0530 00024 0.1802 00080 0.0250 DUOOO4 3315 991 1683 6.9 1594 1.8 948
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established methods: the MNearest Living Relative
(MLR) approach (McElwain and Chaloner, 1995, 19%6;
McElwain and Steinthorsdottir, 2017) and the Barclay
Sl-pL0,; curve (Barclay and Wing, 2016). The MLR
method incorporated two standardization criteria:
Carboniferous (C5) and Recent (R5). Reconstructed
o0z values were validated via comparison with
established global geochemical models and previouwsly
reported stomatal index-based C0; concentration
data. Imaging was performed using fluorescence mi-
croscopy with a grid of 0.09 mm® (0.3 mm=0.3 mm).
The following formulae were employed:

Carbaniferaws standardization: pC0, = Sl 0 F5lp = 200050 ¢ i
Recent standardization: pC0; = Shar/Shrcue® 200 Omy e Zh

Basclay Sl-pC0: curve: pC0; = 9920.9 (51 3

among, pCOgy e = 300 ppmyv; MLE means "nearest
living equivalents™; Slue = Slainkge sione which was a
fixed value of 12.1 {Beerling and Rover, 2002; McEl-
wain and Steinthorsdottir, 2017).

3. Results

3.1, Zircon U-Pb dating

Fig. A illustrates the representative cath-
odoluminescence (CL) images of Zzircon grains,
selected LA-ICP-MS analytical spots, and corre-
sponding ages, concordia diagrams and weighted
mean age plots are presented in Fig. 3B and C.
Detailed analytical results, including U and Th con-
tents, isotopic ratios, and individual grain ages, are
given in Table 1.

A total of 28 analyses of 28 zircon grains were
conducted, of which 23 grains exhibited <10% discor-
dance. These 23 analyses yielded ™Pbs **50 ages (for
grains younger than 1.0 Ga) ranging from 168.1 Ma to
158.1 Ma, displaying a relatively narrow distributicn.
The zircons were predominantly sub-euhedral to
euhedral, with grain lengths ranging from 100 ym to

300 pm and aspect ratios of 1-3. They displayed well-
developed oscillatory zoning in CLimages (Fiz. 1A) and
had Th/U ratios between 0.33 and 1.41, consistent
with a magmatic origin (Koschek, 1993).
Petrographic and geochroneclogical characteristics
showed that the sample was derived from a rhyolitic
tuff. All concordant data plotted on or near the con-
cordia curve yielded a weighted mean **Pb/**50 age
of 163.6+1.2 Ma (n = 23, MSWD = 2.0; Fig. 3B and C).
This age was interpreted as representing the timing of
the volcanic eruption that produced the rhyalitic tuff.

3.2. Systematic paleontology

Order Ginkgoales Gorozhankin

Family Ginkgoaceae Engler

Genus Ginkgoites Seward, 1919

Ginkgoites longifolivs (Phillips) Harris, 1946

1829, Sphenopteris longifolia Phillips, p. 148; pl.
7. fig. 17 [Holotype) *.

1900. Baiera phillipsi Nathorst: Seward, p. 269, pl.
9, fig. 4; text-fig. 47.

1936. Ginkgoites phillipsi {Nathorst) Florin, p. 107.

1944, Baiera canaticulata Harris, p. 680; text-figs.
&b, 6c, 7, B.

1946 Ginkgoites longifolius (Phillips) Harris, p. 20;
text-figs. &, 7.

1974, Ginkgo longifolius (Phillips) Harris: Harris
et al., p. 21; text-figs. 6—8.

Specimens examined: MH-074, MN-07B, MN-09,
MHN-016, MN-023, MN-054, MH-065, MN-076, TQG-01,
TQG-02, TOG-04, TOG-05 TOQG-06, TQG-010,
TQG-011, TQG-035

Locality and horizen: Tuguan County,
Mangolia, Northeast China.

Stratigraphy and age: Wanbao Formation,
Callovian

Diagnosis: Leafl peticlate; lamina deeply divided
into 4-8 primary segments, each segment simple or
occasionally forked, producing up to 16 ultimate
lobes, Lamina base with a basal angle typically arcund
90" jcommonly 60°—120°). Lobes approximately
10 mm wide, with apices rounded to subacute. Vena-
tion more or less distinet, with 5—10 primary veins per
lobe, arising by repeated dichotomy from the lamina
base and slightly converging towards the apex.

Inner

Fig. 4 Leal and epidermal morphology of Gimkgoires longifelius from the Middie Jurassic Wanbao Formation in Tiqguan, nner Mongolia,
A-C) Leal and petiole marpholegy, specimen numbers: MH-074, MH-09, and TQG-01; D-E) Adaxisl epidermis under uorescence micro-
scope; showing cell morphologies in vein and inter vein aress; slide rumber: TQG-01-001; F-G) Abaxial epidermis under Auarescence
microgcope; showing call marphologies in vein and inter vein areas, and papillae; slide number: TQG-01-001; H) Inner surlace of the adaxial
epidermis under SEM; SEM number: TOG-04-001; 1) Outer surface of the adaxial epidermis uder SEM; SEM number: TQG-02-001; J) Outer
surface of the sbaxial epidermis under SEM shawing stomata with strong papillae; SEM number: TQG-05-002; K} Inner surface of the abaxial
apidarmis under SEM; the guard cells are reniform with subsidiary cells, SEM number: TOG-D6-001.
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Eptdermis hypostomatic. Stomata irregularly distrib-
uted, predominantly longitudinally oriented; guard
cells reniferm, surrounded by 5-7 slightly depressed
subsidiary cells. Papillae well-developed and robust,
oceurring on the outer surfaces of periclinal walls of
abaxial epidermal cells; papillae on subsidiary cells
overarching and partially covering the stomatal pits.
Trichomes absent.

Description: The fan-shaped lamina has petioles
that are approximately 20 mm in length (Fig. 44-C).
The lamina is deeply divided into 4-8 primary seg-
ments, with a basal angle typically around 907
(commonly 60°—1207), measuring 60-70 mm in length
and 40-80 mm in width (Fig. 4A-C). Each segment is
typically bifurcated distally, forming two lobes, and
individual lobes have 5-10 veins (Fiz. 4B and C). The
epidermis is hypostomatic. Vein areas are composed of
indistinctly narrower and slightly elongated cells
(Fig. £D-G). In the adaxial {upper) cuticle, cells be-
twieen weins are predominantly isodiametric and
polygonal in shape, becoming somewhat elongated
adjacent to the vein margins in the inner-surface view.
The anticlinal walls are straight (Fig. 4D, E, H). The
outer periclinal walls of adaxial epidermal cells are
flat in the outer-surface view (Fig. 4l). The abaxial
{lower) cuticle has distinctly differentiated vein re-
gions of approximately 150 um wide and interveinal
regions of approximately 300 pm wide (Fig. <F and G).
Cells along the vein areas are narrower and maore or
less elongated, often with conspicucus longitudinal
walls; interveinal cells are typically isodiametric,
polygonal, and aligned in short rows (Fig. 4F and G).
The outer periclinal walls of ordinary abaxial
epidermal cells are occasionally thickened, bearing
solid or hollow papillae, and trichomes are absent
(Fig. 4F, G, J). Stomata are scattered in interveinal
areas and occasionally in short rows, with a variable
orientation bul are most commonly aligned longitu-
dinally (Fig. 4F, G, H, J, K}. Guard cells are slightly
sunken, partially covered by the papillae of subsidiary
cells (Fiz. 4H-K). Subsidiary cells are thickened,
forming a rim around the stomatal pit, and each cell
also bears solid or hollow papillae. Trichomes are ab-
sent (Fig., 4H—J).

Comparison: The fossil genus Ginkgoites encom-
passes leal fossils morphologically similar to Ginkgo
bileba, but lack definitive evidence (e.g., reproduc-
tive organs attached to leaves) to classify them as such
(Seward, 191%; Florin, 1936). The validity and appli-
cation of Ginkgoites have been debated, with
differing viewpoints emerging over time (Florin, 1934;
Tralau, 1968; Harris, 1974; Zhou et al., 20200 ). Some
researchers have argued for its abandonment,

considering it either a junior synonym or subsuming it
within the Ginkgoaceae (Tralau, 1968; Harris, 1974£).
Comversely, others have maintained Ginkgoites as a
distinct genws, re-evaluating its diagnostic charac-
teristics to preserve its original definition (Seward,
1919; Krassilov, 1972; Watson et al., 1999). Given
the pragmatic advantages of Ginkgoites, particularly
in its ease of use and differentiation from other gink-
goalean fossils (Zhow et al., 2020b; Liu ef al., 2025),
we advocate for its continued recognition to promote
taxonomic consistency and straightforward fossil
identification. The morphology of Ginkgoites long-
ifolius leaves s typically characterized by their long
petioles, 20° basal angle, and 4-8 deeply lobed seq-
ments. Their cuticles possess hypostomatic stomata
and straight anticlinal walls. These features distin-
guish them from other Ginkgoites species. Ginkgoites
huttoni and G. sibirica include a few similar leaves
that match G. lengifolius in form, but they can be
distinguished by their leaf width and cuticle anatomyy.
Ginkgoites huttoni has trichomes, and G. sibirica is
distinguished by its lack of hollow papillae on the
subsidiary cells. Table 2 lists more detailed compari-
sons with similar species. Based an the external shape
and cuticle features, the present fossil leaves align
with Ginkgoites longifolius, sugeesting they should be
assigned to the same species.

3.3. Paleoclimatic reconstruction

In this study, 25 square areas of 0.09 mm® were
selected from the lower epidermal cuticle of Gink-
goites longifolius (Supplementary Table 51). The
estimated pCO,; values derived from the Barclay and
Wing model showed an average of 6838.54 = 140.33
ppmy, whereas the McElwain model (RS} yielded an
average of 718.51 + 99.07 ppmv. These data are pre-
sented in Fig. 5.

4, Discussion

4.1. Age of the Wanbao Formation in Tuguan
County

The fossil flora of the Wanbao Formation in
the Tuquan region (southern sector of the Greater
Khingan Range) is characterized by a Coniopteri-
s-Phoenicopsis-Raphaelia assemblage (Zhang et al.,
20MBa, 201%). Quantitative analysis of the macro-
floral composition revealed a dominance of ferns
[Filicopsida, 26.9%) and ginkgoaleans (Ginkgoales,
3B8.5%) and a substantial proportion of conifers
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Leaf shape Laming  Lamina  Lobes number Vein density Cuticle Reference
A Tipe Anticlinal wall Guard cedls
{em) (cm)
Ginkgoites Farshaped -7 4-8 418 5-10/iohe  Hypostomatous  Straight Sunken  This pager S
fangifolivs Base angle: 90 i
G. huttonii Fan-shaped i-5 Urikpserwn 4—6& 25iem Amphistsmatous  Uniknawn Sunken al. (20200)
Base angle: 900 —120 k]
G. ahrutshenii Cuneats 1o broadly cureate DE1E 4 S-11/em  Hypostomatous  Curved Unknown  Seward (1919) E
. gaidamensis Cuneate to fan-shaped - Unknown  4—& 1Z/em Amphistomatous  Straight ar Slightly L e e, {1988}
Base angle: 70°—110 slightly surthen
curved
G. shigumiensis Semicircular to fan-shaped 34 7 4 S-12/5mm  Amphistomatous  Curved Unkniown
Base angle: B0 220
G. sibirfea Far-shaped to semicireulsr 6-7.5  10-13  B-10ar12-14, 3-Bilabe  Hypestomatous  Straightar  Slightly
Base angle: 150°— 180 rasely 6-8 slightly sunher
curved
G. tasnictis Far-shaped to beoadly fan-shaped  Unknawn Uniknawn 4—3 4-Bilobe  Unkndwi Uniknawn Unkrawn al. (20206)
Hase angle: 60°—%0
G. toachudnensis Harrawly fan-shaped base angle: 50° 3 Uriknawn 6 6 lche Amphistomatous  Straightor  Sunken
slightly
curved
G. yaojiensis Semicircular 151  4-55 6% 13/labe Hypostomatous  Slightly Unkniowr
Base angle: 180 curved
Ginkgn doahugouensis  Base angle: 110-140 Uriksrwn  Uriknawn 4 of & 12-1dfem  Hypestomatous  Straight Unkrigwn
G.parvifalic Base angle: 130 Uriknawn  Uriknawn 6 5-7/tebe  Amphistomatous  Straight Sunkern
to slightly
curved
G.cuneifolia Base angle: Abaut 45 Uriknawn_ Uniknawn 4 18/cm Amphistomatous  Straight Unknown 18)
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(Coniferales, 19.2%). Minor components included
horsetails (Equisetales, 7.7%), cycads (Cycadales,
1.8%), and gymnosperm reproductive organs, such as
pollen, cones, and seeds, which comprised 3.8% of
the assemblage (Yang, 1985; Zhang et al., 2019). In
both taxonemic composition and relative abun-
dance, the Wanbao flora exhibited close affinities
with several well-documented Middle Jurassic floras,
including: the Haifanggou Formation flora of Bei-
plao, Liaoning (Mi el al., 1996), the Baiyanghe flora
of the Junggar Basin, Xinjiang (Sun ef al., 2021), and
the Xishan flora of Beijing (Chen ef al., 1984). These

affinities indicate that the Wanbao flora of the
Tueguan Basin is coeval with and, therefore, belongs
to the Middle Jurassic.

The coal-bearing strata of the Wanbao Formation
in the Tuguan Basin have long lacked high-precision
ages.  Detrital-zircon U-Pb  dates obtained by
LA-ICP-M5 have a broad interval {1221-171 Ma) with
large uncertainties (Wang et al., 2013; Yu, 2022),
hampering the development of a reliable regional
chronostratigraphic framework and poorly constrain-
ing the age of the fossil-bearing horizons. Recent ad-
vances in zircon U—Pb geochronology have made
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radiometric dating of veleanic tuffs a powerful tool for
stratigraphic division and correlation (Zhang et al,,
2018b; MacLennan et al., 2024; Zou et al., 2024). In
the Longjiang section on the eastern side of the middie
segment of the Greater Khingan Range, tuffs inter-
bedded with the lower and upper parts of the coal-
bearing sequence have ages of 165.2:1.7 and
162.121.6 Ma, respectively, corresponding to the late
Middle Jurassic (Callovian). Notably, numerous tuff
layers are distributed throughout the Tugquan Basin,
providing stable marker horizons for inter-basin
correlations.

To the best of our knowledge, the present study, is
the first to report a high-precision zircen U—Pb age
from a volcanic tuff intercalated within the Wanbao
Formation in the central—southern Greater Khingan
Range. The tuff vields an age of 163.6+1.2 Ma,
assigning the fossil-bearing strata to the Callovian
Stage of the Middle Jurassic. This new radiometric
constraint substantiates the age inferred from palea-
floral correlations and provides a firm chronostrati-
graphic anchor for the coal-bearing succession.
Consequently, the accuracy of regional stratigraphic
correlations is enhanced, underpinning the construc-
tion of an accurate chronostratigraphic framewoark for
the basin to reconstruct the geological evolution of
the Tuguan Basin and adjacent areas.

4.2, Palecgeography and paleoclimate of the
Middle Jurassic Callovian

The Jurassic is widely regarded as a greenhouse
interval, with atmospheric €05 levels being substan-
tially higher than those observed teday (Berner, 1994).
Global near-surface and sea-surface temperatures
were elevated by 5-10 “C compared to the present
[Sellwood et al., 2008). However, evidence has shown
that there was significant climatic variability within
the Jurassic, including alternating warm and cool in-
tervals (Price et al., 2009; Dera et al., 2011; Korte
et al., 2011; Huang et al., 2024; Cavallina et al.,
2025). Marine %0 records have identified high-
temperature  intervals  in the Toarcian  and
Oxfordian-Kimmeridgian (Dera et al., 201 1), but other
proxies indicate transient cooling episodes in the
Pliensbachian and early Bajocian (Horte et al., 2011;
Bodin et al., 2020). In the Northern Hemisphere,
biostratigraphic and geochemical data have indicated
short cold pulses in the Callovian (Dromart el al.,
2003). As shown in Fig. 5, both calculated pCO;
ranges fall well within the established confidence in-
tervals, indicating reasonable model agreement with
global mean surface temperature (GMST) reconstruc-
tion curves (Judd et al., 2024). Compared to

contemporaneows data spanning the Middle Jurassic,
the pCO; values obtained for the Callovian Stage in the
present study demonstrate a notable decrease. This
reduction aligns temporally with the recognized Cal-
lovian cooling event (often termed the "Callovian lce
Age"), which has been hypothesized to be linked to
bolide impact events (Dromart et ai., 2003; Scotese
et al., 2021). The fuctuations ocbserved in our
stomatal-based pCO; estimates (as shown in Fig. 5)
were effectively correlated with independent proxy
curves, specifically those derived from GMST recon-
struction (Judd et ai., 2024). Ginkgo-based stormatal
proxies for reconstructing past atmospheric pCO;
concentrations were reliable and effective (Zhou et
al., 20Z0a;-Zhou et al., 2080b; Steinthorsdottir
et al., 2022); however, prior studies have estimated
that climate variables such as temperature, precipi-
tation, and seasonality, have no significant influence
during the Early Jurassic (Steinthorsdottic et al.,
2022},

Terrestrial evidence corroborates these marine
signals. Plant remains, incleding Coniopleris and
Phoenicopsis, and changes in floristic composition
reflect cooler and more humid intervals in some re-
glons {Oh el al., 2015; Tian et al., 2015; Philippe
et al., 2017). Quantitative paleo-pCO; reconstruc-
tion based on plant cuticles and stomatal parameters
has proven effective for constraining atmospheric
composition and climate (Retallack, 2001; Royer,
2003; Martinez et al,, 2018; Zhou et al., 2020a), but
applications remain comparatively sparse in Jurassic
deposits. The Yanliao Biota of northeastern China,
which comprise successive fossil assemblages from the
Beipiao through Linglongta intervals, documents
temporal changes in terrestrial ecosystems, indicating
climatic shifts from relatively warm/arid to cooler
conditions and vice-versa (Huang et al., 2015; Xu
et al., 2016; Li et al., 2021). However, most regional
studies are qualitative; guantitative stomatal or
cuticular reconstructions are needed to  better
constrain paleo-pC0; and terrestrial climate dynamics
in the Middle Jurassic.

In the scuthern Greater Khingan Mountains,
palechotanical data {e.g., Xenoxylon, and Prolo-
cedroxylon) and palececological indicators have sue-
gested a cooling signal around the Callovian (Zhang et
al., 2021a; Zhang et al., 2021b). Biotic assemblages
preserved in the Tiaojishan Formation (e.g., Anchior
nis, early mammals) dated to -165 Ma provide addi-
tional context for the responses of fauna to the
climate during the Middle Jurassic (Hu et al., 2009;
Zhou et al., 201%; Li et al., 2025). Therefore, recon-
structing the Middle Jurassic climate is essential to
interpret the selective pressures influencing the origin
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and functional diversification of early feathered,
small-bodied mammals, and associated terrestrial
ecosystems.

During the Early te Middle Mesozoic, the super-
continent Pangaea progressively disintegrated, lead-
ing to the global reorganization of palecgeographic
patterns and ultimately a split into Laurasia and
Gondwana (Holz, 2015). By the late Middle Jurassic,
the initial opening of the Morth Atlantic caused the
gradual separation of Eurasia from North America, this
tectonic process reshaped the spatial configuration of
continental blocks and reorganized paleo-oceanic
circulation and the climate regimes it governed
{Jenkyns ef al., 2002; Dera et al., 2011, 2015). The
combined effects of oceanic gateway reconfiguration
and continental drift drove latitudinal shifts in cli-
matic zones, influencing regional palecenviranmental
evolution and triggering global-scale climatic events.
Owerall, the global climate of the Middle Jurassic
exhibited latitudinal zonation, with arid, tropical,
subtropical, temperate, and cold environments
distributed successively from the equator to the poles
(Fig. &; Boucot et al., 2013). This zonal pattem was
controlled by latitude as well as by the integrated
effects of oceanic circulation, land-sea distribution,
and atmospheric circulation, resulting in greater
regional climatic complexity.

Ginkgoites longifolius held significant palecgeo-
graphic and paleoclimatic implications during the
Middle Jurassic, with its distribution largely restricted

Miidohe Juraaio ( 1BS Ma)

to subtropical to temperate regions of the mid to high-
latitude Laurasian continent in the Morthern Hemi-
sphere (Fig. ). The global spatiotemporal distribution
sites of G. longifolius are listed in Sepplement Table
52. Floristically, this taxon was concentrated in the
transitional zone between the Siberian  and
Eurasiatic-Central provinces (Sun et al., 2015; L
et al., 2024}, with fossil records extending from
northeastern China to Yorkshire, United Kingdom. This
distribution pattern demonstrates the strong ecolos-
ical adaptation to temperate-subtropical climates.
Hotably, the absence of G. longifolius in lower lati-
tudes may be closely linked to the opening of the
Viking Corridor during the late Early Jurassic (Ziezler,
1988; Doré, 1991; Scott and Turton, 2001; Li et al.,
2024) and the subsequent rifting and expansion of
the Morth Atlantic (Steiner et al., 1998; Golonka,
2004; Labails et al., 2010). The tectonic and paleo-
geographic shifts during the Middle Jurassic signifi-
cantly reconfigured continental layouts and oceanic
circulation systems. It is likely that these profound
changes intensified aridity and elevated temperatures
in low-latitude regions, impeding the southward
migration of G. longifolius inte the tropics. Conse-
quently, the biogeographic distribution of G. long-
ifolius was largely confined to the mid to high
latitudes of the Laurasian continent in the Morthern
Hemisphere during the Middle Jurassic. This distribu-
tion suggests adaptation to climatic regimes charac-
terized by seasonal transitions between temperate
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Fig. & Paleogesgraphic distribition of Ginkgeites lengifalius during the Middle Jurassic Callowian. Detailed site infarmation is given in

Supplement Table 52,
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and subtropical conditions. The success of G. long-
ifelius in these mid to high latitude zones established
the climatic foundation for the adaptation of its
modern  descendant, Ginkgo biloba, to extant
temperate climates,

Cuticle data from Ginkgeites longifolius from the
Callovian {~163 Ma) reveals an atmespheric C0; con-
centration of approximately 688.54+140.33 ppmy, a
value that is notably lower than that recorded for the
Aalenian-Bajocian  and  Oxfordian-Kimmeridgian
stages (Fig. 5), thus suggesting a global cooling event
during the Callovian. This cooling event occurred
during a relative guiescent interval of global volca-
nism, when pCO,; was comparatively low and green-
house forcing from volcanic activity was significantly
weakened. In contrast, the Early Jurassic was influ-
enced by the Karoo-Ferrar Large lgneous Province,
which sustained global warming for several million
years (Palfy, 2000; Svensen et al., 2012). During the
Middle Jurassic, climatic conditions were relatively
stable, with extensive coal deposits developing across
the Northern Hemisphere (Johnson et al., 1989; Dong
and Sun, 2011; Kostina and Herman, 2013). By the Late
Jurassic {Oxfordian-Tithonian), volcanic activity along
the circum-Pacific subduction zones reached a peak
[Maruyama et al., 1997; Seton et al., 2012), and was
accompanied by large-scale volcanism and granitic
intrusions in eastern China (Xu e! af., 2013; Thang
el al., 2020). Overall, this suggests the low pCO; and
cooling ohserved during the Callovian were globally
consistent and closely linked to variations in volcanic
intensity.

Paleogeceraphic reconstruction shows that Pan-
gaea's breakup initiated the North Atlantic epening,
altering equatorial ocean circulation, weakening
poleward heat transport, and progressively isolating
the Arctic Ocean, thus intensifying high-latitude
cooling (Smith et al., 2004; Korte et al., 2015). The
large Puchezh-Katunki impact event in Russia during
the Bathonian {-167 Ma) could have also contributed
to short-term global cooling (Park and Royer, 2011;
Scotese ef al., 2021), inducing transient cold pulses
in an overall warm background. Dromart el el. (2003}
proposed the potential existence of small high-
latitude ice sheets during the Middle Jurassic, and
their albedo effect could have amplified cooling. More
recently, proncunced Milankovitch cyclicity (e.g., the
173 kyr short eccentricity cycle) in late Middle Jurassic
records from the Croatian carbonate platform has
provided new evidence for moderate high-latitude ice
sheets (Husinec et al., 2023). In summary, the Cal-
lovian cooling event was a multifactorial phenomenon
driven by the synergistic effects of plate tectonics,
oceanographic  recrganization, wvolcanic  activity

fluctuations, and astronomical forcing, reflecting the
complex coupling in Earth's systems.

4.3.
event

Significance of the Callovian cooling

The Callovian Stage of the Middle Jurassic (ca.
165-161 Ma) represents a pivotal event in Earth's cli-
matic evolution and has increasingly attracted scien-
tific attention {Dromart et al., 2003; Carmeille et al.,
21 E). This study, to the best of our knowledge, pro-
vides the first direct empirical evidence for a Callovian
cooling event based on cuticular evidence from gink-
goalean plants preserved in continental deposits
(~163 Ma). Our findings present novel constraints on
pC0; levels and their associated climatic implications,
demonstrating considerable significance for advancing
our understanding of global ecosystem patterns and
biological evolution. First, the Callovian cooling event
marked a proncunced fluctuation in the generally
warm Middle Jurassic climate (Dromart et af., 2003;
Munn et al., 2009; Pellenard et al., 2014; Carmeille
el al., 2018), demonstrating that Mesozoic green-
house climates were not permanently stable but
rather characterized by alternating warm and cool
phases — an important case study for long-term
climate change drivers. Second, marine ecosystermn
records revealed a global temperature decrease of
3-5 °C, with a more pronounced cooling of 5-8 °C in
the Harth Atlantic and Arctic regions (Dromart ef al.,
2003; Dera el al., 2011). This cooling induced signifi-
cant ecological responses, including declines in
ammonite diversity and their migration into warmer
waters (Dromart et al., 2003). Furthermore, pelagic
organisms, such as belemnites and benthic taxa such
as aysters and Gryphaea exhibited 3'°0 values that
indicated an up to 5 “C cooling amplitude during the
Callovian {Price el al., 2023). Collectively, these
findings highlight Callovian cooling as a climatic
turning point and a direct driver reshaping marine
ecosystem structure and function, with profound im-
plications for biological evolution during the Middle
Jurassic.

Terrestrial ecosystem records also reveal the im-
pacts of the Callovian cooling event. Palynological
analyses have shown that in the Haifanggou Formation
of Chaoyang, western Liaoning, and the Wanbao For-
mation in the Longjang Basin, western Heilongjiang,
the proportion of ferns (e.g., Cladophlebis) decreased
markedly from approximately 60% to about 30% (Pu
and Wu, 1985; Zhang et al., 2021a). Conifers and cy-
cads progressively replaced ferns to become the
dominant plant groups. The vegetation pattern shifted
from a  warm-adapted  cycad-bennettitalean
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association to a more cold-tolerant coniferous forest,
reflecting a regional climatic transition from warm to
cool conditions {Zhang et al., 2018h). The pedogenic
and sedimentological characteristics of contempora-
neous palecsols in the Sichuan Basin further corrobo-
rate this climatic cooling trend (Li et al., 2022). The
Callovian cooling event temporally and spatially co-
incides with the concentrated occurrence of feath-
ered dinosaur fossils, such as those from the Jehol
Biota, suggesting that this climatic shift played a
pivotal role in the early evolution of feathers. For
example, numerous exquisitely preserved feathered
dinosaur fossils have been discovered in volcanic ash
depaosits from the Dachugou area of Ningcheng, Inner
Mongolia, and the Jianchang area of western Liacning
(Hu et af., 2009), with dated to the Callovian. This
close temporal and spatial correspondence indicates a
potential causal relationship between the onset of
feather evolution and climatic cooling. Furthermore,
loweer temperatures would have increased the selec-
tive pressure for insulating plumage and simulta-
neously promoted the functional diversification of
feathers toward aeradynamic reles. In the Daohugou
Biota, taxa such as Epidendrosaurus ningchengensis
and Pedopenna dachugouensis already exhibited an
inciptent differentiation between downy feathers (for
thermoregulation) and pennacecus feathers (for
aerodynamic purposes) (Longrich el al., 2012; Xu and
Barrett, 2025). This pattern reflects the combined
effects of climatic stress, ecological adaptations, and
thermoregulatory demands, which may have provided
the key driving forces for the multifunctional evolu-
thon of feathers.

5. Conclusions

1) This study reports a high-precision LA-ICP-MS
zircon U—Pb age of 163.621.2 Ma from a rhyolitic
tuff intercalated in the Middle Jurassic Wanbao
Formation of Tuquan County for the first time,
firmly assigning its deposition to the Callovian
Stage.

2} Morphological analysis of Ginkgoites longifolius
leaves from the Callovian yielded a quantitative
oC0; estimate (683.54:140.33 ppmv), providing
crucial palecenvironmental context for under-
standing concurrent global cooling evenls, feath-
ered dinosawr diversification, and early mammalian
evolutian.

3) The confinement of Ginkgoites longifolius to
Laurasian mid- to high-latitudes during the Middle
Jurassic reflects paleogeographic and climatic
constraints, indicating adaptation to seasonal

temperate to subtropical regimes and offering a
biogeographic framework relevant to the climatic
affinities of its extant descendant, Ginkgo biloba.
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