UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Middle Jurassic terrestrial environmental and floral

changes linked to volcanism

Zhang, Peixin; Yang, Minfang; Lu, Jing; Jiang, Zhongfeng; Zhou, Kai; Liu, Haoqing; He, Zhen,;
Wang, Ye; Bian, Xiao; Shao, Longyi; Hilton, Jason; Bond, David

DOI:
10.1016/j.gloplacha.2023.104094

License:
Creative Commons: Attribution (CC BY)

Document Version
Version created as part of publication process; publisher's layout; not normally made publicly available

Citation for published version (Harvard):

Zhang, P, Yang, M, Lu, J, Jiang, Z, Zhou, K, Liu, H, He, Z, Wang, Y, Bian, X, Shao, L, Hilton, J & Bond, D 2023,
'‘Middle Jurassic terrestrial environmental and floral changes linked to volcanism: Evidence from the Qinghai-
Tibet Plateau, China’, Global and Planetary Change. https://doi.org/10.1016/j.gloplacha.2023.104094

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@Ilists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 29. Apr. 2024


https://doi.org/10.1016/j.gloplacha.2023.104094
https://doi.org/10.1016/j.gloplacha.2023.104094
https://birmingham.elsevierpure.com/en/publications/efa00d1a-e286-4853-ad58-54abbabb77cd

Journal Pre-proof

Middle Jurassic terrestrial environmental and floral changes
linked to volcanism: Evidence from the Qinghai-Tibet Plateau,
China

Peixin Zhang, Minfang Yang, Jing Lu, Zhongfeng Jiang, Kai
Zhou, Haoqing Liu, Zhen He, Ye Wang, Xiao Bian, Longyi Shao,
Jason Hilton, David P.G. Bond

PII: S0921-8181(23)00067-X

DOI: https://doi.org/10.1016/j.gloplacha.2023.104094
Reference: GLOBAL 104094

To appear in: Global and Planetary Change

Received date: 2 December 2022

Revised date: 10 March 2023

Accepted date: 17 March 2023

Please cite this article as: P. Zhang, M. Yang, J. Lu, et al., Middle Jurassic terrestrial
environmental and floral changes linked to volcanism: Evidence from the Qinghai-Tibet
Plateau, China, Global and Planetary Change (2023), https://doi.org/10.1016/
j.gloplacha.2023.104094

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2023 Published by Elsevier B.V.


https://doi.org/10.1016/j.gloplacha.2023.104094
https://doi.org/10.1016/j.gloplacha.2023.104094
https://doi.org/10.1016/j.gloplacha.2023.104094

Middle Jurassic terrestrial environmental and floral changes linked to

volcanism: Evidence from the Qinghai-Tibet Plateau, China
Peixin Zhang**®, Minfang Yang?, Jing Lu®", Zhongfeng Jiang®, Kai Zhou, Haoging
Liu®, Zhen He®, Ye Wang®, Xiao Bian®, Longyi Shao®, Jason Hilton®, and David P.G.

Bond™

% Research Institute of Petroleum Exploration and Development, Petro China, Beijing 100083, PR
China

b State Key Laboratory of Coal Resources and Safe Mining, Clle 2 of Geoscience and Surveying
Engineering, China University of Mining and Technolog\, C=1;.ng 100083, PR China

¢ School of Municipal and Environmental Engineerina, Fenai. University of Urban Construction,
Pingdingshan, Henan 467036, PR China

9 State Key Laboratory of Hydroscience and Cineering, Department of Hydraulic Engineering,
Tsinghua University, Beijing 100084, PR Ci..na

® School of Geography, Earth and En'i ~niniental Sciences, The University of Birmingham,
Edgbaston, Birmingham, B15 2TT, (K

" School of Environmental Sricces, University of Hull, Hull, HU6 7RX, UK

* Corresponding author: Lujing@cumtb.edu.cn (Lu Jing); d.bond@hull.ac.uk (David Bond)
ABSTRACT

The breakup of Pangaea and the rapid opening of the Ligurian and Central Atlantic oceans during the
Middle Jurassic resulted in widespread volcanism accompanied by significant shifts in global
environments, climates, and floras. Although major volcanism is a plausible driver of such global
changes, linking these phenomena in the Middle Jurassic is hindered by a lack of detailed

sedimentary records from which to evaluate cause and effect. Here, we link Middle Jurassic



environmental, climatic, and floral changes with volcanism using records from the Dameigou section
of the Qaidam Basin on the Qinghai-Tibet Plateau. High-resolution chemostratigraphic (8"*Corg
patterns) and biostratigraphic (palynological fossils) data reveal three negative organic carbon
isotope excursions (NCIE) at the Aalenian-Bajocian boundary, the Bajocian-Bathonian boundary,
and in the middle of the Callovian, respectively. The first two NCIEs (NCIE-I and NCIE-II) were
accompanied by relatively warm and humid climatic conditions and coal accumulation. In contrast,
the third NCIE (NCIE-111) was accompanied by warm but dry climatic conditions, a decrease in coal
accumulation, a decline in plant diversity, the significant decline ir. fer.. spore diversity and
abundance, and a rapid increase in the abundance of Classopo’iis ~ollen (based on petrological,
palynological, PCA, Hydrophyte/Xerophyte ratio, and nMMS Jata). Four sedimentary mercury
anomalies (Hg/Al spikes) have temporal coincidence with . three NCIEs and climate warming
events, suggesting a volcanic origin for these. We 3uy, 25t that volcanism was a key driver of Middle
Jurassic change, with major pulses releasing ‘arr,e amounts of CO, and Hg into the atmosphere,
resulting in Hg loading, NCIEs, climatic w. ming, and floral changes in terrestrial strata. Our
multi-proxy study provides new insights ity the links between volcanism and terrestrial

environmental, climatic, and florai ~hanges during the Middle Jurassic.

Keywords: Middle Jurassic: ‘1errestrial Qaidam Basin; Palynological fossils; Organic carbon isotope

composition; Volcanism

1. Introduction

The breakup of Pangaea and the rapid opening of the Ligurian and Central Atlantic oceans
during the Middle Jurassic resulted in widespread volcanism and was accompanied by significant
changes in global environments, climates, and floras (e.g., Jenkyns et al., 2002; Hesselbo et al., 2003;

Dera et al., 2011; Deng et al., 2017; Al-Mojel et al., 2018). Strata from this interval record globally



synchronous carbon isotope (5'*C) excursions that are associated with global warming and cooling
events (Dera et al., 2011; Al-Mojel et al., 2018). Globally widespread positive carbon isotope
excursions (PCIEs) are thought to be associated with **C-enriched organic matter (OM) sequestration
in marine and terrestrial settings (Salzman and Thomas, 2012). In contrast, negative carbon isotope
excursions (NCIEs) have origins in the injection of large amounts of isotopically light carbon into the
atmosphere-ocean system (e.g., Hesselbo et al., 2003; Al-Mojel et al., 2018). The source of this
isotopically light carbon is controversial. Terrestrial OM oxidation, methane hydrate release, and
large-scale volcanic activity are all considered potential sources of ~hu,>dant light carbon (e.g.,
Hesselbo et al., 2003; Pellenard et al., 2014; Al-Mojel et al., 27 1o,

The role of volcanism in the global carbon cycle and ~nv:vonmental change has been widely
recognized by previous studies, in which the direct input ot y3ses to the atmosphere, and indirect
contributions from magma intrusion into stored O™ .4 a large amount of CO, and other products to
the atmosphere (Svensen et al., 2009; Grasb, et 4l., 2019; Shen et al., 2019, 2020; Lu et al., 20203,
2020b, 20214a, 2021b; Zhang et al., 2022; L ou et al., 2022). Volcanism is an important source of
atmospheric Hg (Pyle and Mather, 207%), ~~.d it can be widely deposited in marine and terrestrial
sediments after atmospheric transport (Sanei et al., 2012; Grasby et al., 2019, 2020; Shen et al., 2019,
2020, 2022a). Consequently seaneatary Hg enrichment has become an important proxy for major
volcanism in the geologica: vecurd (Sanei et al., 2012; Grashy et al., 2019, 2020; Shen et al., 2019,
2022a; Lu et al., 2020a, 2020b, 20214a, 2021b; Zhang et al., 2022; Zhou et al., 2022). Thus, mercury
(Hg) geochemistry of sedimentary rocks can provide clues as to the source(s) of light carbon that
contributes to NCIEs (e.g., Shen et al., 2019; Lu et al., 2021a). Intriguingly, sedimentary mercury
anomalies are not reported in published studies for the Middle Jurassic, resulting in a lack of
consensus around drivers for contemporaneous environmental changes.

\olcanism is considered a major driver of changes in plant communities and diversity during

several key intervals during the Paleozoic and Mesozoic (e.g., Fielding et al., 2019; Mays et al., 2020;



Wignall and Atkinson, 2020; Lindstrom et al., 2021; Lu et al., 2021a; Galasso et al., 2022; Marchetti
etal., 2022; Zhang et al., 2022). Palynological material is widely distributed in sedimentary rocks
and palynomorphs are easier to obtain in abundance than larger plant fossils (e.g., Litwin and
Traverse, 1989; Wellman et al., 2003; Traverse, 2007; Wang et al., 2021). Based on the identification
of the parent plants of palynological taxa and their adapted environments, palynological fossils have
much potential for the reconstruction of paleo-vegetation and paleo-climatic features (e.g., Couper,
1958; Van Konijnenburg-Van Cittert, 1978; Du et al. 1982; Du, 1985; Balme, 1995; Wang et al.,
1998, 2005; Wellman et al., 2003; Traverse, 2007; Rostovtseva, 20°21; 2eng et al., 2017; Lu et al.,
2021a; Zhang et al., 2022). Numerous palynological studies of ai.erent regions, including the United
Kingdom (Couper, 1958), Russia (Rostovtseva, 2011), soi'th China (Huang et al., 2000; Deng et al.,
2017), north China (Du et al., 1982; Du, 1985; Na et al., 20,5 Deng et al., 2017), northwest China
(Liu, 1993; Huang, 1995; Wang et al., 1998, 2005 L »n5 et al., 2017; Guo et al., 2020), and northeast
China (Pu and Wu, 1982; Deng et al., 2017) ~av shown that vegetation and climate underwent
significant changes in the Jurassic. A relativ ~ly arid late Early Jurassic climate gave way to a warm
and humid climate in the early Middle Tu, ~<sic before arid conditions developed in the late Middle
Jurassic. An intensification of the y-eeniouse effect is considered an important driver of this climatic
change (Wang et al., 2005; Deng ~t al., 2017), but whether this was a function of volcanic activity is
unclear.

Here, we investigate a terrestrial succession from the Dameigou section in the Qaidam Basin of
the Qinghai-Tibet Plateau, China. We use a combination of palynology, organic carbon isotopes
(813Corg), total organic content (TOC), kerogen macerals, and sedimentary Hg concentrations to
evaluate the link between volcanism and contemporaneous changes in the terrestrial environment,

climate, and flora during the Middle Jurassic.

2. Geological setting



The Qaidam Basin is located in the northeastern part of the Qinghai-Tibet Plateau, with an
average elevation of about 3,000 m and an area of about 120,000 km? (Lu et al., 2018, 2020b, 2020c).
It is surrounded by the Kunlun Mountains to the south, the Altyn Mountains to the northwest, and the
Qilian Mountains to the north (Lu et al., 2007, 2014a, 2014b, 2020c). During the Middle Jurassic, the
Qaidam Basin was a site of major coal formation on the northern margin of the Tethys Ocean, with a
paleolatitude of ~30° N (Weli, 2000; Lu et al., 2018, 2020c; Fig.1a). The basement comprises
Proterozoic metamorphic rocks, Ordovician flysch, Carboniferous clastic rocks and limestone, and
volcanic rocks related to the Caledonian orogeny (Lu et al., 2007, 27142, 2014b, 2016, 2018, 2020c).
The main provenance area during the Middle Jurassic lay to tre nortn in the Qilian Mountains, with a
secondary provenance area in the Kunlun fold belt to the s~uw: (Yu et al., 2017; Figs. 1b, c).

The stratigraphic succession and inferred sedimentey e vironment, together with fossil plant
and palynological assemblages from the late Early Jua<sic to the early Late Jurassic of the Qaidam
Basin are shown in Figure 1d. The strata stu.ied in this paper comprise the Dameigou Formation (=
Dameigou 4™ and 5" Member) and the Shi."engou Formation (= Dameigou 6™ and 7" Member) (Fig.
1d; Yang et al., 2006; Lu et al., 2007, ?01.'+, 2016, 2018, 2020b; Liu et al., 2013; Shao et al., 2014;
Yu et al., 2017). The lower ~70 m ¢ f the Dameigou Formation is composed of gray-white
conglomerate, conglomeratic <and<’one, coarse sandstone, mudstone, and occasional thin coal seams,
that were deposited in a rlu.#ar sedimentary system. This part of the succession has been assigned an
Aalenian age based on the presence of the Coniopteris — Cladophlebis fossil plant and the
Inaperturopollenites — Classopollis fossil sporo-pollen assemblages (Zhang, 1998; Yang et al., 2006;
Guo et al., 2020; Fig. 1d). The upper ~100 m of the Dameigou Formation comprises gray-black
mudstone, carbonaceous mudstone and thick coal seams that were deposited in a swampy, deltaic
sedimentary system. This part of the succession has been assigned a Bajocian age based on the
presence of the Coniopteris Acme fossil plant and the Cyathidites — Leiotriletes — Cycadopites —

Disaccites fossil sporo-pollen assemblages (Zhang, 1998; Yang et al., 2006; Guo et al., 2020; Fig.



1d). Zircon U-Pb dates from sandstones at the bottom (174 Ma) and middle (170 Ma) of the
Dameigou Formation support these age assignments (Yang et al., 2017; Yu et al., 2017; Fig. 1d). The
lower ~60 m of the Shimenigou Formation is composed of grayish-white fine to medium-grained
sandstone and thin coal seams that were deposited in a deltaic sedimentary system. This strata has
been assigned a Bathonian age based on the presence of the Psophosphaera — Cycadopites fossil
sporo-pollen assemblage (Zhang, 1998; Yang et al., 2006; Guo et al., 2020; Fig. 1d). This is
supported by a zircon U-Pb date of 168 Ma from the bottom of Shimengou Formation (Yang et al.,
2017; Yu et al., 2017; Fig. 1d). The upper ~100 m of the Shimengr:* Fu-mation is composed of black
to gray-white thick shales that were deposited in a lacustrine s:an "entary system. These strata are a
prominent marker for regional correlation in the northern Qailam Basin (Liu et al., 2013 and
references therein). This part of the succession has been ~ssigned a Callovian age based on the
presence of the Disaccites — Classopollis fossil spore nollen assemblage (Liu et al., 2013 and

references therein).

3. Materials and Methods

We collected 64 fresh mudsi.~ne ~amples and 12 coal samples from the Dameigou and
Shimengou formations and t'ie wnper part of the underlying Yinmagou Formation and the lower part
of the overlying Caishiling F« rmation from the Dameigou section in the Qaidam Basin (sample
levels are shown in Figures 2 and 3). Each mudstone sample was first divided into two parts of which
one was crushed into particles ca. 1 mm in diameter for analysis of (1) kerogen enrichment and (2)
palynological isolation. The remaining part of the sample was crushed to pass through a 200 pum
mesh and then divided into six subparts for analysis of (1) 813corg, (2) TOC, (3) total sulfur (TS), (4)
major elements, (5) Hg concentration, and (6) pyrolysis.

613C0,g, TS, and major elements were measured at the Beijing Research Institute of Uranium

Geology, Hg concentrations were measured at the State Key Laboratory of Coal Resources and Safe



Mining (Beijing), and TOC was measured at the Research Institute of Petroleum Exploration and
Development Research (RIPED, Beijing). 813Corg analysis was performed using a stable isotope mass
spectrometer (MAT253), and 613C0rg values are expressed in per mil (%o) with respect to the Vienna
Pee Dee Belemnite (VPDB) standard, with an absolute analysis error of £ 0.1%o. TS analysis was
performed using a carbon-sulfur analyzer (Eltra CS580-A) with a lower detection limit of 30 ppm,
yielding an analytical accuracy within 5% of the reported values. Major elements analysis was
undertaken with an X-ray fluorescence spectrometer (PW2404). The spectrometer was calibrated
before use with standards of CRMs (GBWO07427), and analytic pre2isicn was within 5%. Hg
concentration was undertaken using a mercury analyzer (Lumr.x i~ A-915+) with lower detection
limits of 2 ng/g (2 ppb). The Hg analyzer was calibrated bafo, > use with standards of China National
Certified Reference Material soil (CRMs; GBW07427) v it ~ Hg concentration of 52 + 6 ppb, and
analytic precision was within 5%. TOC analysis w as =’ formed using an elemental analyzer (Vario
MICRO Cube). To quantify the analytical re.ulte of TOC, a certified reference material (L-alanine)
was used during the analysis, yielding an a:..~lytical accuracy of 1.5% of the reported values. The
analytic precision or error of all samp'~s i: ased on reproducibility and repeats of the standard
sample and standard samples were “un after every five sample analyses.

Ten mudstone samples were ~={ected for pyrolysis measurements at RIPED using an Oil and
Gas Evaluation workstation, ‘OeG-11) according to China National Standard (GB/T18602-2012).
Kerogen enrichment and identification was performed on 45 of the 76 mudstone samples according
to China national standard (SY/T5125-2014) at RIPED, with no less than 300 effective points per
sample analyzed. Palynological isolation and identifications were undertaken for 20 of the 76
mudstone samples. Samples for palynology were subjected to acid digestion in 30% hydrochloric
acid (HCI) and 38% hydrofluoric acid (HF). Heavy mineral separation was used to concentrate the
sporomorphs and separate them from other components of the residue. For each spore-pollen sample,

more than 100 sporomorphs were identified by the point-counting method under transmitted light



microscopy (Olympus BX 41). All palynological slides are housed at the State Key Laboratory of
Coal Resources and Safe Mining (Beijing). Percentages of spore and pollen taxa were calculated
based on the sum of total sporomorphs. Palynological assemblages were identified by
stratigraphically constrained cluster analysis (CONISS) using the Tilia software.

Sedimentary Hg concentration has been used to infer pulses of volcanic activity (e.g. Sanei et al.,
2012; Grasby et al., 2019; Shen et al., 2019, 2020; Lu et al., 2020a, 2020b, 20214, 2021b; Zhang et
al., 2022). Variations in spore-pollen composition through the studied strata has been used to
reconstruct paleoclimatic conditions based on the climatic prefererces of the parent plants (Lu et al.,
2021a; Wang et al., 2021; Zhang et al., 2022, 2023). Principal co.ponents Analysis (PCA) by
CANOCO software was performed to transform the relatir'= a>tindances of spore-pollen into climatic
parameters including temperature and humidity (Zhang e: ai., 2022). Spore and pollen data were
ordinated using non-metric multidimensional scal’ng ‘'/IDS) ordination analysis with the Bray—
Curtis similarity matrix (at two dimensions; “an-ucted using the PAST v3.11 software). This
ordination method detects patterns of co-outirrence among taxa as well as ecological gradients (e.g.,
Mays et al., 2021). Kerogen macerals ~re '<ed to identify sources of OM (Lu et al., 2021a; Xu et al.,

2022; Zhang et al., 2022).

4. Results and analysis
4.1 Paleofloral reconstructior and paleoclimatology based on palynological assemblages
Twenty-seven spore, 26 pollen, and five algae genera have been identified in the studied
material (Figs. 2, 3, 4; Table S1) and these are typical of late Early Jurassic and early Late Jurassic
palynological assemblages (see Section 5.1). They are assigned to six palynological assemblage
zones (AZ) based on the palynomorph abundance variations and CONISS: Classopollis — Piceites —
Concentrisporites assemblage zone (AZ-I; #QD 1 —#QD 2), Cyathidites — Quadraeculina —
Deltoidospora assemblage zone (AZ-II, #QD 3 — #QD 6), Cyathidites — Osmundacidites —

Deltoidospora assemblage zone (AZ-I1I, #QD 7 — #QD 10), Cyathidites — Quadraeculina —



Deltoidospora assemblage zone (AZ-IV, #QD 11 — #QD 13), Concentrisporites — Classopollis —
Piceites assemblage zone (AZ-V, #QD 14 — #QD 18), and Classopollis — Piceites — Paleoconiferus
assemblage zone (AZ-VI, #QD 19 — #QD 20) (Fig. 2). The composition of AZ-1 is dominated by
gymnosperm pollen (mean (x) = 89.3%, including Classopollis, Piceites, and Concentrisporites),
followed by fern spores (X = 10.7%, including Cyathidites, Matonisporites, and Osmundacidites),
and a few algae (X = 4.50%) (Figs. 2, 3). The compositions of AZ-1l and AZ-111 are broadly similar:
fern spores dominate (X = 68.7 and 62.5%) and include Cyathidites, Deltoidospora, and
Osmundacidites, followed by gymnosperm pollen (X = 31.3 and 37.5%;, including Quadraeculina,
Piceites, and Cerebropollenites, while algae appear sporadical’y (."1gs. 2, 3). The compositions of
AZ-1V, AZ-V, and AZ-V1 are noticeably different, althoug» ¢y mnosperm pollen (X =51.7, 88.9, and
90.1%, respectively, including Classopollis, Piceites, anr’ Cccentrisporites) dominate followed by
fern spores (X = 48.3, 11.1, and 9.90% respectivel', ».*~'uding Cyathidites and Osmundacidites), but
in AZ-1V fern spores had a higher content (X = 23.3%) and in AZ-V algae increased (X = 14.4%)
(Figs. 2, 3).

The parent plants of the palynolezic ! “axa have been evaluated to reconstruct the floral
successions of the Qaidam Basin (; ig. »; Table S2). Diverse plant groups are recognized in the study
area from the late Early Jurassic (~ zarly Late Jurassic including conifers (X = 47.0%), “filicalean”
ferns (x = 37.3%), Cycaaop. vtes (X = 12.7%), horsetails (X = 1.00%), pteridosperms (seed ferns; X =
0.500%), and lycopsids (X = 0.100%) (Fig. 3; Table S1, S2). These taxa mainly grow in temperate to
subtropical, warm and humid climates (Wang, 2005; Zhao et al., 2019; Lu et al., 2021a; Zhang et al.,
2022). In AZ-1, AZ-V, and AZ-V1, conifers are dominant (X = 75.5, 61.6, and 77.5%, respectively,
including Taxodiaceae, Cheirolepidiaceae, Pinaceae, and Podocarpaceae), followed by cycads (x =
13.5, 24.9, and 12.0%, respectively) and ferns (x = 10.3, 10.7, and 9.00%, respectively), while
lycopsids, horsetails, and pteridosperms appear sporadically (Fig. 3; Table S1). In AZ-11 to AZ-1V,

ferns are dominant (X = 72.5, 60.0, and 46.5%, respectively, including Dipteridaceae/Matoniaceae,



Dipteridaceae, Osmundaceae, Pteridaceae, Marattiaceae, Lygodiaceae, Dicksoniaceae, and
Dicksoniaceae/Cyatheaceae), followed by conifers (X = 21.5, 27.6, and 39.8%, respectively) and
cycads (X = 4.50, 7.90, and 7.50%, respectively) (Fig. 3; Table S1). Horsetails are less abundant,
while lycopsids and pteridosperms appear sporadically (Fig. 3; Table S1).

Results of PCA analysis based on the relative abundance of spore-pollen genera are shown in
Figures 3, 5, and 6. Two main ordination axes representing the largest variance in palynological
composition are used to explain the two most dominant environmental gradients that control the
dataset (e.g., Li et al., 2020; Zhang et al., 2022). In this study, axis  an axis 2 separately account for
78.4 and 7.21% of the sporomorph spectra difference (Fig. 5a°. U.> the positive side of axis 1, the
xerophytic Classopollis and Piceites pollen have high scor~s \> g., Jin et al., 2022; Zhang et al.,
2022), and the hygro-mesophytic Cyathidites spores and atri.or hygrophytic spores show high scores
on the negative side of axis 1 (e.g., Li etal., 2020; z, ~rg et al., 2022; Figs. 5a, 6). Relatively cool,
temperate conifer pollen including Quadrae.'ili,, Paleoconiferus, and undifferentiated conifers have
high scores on the positive side of axis 2, a1 the relatively warm-preference fern spores Cyathidites
and conifer pollen Classopollis have hiah ~~ores on the negative side of axis 2 (e.g., Li et al., 2020;
Zhang et al., 2022). Thus, the first . nd u1e second axes are interpreted to reflect the changes in
relative humidity and temperatine espectively (Figs. 3, 5). The PCA results indicate relatively warm
and dry climatic conditions prevailed during AZ-1, AZ-V, and AZ-V1, and relatively cool and humid
climatic conditions prevailed during AZ-I1, AZ-111, and AZ-1V (Fig. 3). There were three episodes of
temperature increase (during which the proportions of warm-loving plants increased) with
approximate temporal coincidence with the NCIEs and excess loading of Hg to the sediment (seen in
the Hg/Al data; see Fig. 3, Section 4.2 and 4.4).

According to the climatic affinity of the palynological fossils, identified spores and pollens were
classified into hygrophytes and xerophytes. The hygrophytic/xerophytic (H/X) ratio is a first-order

approximation of a humidity signal, unless any of the exceptions mentioned occur in high abundance



(Mueller et al., 2016a, 2016b). We follow previous studies in which all spores are classified as
hygrophytes together with the Alisporites, Aulisporites, and Cycadopites groups, and all remaining
pollen are classified as xerophytic (Mueller et al., 2016a, 2016b). The H/X ratios are shown in Table
S1. H/X varies from 0.070 to 7.82 (x = 1.21) and increased in AZ-11 and AZ-111 (Fig. 3).

Results of nMDS analysis based on the relative abundance of spore-pollen genera are shown in
Figure 5b. In this study, as shown in the discrete areas in ordination space of the nMDS plot (Fig. 5b),
the distribution of palynological fossils is consistent with relatively warm and arid climatic
conditions in AZ-1, AZ-V, and AZ-V1, and relatively cool and hum:~ ci.matic conditions in AZ-I1 to
AZ-1V (inferred from the palynological abundance change anr. FC A analysis). Furthermore,
palynological fossils record two obvious floral changes or the "MDS plot. The first occurred at the
Toarcian-Aalenian boundary (= the Early Jurassic-Middl: Ju-assic boundary; AZ-1 to AZ-11), and the
second occurred at the Bathonian-Callovian bounciai  */iddle Jurassic; AZ-1V to AZ-V). These
samples plot a distance from those of the Ea. ‘v ’arassic Aalenian and Bajocian stages (Fig. 5b),
indicating a significantly different plant taxcnomic composition at those times.

4.2 Total organic carbon (TOC) ar.? 5*‘Corg chemostratigraphy

Results for TOC and §"3C - ~r2 shown in Figure 2 and Table S3. TOC values vary from 0.310 to
5.00 wt.% (X = 2.84 wt.%), *nui three relatively low-value intervals and two relatively high-value
intervals (Fig. 3). Relatively low TOC values were found in samples 1 to 5 (X = 0.370 wt.%),
samples 44 to 58 (X = 0.870 wt.%), and samples 73 to 76 (X = 0.360 wt.%). Relatively high TOC
values were found in samples 6 to 43 (X = 3.61 wt.%) and 59 to 72 (x = 4.40 wt.%). From samples
through the complete succession, the peak temperature of rock pyrolysis (Tmax) values vary from
429 to 442°C (X = 438°C) (Table S4) and indicate that kerogen maturity varies from low-maturity to

mature as defined by the China National Standard (SY/T 5477-2003) (Table S5).



8"%Corg values vary from -26.1%o to -21.0%o (X = -23.3%o), showing five lighter plateaus and
four heavier plateaus (Fig. 3). Relatively low 813Corg values were found in samples 1 to 5 (X =
-25.2%0), samples 14 to 16 (X = -25.0%0, NCIE-I), samples 41 to 43 (X = -24.5%o, NCIE-II), samples
59 to 68 (X = -25.5%0, NCIE-111), and samples 73 to 76 (X = -25.7%o). Relatively high 8"*Cqr values
were found in samples 6 to 13 (X = -22.3%o), sSamples 17 to 40 (X =-22.2%o), samples 44 to 58 (x =

-22.3%0), and samples 69 to 72 (X = -23.3%o) (Fig. 3).

4.3 Kerogen macerals and a potential source of organic matter

Results for kerogen macerals are shown in Figure 3 and Tan.> S4. Kerogen macerals mainly
comprise vitrinite (X = 61.5%), sapropelinite (X = 20.3%). ~nu fusinite (X = 13.5%), followed by
exinite (X = 4.70%) (Fig. 3; Table S4). Vitrinite content varic~ from 5.6 to 89.4% (x = 61.5%) and
comprises non-fluorescent telinite and collinite (F'g. ¥ Sapropelinite content varies from 0.0 to
87.8% (x =20.3%) (Fig. 3). Fusinite content \var.es from 1.6 to 26.4% (X = 13.5%) (Fig. 3). Exinite
content varies from 0.0 to 15.9% (X = 4.70+) and mainly comprises sporopollenite, cutinite, and
subertinite (Fig. 3). Previous studies s~aw ~ that the vitrinite, inertinite, and exinite maceral groups
are derived principally from terres. ial higher plants, whereas the sapropelinite group is derived from
lacustrine plankton, predominany:s ilgae (e.g., Lu et al., 2021a; Xu et al., 2022; Zhang et al., 2022).
In this study, vitrinite, ineru~ite and chitinite were dominant in samples 3 to 58 and 74 to 76 (Fig. 3),
indicating that terrestrial higher plants were the main source of OM. Samples 59 to 73 showed a
significant increase in sapropelinite content (Fig. 3), indicating a shift from a terrestrial OM source to
a mixed source of terrestrial plants and lacustrine algae. This shift occurred at a time during which
the sedimentary environment changed from deltaic to semi-deep/deep lake (Fig. 1d) and sees an

increase in algal content (Fig. 3) and a decrease in C/N ratios (Li et al., 2020).

4.4 Mercury anomalies as a proxy for volcanism



Sedimentary Hg concentrations are shown in Figure 3 and Table S3. These data reveal
considerable variation, ranging from 5.14 to 475 ppb (X = 76.2 ppb) and have a distribution that is
broadly anticorrelated to 813Corg values (Fig. 3). Application of the Hg volcanism proxy requires an
understanding of its sedimentary host phases. Most studies have assumed organic matter to be the
dominant host of Hg, normalizing mercury to total organic carbon (Hg/TOC) in order to identify Hg
enrichments that are not a function of elevated organic carbon content in ancient sediments
(Ravichandram, 2004; Shen et al., 2019 and references therein). However, Hg can be also associated
with the sulfide (Bower et al., 2008) or clay fractions of the sedim~=t (;"arrah and Pickering, 1978).
The exact controls on Hg-host phase associations are not well unu=rstood, but uptake of Hg by
sulfides appears to be associated with intensely reducing c~nuitions, which leads to high stability
constants for inorganic Hg-S complexes (Bower et al., 235, Clay minerals are also capable of
adsorbing Hg, leading to significant Hg enrichmer ts » <ediments (Farrah and Pickering, 1978). In
this study, the Hg concentrations show stron er .ovariation with Al (r = +0.470, number of samples
[n] = 76) than with TOC (r = +0.190) or T> ‘r = +0.070) (Fig. 8), suggesting clay minerals may be an
important host of Hg. As a result, we ~mg'~y Hg/Al values as a proxy for volcanism (Fig. 3, see also
Hg/TOC values plotted on this figu-e). rg/Al varies from 0.320 to 23.2 ppb/% (X = 4.08 pph/%) with
distribution broadly similar to the *~.w Hg concentrations (Fig. 3). There are four Hg/Al peaks with
values of 19.2 ppb/% (fron, *~vrich we infer pulses of volcanic activity = VA-I), 23.2 ppb/% (VA-I11),
14.1 ppb/% (VA-I111) and 13.3 ppb/% (VA-1V; Fig. 3) and these approximately correspond to the level

of the NCIEs (Fig. 3).

5. Discussion
5.1 Stratigraphic correlation
There are still some discrepancies in the age attribution of the Caishiling Formation in published

stratigraphic schemes for the Qaidam Basin. Some have assigned the formation to the Middle



Jurassic Callovian stage (Zhang, 1998; Wang et al., 2005), while others have assigned it to the Late
Jurassic Oxfordian stage (Lu et al., 2007, 2014b, 2018; Yan et al., 2007; Liu et al., 2013; Shao et al.,
2014; Deng et al., 2017). In this study, the latter stratigraphic scheme is adopted (see Section 2)
because this assignment is consistent with our bio- and chemostratigraphic framework (see below).

The composition of palynological fossil assemblages is an effective biostratigraphic tool (e.g.,
Wang et al., 2005; Yang et al., 2006; Guo et al., 2020; Lu et al., 2021a; Zhang et al., 2022, 2023). In
this study, there are no rib-bisaccate palynological fossils (e.g., Taeninaesporites, Protohaploxypinus,
and Chordasporites), all forms that had been widespread in the Triz=si, rare in the Early Jurassic,
and had disappeared by the Middle Jurassic (Liu, 1990; Huane, a2 Li, 2007; Zhao et al., 2019).
Similar assemblages to those seen in this study are known fro, the Yanan Formation in the
Shaanxi-Gansu-Ningxia Basin (Xu and Zhang, 1980), th= L.otong Formation in Shanxi Province (Liu,
1986b), and the Shaogou Formation in the Baotou ai.= /Liu, 1982) from North China, the Xiangxi
Formation in Hubei Province (Li and Shang, 19£0) and the Fengxian Formation (Wang and Tong,
1982) and the Xiangshan Formation (Huang 2000) in Jiangsu Province from South China, the
Xishanyao Formation in the Shanwan ~rec <nd Wenguan coalfield from northwest China (Liu, 1990;
Liu and Sun, 1992), the United Ki.:1dorn (Couper, 1958), Canada (Pocock, 1970), Russia
(Vakhrameev, 1991; Rostovtseva, 2)11), and Antarctica (Shang, 1997). Meanwhile, palynological
fossils of Trilobosporites, L ~awricosporites, and Schizaeoisporites, which flourished in the Early
Cretaceous and are known in small numbers or individually in the Late Jurassic of China, are absent
from our studied strata. Similar records are seen in the Anding Formation in the
Shaanxi-Gansu-Ningxia Basin (Xu and Zhang, 1980) and the Houcheng Formation in Hebei
Province (Zhang, 1989) from North China and the Penglaizhen Formation from South China (Zhang,
1987).

Comparative analysis of characteristic palynomorphs from the study area and other sections

around the world provides further constraint on their stratigraphic assignment. The palynological



fossils from AZ-11 to AZ-111 in the study area can be compared with the Middle Jurassic
palynological assemblages of the Xishanyao (Sun, 1989) and Miyaogou (Huang, 1995) formations in
the Turpan-Hami Basin and the Xishanyao Formation in southern Jungeer Basin (Zhang, 1990) and
the Qitaibeishan coalfield (Liu, 1993) from northwest China, the Yan’an Formation in the
Shaanxi-Gansu-Ningxia Basin (Du et al., 1982), the Yan’an (Du et al., 1982) and Longfengshan (Du,
1985) formations in Gansu Province, the Datong Formation in North China (Liu, 1986b), and the
Beipiao Formation in the west of Liaoning Province in northeast China (Pu and Wu, 1982). These
records are dominated by Cyathidites (Cyathidites minor), Deltoid2~nu-a, Osmundacidites, and
Quadraeculina, and contained more Cycadopites, Eucommiid’.es, Podocarpidites, Piceites, and
Pinuspollenites. A key difference is the lower abundance of Collialasporites and Lycopodiumsporites
in AZ-11 and AZ-111 in this study. Similar records were ot se: *ed in the early Middle Jurassic
palynological assemblages in Siberia (Russia) (c.f v.»ry et al., 1998) and Yorkshire (United
Kingdom) (Couper, 1958) where they are ch.rac.erized by the high content of Cyathidites minor.
This element first appeared in the Late Triao<ic, began to develop in the Early Jurassic, and reached
its peak in the Middle Jurassic and its hig.» ~ontent is also considered characteristic for palynological
assemblages of Middle Jurassic ag. (Wang et al., 1998; Zhao et al., 2019).

Between AZ-1V and AZ-\/. \~= abundance of Cyathidites minor and other fern spores decreases,
gymnosperm pollen begins ‘2 uominate, and the abundance of Classopollis pollen begins to increase
before peaking in AZ-V (Fig. 2). These two palynological assemblage zones approximately correlate
(stratigraphically) to the Toutunhe Formation in the Junggar Basin (Zhang, 1990) and the Meiyaogou
Formation in the Turpan-Hami Basin (Huang, 1995) in northwest China, the Zhiluo and Anding
formations in Shaanxi Province (Xu and Zhang, 1980) and the Wangjiashan Formation in Gansu
Province (Du, 1985) in North China, and the Langi and Guojiadian formations in the west of
Liaoning Province in northeast China (Pu and Wu, 1982). These areas record similar palynological

assemblages (dominated by gymnosperm pollen followed by fern spores) and see a similar increase



in the abundance of Classopollis pollen. In Eurasia, the abundance of Classopollis pollen decreased
significantly in the early Middle Jurassic, then increased and peaked in the late Middle Jurassic
(Vakhrameyev, 1982; Rostovtseva, 2011). In summary, we consider that the palynological fossils of
the Dameigou and Shimengou formations in the study area to be consistent with a Middle Jurassic
age assignment.

Chemostratigraphy, and in particular the carbon isotope record, can further constrain the
stratigraphy in our study area. Numerous major events in Earth’s history (e.g., Late Paleozoic glacial
events, the Permian-Triassic mass extinction, the Carnian Pluvial 7 +an: the Triassic-Jurassic mass
extinction, and the Toarcian Oceanic Anoxic Event) are accon pai.‘ed by global carbon cycle
fluctuations preserved in the record of organic and inorgari~ v2rbon isotopes, and these provide a
basis for comparing strata deposited in a diverse range of deynsitional environments (e.g., Dal Corso
et al., 2018; Jin et al., 2020, 2022; Lu et al., 2020e, *?Cp, 20214, 2021b; Zhang et al., 2022).
However, terrestrial 613Corg is a complicated “vstem that is readily affected by diagenesis, OM
sources and plant types (e.g., Schouten et a.. 2007; Oehlert, 2014). The influence of these factors
must be accounted for when using 8" ~<cords for stratigraphic correlation.

In our study, pyrolysis data ir.'icates that diagenetic processes are unlikely to be responsible for
the observed shifts in the 8*3C si,~~.ture of the OM because such changes occur in late diagenetic to
metamorphic burial stages «at our material has not been subjected to (Dal Corso et al., 2018). The
813Corg disturbances in the studied strata are also unlikely to have occurred through proportionate
changes in terrestrial and algal organic carbon sources, which can be isotopically distinct from one
another (Cloern et al., 2002). Variations in kerogen macerals reveal a change in OM sources from
terrestrial plants sources in the Dameigou Formation to the mixed terrestrial plants and lacustrine
plankton sources (from samples 59 to 73) in the Shimengou Formation (Fig. 3). Similar trends in OM
sources were further supported by changes in the C/N ratios in the study area (Li et al., 2020).

Importantly, no apparent relationship exists between OM sources (including kerogen macerals and



C/N ratios) and 8"°C values during the Middle Jurassic. Furthermore, the 8"*Corq is largely limited by
the pathway of plant photosynthesis and varies with plant types (e.g., Guo et al., 2020; Zhang et al.,
2022). Although the occurrence of plant type changes in the upper part of the Shimengou Formation
may have been a factor in NCIE-I1I (Figs. 2, 3), this seems unlikely to be responsible for the
variation in the 8'°Cyq Of the studied strata, because similar trends in carbon isotopes have been
documented in carbonates and bulk marine and terrestrial OM (Fig. 9).

A compilation of Middle Jurassic global 8*3C data reveals distinctive patterns in both marine
and continental records, in which four PCIEs during the Aalenian. the vrly Bajocian, at the
Bathonian-Callovian boundary, and at the Callovian-Oxfordia’« be'indary interspersed with three
NCIEs at the Aalenian-Bajocian boundary, at the Bajociar Bathonian boundary, and in the middle
Oxfordian (e.g., Bartolini et al., 1999; Bartolini and Cecra, .799; Jenkyns et al., 2002; Hesselbo et
al., 2003; O’Dogherty et al., 2006; Schlaich and A:gi.>r 2017; Fig. 9). Our study also recognizes
these 5"°Cory patterns (Figs. 3, 9, see also Se. tior. 5.2) facilitating comparison with other Middle
Jurassic sections around the world (Fig. 9). Therefore, we consider that the 613Corg record in the
studied strata represent global carbon ~vc.» (luctuations during the Middle Jurassic.

In summary, we consider that “he swratigraphic scheme adopted in this study is reliable, and that
the Dameigou Formation is of M.~ le Jurassic Aalenian-Bajocian age and the Shimengou Formation
is of Middle Jurassic Bajoc.~n-Callovian age. The overlying Caishiling Formation dates to the Late

Jurassic Oxfordian Stage.

5.2 Middle Jurassic terrestrial environmental and floral changes

The Middle Jurassic was a time of significant changes in global environments and climates,
characterized by global carbon isotope fluctuations and changes in terrestrial plant assemblages
(Jenkyns et al., 2002; Hesselbo et al., 2003; Dera et al., 2011; Rostovtseva, 2011; Deng et al., 2017,

Al-Mojel et al., 2018). The Middle Jurassic plant communities and paleoclimates detailed in this



study also underwent significant changes. Arid-loving conifer communities of the late Early Jurassic
Toarcian stage were replaced by humid-loving ferns during the Middle Jurassic Aalenian-Bajocian
stages, before conifers returned during the Middle Jurassic Bathonian to the early Late Jurassic
Oxfordian (Figs. 2, 3). Results of PCA, H/X ratios, and nMDS analysis provide further evidence of
floral and paleoclimatic changes in the study area (Figs. 2, 3, 5; see Section 4.1). Similar floral and
climatic changes have been observed in other regions such as northwest China (Sun, 1989; Zhang,
1990; Huang, 1995; Wang et al., 1998, 2005; Deng et al., 2017; Zhao et al., 2019), North China (Xu
and Zhang, 1980; Du et al., 1982; Du, 1985; Liu, 1986a; Na et al.. 201_; Deng et al., 2017), northeast
China (Pu and Wu, 1982; Deng et al., 2017), South China (Meag, 1999; Huang, 2000; Deng et al.,
2017), United Kingdom (Couper, 1958), and Russia (Rost~1s2va, 2011).

Results of the PCA analysis show that three warmirj e.=nts in the studied area occurred in the
Middle Jurassic and correspond to the NCIEs (Fics. £ F, 6). The warming trend is supported by
changes in global oxygen isotope data (Derz =t .., 2011; Fig. 9). In this study, the warming events
associated with NCIE-I and NCIE-II were «.~companied by relatively humid conditions (Fig. 3, 9).
This is inferred from the combined re='lt. ~¢ the dominant fern spores, PCA, H/X ratio, and nMDS
analysis (Figs. 2, 3, 5, 6). In contret. the warming associated with NCIE-111 was accompanied by
relatively arid conditions (Fio 3, ?). This is inferred from the combined results of the rapidly
increasing Classopollis coniany, PCA, H/X ratio, and nMDS analysis (Figs. 2, 3, 5, 6). Drought-like
conditions expanded significantly not only across South and North China (Deng et al., 2017 and
references therein) but also across Central Asia, Siberia, and Europe (Vakhrameev, 1991; Dera et al.,
2011; Rostovtseva, 2011), as had been the case in the Early Jurassic Toarcian Stage (Deng et al.,

2017; Jin et al., 2020, 2022; Lu et al., 2020b).

5.3 Volcanism as a driver of Middle Jurassic change



In recent years, volcanic activity has been identified as one of the main drivers of global
environmental, climatic, and floral changes (e.g., Pyle and Mather, 2003; Grasby and Beauchamp,
2009; Grasby et al., 2011, 2015, 2016, 2020; Sanei et al., 2012; Shen et al., 2019, 2020, 2022a; Them
etal., 2019; Lu et al., 2020a, 2020b, 2021a; Zhang et al., 2022, 2023; Zhou et al., 2022). We
identified four Hg (and Hg/Al) anomalies that are significantly higher than background levels seen in
surrounding strata (Fig. 3). In terrestrial lake settings, Hg can be sourced from the atmosphere (i.e.,
that linked to major volcanism) as well as from hydrological runoff (Shen et al., 2019, 2020; Lu et al.,
2021a; Zhang et al., 2022). Clay minerals are the main host of Hg i ou- study materials but samples
with elevated Al concentrations in the strata pre- and post-NC'cs ~re not also enriched in Hg (Fig. 3),
suggesting that where terrestrial clay minerals are enriched ir Hg this was due to input from
contemporaneous large-scale volcanism.

The temporal coincidence of 813Corg shifts and 2 {and Hg/Al) anomalies in the study area also
suggests that Hg was sourced from volcanis: » (Fig. 3). The record of 813Corg is considered to be an
effective indicator of atmospheric CO; cha:.2e in Earth’s history (e.g., Wu et al., 2021; Xu et al.,
2022). Volcanic eruptions and intrusie=s ¢~ release large amounts of CO, and Hg, leading to an
increase in Hg concentration and aimospheric pCO, and fall in the contemporaneous atmospheric
8*3C value (Shen et al., 2019, 20.°=, Vervoort et al., 2019). In this study, NCIE-1, NCIE-II, and
NCIEs correspond to periou~ 01 volcanic activity VA-1, VAI-11, VA-111, and VA-1V, respectively (Fig.
3). This near-synchronous relationship of NCIEs and sedimentary Hg anomalies implies a common
source in the baking of organic-rich sediments by intrusive magma, which may have occurred during
the initial stages of volcanic intrusion into the organic-rich sink (e.g., Svensen et al., 2004, 2009;
Shen et al., 2019, 2022b). This drives a negative 53C excursion throughout the exogenic carbon
reservoir, including the atmosphere-ocean system, which is then recorded in terrestrial OM (e.qg.,
Shen et al., 2019, 2020). In summary, we consider that sedimentary Hg (and Hg/Al) anomalies in this

study are a reliable proxy for volcanic activity.



During the Middle Jurassic, global volcanism was associated with the breakup of Pangaea and
the rapid spread of the Ligurian and Central Atlantic Oceans (e.g., Dera et al., 2011), with volcanic
activity in Patagonia 2 (~172-162Ma; with a marked peak at 170-168Ma), North Sea 2
(Bajocian-Oxfordian stages), and northeast Asia (Bathonian-Oxfordian stages; beginning at ~168Ma
with the main eruption phase at 165 + 2Ma) (e.g., Pankhurst et al., 2000; Wu et al., 2000, 2001; Dera
et al., 2011 and references therein; Huang, 2019). However, it is difficult to distinguish an individual
source of the Hg in our study area because of the overlapping eruption ages of these geographically
widespread volcanic events (Fig. 9).

Based on the widespread volcanism of the time, and the t:m9ral relationship between Hg (and
Hg/Al) anomalies, NCIEs, climatic warming, and floral ch=ny~ recorded in this study (Figs. 3, 9), we
invoke a scenario in which volcanism was a key driver o ci.onge in the Qaidam Basin during the
Middle Jurassic. Notably, our results reveal significa. t cifferences in the humidity associated with
the three volcanically-induced warming eve: ts. ~, he first two warming events were accompanied by
humid conditions and the occurrence of co.' accumulation, but the third warming event was
accompanied by dry conditions and th~ w>=«ening or stagnation of coal accumulation (Figs. 3, 9).
This drying event resulted in a dec. ase in plant diversity and a significant loss of ferns spores in the
study area, and a rapid increase 1. t'ie proportions of Classopollis pollen (Fig. 2; Table S1), as seen in
other continental strata froi.. the late Middle Jurassic (Vakhrameev, 1991; Deng et al., 2017). This is
because, unlike other plants that produce fern spores and gymnosperm pollen, Cheirolepidiaceae
(Classopollis) plants are better adapted to turbulent environments and climates (Vakhrameev, 1991;
Jinetal., 2022; Zhang et al., 2022).

The intensification of the greenhouse effect and of the potential monsoon circulation in East
Asia, as well as the true polar wander, have been proposed as the cause(s) of the dry climates of the
late Middle Jurassic (Wang et al., 2005; Yi et al., 2019). The intensification of greenhouse effects and

the true polar wander affects global atmospheric circulation and can drive significant changes in the



global climate (e.g., Wang et al., 2005; Ma et al., 2018; Yi et al., 2019; Ruhl et al., 2020). Previous
studies on the paleomagnetic and geochronological of Jurassic volcanic rocks in North China have
shown that the true polar wander led to dry climatic events during the late Middle Jurassic (Yi et al.,
2019). Similarly, previous studies of sedimentology, geochemistry, and paleobotany in China have
suggested that a rapid increase in the greenhouse effect resulted in a relatively arid climate in the late
Middle Jurassic (Wang et al., 2005; Deng et al., 2017), but the cause of this increase in the
greenhouse effect has remained a mystery. Based on our data, we suggest that major volcanism was
responsible for a rapid increase in global temperatures and the inte=<ini>ation of the greenhouse
effect in the Middle Jurassic. It is likely that the different contribu*ing factors acted in tandem to

drive the late Middle Jurassic aridification of the study are~

6. Conclusions

(1) Middle Jurassic 813Cmg values in the c.udy area fluctuated significantly and vary from
-26.1%o to -21.0%o0 (X = -23.3%o0) and reveal /e relatively low-value intervals (heavier plateaus) and
four relatively high-value intervals (I'gi.*er plateaus). Relatively low values were found in the late
Toarcian stage, the Aalenian-Bajnci. boundary, the Bajocian-Bathonian boundary, the middle
Callovian stage, and the earl, Cxaurdian stage while relatively high values were found in the
Aalenian stage, the early Baj.cian stage, at the Bathonian-Callovian boundary, and at the
Callovian-Oxfordian boundary. Three prominent negative carbon isotope excursions (NCIES) are
identified.

(2) Twenty-seven spore, twenty-six pollen, and five algae genera have been identified and are
assigned to six palynological assemblage zones based on the palynomorph abundance variations and
CONISS. Biostratigraphy (palynological fossils) and chemostratigraphy (813C0rg patterns) constrain
the strata to the late Early Jurassic Toarcian to early Late Jurassic Oxfordian interval. Based on our

palynological study, PCA, H/X ratios, and nMDS, the terrestrial vegetation and climate experienced



a change from conifer to fern and back to conifer dominance associated with climatic
(arid-humid-arid) changes between the late Early Jurassic and early Late Jurassic.

(3) Volcanism appears to be a key driver of environmental, climatic, and floral changes in the
study area. Thus, three NCIEs associated with warming episodes (inferred from palynological fossil
and PCA results) have temporal coincidence with Hg (and Hg/Al) loading to the system, suggesting

that these phenomena have volcanic origins.
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Figure captions

Figure 1. Location and geological context for the study area. a, Paleogeographic reconstruction for
the Middle Jurassic showing the location of the Qaidam Basin (modified from the ~170 Ma map of
the webpage https://deeptimemaps.com/global-paleogeography-and-tectonics-in-deep-time); b,
Tectonic setting for the Qaidam Basin and adjacent sedimentary basins (revised after Lu et al., 2016,
2018, 2020c); c, Enlargement from part e showing a sketch map with the location of the Dameigou
Coalfield (revised after Lu et al., 2016, 2018, 2020c); d, Stratigraphic framework of the late Early
Jurassic to early Late Jurassic strata from the Qaidam Basin (r<v. eu after Zhang, 1998; Lu et al.,
2007, 2016, 2018, 2020c; Liu et al., 2013; Shao et al., 2014; Guo et al., 2020). Detrital Zircon U-Pb
dating in Ma (million years) is from Yu et al. (2017) and Y.'q et al. (2017). Depositional
environment based on Liu et al. (2013) and Lu et al. 120')7, 2016, 2018, 2020c). Spore-pollen and
flora fossils come from Liu et al. (2013). Ab".rev.ations: Mts = Mountains; S = Stage; F = Formation;
M = Member; De. = Depositional environ.~ent; D. = Delta; Flo. = Flora; CIA = Coniopteris initial

appearance.

Figure 2. Cumulative sporopoii=n s.mmary diagram of the Dameigou section in the Qaidam Basin,
with palynomorph perce’.:ag.~ . the total spore-pollen sum plotted on the x-axis, and zones based

on CONISS ordinations. C1 (Coal #1) to C7 (Coal #7) represent the position of individual coal
marker beds. Note that palynological analyses were derived from 20 of the 76 mudstone samples.
Abbreviations: E. J. = Early Jurassic; Per. = Period; J. = Jurassic; Ymg = Yinmagou; Csl = Caishiling;
Fm. = Formation; Toar. = Toarcien; Oxf. = Oxfordian; H. = Height; Sam. = Sample; 1 =
Osmundacidites; 2 = Baculatisporites; 3 = Cibotiumspora; 4 = Lycopodiumsporites; 5 =
Microfoveolatisporis; 6 = Laevigatosporites; 7 = Hymenophyllumsporites; 8 = Dictyophyllidites; 9 =
Concavisporites; 10 = Matonisporites; 11 = Cyathidites; 12 = Deltoidospora; 13 = Granulatisporites;

14 = Apiculatisporis; 15 = Toroisporis; 16 = Densosporites; 17 = Asseretospora; 18 = Klukisporites;



19 = Biretisporites; 20 = Divisisporites; 21 = Undulatisporites; 22 = Calamospora; 23 =
Verrucosisporites; 24 = Anapiculatisporites; 25 = Punctatisporites; 26 = Leiotriletes; 27 = Pinaceae;
28 = Pinuspollenites; 29 = Piceaepollenites; 30 = Cedripites; 31 = Podocarpidites; 32 =
Parvisaccites; 33 = Callialasporites; 34 = Inaperturopollenites; 35 = Cycadopites; 36 =
Chasmatosporites; 37 = Marsupipollenites; 38 = Classopollis; 39 = Concentrisporites; 40 =
Cerebropollenites; 41 = Psophosphaera; 42 = Quadraeculina; 43 = Rotundipollis; 44 =
Caytonipollenites; 45 = Eucommiidites; 46 = Alisporites; 47 = Pseudowalchia; 48 = Paleoconiferus;
49 = Protoconiferus; 50 = Protopinus; 51 = Pseudopicea; 52 = Pirz2ites; 53 = Conifers spp.; AZ-1 to
AZ-VI = the palynological assemblage zones (AZ) | to VI; CCniTS = Stratigraphically constrained

cluster analysis; TSS = Total sum of squares.

Figure 3. Results of 613Corg analysis, TOC and Al co. te:its, Hg concentrations, Hg/Al ratios, kerogen
macerals, fossil component, hygrophytic/xer xob stic (H/X) ratios, floral composition and palynology
assemblage zone, and principal componenw. analysis (PCA) from the Dameigou section in the
Qaidam Basin. Abbreviations: E. J. = =ar.:* Jurassic; J. = Jurassic; Ymg = Yinmagou; Csl =
Caishiling; Fm. = Formation; Toai. = Tuarcien; Oxf. = Oxfordian; VPDB, Vienna Pee Dee Belemnite;
CIE-I to CIE-II = three organir c~ryon isotope excursions; VA-I to VA-IV = four pulses of volcanic
activity; AZ-1 to AZ-VI = pelvinological assemblage zones (AZ) 1to VI; PCA = principal component

analysis; hum. = humidity; tem. = temperature.

Figure 4. Selected photos of representative palynological genera from Dameigou section in the
Qaidam Basin (all scale bars = 50 um). (a) = Concentricystis (#QD-6); (b) = Botryococcus braunii
(#QD-19); (b) = Calamospora (#QD-14); (d) = Anapiculatisporites (#QD-9); (e) = Osmundacidites
(#QD-15); (f) = Cyathidites minor (#QD-4); (g) = Cyathidites australis (#QD-5); (h) =

Matonisporites (#QD-4); (i) = Densosporites (#QD-19); (j) = Lycopodiumsporites (#QD-14); (k) =



Concentrisporites (#QD-17); (I) = Callialasporites (#QD-17); (m) = Classopollis annulatus (#QD-1);
(n) = Paleoconiferus (#QD-19); (0) = Quadraeculina ordinata (#QD-18); (p) = Quadraeculina
limbata (#QD-1); (q) = Cerebropollenites carlylensis (#QD-12); (r) = Cerebropollenites
findlaterensis (#QD-3); (s) = Podocarpidites (#QD-18); (t) = Pinuspollenites (#QD-1); (u) =
Cycadopites (#QD-19); (v) = Pseudowalchia (#QD-14); (w) = Protopinus (#QD-9); (x) =
Piceaepollenites (#QD-15); (y) = Pseudopicea (#QD-4); (z) = Protopinus (#QD-4); (1) =

Chordasporites (#QD-4); (2) = Alisporites (#QD-3); (3) = Piceites (#QD-19).

Figure 5. Principal Component Analysis (PCA) ordination plcc o sporomorph relative abundances

from the Dameigou section in the Qaidam Basin.

Figure 6. Loading plots of PCA1 and PCAZ2 for sr.or = 2:1d pollen genera from the Dameigou section

in the Qaidam Basin.

Figure 7. Photomicrographs showing mic-~structure characteristics of kerogen macerals in the
Qaidam Basin (all scale bars = 50 \ m). () vitrinite (transmitted light, sample #20); (b,c) inertinite
(transmitted light, samples #18 a4 #48); (d) suberinite (transmitted light, sample #70); (e) cutinite
(transmitted light, sampie #27), (f and g) saporopollenite (transmitted light and fluorescence,
respectively, sample #67); (h and i) saporopollenite (transmitted light and fluorescence, respectively,

sample #58).

Figure 8. Plots showing Hg concentrations versus (a) TOC, (b) Al, and (c) TS from all samples (n =
76) in the Dameigou section. Plots show that Hg concentrations show stronger covariation with Al (r

= +0.47) than with TOC(r = +0.19) or TS (+0.07).



Figure 9. Correlations of paleoclimate, volcanism, §'°Coyq and 3**Ccan isotope records, and global
events from late Toarcian to early Oxfordian Stages of the Jurassic Period. §'20 curves modified
from Dera et al. (2011) and references therein. Magmatic events modified from Pankhurst et al.
(2000), Wu et al. (2000, 2001), Dera et al. (2011) and references therein, and Huang (2019).
Paleogeographic reconstruction for the Middle Jurassic world modified from the ~170 Ma map of the
webpage https://deeptimemaps.com/global-paleogeography-and-tectonics-in-deep-time.
Abbreviations: J. = Jurassic; Toar. = Toarcian; Oxf. = Oxfordian; OM = organic matter; carb. =
carbonate; VPDB, Vienna Pee Dee Belemnite; CIE-I to CIE-1II = t=rec 2rganic carbon isotope

excursions; VA-1 to VA-1V = four pulses of volcanic activity.
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Highlights:

e Middle Juarssic terrestrial environmental and floral record from Qaidam Basin
e Negative 813Corg excursions and Hg peaks identify middle Jurassic volcanism
e Negative 813Corg excursions, climatic warming, and floral changes correspond to volcanism

e \olcanism important driver for changes in terrestrial environm 2nt, climate and flora
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