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ARTICLE INFO ABSTRACT

Editor: Prof. Thomas Algeo The early Mesozoic greenhouse period was characterized by variable climate conditions. The driving mecha-
nisms of this long-term variability are unclear due to a lack of full-period climate reconstructions. In particular,
reconstructions of the terrestrial environment are rare, especially reconstructions representing South China
during the early Mesozoic period. We focused on the major, trace and rare earth element compositions and clay
mineralogy of 173 mudstones from the northern margin of the South China Plate. These data were used as
proxies to evaluate the weathering intensity and reconstruct the climate variability from the Middle Triassic to
the Late Jurassic after considering the potential effects of provenance, diagenesis and sedimentary sorting and
recycling. From the latest part of the Triassic to the early Middle Jurassic, five well-correlated chemical
weathering indices, the chemical index of alteration (CIA), chemical index of weathering (CIW), plagioclase
index of alteration (PIA), sodium depletion index (tNa) and weathering index of Parker (WIP), imply an
advanced degree of chemical weathering (e.g., CIAcorr, the corrected CIA, ranging from 71.1 to 88.0) and a clay
mineral assemblage zone with abundant kaolinite. Together, these findings indicate a dominant humid climate.
In the pre-Late Triassic and post-Middle Jurassic, the dominant seasonally arid climate was characterized by low
and widely variable chemical weathering index values (e.g., CIAco values of 59.4-85.4) and clay mineral
assemblage zones containing chlorite, smectite and mixed-layer illite-smectite but less kaolinite. We suggest that
PCOy variations, the megamonsoon effect, plate motion and regional topography all contributed to the observed
climate changes during the early Mesozoic.
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1. Introduction et al., 1982; Hallam, 1985).

However, an increasing number of studies have revealed remarkable

The Triassic and Jurassic have been conventionally viewed as pe-
riods of largely consistent greenhouse climate conditions (Hallam, 1985;
Jenkyns, 1988). During these periods, atmospheric COy concentrations
were as high as 2000 ppm (Foster et al., 2017), and global average
temperatures were 5-10 °C higher than the present-day temperatures
(Berner and Kothavala, 2001; Sellwood and Valdes, 2008). No clear
evidence for the presence of polar ice during the Triassic and Jurassic
has been found (Holz, 2015; Ruebsam et al., 2019), and the interior of
the supercontinent Pangaea was a vast evaporitic environment (Parrish
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variabilities in the Triassic and Jurassic greenhouse climates. For
example, climate simulations by Kutzbach and Gallimore (1989)
revealed zonal climate heterogeneity on an interannual time scale dur-
ing the Triassic, and this heterogeneity was reproduced in subsequent
studies and extrapolated to other periods in the Mesozoic (Sellwood and
Valdes, 2006, 2008). Long-term climate oscillations in the Triassic were
characterized by multiple periods of fluctuating temperatures and
rainfall as recognized from marine shell oxygen isotopes, terrestrial
paleosol records and paleoflora records (Stefani et al., 2010; Retallack,
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2009a, 2009b; Retallack, 2013; Trotter et al., 2015). After the short
hothouse event and mass extinction caused by the eruption of the Cen-
tral Atlantic Magmatic Province (CAMP) at the Triassic-Jurassic
boundary (TJB) (e.g., Foster et al., 2017; Palfy and Smith, 2000), the
Jurassic climate was generally warmer and wetter than the Triassic
climate (Boucot et al., 2013; Harris et al., 2017). However, the obtained
compilation of cold-climate-sensitive sediment records (Price, 1999)
and shell oxygen isotope data (Dera et al., 2011; Grossman, 2012)
indicate that Jurassic greenhouse conditions were interspersed with
several short cold snap periods with abrupt seawater temperature de-
creases of 5-10 °C (Dromart et al., 2003; Sellwood and Valdes, 2008;
Korte et al., 2015; Price et al., 2016; Bodin et al., 2020). As abundant
previous paleoclimate studies mainly focused on the western Tethys
marine realm, the evolution of the early Mesozoic terrestrial paleo-
climate, particularly that in the eastern Tethys realm, has received much
less attention. Although previous studies have confirmed that some
highlighted short-term paleoclimate events, such as various greenhouse
crisis events, the Carnian Pluvial Episode (CPE) and the Toarcian
Oceanic Anoxic Event (T-OAE) (e.g., Retallack, 2009a; Sun et al., 2016;
Fu et al.,, 2017; Xu et al., 2017; Jiang et al., 2019; Retallack and Conde,
2020), had at least an inter-Tethyan influence, the patterns and
comparability of long-term paleoclimate changes between the western
and eastern Tethys marine/land facies are poorly understood, partially
because continuous long-term paleoclimate reconstructions from the
eastern Tethys realm representing the Triassic and Jurassic in both the
marine and terrestrial facies are still scarce.

Following the collision of the North China Craton and the South
China Craton during the Indosinian Orogeny, a series of foreland basins
(e.g., Sichuan, Zigui and Dangyang Basins) developed on the northern
margin of the South China Plate and preserved complete lower Mesozoic
terrestrial strata (Liu et al., 2005; Dong and Santosh, 2016). These basins
provide ideal sites and materials for investigating the evolution of the
early Mesozoic terrestrial paleoclimate. Previous climate reconstruction
work in these basins has mainly concentrated on paleovegetation and
sedimentology records (e.g., Zhang and Meng, 1987; Wang, 2002; Wang
et al., 2010; Pole et al., 2018; Li et al., 2020), while successive
geochemical data are lacking, limiting further modeling and in-
tercomparisons of long-term climate change during the Triassic and
Jurassic. The elemental-geochemical and detrital-clay mineralogical
compositions of mud sediments document the chemical weathering
conditions and therefore the paleoclimate evolution of the provenance
because the advanced and weak degrees of chemical weathering of a
source rock generally correspond to a warm and wet climate and a cold
and/or arid climate, respectively (e.g., Singer, 1980; Nesbitt and Young,
1982; Yang et al., 2016). Here, we present geochemical and clay
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mineralogy data from 173 mudstone samples obtained from the Zigui
and Dangyang Basins, which are two terrestrial foreland basins on the
northern margin of the South China Plate, to (a) provide a unique record
of the long-term weathering evolution and climate change that occurred
in South China during the Middle Triassic-Late Jurassic and (b) reveal
the possible driving mechanism of these changes.

2. Geological background
2.1. Tectonics

Tectonic reconstructions imply that the South China Craton was
located at low to middle latitudes in the eastern Tethys Ocean during the
Triassic and Jurassic (Golonka et al., 2018; Xu et al., 2017; Huang et al.,
2018). The two studied basins, the Zigui and Dangyang Basins, are the
eastern extensions of the paleo-Sichuan Lake and are part of the foreland
basin belt that formed during the collision of the South China and North
China Cratons during Indosinian tectonism (Fig. 1A, Dong and Santosh,
2016). The Zigui Basin is bounded by the Shennongjia Uplift in the north
and the Enshi Arcuate Fold Belt in the south. This basin was separated
from the Sichuan Basin to the west by the Qiyueshan Fault and from the
Dangyang Basin to the east by the parallel Huangling anticline at a
distance of approximately 80 km. The Zigui and Dangyang Basins
contain well-preserved Mesozoic strata that are ideal for investigating
the Triassic-Jurassic terrestrial paleoclimate.

2.2. Lithostratigraphy and age

The Xiaozhanghe section (31°23'14” N, 110°42'57" E; elevation:
284 m) in the Dangyang Basin and the Xuanwudong (30°54'16” N,
110°43'01” E; elevation: 194 m) and Xiakou sections (31°08'32" N,
110°46'53" E; elevation: 210 m) in the Zigui Basin were selected for this
study (Fig. 1B). The studied strata are (1) the Badong Formation in the
Xiaozhanghe section (Fig. 2A), (2) the Jiuligang and Tongzhuyuan for-
mations in the Xuanwudong section (Fig. 2B), and (3) the Qianfoya,
Shaximiao, Suining and Penglaizhen formations in the Xiakou section
(Fig. 2C). The total thickness of the studied formations is approximately
2818 m.

The Badong Formation conformably overlies the dolomites of the
Jialingjiang Formation and consists of massive red clayey mudstones
(lower and upper members) and carbonates (middle member;
Fig. 3A-C). Widely developed calcisol contains abundant trace fossils
(Fig. 3C) in mudstone sediments. Tempestites in the carbonates (e.g.,
edgewise limestone and hummocky cross-bedding; Fig. 3A-B) indicate
that the Badong Formation was deposited in a shallow sea and tidal flat
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Fig. 1. Locations of the study area and sections. (A) Location of the study area (red rectangle) on an Early Jurassic paleogeography map at 179 Ma modified from Xu
et al. (2017). (B) Map of the study area, showing the locations of the Xiaozhanghe section (brown star) in the Dangyang Basin and the Xuanwudong section (green
star) and Xiakou section (red star) in the Zigui Basin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 2. Stratigraphy of the studied Middle Triassic-Upper Jurassic strata of the Badong Formation in the Xiaozhanghe section in the Dangyang Basin, the Jiuligang
(J1) and Tongzhuyuan (Tz) formations in the Xuanwudong section and the Qianfoya, Shaximiao, Suining, and Penglaizhen formations in the Xiakou section in the
Zigui Basin, showing facies interpretations and the locations of zircon U-Pb dated samples (red arrows). (A) Stratigraphic column of the Xiaozhanghe section in
Dangyang Basin. The tuff zircon U-Pb age of 237.5 + 2.0 Ma is from Ma et al. (2019). (B-C) Stratigraphic columns of the Xuanwudong and Xiakou sections in the
Zigui Basin, respectively. The ages of 171.5 + 2.0 and 163.5 + 2.0 Ma are unpublished minimum detrital zircon U-Pb dates. Abbreviations: Hgt = Stratigraphic
height, JL = Jiuligang Formation, Tz Fm. = Tongzhuyuan Formation, m = mudstone, s = silty mudstone, f = fine sandstone, and g = coarse sandstone (i.e., gritstone).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

environment influenced by intermittent high-energy events. The Jiuli-
gang Formation conformably overlies the Badong Formation and is
truncated by a 7.4-m-thick basal channel conglomerate of the Tongz-
huyuan Formation in the Xuanwudong section. The Tongzhuyuan For-
mation consists of conglomerates and silty sandstones that are
intercalated with coal seams and black shales (Fig. 3D-F). The channel
deposits and bimodal cross-bedding (Fig. 3F) found in these rocks are
indicative of a marine-terrigenous delta sedimentary environment that

gradually regressed to a riverine environment during the Late Tri-
assic-Early Jurassic.

The Badong Formation crops out widely in the northeastern South
China Craton, including in eastern Chongqing, northwestern Hubei and
northwestern Hunan Provinces. The stratigraphic age of the Badong
Formation is controversial. Fossil assemblages in the Dangyang Basin
have been used to infer that the entire Badong Formation is Middle
Triassic in age (Zhang and Meng, 1987). However, this result is
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Fig. 3. Typical sedimentary features in the studied sections. (A) Edgewise limestone in the Middle Triassic Badong Formation (T5_sb). (B) Hummocky cross-bedding
in the Badong Formation (T2 _3b). (C) Supratidal facies of pedogenic mudstone with burrows in the Badong Formation (T2_3b). (D) Coal deposits in the Jiuligang
Formation (Tgj). (E) Unconformable contact between the basal conglomerate of the Tongzhuyuan Formation (J;t) and Jiuligang Formation (T3j). (F) Herringbone
cross-bedding in the Tongzhuyuan Formation (J;t). (G) Ripple marks in the Middle Jurassic lake-shore facies of the Qianfoya Formation (Joq). (H) Sandy bed in the
Shaximiao Formation (Josx) covered by floodplain-deposited pedogenic mudstone of the Suining Formation (J3s). (I) Compound monsoonal calcisol with diffused
carbonate nodule (Bk) horizon with thicknesses of up to ~1.5-2.0 m in the Suining Formation (J3s). The white double-headed arrows and the red-dashed lines and
letters mark the ranges of calcisol and thick Bk horizon, respectively. (K) Wedge-shaped cross-bedding in blocky sandstone with an erosional basal surface that rests
on the mudstone of the Suining Formation (J3s). (L) Blocky, pebbly sandstone in the Penglaizhen Formation (J3p). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

inconsistent with the abundant Late Triassic flora (e.g., Equisetites are-
naceus, Scytophyllum, Sphenozamites and Sinoctenis) that can be found in
the upper member of the Badong Formation in the Zigui Basin (Meng
and Li, 2003). The zircon U-Pb age of 237.5 &+ 2.0 Ma of a tuff in the
uppermost part of the second member of the Badong Formation in the
Zigui Basin (Ma et al., 2019) constrains the age of the lower and middle
members to the Middle Triassic Anisian-Ladinian stages and the age of
the upper member to the Late Triassic. This age marker is also applicable
in the Xiaozhanghe section of the Dangyang Basin (Fig. 2A) because of
the good correlation of Middle-Upper Triassic strata between the Dan-
gyang and Zigui Basins (Meng and Li, 2003). Overlying the Badong

Formation, the Jiuligang Formation (formerly known as the Shazhenxi
Formation) in the Zigui Basin is correlated with the Xujiahe Formation
in the adjacent Sichuan Basin, which has been assigned to the latest
Norian to Rhaetian in age based on the occurrence of typical Late
Triassic flora (e.g., Shenozamites cf. changi Sze, Sphenozamites Marioni
Counillon and Sphenozamites Fenshuilingensis Meng; Meng and Li, 2003)
and D-C sporopollenin assemblages (Kyrtmiosporites, Zebraspories,
Canalizonospora, Tigrispories, Annulispora, Trizonites, Aratrisporites,
Cadargasporites, Dictyoph yllidites and Concavisporites; Zhang and Meng,
1987), and this age also agrees with the findings of a magnetostrati-
graphic study (Li et al., 2018). Thus, the upper member of the Badong
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Formation in the Xiaozhanghe section is roughly constrained as Car-
nian-Norian in age. The TJB has been placed at the unconformity be-
tween the Jiuligang and Tongzhuyuan formations in the study area
(Chen et al., 2002; Meng, 2007, 2010). The Tongzhuyuan Formation in
the Zigui Basin contains abundant fossil plants dominated by Con-
iopteris—Czekanowski and Coniopteris—Ptilophyllum assemblages, Margar-
itifera (Qiyangia) bivalve assemblages, and Cyathidites minor and
Classopoilis sporopollenin assemblages, which indicate an Early Jurassic
age. A minimum detrital zircon U-Pb age of 171.5 + 2.0 Ma (Chai et al.,
unpublished data) from the uppermost Tongzhuyuan Formation in the
Wenhua section, which is located 8 km southeast of the Xuanwudong
section, indicates that the sample is Early Jurassic (Hettangian) to
earliest Middle Jurassic (Aalenian) in age.

The five coarsening-upward stratigraphic units in the Xiakou section
from the Qianfoya to Penglaizhen formations are terrestrial red bed
deposits that conformably overlie the Tongzhuyuan Formation, which
are marked at its top by a green gritstone horizon. The main sedimentary
rocks are red mudstone, variably colored sandstone, siltstone and
abundant paleosols. The Qianfoya Formation consists of bluish-gray
siltstone at the base and an increasing amount of red mudstone in the
upper section. This lithological association and the occurrence of ripple
marks (Fig. 3G) indicate a lacustrine depositional environment of this
unit. The Qianfoya Formation and overlying Shaximiao Formation are
separated by 22-m-thick gray-green massive feldspathic quartz sand-
stone. The Shaximiao Formation consists of multicolored fine to coarse
sandstones interbedded with siltstone-mudstone. The Qianfoya and
Shaximiao formations are considered to be Middle Jurassic in age, and
their ages are constrained by the sporopollenin assemblages of Cyathi-
dites minor-Classopollis—Callialasporites that were widely distributed in
Eurasia during the Middle Jurassic (Chen and Zhang, 2002, 2004).

The Shaximiao Formation is sequentially and conformably overlain
by the Suining and Penglaizhen formations. The base of the Suining
Formation is an ~120-m-thick bright red aridisol (Fig. 3H-I), and its
upper part consists of thick-bedded gritstone interbedded with thin-
bedded red mudstone. The boundary between the Suining and Pen-
glaizhen formations is marked by a blocky purple-gray sandstone
interbedded with a red mudstone. The amount of purple gray-yellow,
fine to conglomeratic sandstone increases toward the upper part of the
Penglaizhen Formation. The dual structure (Fig. 3H), floodplain paleo-
sol deposits (Fig. 3I), river-related bedding (Fig. 3J-K), and channel
facies pebbly deposits (Fig. 3L) indicate that the depositional environ-
ment of the uppermost Qianfoya to Penglaizhen Formation deposits was
fluvial sedimentation.

In the Xiakou section, a minimum detrital zircon U-Pb age was ob-
tained from a sample collected 2.5 m above the boundary between the
Shaximiao and Suining formations (Fig. 3H) and yielded an age of 163.5
+ 2.0 Ma (Ma et al., unpublished data). This is consistent with the basal
age of the Late Jurassic Oxfordian stage, implying a Middle Jurassic age
(Aalenian—Callovian) of the Qianfoya to Shaximiao formations. The
Suining and Penglaizhen formations represent the main Upper Jurassic
strata, from the latest Callovian stage through the Tithonian stages
(Deng et al., 2017a).

3. Samples and methods
3.1. Geochemical analysis

A total of 173 mudstone samples were collected from field outcrops.
Care was taken to avoid surface contamination for the whole-rock
geochemical analyses, which were conducted at Australian Laboratory
Services in Chemex, Guangzhou, China. The samples were trimmed to
remove visible veins and weathered surfaces and then powdered to
smaller than 200 mesh. The concentrations of major elements in the
samples were measured with a PANalytical PW2424 X-ray fluorescence
spectrometer. The analytical accuracy was better than +2%, and the
precision was better than +5%. The trace element abundances were
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measured with a Perkin-Elmer Elan 9000 inductively coupled plas-
ma-mass spectrometer (ICP-MS) and an Agilent VISTA ICP -atomic
emission spectrometer (ICP-AES). The analytical precision and accuracy
were generally better than +10%.

3.2. X-ray diffraction analysis

The clay mineral fractions (<2 pm) of 173 mudstone samples were
extracted from whole-rock powder after disaggregation in an ultrasonic
bath with deionized water by multiple centrifugation. Air-dried and
oriented clay mineral slides were prepared by pipetting the clay fraction
of each sample onto a glass slide. To identify smectite and/or mixed-
layer illite-smectite (I/S), ethylene glycol-saturated clay minerals
were prepared by treating the oriented air-dried samples in a container
with ethylene glycol at 70 °C for 12 h. X-ray diffraction (XRD) analyses
of the clay samples were performed with a PANalytical X’ Pert Pro in-
strument using a Cu-Ni tube operated at 40 kV and 40 mA at the State
Key Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences, Wuhan, China. The samples were scanned
from 3° to 35° (260) at a scan rate of 2°/min and step size of 0.02° using
CuKa radiation and a graphite monochromator. The software package
used for the XRD analysis was XrayRun. The clay minerals were iden-
tified by their characteristic reflections using the methods of Moore and
Reynolds (1989). The relative abundances of different clay minerals
were estimated using the area of the glycolate basal (001) peak with the
background removed (Biscaye, 1965).

3.3. Scanning electron microscopy

For scanning electron microscopy imaging, blocks of the rock sam-
ples were selected and Pt-coated. The block samples were examined
with a SU8000 scanning electron microscope (SEM) at the State Key
Laboratory of Biogeology and Environmental Geology, China University
of Geosciences, Wuhan, China. The SEM was operated at an accelerating
voltage of 25 kV and a beam current of 1-3 nA.

4. Results
4.1. Geochemical data

The main geochemical features of the samples are shown using box
plots of the major elements (Fig. 4A-F; Table S1) and multielement plots
of trace elements and rare earth elements (REEs). The representative
elements are shown grouped into three types in Fig. 4G-H, and the data
are listed in Tables S2-S3. Samples from the Jiuligang and Tongzhuyuan
formations in the Xuanwudong section are characterized by high Al,03
(8.66-18.41 wt.%; average = 14.95 wt.%) and low CaO, Nay0, K0 and
FeO + MgO contents. However, samples from the Badong Formation in
the Xiaozhanghe section and Qianfoya to Penglaizhen formations in the
Xiakou section show opposite features. Additionally, samples from the
Badong Formation have higher CaO contents (0.47-25.60 wt.%;
average = 10.39 wt.%) than samples from the other formations
(Fig. 4C).

The trace element contents of the samples were normalized to the
South Qinling upper continental crust (Fig. 4G; Gao et al., 1998) and
show distinct negative Ba and Sr anomalies enriched in high-field-
strength elements, such as Th and U, and negative transition element
(Ni, Cr, Co, V) anomalies. The post-Archean Australian shale (PAAS)-
normalized REE patterns (Fig. 4H; Taylor and McClennan, 1985) of
samples from different strata show similar trends.

4.2. Clay mineralogy
The XRD patterns and SEM images of representative samples are

shown in Fig. 5, and the clay mineral relative contents of all samples are
listed in Table S4. Illite (10, 5, 4.5, and 3.33 A)is ubiquitous in the three
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Fig. 4. Plots of major and trace elements in the 173 mudstone samples from the Xiaozhanghe, Xuanwudong, and Xiakou sections. (A-F) Box plots of major element
contents. The black lines and values in the colored boxes are the average major element contents. (G) Southern Qinling upper crust (SQ)-normalized major and trace
element diagrams and (H) Post-Archean Australian Shale (PAAS)-normalized REE patterns of all mudstone samples (gray dashed lines). The three colored solid lines
are the average compositions of the samples from the three studied sections. The SQ values are from Gao et al. (1998), and the PAAS values are from Taylor and

McClennan (1985).

sections (16.5-97.5 wt.%). Except for samples XKB-25, XKB-31 and
XKB-54, all samples contain chlorite (0.03-62.3 wt.%), which is nega-
tively correlated with the presentation of kaolinite (7.1 and 3.57 /0\).
Kaolinite occurs mainly in the Tongzhuyuan Formation and at the bot-
tom of the Qianfoya Formation (maximum of 47.9 wt.%; Fig. 5). Mixed-
layer 1/S (broad 10-14 A reflection, which is expandable after glycolate
treatment) and smectite (~17 f\) (Fig. 5) are present in high contents in
the Xiakou Section, with maximum contents of 54.3 and 53.6 wt.%,
respectively. Most of the clay minerals have flaky or platy shapes with
irregular, ragged and embayed outlines suggesting that the clay is pri-
marily of detrital origin and experienced chemical weathering in its
source region.

5. Geochemical climate proxies
5.1. Chemical weathering indices

Various chemical weathering indices defined by the ratios between
the concentrations of mobile and immobile elements in sediments can be
used to trace chemical weathering and past climate patterns. The CIA
was proposed by Nesbitt and Young (1982) in a study of the early Pro-
terozoic glacial-interglacial climate and has been broadly applied to
different regions and strata of various ages (Wang et al., 2020),
including strata from the Mesozoic (e.g., Jian et al., 2013; Nordt et al.,
2015; Casacci et al., 2016). We used the CIA, CIW (Harnois, 1988), PIA
(Fedo et al., 1995), tNa (Rasmussen et al., 2011), and WIP (Parker,
1970) to examine the potential effects of sedimentary processes and

lithology and to reconstruct the paleoclimate. These indices are defined
in Table S5.

5.2. Climate index values and Sr/Cu ratios

Climate index values (C-value; Zhao et al., 2007, Table S5) and Sr/Cu
ratios (Lerman, 1978) have been used to reconstruct the Mesozoic
paleoclimate in the Ordos and Qaidam Basins (Cao et al., 2012; Qiu
et al., 2015). The underlying concepts of these two proxies are as fol-
lows: under humid conditions, Fe, Mn, Cr, Ni, V and Co flocculated and
precipitated in the sediments in colloidal form, leading to increased C-
values, while larger-ionic radii alkali metals (Ca, Mg, K, Na, Sr, and Ba)
precipitated in arid climates in the form of salts, leading to decreased C-
values. A Sr/Cu ratio of >5 implies a hot and arid climate, but Sr/Cu <5
indicates a humid climate.

6. Discussion

6.1. Provenance interpretation of samples in the Zigui and Dangyang
Basins

Sediment compositions can reflect the chemical weathering of the
corresponding source rocks (McLennan, 1993). In addition, the
composition of a source lithology is a key factor in its in situ chemical
weathering and the transport and deposition of the resulting sediment in
a basin (Kamei et al., 2012). Therefore, provenance stability is crucial
when forming climate interpretations from chemical weathering
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Fig. 5. (I-IV) Air-dried and ethylene-glycolated X-ray diffraction (XRD) patterns of the <2 pm clay fractions and (A-F) scanning electron images of representative
samples. (I-II) Chlorite and illite in samples from the Badong Formation (T»_3b) and Jiuligang Formation (T5j). (III-IV) The appearance of kaolinite is implied by the
3.57 and 3.52 A double peaks in the XRD patterns of the samples from the Tongzhuyuan (J;t) and Qianfoya formations (J>q), which have CIA values of 82.2 and 81.0,
respectively. (V) Sample XKB-11 has a stronger 14.1 A peak intensity than sample XKB-10, implying a higher chlorite content, accompanied by decreased CIA values
from 81.0 to 69.9. (VI) This sample contains smectite characterized by a 17 A peak in the glycolated pattern (Shaximiao Formation; J»sx). (VII) Compared with the
air-dried pattern, the disappearance of the broad 10-14 A reflection and enhancement of the 17 A peak in the glycolated pattern imply the presence of mixed-layer 1/
S clay minerals in sample XKB-100 (Penglaizhen Formation; Jp). (A) Mixed-layer I/S overgrowths on other minerals in sample XZH3-1 from the bottom of the
Badong Formation (T2 sb). (B) Platy chlorite infilling intergranular pores in sample GA9-1 from the Jiuligang Formation (T3j). (C) Laminated kaolinite in sample
XW22-4 from the bottom of the Tongzhuyuan Formation (J;t), which has a high CIA,, value of 82.2. (D) Platy kaolinite with ragged and embayed edges in sample
XKB-10 from the Qianfoya Formation (J»q), indicating chemical weathering-induced dissolution. (E) Scaly chlorite in sample XKB-14 with a CIA value of 66.6. (F)
Rod-shaped illite in sample XKB-106 from the upper Penglaizhen Formation (J3p). Abbreviations: I = illite, Ch = chlorite, S = smectite, I/S = mixed-layer illite/
smectite, and Ka = kaolinite.

indices. The Al;03-CaO* + NayO-KO (A-CN-K) ternary diagram that filled foreland basins in the Late-Middle Triassic to the Cretaceous

(Fig. 6A) is used to examine the geochemical compositions and weath-
ering degrees of source rocks and to analyze sediment diagenesis. This
plot is also a graphical representation of CIA values (Fedo et al., 1995).
The studied samples that underwent a weak to moderate degree of
weathering (CIA < 81.0) define a trend subparallel to the A-CN
boundary in the A-CN-K diagram. This trend also deviates to the K-apex
and implies a metasomatic effect of K on the samples. Other samples,
mainly from the Xuanwudong section, experienced a high degree of
weathering (CIA > 81.0) and trended toward the A apex along the A-K
boundary. The trend of these samples extends close to the composition
of the South Qinling upper continental crust (Gao et al., 1998), indi-
cating that these samples were derived from a uniform source area with
a geochemical composition similar to that of the South Qinling upper
continental crust (Nesbitt and Young, 1984). Although complete REE
data of the South Qinling upper continental crust are not available, the
similar averaged PAAS-normalized REE patterns of samples from the
three sections indicate that all of these samples had similar source ma-
terials (Fig. 4H). This apparent provenance stability is also supported by
the plot of the proportion of trivalent cations (R3*/R3*+R%**+M™")
versus the Si accumulation index (A4Si%). This plot highlights the
predicted weathering trends of different source rock types (Meunier
et al., 2013) (Fig. 6C) and shows that the studied samples were derived
from chemical weathering of South Qinling upper continental crustal
source rocks, which are mainly felsic rocks. An association between the
uplift of the South Qinling Orogen and the massive clastic sedimentation

has been demonstrated based on detrital zircon U-Pb age data, isotope
geochemistry, detrital sandstone mineralogy, and paleocurrent di-
rections (Liu et al., 2005; Chai et al., 2016; Hagen et al., 2018).

6.2. Influence of postdepositional diagenetic alteration on samples

The potential effects of postdepositional diagenetic alteration on the
samples need to be evaluated because this type of alteration can change
the primary geochemical compositions of sediments and lead to incor-
rect interpretations of chemical weathering indices. The weathering
trends of plutonic and volcanic rocks should be parallel to the A-CN
boundary in the A-CN-K diagram based on thermodynamic and kinetic
calculations (Nesbitt and Young, 1984). However, the studied samples
do not perfectly match the trend of South Qinling upper continental
crust weathering and actually deviate slightly toward the K apex, which
is indicative of K metasomatism (Fig. 6A). This metasomatism enriched
the samples in KO and lowered the CIA values due to illitization during
a postdepositional diagenetic reaction between the K-enriched pore
water and clay minerals in the sediments (Fedo et al., 1995). Thus, K-
correcting the CIA values (CIA ) was necessary, which was undertaken
based on the method described by Panahi et al. (2000) (Table S5). The
CIA oy value of each sample is generally higher than the corresponding
CIA value (Table S6). To evaluate the robustness of the correction, the
CIW and PIA values were calculated to check the CIA. values because
the former two indices are unaffected by K;O contents and K
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metasomatism. Good correlations were observed between CIA.y; and
CIW (r? = 1; P < 0.0001) and between ClIAcor and PIA (r? = 0.99; P <
0.0001), implying that the effects of K metasomatism were eliminated
by K-correction. Extensive K metasomatism of some samples may also
hinder the use of clay mineralogy data in paleoclimate reconstructions.
However, compared to the more deeply buried strata of the Xuanwu-
dong section, the lower kaolinite and smectite contents in the more
shallowly buried strata of the Xiakou Section and the original detrital
morphology of the clay minerals in most samples (Fig. SA-F) imply that
postdepositional diagenetic modification was insignificant (Chamley,
1980). Although potential postdepositional cementation is implied by
the unusually high CaO contents (average = 10.39 wt.%) of most sam-
ples in the Badong Formation, there is no correlation between the CaO
contents and CIA., values, indicating that diagenesis had no effect on
CIAcorr Values after Ca correction based on the method of McLennan
(1993) (Table S5).

6.3. Influence of sedimentary recycling and sorting effects on samples

Sedimentary sorting is caused by hydraulic effects on minerals and
can modify the geochemical composition of sediments; in turn, these
modified compositions can affect chemical weathering indices. For
example, finer-grained sediments have higher CIA values than coarser-
grained sediments, even if they have the same source (and weathering
conditions) (Jian et al., 2013). To minimize the sorting effect, all sam-
ples were collected from mudstone layers. In addition, a negative cor-
relation between the Al/Si ratios and grain sizes can be used as an
indicator of hydraulic sorting (Bouchez et al., 2011) because the Al
contents reflects the fine clay fraction of a rock. while the Si content
reflects the coarser fraction (i.e., feldspar and quartz). Similarly, the WIP
and tNa are two weathering indices negatively correlated with the
sorting effect, as they are calculated based on sorting-sensitive elements,
such as alkali metals and Zr. Increasing coarse fractions tend to decrease
the values of both indices (Garzanti et al., 2013). However, there was no
obvious correlation between the Al/Si ratio and either the WIP or tNa in
this study (Fig. 6C-D), implying that sedimentary sorting is not the main
factor responsible for fluctuations in the weathering index values. This is

also supported by the fact that the finer-grained samples from the tidal
flat facies of the Badong Formation have overall lower chemical
weathering degrees than coarser-grained samples from the delta facies
of the Jiuligang and Tongzhuyuan formations (Fig. 7).

Sedimentary recycling integrates the effects of syndepositional
weathering with earlier weathering and diagenetic stages and can
erroneously suggest that sediments have experienced extensive source
weathering (Garzanti et al., 2013; Yang et al., 2016). In the Zigui and
Dangyang Basins, the Middle Triassic-Upper Jurassic clastic tidal flat to
terrestrial lacustrine—fluvial sequences overlie the Upper Paleozoic and
Lower Triassic marine carbonates and dolomites (Wang et al., 1985);
thus, it is unlikely that the underlying strata were a significant source of
recycled siliciclastic materials in the studied basins. The correlation
between the CIA and WIP values (R? = 0.62; P < 0.0001; Fig. 7) also
indicates that the first-cycle sediments (Garzanti et al., 2013) were
probably derived from South Qinling metamorphic and plutonic rocks.

6.4. Paleoclimate controls on source chemical weathering intensity during
the Middle Triassic-Late Jurassic

The five weathering indices reveal a three-stage history of chemical
weathering in the source area: (1) Middle Triassic—early Late Triassic
variable weathering; (2) latest Triassic-early Middle Jurassic enhanced
weathering; and (3) Middle-Late Jurassic weak weathering (Fig. 7A).
Chemical weathering can reflect climatic factors such as water avail-
ability and mean annual temperature (Rasmussen et al., 2011), and the
physical weathering intensity is related to tectonically driven processes
and landscape morphology. This is because active physical weathering
can interrupt the in situ chemical weathering processes of source rocks
(Yang et al., 2016). The Qinling-Dabie Orogen in the study area was not
significantly active until the main period of Indosinian tectonism during
the Late Triassic-Early Jurassic (Fig. 3E; Dong and Santosh, 2016).
However, compared with the relatively tectonically quiescent stages in
the Middle Triassic and post-Early Jurassic, stronger chemical weath-
ering was recorded by various weathering indices during Indosinian
tectonism, implying that the climate, rather than tectonism, controlled
the chemical weathering record.
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Fig. 7. Stratigraphic variations in the various weathering indices and clay mineralogy and two paleoclimate discrimination diagrams. (A) Stratigraphic variations in
the corrected chemical index of alteration (CIAco), chemical index of weathering (CIW), plagioclase index of alteration (PIA), sodium chemical depletion index
(tNa), weathering index of Parker (WIP), and clay mineralogy in mudstones from the three studied sections. Plots of the (B) climate index (C-value) versus CIA.,,, and
(C) Sr/Cu versus CIA.,, are shown. The distinguishing criteria of (B) and (C) are based on Zhao et al. (2007) and Lerman (1978), respectively. Abbreviations: I =
illite, Ch = chlorite, S = smectite, I/S = mixed-layer illite/smectite, Ka = kaolinite, and CMZ = clay mineral assemblage zone. The equations used to obtain the

CIAcom, CIW, PIA, tNa, WIP and C-values are listed in Table S4.

6.4.1. Middle Triassic—early Late Triassic paleoclimate

Although the hot Early Triassic climate cooled during the Middle
Triassic (Sun et al., 2012; Li et al., 2018), arid conditions existed across
most low- to mid-latitude regions, including South China, as evidenced
by the widespread evaporites, rare coal deposits and kaolinite formed
during this time (Boucot et al., 2013). A general circulation model
(GCM) showed that after the Late Triassic, an arid paleoclimate was still
widespread in low- to mid-latitude areas in the interior of Pangaea
(Sellwood and Valdes, 2006). However, abundant marine and terrestrial
evidence, including conodont oxygen isotope (Trotter et al., 2015),
paleosol climatology (Prochnow et al., 2006; Retallack, 2009a; Retal-
lack, 2013) and paleobotany (Stefani et al., 2010) data, indicates that
several enigmatic warm and wet episodes intermittently interrupted the
arid paleoclimate in Europe and North America during the Triassic,
particularly during the Late Triassic, and one such event was the CPE
(Ruffell et al., 2016). The Late Triassic climate of low-latitude South
China is considered to have been consistently wet due to the occurrence
of hygrophilous flora (Wang et al., 2010), extensive coal deposits
(Boucot et al., 2013), and alfisols (Retallack, 2009b). However, an
increasing number of paleobotanical and palynological studies in the
Sichuan Basin have revealed that this warm and wet environment in
South China was interrupted by several dry or even cool events (Li et al.,
2020; Tian et al., 2016).

The Badong Formation samples have CIA., values of 59.4-82.9,
with an average of 74.13, reflecting weak to moderate chemical
weathering intensities and indicating that the unstable Middle to Late
Triassic arid climate of South China was frequently interrupted by
humid events. Alternating wet and dry conditions are also revealed by
the climatic indices, which mostly indicate semiarid to semihumid
conditions (Fig. 7B-C). The C-values of the Badong Formation vary from

0.07-0.79, with an average value of 0.34, and most of the values indi-
cate semiarid-semihumid to arid climate conditions. The Sr/Cu ratios
reveal similar climate conditions. The 2.70 A peak in the XRD spectra of
the Badong Formation samples (Fig. 5I) implies the presence of hema-
tite, which indicates an arid climate that caused the formation of Triassic
red beds in the study area. In addition, the clay mineral assemblage
zones (CMZs) formed during this period consist of illite and chlorite
(CMZI; Fig. 7; Table S4), and mixed-layer I/S was also identified in SEM
images (Fig. 5A), suggesting a seasonal paleoclimate.

6.4.2. Latest Triassic—Early Jurassic paleoclimate

The initial breakup of Pangaea along with the eruption of the CAMP
formed an embryonic mid-latitude humid belt in the Northern Hemi-
sphere (Harris et al., 2017) and led to an abrupt increase in atmospheric
CO4, concentrations of up to 2000 ppm (Foster et al., 2017) near the TJB.
Stomata-based CO; reconstructions from the United Kingdom and South
China (Steinthorsdottir et al., 2011; Zhou et al., 2020) have shown that
pCO, rapidly decreased to ~1000 ppm during the Hettangian, indicating
short-lived hothouse conditions at the TJB. The Early Jurassic was
characterized by warm and wet conditions, especially from the late
Sinemurian stage to the early Pliensbachian and Toarcian stages (Gomez
et al., 2016; Robinson et al., 2017), except during the cool late Pliens-
bachian stage (Dera et al., 2011; Tramoy et al., 2016; Kenny, 2017;
Alberti et al., 2019), which was interrupted by the Toarcian warming
event due to the Toarcian ocean anoxia event (Ruebsam et al., 2019).
Deng et al. (2017a) reviewed the Jurassic paleoclimate evolution of
China and found that the northern margin of the South China Plate,
including the Zigui and Dangyang Basins, was classified as a tropi-
cal-subtropical humid climate zone during the Hettangian—
Pliensbachian stages and a semiarid—semihumid climate zone during the
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Toarcian stage.

The C-values of the uppermost Triassic Jiuligang Formation and
Lower Jurassic Tongzhuyuan Formation samples vary from 0.17-1.54,
with an average value of 0.85 (Fig. 7). Five Jiuligang Formation samples
indicate arid-semiarid conditions, similar to the samples from the
Badong Formation, and most Tongzhuyuan Formation samples indicate
humid conditions. This reveals that progressive humidification occurred
in the study area from the end of the Triassic and that this humidification
peaked during the Early Jurassic. Although kaolinite is absent in the
Jiuligang Formation, the CIA ., values increase steadily from the top of
the Badong Formation to the Jiuligang Formation and finally stabilize at
high values in the Tongzhuyuan Formation, in which the extensive
occurrence of kaolinite implies that the humid climate stimulated
intense chemical weathering from the latest Triassic to Early Jurassic
(Figs. 5 Il and 7). This increase in humidity is also consistent with the
hygrophyte assemblages and wide development of coal-bearing terres-
trial strata in the study area and adjacent Sichuan Basin (Fig. 3D; Zhang
and Meng, 1987; Meng et al., 1995; Meng and Li, 2003; Wang et al.,
2010; Li et al., 2020; Tian et al., 2016).

6.4.3. Middle-Late Jurassic paleoclimate

High atmospheric CO5 levels (1000 ppm; Foster et al., 2017), warmer
northern-southern high-latitude sea surface temperatures than those
measured at the present-day equator (Lécuyer et al., 2003; Jenkyns
etal., 2012), and a low latitudinal global climate gradient (Sellwood and
Valdes, 2008; Boucot et al., 2013) indicate that an arid and warm
climate existed through the Middle-Late Jurassic. However, a compi-
lation of 5'%0 data has shown that the Middle Jurassic was characterized
by the heaviest 5'%0 values and several abrupt positive excursions (Dera
et al., 2011). Cold-climate-sensitive sediments from the Middle Jurassic
(Price, 1999) are relatively abundant compared with Mesozoic sedi-
ments and, along with the overall decrease in pCO», imply long-term
climate cooling and drying. In both South and North China, Lower
Jurassic coal-bearing strata transitioned into continental red beds
(Boucot et al., 2013; Yi et al., 2019) with xerophyte assemblages (Deng
et al.,, 2017b; Hu et al., 2017), and this transition clearly records Mid-
dle-Late Jurassic aridification.

At the bottom of the Xiakou section in the Zigui Basin, the CIAco
values decrease abruptly from 85.4-57.6 and then remain low (mean
CIAcorr = 68.9). For the seven samples from the bottom of the Qianfoya
Formation beneath the horizon that weaken due to chemical weath-
ering, the C-values and Sr/Cu ratios plot in the humid field in the
paleoclimate discrimination diagram and then move into the arid field
in which the CIA.y values decrease and the CMZ transitions from II
(kaolinite-rich) to III (mixed-layer I/S). This indicates that the wet
Early—early Middle Jurassic climate became drier with dry—wet seasons.
The CMZ changed from III to IV (smectite + illite + chlorite) in the
Shaximiao Formation during the late Middle Jurassic, implying inten-
sifying drought and a hotter climate, although the chemical weathering
intensity was low and variable. Aridification of the study area after the
Middle Jurassic can also be inferred from the increasing red beds above
the bottom of the Qianfoya Formation (Fig. 2C), as these beds commonly
contain thick aridisols (Fig. 6H-I). Sporopollenin assemblages in the
Zigui Basin change from the early Middle Jurassic tropical humid ferns
Thaumatopteris and Phlebopteris to late Middle Jurassic xerophyte as-
semblages characterized by high contents of Classopollis (Lin and Shang,
1980; Meng, 1999) and thermophilic bivalve assemblages of Qiyan-
gia—Pseudocardinia and Eolamprotula-Cuneopsis—Psilunio (Zhang and
Meng, 1987).

6.5. Possible driving mechanisms of paleoclimate variations

6.5.1. Atmospheric PCOyvariations

Variation in representative greenhouse gas concentration and at-
mospheric PCO, may have controlled long-term climate and chemical
weathering intensity changes in the study region during the early
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Mesozoic because they exert fundamental control on elements of the
global climatic system, including temperature and precipitation patterns
(Manabe and Wetherald, 1980; Foster et al., 2017). In general, an in-
crease in atmospheric PCO; enhances the continental silicate chemical
weathering process and indicates a warm and humid climate (e.g.,
Royer, 2014).

The Middle Triassic to Late Jurassic was a greenhouse period on
Earth, with a PCO, at least approximately twice, on average, and up to
four times preindustrial levels (approximately 500-1000 ppm). Multi-
proxy estimates display a ‘double peak’ pattern of Triassic and Jurassic
CO-, on the tectonic time scale, with elevated PCO, (above 2500 ppm)
during the early Late Triassic and across the TJB (Fig. 8A). The increase
in atmospheric PCO; continued from the late Middle Triassic to the first
peak in the late Carnian. Atmospheric PCO2 subsequently fell slowly to a
saddle point (~1500 ppm) by the late Norian and rebounded to a second
peak around TJB due to immense volcanic CO2 outgassing from CAMP
eruptions (e.g., Foster et al., 2017; Palfy and Smith, 2000).

Based on the rough age restrictions of the study strata, the long-term
variation trend of chemical weathering records (e.g., values of CIA¢qr)
in this study is in broad conformity with the ‘double peak’ pattern of
atmospheric PCO5 changes during the Triassic period (red arrows in
Fig. 8A, B). The CIAy values of samples in the lower part of the
Xiaozhanghe section, which includes the Middle Triassic strata, gradu-
ally increase to a peak value of 83.5 (XZH 62-1) at the bottom of the
Upper Triassic. Then, the CIA o curve decreases to a saddle point of
60.1 (XZH 77-2) in the middle Upper Triassic and subsequently rises
steadily to its greatest value for all samples in the Xuanwudong section,
which occurs in the Lower Jurassic. The synchronicity agrees with the
potential enhancing effect of high PCO2 and a concomitant hot humid
climate on the chemical weathering intensity in the region and was also
reported in other regions during the Late Triassic and Early Jurassic (e.
g., Perri, 2018; Taheri et al., 2018). Except for the above PCO, and
chemical weathering intensity variations over multimillion-year time
scales, it is worth noting the strong volatility of chemical weathering
records in this study on shorter timescales, which seems linked to
numerous well-dated transient warm-wet greenhouse spikes associated
with the western Tethys Ocean and North America during the early
Mesozoic, which has also been attributed to volcanic outgassing activity
(Retallack, 2009a , 2009b; Retallack and Conde, 2020; Trotter et al.,
2015); however, these correlations require further investigation based
on more detailed chronostratigraphic work in the studied section.

However, variations in chemical weathering intensity in the study
region become decoupled with PCO, changes above the TJB (gray arrow
in Fig. 8A, B). CAMP basaltic eruptions triggered catastrophic biotic
turnover and climate shock, as indicated by high volcanic greenhouse
gases, i.e., ~80,000-90,000 Gt C as CO; and ~ 5000 Gt C as CHy
(Beerling and Berner, 2002) and stomatal index data suggested 3—-4 °C
warming during the TJB interval (McElwain et al., 1999). The eruptions
played a key role in the transition from the dominant warm, semi-
arid-arid climate of the Triassic to the hot and humid climate of the
Jurassic (Kidder and Worsley, 2010; Holz, 2015) and accounted for the
humid climate and intense chemical weathering effect in the study re-
gion during the Early Jurassic. After the Triassic—Jurassic transition, the
extremely high PCO; near the TJB quickly decreased to ~1000 ppm
during the Hettangian and Sinemurian in the Early Jurassic, but the
CIA o values of most samples from the Xuanwudong section remained
high during the whole Early Jurassic, suggesting unabated chemical
weathering until the early Middle Jurassic, when the CIA .y values
gradually dropped from 81.0 (XKB-10) to 56.6 (DA27-1). This remark-
able weakening of chemical weathering was not driven by PCO, change,
which shows prolonged flat values after the Early Jurassic without any
dramatic drops throughout the rest of the Jurassic. More importantly,
variations in PCO5 during the early Mesozoic were unlikely to be chiefly
responsible for the abovementioned strikingly low CIA o values ob-
tained in this study, which are lower than 60. Such a weak chemical
weathering effect usually corresponds to a glacial environment (e.g.,
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Fig. 8. Correlations of the global atmospheric
changes, variations in terrestrial weathering records
and shifts in paleolatitude of the South China Craton
from the Middle Triassic to Late Jurassic. (A)
Multiproxy-based atmospheric CO, concentration
(black line) with minimum and maximum estimated
uncertainties (gray shadow), as drawn following
Gernon et al. (2021). (B) Variations in the corrected
chemical index of alteration (CIA.y,) records from
this study on the northern margin of the South China
Plate. The meanings of data points in different colors

Late Jurassic are consistent with those in Fig. 7. (C) Archive of the
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Triassic, Early-Middle Jurassic (Zhao et al., 2020) and
Late Jurassic (Lin et al., 1985; Bai et al., 1998; Wu
et al., 1999; Yokoyama et al., 1999, 2001, Yi et al.,
2019) based on paleomagnetic research. The fourth
Late Jurassic data point was refined by inclination
flattening correction (IF correction factor of f = 0.6)
according to Zhao et al. (2020). Detailed paleomag-
netic data are listed in Table S7. Red and gray arrows
in A and B represent long-term variations in PCO, and
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Nesbitt and Young, 1982), which is incompatible with the average PCO,
in the ice-free Triassic and Jurassic that measures four times the prein-
dustrial PCO;, levels. Regarding the joint influence of water availability
and mean annual temperature on chemical weathering (Rasmussen
et al., 2011), the decoupling of PCO, (mean annual temperature indi-
cator) from CIA..,r implies that other driving mechanisms such as hu-
midity also contributed to the observed climate and chemical
weathering changes in the region.

6.5.2. Megamonsoon effect

The Pangaea supercontinent formed during the late Permian and
dominated the tectonics and paleogeography in the Triassic-Jurassic.
This supercontinent extended from the equator to polar regions and
surrounded the Tethys Ocean at middle to low latitudes. This unique
supercontinent configuration and the Mesozoic greenhouse period
resulted in the greatest thermal contrasts between the winter and sum-
mer hemispheres, which generated seasonal reversal of surface wind and
hydrologic cycle directions and the most intensive single monsoonal
climate system in geological history, leading to the seasonal climate in
the circum-Tethyan region of Pangaea and severe year-round drought in
the vast supercontinent interior (Kutzbach and Gallimore, 1989; Parrish,
1993; Fang et al., 2016). This intense monsoonal system was first named
the ‘megamonsoon’ by Pamela Robinson in 1973 based on conceptual
models and has also has been demonstrated by azonal climate belt re-
constructions (Parrish et al., 1982; Hallam, 1985), climate simulations
(Wilson et al., 1994; Sellwood and Valdes, 2006) and sedimentological

170
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evidence (Clemmensen et al., 1998; Scherer and Goldberg, 2007; Zeng
et al., 2019). As Pangaea moved north, the supercontinent was sym-
metrically divided by the equator, which caused maximum pressure
contrasts between the Northern and Southern Hemispheres during the
Late Triassic (Parrish, 1993), at which time the megamonsoon intensity
reached its peak. Climate simulations (Chandler et al., 1992) and con-
ceptual models (Parrish, 1993; Fang et al., 2016) have shown that a
monsoon system still existed during the Early Jurassic in Southeast Asia,
which was characterized by a perennially wet climate due to continuous
moisture transport by cyclones in the summer over the Tethys Ocean and
anticyclones in winter over the Panthalassa. The megamonsoon weak-
ened and finally collapsed with the break-up of Pangaea after the Late
Jurassic.

Direct evidence for the monsoonal effect in the study region comes
from monsoonal paleosol depositions in the Xiakou Section. We found
several calcisol segments in the Middle to Upper Jurassic strata with
very thick and diffused Bk horizons with a maximum thickness of
~1.5-2 m (Fig. 3I), even without correcting for compaction. Although
the megamonsoon was regarded as already weakened after the Late
Triassic (Parrish, 1993), these thicknesses still matched and even
exceeded the critical Bk thickness of ~1 m for most modern monsoonal
tropical soils in India, Iraq and Tanzania (Retallack, 2005), which im-
plies an obvious monsoonal influence over the South China Craton,
which was located at the low-middle latitudes of the eastern Tethys
during the Early Mesozoic. The megamonsoon would also have led to
fierce atmospheric circulation activity (e.g., storms) that occurring at
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higher latitudes than modern atmospheric circulation activity. This is
supported by abundant Middle Triassic marine tempestites in the
western margin of the South China Craton (Feng et al., 2017) and Zigui
Basin (Fig. 3A-B) in South China and coeval semiprecession signals in
lacustrine sediments from the Ordos Basin at higher latitudes in inland
North China (Chu et al., 2020). However, the climatic indices and CMZs
from the lower to middle part of the Badong Formation record mainly
arid climate conditions during the Middle-early Late Triassic, probably
because the megamonsoon system had not yet formed completely. The
variable chemical weathering records during this period may be related
to perturbations in monsoon intensity and, hence, the precipitation
pattern.

From the Late Triassic-Early Jurassic, the Cimmerian and Indosinian
orogenies resulted in widespread tectonic uplift, which would have also
enhanced the megamonsoon in the eastern Tethys because the thermal
properties of high mountains led airflow to migrate farther inland
(Parrish, 1993). Late Triassic tempestites and trace fossils (Pole et al.,
2018; Lu et al., 2019) and the results of tree-ring studies in the Sichuan
Basin (Qian et al., 2010; Deng et al., 2017b) consistently indicate an
enhanced monsoon-driven, high-energy environment and seasonal
climate in mid-latitude South China (approximately 34-40°N). As such,
the gradually increasing weathering intensity in the uppermost Badong
Formation (Fig. 7) was a positive response to strengthening monsoonal
processes in the eastern Tethys region, as these processes delivered
copious monsoonal rains from both the Tethys and Panthalassic Oceans
and led to a dominant perennially wet climate and intense chemical
weathering during the Latest Triassic—early Middle Jurassic (Fig. 7).

The collapse of the megamonsoon system after the Late Jurassic
hindered onshore moisture transport and caused a drier climate in the
original circum-Tethys monsoon region, including in South China.
However, this mechanism cannot solely account for the drier climate
and weakened chemical weathering in the study area, as these processes
occurred earlier than expected during the early Middle Jurassic.
Meanwhile, monsoonal calcisol depositions and CMZ III imply that a
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strong seasonal climate still affected the study area during the early Late
Jurassic, even after aridification (Fig. 3I; Fig. 7). Thus, the mega-
monsoon cannot entirely explain the climate change and another
climate-driving mechanism is still required.

6.5.3. Movement of the Asian region across zonal climate belts

Prior to and after the Late Triassic megamonsoon peak stage, plan-
etary winds were dominated by the heterogeneity of latitudinal insola-
tion, which affected the global climate and formed zonal climate belts.
At this time, a narrow tropical humid climate zone was limited to 5° on
either side of the paleoequator, broad arid belts extended to 30°N/S, and
humid zones were distributed in the middle to high latitudes above
80°N/S (Muttoni et al., 2013; Kent et al., 2017, Fig. 8C).

After correcting the inclination flattening (IF) influence on the pre-
vious paleomagnetic data of clastic rocks, Zhao et al. (2020) recalculated
the paleomagnetic poles of the South China Craton based on the site
average of nine available high-quality (Quality factor > 4) paleomag-
netic pole datapoints to determine the paleoposition of the South China
Craton from the Middle Triassic to Middle Jurassic, suggesting that the
South China Craton was located at a low paleolatitude of 14.1 + 9.1°N at
the reference site (33.0°N, 109.5°E), which was slightly north of the
studied Zigui and Dangyang Basins (reference site: 31.0°N, 110° E)
during the Middle Triassic, resulting in an arid baseline climate and
weak chemical weathering in the study area during this period (Fig. 8C
and Fig. 9A). Despite a lack of qualified Late Triassic paleomagnetic
data, the paleoposition reconstruction results of 39.4 + 4.5°N for the
South China Craton in the early Early-Middle Jurassic (Fig. 8C) implied
the continuous northward drift of South China after the Middle Triassic,
which moved the study area into a mid-latitude humid belt affected by
the megamonsoon system during its peak in the latest Triassic and Early
Jurassic (Fig. 9B). This caused intense chemical weathering due to the
humid climate, as recorded by the weathering and climatic indices and
clay mineral assemblages in the Jiuligang, Tongzhuyuan and lowermost
Qianfoya formations (Fig. 7).

Deep Shallow Evaporation Coastal Tidal Red bed Interior
marine marine sea basin flat basin basin
] I EE B = [ ]
Lowland Highland Mountain Humid Arid Air Study

zone zone flow region

Fig. 9. Paleogeographic map and main atmospheric circulation directions in the South China region in eastern Pangaea during the (A) Middle Triassic (~240 Ma),
(B) Early Jurassic (~179 Ma) and (C) Late Jurassic (~157 Ma), as modified from Wang et al. (1985) and based on plate paleoposition in Fig. 8C. The positions of the
low- to mid-latitude arid zone and high-latitude humid zone were taken from Kent et al. (2017) and Muttoni et al. (2013). The drift of the South China Craton was
taken from Golonka (2007), Huang et al. (2018), and Yi et al. (2019). Abbreviations: QTS = Qiangtang Shallow Marine, QTL = Qiangtang Lowland, GL = Gangdese
Lowland, SECH = Southeast China Hill Region, STT = South Tibet Trough, TglL = Tangugula Lowland, SPGZT = Songpan-Ganzi Trough, KDH = Kangdian
(Sichuan-Yunnan) Hill Region, UYES = Upper Yangtze Evaporitic Sea, YJT = Youjiang Trough, LYPB = Lower Yangtze Paralic Basin, SYB = Sichuan-Yunnan Basin,
XQGH = Xiang-Qian-Gui (Hunan-Guizhou-Guangxi) Highland, SCB = South China Basin, SCH = South China Highland, QM = Qinling Mountains, KM = Kunlun

Mountains, and BHM = Bayan Har Mountains.
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During the Middle-Late Jurassic, paleomagnetic data indicate that
the Eastern Asia blocks (EABs) moved southward by ~25° sometime
between 174 + 6 Ma and 157 + 4 Ma through true polar wandering, thus
leading to a much drier climate. This is known as the Great Jurassic East
Asian Aridification event and occurred over an area of 10 x 10° km? (Vi
et al., 2019). Based on the paleolatitude of 36.6 + 5.1°N for the North
China Craton (reference site 40°N, 120°E) at 157 + 4 Ma, the recalcu-
lated paleoposition of the study region in South China was ~27°N. This
finding is compatible with the result of 30.5 + 8.3°N, which was aver-
aged from five Late Jurassic high-quality paleomagnetic pole data points
(Fig. 8C, Lin et al., 1985; Bai et al., 1998; Wu et al., 1999; Yokoyama
etal., 1999, 2001) following the method of Zhao et al. (2020).This shift
resulted in weak chemical weathering and other changes in the clay
mineral assemblages in the lowermost Qianfoya Formation in the Xia-
kou section (Fig. 7) because the large-scale southward drift of the EABs
moved South China from the mid- to high-latitude humid belt back to
the low-latitude arid belt, where it was located during the Middle
Triassic (Fig. 9C). As such, the megamonsoon system regained control of
the regional climate conditions, which is consistent with the abundant
mixed I/S in the Qianfoya Formation. Some previous studies have re-
ported several abrupt decreases in seawater temperature during the
Middle-Late Jurassic in the western Tethys region (Dromart et al., 2003;
Korte et al., 2015; Bodin et al., 2020), with the potential to trigger
weakened continental weathering, but whether these cold events had an
impact beyond the western Tethys region is still controversial (Wierz-
bowski et al., 2018; Alberti et al., 2020). Even if these cold events did
occur, the equatorward movement of South China during the Middle
Jurassic would have largely counteracted their influence on the
weathering record of the samples analyzed in this study.

6.5.4. Regional paleogeographic evolution

Regional paleogeography could also have had a significant impact on
the paleoclimate in the study area. During the Triassic, a Paleo-Tethys-
type epeiric sea covered a large area of South China from the west.
Moreover, Lower  Jurassic  estuarine  deposits in  the
Fujian-Guangdong-Jiangxi-Hunan Provinces (Xu et al., 2012) imply a
vast Panthalassa-type coastal environment along the southern margin of
South China, and there were also no large mountain ranges between the
Middle-Lower Yangtze area and Panthalassa in the east (Wang et al.,
1985). Therefore, the study area was surrounded by seas on three sides
and received copious oceanic moisture, and these conditions led to a
humid climate in the Late Triassic to the Early Jurassic (Fig. 9B).
However, Indosinian tectonism began in the Late Triassic and caused the
gradual closure of the Paleo-Tethys Ocean, uplifting most of South China
and forming the Songpan-Ganze Fold Belt and Bayan Har Mountains in
western South China (Roger et al., 2010; Shao et al., 2014). Ultimately,
these processes prevented moisture transport to the northern margin of
South China from the Tethys Ocean after the Middle Jurassic. Similarly,
moisture transport from the Panthalassa in the south to the study area
weakened because of the subduction and compression of the circum-
Pacific tectonic domain after the Middle Jurassic. This process led to
regression of the Panthalassa coastal environment along the south-
eastern margin of South China. The transition from Indosinian to Yan-
shanian tectonism during the early Middle Jurassic caused widespread
overthrusting and folding in North and South China, and at this time,
South China was divided into the Sichuan Basin and a neighboring
continental red basin area in the west and a basin-and-range area in the
east, isolating the study area from the effects of Panthalassic ocean
currents (Wang et al., 1985; Liu et al., 2014; Luo et al., 2014). Subse-
quently, the study area was unaffected by the surrounding oceans, and
this isolation enhanced inland drought conditions after the Middle-Late
Jurassic (Fig. 9C).

7. Conclusions

Multiple chemical weathering and climatic indices and clay
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mineralogy were used in this study to reconstruct the paleoclimate from
the Middle Triassic to the Late Jurassic on the northern margin of the
South China Craton.

During the Middle—early Late Triassic, an arid climate existed, as
evidenced by low chemical weathering index values and clay mineral
assemblages of mainly illite and chlorite. Relatively high CIAq values
measured in the Jiuligang and Tongzhuyuan formations and the
occurrence of kaolinite in the Tongzhuyuan Formation indicated
increased humidity from the latest Triassic to the Early Jurassic. This
humid environment persisted until the early Middle Jurassic, when
abrupt weakening of chemical weathering occurred, implying that the
climate became seasonally dry and humid beginning in the Middle
Jurassic. Uniformly low chemical weathering index values and
increased illite amounts indicate enhanced drought conditions after the
Middle Jurassic through the Late Jurassic.

The long-term climate evolution of the climate and changes in
chemical weathering in the study area were controlled by multiple
factors, including PCO variations, the megamonsoon system and the
drift of the South China Plate across zonal climate belts during the
Middle Triassic to the Late Jurassic. In addition, the topographic evo-
lution in response to tectonism also had an important influence on the
climate by affecting ocean-land water transport, further enhancing the
interior drought conditions after the Middle Jurassic.
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