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ARTICLE INFO ABSTRACT

Editor: Howard Falcon-Lang The Jurassic is a crucial greenhouse period that witnessed a transition from the relatively colder Triassic to the
relatively warmer Cretaceous. However, previous studies based on marine sections suggest different long-term
paleotemperature trends throughout the Jurassic. Oxygen isotope (8'%0) values of temperate belemnite and
bivalve fossils suggest a general cooling followed by a general warming trend during the Jurassic, whereas TEX5s
and clumped isotope sea surface temperature records available for parts of this period appear consistent with a
relatively warm and stable climate. The paucity of Middle Jurassic paleotemperature estimates limits efforts to
investigate the above disagreement. Here, we apply clumped isotope (A47) thermometry to paleosol carbonates
from the central part of East China to reconstruct terrestrial paleotemperatures and paleoatmospheric CO2
(pCOy) in the Middle Jurassic. After evaluating potential burial diagenesis and seasonality of soil carbonate
accumulation, we suggest that terrestrial mean annual temperatures ranged from 30 + 4 °C to 34 + 4 °C and the
estimated mean pCO, was 1219 + 519 ppmv in mid-latitude East China during the Middle Jurassic. Based on the
compiled marine temperatures and our results, we conclude that the paleoclimate was relatively warm and stable
from the Middle Jurassic to at least the Earliest Cretaceous (ca. 180-135 Ma). Our estimated Middle Jurassic
pCO;, aligns with previous records, revealing minimal variations compared to the pCO; observed during the Early
Cretaceous. These findings imply a link between the consistent temperatures and the relatively stable pCO- levels
from the Middle Jurassic through the Early Cretaceous.
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the Late Jurassic (Dera et al., 2011; Grossman, 2012). In contrast, recent
SST reconstructions at both middle and high latitudes based on TEXgg

1. Introduction

As a typical greenhouse climate period with high atmospheric CO,
concentrations (pCO;) (Berner and Kothavala, 2001; Fletcher et al.,
2008), the Jurassic saw the transition from relative cold paleoclimate
during the Triassic (Berner and Kothavala, 2001; Price et al., 2013) to
extreme warmth during the Cretaceous (O’Brien et al., 2017; Huber
et al., 2018). This profound shift has led several studies to investigate
paleotemperature evolution during the Jurassic as an analog for
contemporary climate warming. Based on the oxygen isotope (§'%0)
values of temperate belemnite and bivalve fossils, previous studies have
suggested a general cooling of sea surface temperatures (SSTs) during
the Early-Middle Jurassic followed by a general warming trend during

(Jenkyns et al., 2012) and clumped isotope thermometry (Vickers et al.,
2019; Letulle et al., 2022) point to relatively warm and stable paleo-
climate (i.e., 25-30 °C) with occasional cooling events during the
Jurassic. The largest discrepancy between these records occurs in the
Early to Middle Jurassic, where sparse SST data show no major change
despite a 4%o shift in 880 values, which could represent up to >15 °C of
temperature change (Grossman, 2012). The lack of temperature esti-
mates during the Middle Jurassic and the disagreement among multiple
proxies limit our understanding of the Jurassic paleoclimate and the
cool-to-warm transition.

At present, Jurassic paleotemperature reconstructions are mainly
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based on marine sections, while terrestrial paleotemperatures are less
reported (Shen et al., 2021). Yet there is potential for terrestrial re-
constructions to illuminate these trends, as marine and terrestrial paleo-
proxy data show similar trends and temperatures (within 3 °C) at middle
latitudes during warm paleoclimatic conditions (Zhang et al., 2019;
Joachimski et al., 2022). For example, terrestrial paleotemperatures
from NE China during the Late Cretaceous show good consistency with
global marine records (Wang et al., 2013; Zhang et al., 2018). These
observations suggest the potential for terrestrial paleotemperature re-
constructions from similar paleogeographic locations to complement the
Middle Jurassic global sea surface paleotemperature curve and shed new
light on the Jurassic paleoclimate evolution.

In this study, we apply clumped isotope (A47) thermometry to
paleosol carbonates from East China to estimate mid-paleolatitude
terrestrial paleotemperatures during the Middle Jurassic. Our targets
are well-exposed and effectively temporally constrained Jurassic strata
that contain abundant paleosol carbonates that are suitable for terres-
trial paleotemperature reconstruction (Li et al., 2012; Meng et al., 2019;
Lietal., 2020; Shen et al., 2021; Zhang et al., 2021; Dai et al., 2022). We
rigorously evaluate sample preservation and possible recrystallization
and/or solid-state reordering of the clumping signal by burial diagen-
esis. We then interpret isotopic results for well-preserved samples,
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accounting for the seasonality of soil carbonate accumulation. The re-
sults allow us to test the hypothesis that temperature in East China
remained relatively warm and stable from the Early to Late Jurassic
during the interval of significant variation in the §!%0 curve. Compari-
son of the reconstructed terrestrial mean annual temperatures with a
compilation of Jurassic-Early Cretaceous marine paleotemperatures
enables us to refine our interpretation of the terrestrial paleoclimatic
characteristics during the Middle Jurassic and may provide new con-
straints on Jurassic-Early Cretaceous paleotemperature evolution. In
addition, we estimate pCO- from carbon isotopes of paleosol carbonates
and compare them to the reported pCO; records during the Jurassic-
Early Cretaceous, which allow us to examine the links between pCO,
and paleotemperature records.

2. Stratigraphy and sampling

Both paleogeographic reconstructions and paleomagnetism studies
indicate that East China stabilized at middle latitudes during the
Jurassic with no major latitudinal changes (Scotese, 2014; Huang et al.,
2018; Gao et al., 2021) (Fig. 1A). The central part of East China contains
many terrestrial basins with well-preserved Mesozoic strata (Huang,
2019; Li et al., 2012; Meng et al., 2019) (Fig. 1B). In these basins,
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Fig. 1. Paleogeographic reconstruction for the Middle Jurassic (155 Ma). (A) Paleogeographic map modified from Scotese (2014) to show the locations of our study
area (green rectangle) and the compiled Jurassic-Early Cretaceous marine temperature records based on A4y (red circles) and TEX5s paleothermometry (blue circles).
(B) Sketched structural map of China. (C) Simplified geological map of middle East China showing the locations of the sampled sections (red stars) (modified after Li
et al., 2012). (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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numerous paleosols developed in fluvial-lacustrine sections and contain
abundant carbonate nodules. Most paleosols are reddish and brownish,
with a minority being yellowish (Fig. S1). Paleosol nodules are generally
ginger-like and irregular in shape, and the diameters are generally 2-5
cm (Fig. S2). All the paleosols in this study are defined as aridisol
following the general classification of paleosols by Retallack (2001).

Here, we collected paleosol carbonates from three non-intermontane
basins with low paleoelevations during the Middle Jurassic (Huang,
2019; Meng et al., 2019), including the Sichuan Basin and Zigui Basin
(South China block), and the Jiyuan Basin (North China block) (Fig. 1C).
For each section, multiple carbonate nodules were collected from mul-
tiple paleosol layers to obtain representative paleoproxy data from the
paleosol carbonates.

2.1. The Sichuan Basin

The Sichuan Basin is an extensive superimposed basin that occupies
an area of ~1.8 x 10° km? in the northwest of the South China block
(Meng et al., 2005; Huang, 2019) (Fig. 1C). During the Jurassic, its
paleolatitude was ~37°N (van Hinsbergen et al., 2015). The Jurassic
strata are characterized by fluvial-lacustrine purplish red clastic rocks
(Lietal., 2020; Li et al., 2018). In ascending order, they are divided into
the Ziliujing Formation (J;z), Qianfoya Formation (J2q), Shaximiao
Formation (J3s), Suining Formation (Js3s), and Lianhuakou Formation
(J3l) (Meng et al., 2005) (Fig. 2A).

In the Guangyuan area in the northwest Sichuan Basin (105°43'58"E,
32°23'38”N), we collected carbonate nodules (>30 c¢cm below the pale-
osol surfaces) from the Qianfoya, Shaximiao, Suining, and Lianhuakou
Formations (Fig. 2A). Based on sporopollenin and bivalve assemblages,
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the Qianfoya and Shaximiao Formations are Aalenian-Bajocian and
Bathonian-Callovian in age, respectively (Meng et al., 2005; Deng et al.,
2017). Previous biostratigraphic studies indicate that the Suining and
Lianhuakou Formations are Oxfordian and Kimmeridgian in age,
respectively (Deng et al., 2017).

2.2. The Zigui Basin

The Zigui Basin, situated to the east of the Sichuan Basin, contains a
Jurassic terrestrial sequence that is nearly identical to that of the
Sichuan Basin (Liu et al., 2005; Dai et al., 2022) (Fig. 1C). During the
Jurassic, its paleolatitude was ~38°N (van Hinsbergen et al., 2015). The
Jurassic strata mainly consist of red mudstones and variably colored
sandstones and siltstones (Dai et al., 2022). In ascending order, they are
divided into the Tongzhuyuan Formation (Jit), Qianfoya Formation
(J2q), Shaximiao Formation (Jos), Suining Formation (Jss), and Pen-
glaizhen Formation (J3p) (Dai et al., 2022) (Fig. 2B).

In Zigui County (110°39'18'E, 31°5'30”N), we collected carbonate
nodules (>30 cm below the paleosol surfaces) from the Qianfoya,
Shaximiao, and Penglaizhen Formations (Fig. 2B). Biostratigraphic
constraints indicate that the Qianfoya Formation is Aalenian-Bajocian in
age, and the Shaximiao Formation is Bathonian-Callovian in age, and
thus are temporally comparable to the same units in the Sichuan Basin
(Dai et al., 2022). A Kimmeridgian age has been proposed for the Pen-
glaizhen Formation, making it contemporaneous with the Lianhuakou
Formation in the Sichuan Basin (Deng et al., 2017).
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Fig. 2. Stratigraphic columns showing the Jurassic strata of (A) the Sichuan Basin, (B) the Zigui Basin, and (C) the Jiyuan Basin. The black arrows indicate the
samples for clumped isotope analyses. The dashed lines show temporally comparable strata. cl = clay; s = silt; f = fine sand; m = medium sand; ¢ = coarse sand; g
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2.3. The Jiyuan Basin

The Jiyuan Basin is situated to the north of the Zigui Basin (Fig. 1C).
During the Jurassic, its paleolatitude was ~40°N (van Hinsbergen et al.,
2015). The Jurassic strata are composed of grey-yellow-green fluvial-
lacustrine sandstones, siltstones, and mudstones (Yang et al., 2014;
Wang et al., 2019). In ascending order, they are divided into the Anyao
Formation (J;a), Yangshuzhuang Formation (J2y), and Ma’ao Formation
(Jom) (Fig. 2C).

From the Jiyuan area (112°29'10"E, 35°4'4”N), we collected car-
bonate nodules (>30 cm below the paleosol surfaces) from the Anyao,
Yangshuzhuang, and Ma’ao Formations (Fig. 2C). The Anyao Formation
is Toarcian in age (Yang et al., 2014; Deng et al., 2017). Based on bivalve
assemblages of Unio-Margaritifera-Yananoconcha-Ferganoconcha, the
Yangshuzhuang Formation is Aalenian-Bajocian in age (Huang, 2019).
Ostracod assemblages of Timiriasevia-Darwinula indicate that the Ma’ao
Formation is Bathonian-Callovian in age (Yang et al., 2014; Deng et al.,
2017).

3. Methods
3.1. Petrographic analysis

All the carbonate nodules were carefully assessed for diagenesis
using cathodoluminescent (CL) microscopy. The optical and CL obser-
vations were conducted using a Cathodoluminescence Mk5-2 instru-
ment, operating at 5-10 kV, 0.5 mA, and 50-100 mTorr. According to
the luminescent properties, our samples are categorized as non-
luminescent (NL), slightly luminescent (SL), and mostly luminescent
(ML) (Fig. S2). Nodules were assigned to the NL category if they were
characterized by homogenous micrite with a low luminescence and not a
single detrital carbonate grain was observed. Nodules consisting mainly
of micrite with isolated brighter specks or veins were assigned to the SL
category, while those containing pervasively luminescent spars or veins
were assigned to the ML category.

3.2. Carbonate clumped isotope analysis

Carbonate clumped isotope thermometry relies on the thermody-
namic tendency of heavy isotopes to “clump” into bonds with each other
rather than with light isotopes in carbonate minerals (Ghosh et al., 2006;
Eiler, 2007; Huntington and Petersen, 2023). The mass-47 anomaly
(A47) measured in carbonate-derived CO4 quantifies the abundance of
clumped, or multiply-substituted ion groups containing more than one
heavy isotope (mostly mass-47 13¢180160), relative to the expected
abundance in a random distribution. The abundance of 13C'80%0 in the
carbonate increases with decreasing growth temperature, and thus A4y
provides a direct means to estimate the growth temperature of carbonate
without estimating the 5180 of soil water (slsosw) (Eiler, 2007). The
A4z, 813C, and 8'%0 are measured simultaneously, which enables the
estimate of the 5'%0g,.

About 60-80 mg of powder was drilled from the polished surfaces of
the nodules using a slow dental drill under a binocular microscope. For
each nodule, all the drilled carbonate powder was thoroughly homog-
enized. Clumped isotope analyses (24 samples; 2-4 replicates for each
sample) were conducted at the IsoLab at the University of Washington
(Seattle, USA). The analysis followed the methods described in Burgener
et al. (2016) and Schauer et al. (2016). For each analysis, a pure car-
bonate equivalent sample weighing 8-10 mg was subjected to digestion
in a 90 °C common phosphoric acid bath for 10 min to obtain COs. The
generated CO, was separated from water using cryogenic methods and
subsequently purified. The purified CO; was sealed in a quartz tube and
then introduced into a Thermo MAT253 mass spectrometer configured
to measure m/z 44-49 inclusive for analysis. Between every 4-5 sample
unknowns, equilibrated CO, reference gases and carbonate standards
were included in the analysis sequence. The carbonate A47 values were
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calibrated to the carbon dioxide equilibration scale (CDES) using CO5
gases isotopically equilibrated at 4, 60, and 1000 °C (Dennis et al.,
2011). The laboratory carbonate standards (C2, C64, Coral, ETH1,
ETH2, ETH3, and ETH4) exhibited a long-term standard deviation (SD)
of 0.027%o. The T(A47) values were calculated using the calibrations
provided by Kelson et al. (2017), Petersen et al. (2019), and Anderson
et al. (2021) in Table S1. The discrepancies among these three calibra-
tions are <3 °C, and there is no impact on the temperature trend. In this
study, we adopted the values obtained through the Anderson et al.
(2021) equation. This equation stands out for its rigorously replicated
and standardized calibration, and it is suitable for a wide range of
temperature and sample types (Huntington and Petersen, 2023). The
oxygen isotopic composition of soil water (3'80gy) in equilibrium with
the measured carbonate nodule ‘80 at the observed apparent T(A47)
was calculated using the carbonate-water oxygen isotope fractionation
relation of Kim and Oneil (1997). The 8*3C and 5'80 values are reported
relative to either the Vienna Peedee belemnite (VPDB) for minerals or
Vienna standard mean ocean water (VSMOW) for water.

3.3. Assumptions and methods of atmospheric CO2 estimation

We used the pedogenic carbonate barometer described in Cerling
(1991) to estimate the pCO3:

C. =S x (8”°C, —1.00448"°C, —4.4) /(8" C, — 8" C)

where C, is the atmospheric CO2 (ppmv), S() is the soil-respired CO2
concentration, and 613CS, 5'3C,, and 613Ca are the stable carbon isotopic
compositions of soil CO9, soil-respired COj, and atmospheric COj,
respectively.

The §'3C; was calibrated by the carbon isotopic composition of
pedogenic carbonate (5'3C.) following the temperature-dependent
equation 8'3C, = (8'3C. + 1000)/[(11.98-0.12 T)/1000 + 1] - 1000
(Romanek et al., 1992), where we used A47-derived temperatures in this
study to represent T. The §!3C; was calculated from the organic matter
(83C,) in paleosol using the equation 8'°C, = §'3C, - 1 (Breecker and
Retallack, 2014). In this study, we used contemporary §'3C, from the
Sichuan Basin (Li et al., 2022a, 2022b) to calculate 8'3C, for the Sichuan
Basin and the Zigui Basin, and from the Ordos Basin (Jin et al., 2020) to
calculate §'3C; for the Jiyuan Basin. The 5'3C, was calibrated from 8'3C,
using the equation 613Ca = (613C0 + 18.67)/1.1 (Arens et al., 2000).
Finally, the S(;) was estimated as a constant value of 2000 ppmv for our
samples that collected >30 cm below the paleosol surfaces, which is
suggested for semi-arid areas as the calcisols are reddish-brownish ari-
disols. Besides, Li et al. (2022a, 2022b) reported that the S, derived
from original depth to carbonate nodules and corrected for compaction
in paleosols was around 2000 ppmv in the Sichuan Basin during the
Middle Jurassic. The standard errors of C, were calculated using the
Gaussian approach (Breecker and Retallack, 2014).

3.4. Global marine temperature and pCO2 compilation

To contextualize our results, we compiled published Jurassic-Early
Cretaceous (180-120 Ma) marine temperatures interpreted to repre-
sent sea surface conditions based on A4y and TEXgg paleothermometry.
In this study, only samples reflecting primary temperatures from mid-
paleolatitudes of 30°-60°N/S (similar to our study areas) are included
(see Fig. 1A for the locations). The compilation consists of 52 A4y-
derived temperatures and 265 TEXgg-derived temperatures (Table S2).
We calculated the stage mean values for A47-derived SSTs according to
their original published age (Table S2). The TEXg¢-derived temperatures
were calculated using the TEX§s calibration since this logarithmic cali-
bration is generally recommended for warm conditions (i.e., SSTs
>15 °C) (Kim et al., 2010).

We also compiled published Jurassic-Early Cretaceous (180-120 Ma)
global pCO; records based on pedogenic carbonates and stomatal
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characters of fossil plants. The compilation consists of 24 pedogenic
carbonate-based pCO; records and 25 stomata-based pCO; records. We
updated the pedogenic carbonate-based pCO5 records using the equa-
tions described in Section 3.4 with T = 30 °C and Sz = 2000 ppmv (see
Table S3 for details).

4. Results
4.1. Clumped and bulk isotope results and CL observations

The clumped isotope data (Ay47, 513C, and 5'%0), as well as T(A47)
and a“‘osw, are summarized in Table S1. The average A4 values for NL
nodules (n = 7) range from 0.560%0 to 0.593%o (CDES, 90 °C acid
digestion reference frame), corresponding to apparent T(A47) values
ranging from 25 + 5 °C to 37 + 6 °C (1 SE) (Fig. 3; Table S1). Their 5%
and 8'3C values range from —9.8%o to —7.1%0 and from —12.5%o to
—4.2%0 VPDB, respectively (Table S1). The calculated 5'80g,, values
range from —6.3%o to —4.2%0 VSMOW, in the plausible range for soil
water (Table S1). All the apparent T(A47) values are within the Earth’s
surface temperature range (<40 °C). Moreover, the optical and CL fea-
tures of the NL nodules (i.e., dense and homogeneous micrites) show no
sign of recrystallization.

The average A4y values for SL and ML nodules (n = 16) range from
0.346%o to 0.551%o, corresponding to apparent T(A47) values ranging
from 41 + 5 °C to 76 + 9 °C (1 SE) (Fig. 3; Table S1). Their 5'0 and
813C values range from —13.2%o to —3.6%o and from —9.1%o to —2.5%o
VPDB, respectively (Table S1). The calculated §'%0 values of water that
would be in equilibrium with these carbonate samples at the apparent T
(A47) range from —7.7%o to 3.5%0 VSMOW (Table S1). All the T(A47)
values are above the Earth-surface temperature range (<40 °C). Post-
depositional water-rock interaction can change carbonate bulk stable
isotope compositions in a fluid-buffered system, but may not change
them in a rock-buffered system (Banner and Hanson, 1990). If the
alteration occurred at elevated temperatures during burial, the car-
bonate A4y values would yield higher apparent temperatures than that
of its original depositional environment (Ingalls and Snell, 2021).
Therefore, we conclude that the SL and ML nodules were altered by
fluid-mediated reactions including significant material addition during
burial diagenesis, and exclude these altered samples from further
discussion.

4.2. Global marine temperature records

The compiled mid-paleolatitude (30°-60°N/S) marine temperatures
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based on A4y and TEX5s estimates are summarized in Table S2. The A4y-
derived temperatures are only available during ca. 165-150 Ma and
around ca. 186 Ma during the Jurassic, and ca. 125-135 Ma during the
Early Cretaceous. According to the habitat of the analyzed marine spe-
cies, they reflect surface water temperatures and range from 18.7 +
4.6 °C to 31.9 & 4.4 °C (Price et al., 2020; Vickers et al., 2019, 2020,
2021; Letulle et al., 2022) (Table S2). The calculated mean temperatures
for each stage range from 19.0 & 7.0 °C to 27.8 + 4.3 °C (1 standard
error of the mean, SE; Table S2).

The TEXYs-derived temperature data are relatively continuous from
the Late Jurassic (Jenkyns et al., 2012) to the Early Cretaceous (O’Brien
et al., 2017 and references therein; Cavalheiro et al., 2021), but are
lacking during the Early-Middle Jurassic. From the Late Jurassic to the
Early Cretaceous, the compiled TEX&s-derived sea surface temperatures
(SSTs) range from 21.9 + 2.5 °C to 37.1 + 2.5 °C (Table S2).

4.3. COg2 concentrations

The pCO,, values estimated by carbon isotope ratios of the paleosol
nodules in the central part of East China, along with compiled global
pCO, records, are summarized in Table S3. Our estimated pCO5 values
range from 1368 to 1561 ppmv, except for one extremely low value of
303 ppmv. The average pCO5, when taking all the values into account, is
1219 + 519 ppmv (Table S3). When excluding the extremely low value,
the average pCO5 becomes 1525 + 633 ppmv. The difference between
these two estimates falls within the errors of the pCO; calculations.
Nevertheless, we suggest that 1219 + 519 ppmv is more reasonable, as
the T(A47) value corresponding to the sample with low pCOy is primary,
and thus there is no compelling reason to exclude it.

The compiled pedogenic carbonate-based pCO5 records range from
621 to 2170 ppmv, with a mean value of 1163 ppmv during the Jurassic
and 1046 ppmv during the Early Cretaceous (Ekart et al., 1999; Huang
et al., 2012; Li et al., 2020; Li et al., 2022a, 2022b). The pCO, records
derived from stomatal characters of fossil plants range from 400 to 4020
ppmv, with a mean value of 1521 ppmv during the Jurassic and 1754
ppmv during the Early Cretaceous (Sun et al., 2007; Retallack, 2009;
Yan et al., 2009; Wu et al., 2016; Li et al., 2020) (Table S3).

5. Discussion

In the following sections, we evaluate possible solid-state reordering
effects on the A47 values of the NL nodules, which cannot be detected by
petrographic analyses (Huntington and Lechler, 2015; Ingalls and Snell,
2021). We then interpret our A4y-derived terrestrial temperatures in the

100

80

60- % @)
(4) @ @ % %
40- 3B @)
(3) % % %

204

T(A,) (°C)

non-luminescent

slightly luminescent

mostly luminescent

Cathodoluminescent Screening

Fig. 3. The T(A47) results in this study. They are categorized as non-luminescent (NL), slightly luminescent (SL), or mostly luminescent (ML) based on the lumi-
nescent properties of the carbonate nodules. Numbers of replicates are reported in parentheses. The sample-level error bars represent 1 standard error (1SE) of the
mean based on internal replicates or external instrument precision, whichever is larger (see Table S1 for the calculation of error).
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context of seasonally biased soil carbonate accumulation and compare
them with the compiled marine temperatures to further assess the reli-
ability of our estimates.

5.1. Evaluation of possible solid-state reordering effects

As we discussed in Section 4.1, petrographic observations exclude
the scenario in which the NL nodules experienced obvious pervasive
recrystallization or precipitation of diagenetic carbonate (Fig. S2).
However, carbonate nodules can also be affected by solid-state reor-
dering due to burial heating, which would alter A47 values at elevated
temperatures without changing mineral textures (Huntington and
Lechler, 2015; Ingalls and Snell, 2021). Here, we further explore the
potential for this type of alteration using solid-state reordering models
(Henkes et al., 2014; Stolper and Eiler, 2015; Hemingway and Henkes,
2021) and temperature history constraints for the units that contain NL
nodules, the Anyao Formation in the Jiyuan Bain, Qianfoya Formation
in the Zigui Basin, and Shaximiao and Suining formations in the Sichuan
Basin.

For each Formation, its depositional age and thermal history are
constrained to define a suite of possible representative post-depositional
time-temperature (t-T) paths (Fig. 4). Then the t-T paths and a range of
possible initial depositional temperatures (Tp) are used to simulate
sample A4; values and assist in assessing the likelihood that original
depositional T(A4y7) values were altered by solid-state reordering. Fig. 4
shows model results for two cases of Ty, assuming depositional tem-
perature equal to either the analyzed T(A47) value or a nominal surface
temperature of 20 °C (see Supplemental Fig. S2 for additional scenarios),
and a modern mean annual Earth-surface temperature (Tfipa)) of 20 °C
(results are indistinguishable using 15 °C). The calculations and figures
are output from the open source “isotopylog” package (Hemingway,
2020; http://pypi.python.org/pypi/isotopylog), including models from
Henkes et al. (2014) (Heal4 model, hereafter), Stolper and Eiler (2015)
(SE15 model, hereafter), and Hemingway and Henkes (2021) (HH21
model, hereafter).

For the Jiyuan Basin, based on modeling of low-temperature ther-
mochronology data, the Anyao Formation reached a maximum burial
temperature (Tpax) of ca. 115 °C during the Late Cretaceous, then
decreased to a near-surface temperature of 20 °C during the Late
Cretaceous-Paleocene (Zhao et al., 2002). Here we set the Tppax to 115 °C
at 90 Ma (Fig. 4A-C). For the Zigui Basin (Fig. 4D-F), apatite fission-
track thermochronological data indicated that the burial temperature
of the Qianfoya Formation rapidly increased to 120 °C (Tpay) at ca. 120
Ma, then decreased to 60 °C at 80 Ma, and finally decreased to a near-
surface temperature (i.e., 20 °C) no earlier than 20 Ma (Yu et al.,
2017). For the Sichuan Basin (Fig. 4G-L), the t-T paths of the Jurassic
strata are well-constrained by modeling of low-temperature thermo-
chronology data (Shi et al., 2016). The burial temperature of the Shax-
imiao Formation quickly increased to 120 °C (Tpax) at 130 Ma then
quickly decreased to 55 °C at 90 Ma. After that, it slowly decreased to
50 °C at 90-15 Ma and finally decreased to a near-surface temperature.
The burial temperature of the Suining Formation reached a Tpax of
110°C at 110 Ma, then quickly decreased to 65 °C at 80 Ma. After that, it
slowly decreased to 56 °C at 80-30 Ma and finally decreased to a near-
surface temperature.

For the Heal4 model and HH21 model, the final predicted temper-
atures for all NL samples show no significant effect of solid-state reor-
dering (i.e., < 0.1 °C effect on T(A47) for all the thermal history scenarios
(Fig. 4). For the SE15 model, the final predicted apparent T(A47) values
are ca. 30 °C higher than Ty; however, this result is incompatible with
our observations, suggesting that the SE15 model is not suitable for our
samples. In the SE15 model, the final modeled temperatures for each
Formation are higher than our measured T(A47) values even if we set T
to 0 °C (Fig. S3). Matching our observed temperatures would require
mean annual temperature and soil carbonate accumulation below 0 °C,
which is not compatible with low-elevation, mid-latitude regions during
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the greenhouse Jurassic. All of the other model results support the
interpretation that the NL nodules were not altered by solid-state reor-
dering and faithfully archive Jurassic Earth-surface temperatures.

5.2. Evaluation of soil carbonate seasonality

The T(A47) values obtained from NL carbonate nodules represent the
growth temperatures of the paleosol carbonates. However, these values
can be influenced by precipitation seasonality, soil texture, and vege-
tation cover, which may introduce a bias towards soil carbonate accu-
mulation in different seasons (e.g., Passey et al., 2010; Peters et al.,
2013; Kelson et al., 2020). We therefore assess the likely seasonality of
precipitation and soil moisture balance relevant for the sampled soil
nodules. Recent high-resolution climate simulations suggest that the
central part of East China would receive the majority of precipitation
from April to September during the Jurassic (Li et al., 2022a, 2022b).
Our paleosol nodules were sampled from mudstones and siltstones,
indicating they formed in a fine-grained soil matrix (Section 2). Fine-
grained soils have good moisture retention ability and may delay soil
drying, such that carbonate in summer rainy season climates may be
expected to accumulate in autumn, when soil temperatures approach
mean annual temperature (Gallagher and Sheldon, 2016). We therefore
interpret our Jurassic T(A47) values of 25 + 5 °C to 37 + 6 °C from the
NL nodules to represent terrestrial mean annual temperatures—an
interpretation that is broadly consistent with previous paleontological
and sedimentological studies suggesting high mean annual temperature
in East China during the Jurassic (Wang, 2002; Deng et al., 2017).

5.3. Warm and stable terrestrial paleotemperature in East China during
the Middle Jurassic

To obtain a robust mean temperature for each period, we integrate
data for NL nodules from time-equivalent units. In this study, mean
temperatures for the Toarcian, Aalenian-Bajocian, Bathonian-Callovian,
and Oxfordian are calculated by averaging the A4y values of all repli-
cates within NL strata of these ages, respectively (Table S1). For the late
Early Jurassic (Toarcian), the A4y values of individual nodules range
from 0.560%0 to 0.593%o, corresponding to apparent T(A47) values
ranging from 25 4+ 5 °C to 37 & 6 °C (1 SE), with a representative mean
temperature of 32 + 4 °C (1 SE). For the early Middle Jurassic (Aale-
nian-Bajocian), the A4; values for individual nodules range from
0.565%o to 0.580%o, corresponding to apparent T(A4y) values ranging
from 30 + 11 °C to 35 + 8 °C (1 SE), with a representative mean tem-
perature of 33 + 6 °C (1 SE). For the late Middle Jurassic (Bathonian-
Callovian), the A47 values for individual nodules range from 0.577%o to
0.586%o, corresponding to apparent T(A47) values ranging from 28 +
7 °C to 31 + 6 °C (1 SE), with a representative mean temperature of 29
+ 4 °C (1 SE). For the early Late Jurassic (Oxfordian), the A4 value is
0.577%o and yields an apparent T(A47) value of 31 + 6 °C (1 SE). To sum
up, representative mean temperatures for the late Early-early Late
Jurassic in the central part of East China range from 29 + 4 °C to 33 +
6 °C (1 SE).

To facilitate the comparison of datasets from different locations, we
next correct the representative time-period mean temperatures from our
terrestrial sections to the same paleolatitude (i.e., 35° N) by applying a
latitudinal temperature gradient. Constraints on marine latitudinal
gradients exist for the Jurassic, ranging from 0.26 + 0.05 °C/° at middle
and high latitudes during the Early Jurassic (Letulle et al., 2022) to 0.2
to 0.5 °C/° during the Middle-Late Jurassic (Dromart et al., 2003). A
synthesis of paleoproxy data by Zhang et al. (2019) showed that lat-
itudinal temperature gradients for terrestrial and marine environments
are similar for other past warm periods (e.g., latest Cretaceous, ~0.4 °C/
° for both ocean and continent; Amiot et al., 2004). Consistent with these
findings, we adopt a latitudinal temperature gradient of 0.4 + 0.1 °C/°
and the corrected time-period mean temperatures range from 30 + 4 °C
to 34 + 4 °C (Figs. 5 and 6; for error propagation see Table S1).
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Thus, our results from East China confirm a warm terrestrial paleo-
climatic condition (i.e., 30 & 4 °C to 34 £ 4 °C) at middle latitudes
during the Middle Jurassic (Fig. 6A), which is ca. 10-15 °C higher than
present. Importantly, our data show no evidence of a large cooling shift
from the Early to Middle Jurassic accompanying the 4%o increase in 580
over this interval (Fig. 6).

5.4. No evidence of large temperature shifts during the Middle Jurassic-
Earliest Cretaceous from SST and terrestrial records

We next evaluate our terrestrial paleoproxy temperatures in light of
previous SST reconstructions. To do this, the compiled contempora-
neous SST estimates are also revised to 35° N/S latitude by applying a
latitudinal temperature gradient of 0.4 £+ 0.1 °C/° (Section 5.3; Fig. 5).
During the period of overlap with our samples (approximately Callovian
to Tithonian), this exercise leads to A4y-derived stage mean SSTs of
24-35 °C and TExgﬁ-derived SSTs of 32-37 °C (Figs. 5 and 6; Table S2).
Our terrestrial mean annual paleotemperatures from low-paleoelevation
basins are broadly consistent with these global SSTs, which bolsters our
interpretation in Section 5.2 that there is no obvious seasonal bias for the
nodule paleotemperatures. However, some discrepancies among the
different terrestrial and marine temperature proxies remain.

The A47-derived marine temperatures that reflect sea surface con-
ditions at middle and high latitudes are statistically not different from
our results (Fig. 6A), although they show relatively large variations that
may be attributed to diverse physiological habitats of the different
marine species in different locations (Vickers et al., 2020). In contrast,
the SSTs derived from TEXge 1! are systematically ca. 3-4 °C warmer than
our mean values (Fig. 6A). This result is consistent with previous studies
that have noted that the TEX}, temperatures are generally higher than
coeval T(A47) values during the Jurassic (Vickers et al., 2019) and other
warm climate intervals (Meyer et al., 2018; Jones et al., 2022), indi-
cating a potential warm bias in TEXEs temperatures.

We might expect to see a significant temperature increase over the
Callovian to Tithonian based on the observed ca. 2%o decrease in average
belemnite 8'0 at this time (Fig. 6B). But despite the systematic offset
between the TEX5s-derived SSTs and the clumped isotope derived SSTs
and terrestrial temperatures, our data do not show obvious evidence of
systematic warming at this time (Fig. 6A). This is in contrast to some
other studies that have proposed significant temperature changes over
parts of this time period, for example a cooling of ca. 5 °C during the

Callovian-Oxfordian based on oxygen isotopes from middle latitudes in
Northern Hemisphere (Dromart et al., 2003), and a few low SST esti-
mates from TEXgg in South Atlantic during the Callovian (Jenkyns et al.,
2012) (time periods of proposed cooling indicated with grey arrows in
Fig. 6A). Additional records could help evaluate this interpretation
given that large uncertainties in the clumped isotope-based estimates
may permit significant temperature variation.

Examining our results together with the TEX5s-derived SSTs during
the Late Jurassic enables us to evaluate the long-term paleoclimate
evolution from the Middle Jurassic to Early Cretaceous (180-120 Ma)
(Fig. 6A; Table S2). Taken together with the SST data, our new data
filling the Middle Jurassic gap in paleotemperature estimates may be
consistent with only modest temperature variations from the Early
Jurassic to the Earliest Cretaceous. Our results and the LOESS fit of the
TEX§6-based temperatures show a smoothed trend (34 + 1 °C) that
ranges from 30 to 36 °C during the Middle Jurassic-Early Cretaceous
(Fig. 6A), with fluctuations in average temperature of ~6 °C appearing
in the TEXEs-based estimates during the Valanginian and Hauterivian.
During this period, the belemnite 8180 curve shows dramatic variations,
especially two cooling events with temperature variations of ca. 15 °C
during the Middle Jurassic and Early Cretaceous (Grossman, 2012)
(Fig. 6B). In contrast, our results indicate that the fluctuations of the
mean annual temperatures are likely <4 °C throughout the Middle
Jurassic, and not >10 °C after the errors are taken into account. Based on
these observations, we suggest that the paleoclimatic conditions were
relatively warm and stable from the Middle Jurassic to at least the
Earliest Cretaceous, and highlight the importance of terrestrial paleo-
temperatures that provide another aspect to evaluate the global paleo-
climate evolution.

5.5. Coupling between global paleotemperature and pCO; levels

We speculate that the stability of paleotemperatures, both on land
and in oceans, may be related to relatively consistent pCO; levels during
the Middle Jurassic and the Early Cretaceous. The pCO; values obtained
from paleosol nodules in our study align with the global stomata-based
pCO; levels and are also in agreement with the recalculated pCO; values
from pedogenic carbonates (Fig. 6C). It is also worth noting that pre-
vious pCO; studies based on pedogenic carbonates generally reported
lower pCO, values (Li et al., 2022a, 2022b), possibly due to assumptions
of low paleosol formation temperatures.
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When comparing to pCO; levels during the Early Cretaceous, our
results and the LOESS fit of the compiled pCO, values exhibit a gentle
trend from the Middle Jurassic through to the Early Cretaceous (Fig. 6C).
While there are limitations such as the shortage of global data and large
age uncertainties that hinder our ability to identify specific pCO4 per-
turbations, our curve provides valuable insights into the baseline pCOy
levels during the Jurassic and the Early Cretaceous. Notably, the dif-
ference in average pCO; values during the Jurassic and the Early
Cretaceous is <50 ppmv. This long-term pattern of pCO; stability
spanning the Jurassic and the Early Cretaceous aligns with our pre-
dictions for paleotemperature during this interval. Consequently, our

findings support the idea that pCO5 levels have remained consistent with
past global climate change patterns.

6. Conclusions

By applying clumped isotope paleothermometry to well-preserved
paleosol carbonates in the central part of East China, we suggest that
the mean annual temperatures in low-elevation, mid-latitude areas
ranged from 30 + 4 °C to 34 + 4 °C (1 SE) during the Middle Jurassic.
Our Ag4y-derived paleotemperatures are broadly consistent with coeval
Agy-derived and TEXbs-derived sea surface temperatures, that together
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indicate a relatively warm and stable paleoclimate during the Middle
Jurassic to at least the Earliest Cretaceous (ca. 180-135 Ma). Further-
more, our estimate of pCOy during the Middle Jurassic is 1219 + 519
ppmv, which is in agreement with coeval global pCO5 records, showing
minimal fluctuations when compared to the Early Cretaceous. These
findings collectively indicate a connection between the stable paleo-
temperature records and the relatively constant pCO levels from the
Middle Jurassic through the Early Cretaceous.
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