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Abstract The Early Cretaceous greenhouse climate was interrupted by multiple intermittent cold snaps 
such as the Valanginian cold snap and late Aptian climate cooling events, but there is currently a lack of 
terrestrial palaeoweathering and palaeoclimate records for the early Aptian climate cooling event. The 
relationship between the regional climate of terrestrial lake basins and the global climate during the early 
Aptian is still unclear. The Luanping Basin, which is located in the northeastern North China Craton (NCC) and 
contains Lower Cretaceous sediments with a maximum thickness of ~3200 m, is an ideal place for analysing 
the terrestrial weathering and climate. Sixteen mudstone samples were collected from the Lower Cretaceous 
upper Xiguayuan Formation in the Luanping Basin. The mineral compositions and major, trace and rare earth 
element contents of the mudstone samples were quantitatively determined via X-ray diffraction (XRD), X-ray 
fluorescence (XRF), and inductively coupled plasma‒mass spectrometry (ICP‒MS), respectively. Elemental 
geochemical analyses were carried out to determine palaeoweathering intensity, palaeoclimatic conditions, 
and their relationships with the global climate. The variation trends in multiple chemical weathering indices 
are reconstructed after the interference of nonweathering factors is eliminated, reflecting that the source 
area has experienced mainly weak to moderate weathering. After evaluating the influences of carbonate- 
sourced elements, we infer that the regional palaeoclimate is arid and cold on the basis of the Sr/Cu 
ratio, Rb/Sr ratio, C-value, land surface temperature (LST), and mean annual temperature (MAT). All 
chemical weathering indices and palaeoclimate proxies exhibit similar trends. Moreover, the cooling of 
palaeotemperatures could have been a response to the early Aptian global cold snap. The regional climate of 

* Corresponding author. National Key Laboratory of Petroleum Resources and Engineering, China University of Petroleum (Beijing), Beijing 
102249, China.
E-mail address: reser@cup.edu.cn (S.-H. Wu). 
Peer review under responsibility of China University of Petroleum (Beijing).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: http://www.journals.elsevier.com/journal-of-palaeogeography/ 

Journal of Palaeogeography, 2026, 15(1): 100295 

https://doi.org/10.1016/j.jop.2025.100295 
2095-3836/© 2025 The Author(s). Published by Elsevier B.V. on behalf of China University of Petroleum (Beijing). This is an open access 
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:reser@cup.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jop.2025.100295&domain=pdf
www.sciencedirect.com/science/journal/20953836
http://www.journals.elsevier.com/journal-of-palaeogeography/
mailto:journal_logo
https://doi.org/10.1016/j.jop.2025.100295
http://creativecommons.org/licenses/by/4.0/


the Luanping Basin is controlled mainly by global climate change, which provides terrestrial weathering and 
climate records for the early Aptian global cooling event.

Keywords Palaeoweathering, Palaeoclimate, Early Aptian global cooling, Luanping basin, Upper 
Xiguayuan Formation
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1. Introduction

The Cretaceous greenhouse represented the 
largest global warming event during the Phanerozoic 
and has been the subject of sustained attention in the 
geoscientific community (Haq et al., 1987; Tarduno 
et al., 1998; Cojan et al., 2000; Wang et al., 2014; 
Lv et al., 2024). During the Early Cretaceous 
(~145.0—100.5 Ma), substantial climatic, tectonic, 
and eustatic changes occurred that strongly triggered 
perturbations in the global carbon cycle, leading to 
oceanic anoxic events (i.e., OAE1a, OAE1b and OAE1d; 
Vickers et al., 2019; Jia et al., 2023). The Early 
Cretaceous was significantly characterized by long- 
term greenhouse climates, with high sea levels, high 
atmospheric pCO2 and a reduced equatorial to polar 
temperature gradient (Haq et al., 1987; Huber et al., 
2002). However, a series of studies have revealed that 
the warm climate of the Early Cretaceous was punc
tuated by multiple global cold snaps, such as the Val
anginian cold snap and the late Aptian climate cooling 
event (Harland et al., 2007; Price and Passey, 2013; 
Bodin et al., 2015). Both marine and terrestrial 
palaeoclimate records confirm that a global climate 
cooling event occurred in the late Aptian period 
(Vickers et al., 2019; Jia et al., 2023), and there are 
also marine deposits that responded to the early 
Aptian global cooling event (Weissert and Erba, 2004). 
However, the terrestrial palaeoclimate response to 
the early Aptian global cooling event (~120—118 Ma) 
has not been documented. Furthermore, the causal 
relationships between terrestrial palaeoclimate, 
continental weathering and volcanism are poorly un
derstood. Therefore, investigating weathering and 
climate mechanisms during periods of climate transi
tion is essential for addressing this gap in scientific 
research.

As greenhouse gas concentrations continue to in
crease, the current and future climates may experi
ence recurring warming periods (Chen et al., 2023). 
Therefore, accurate reconstruction of terrestrial 

weathering and the regional palaeoclimate helps 
trace the mechanisms of climate dynamics and pro
vides a theoretical basis for predicting global climate 
change under high anthropogenic carbon conditions. 
However, previous studies on the palaeoclimate of 
sedimentary basins have been based only on qualita
tive analyses of arid or humid conditions through 
elemental geochemistry or palaeontology (Tan et al., 
2017; Sun et al., 2022a, 2022b, 2024a; Hu et al., 
2023), and few reports on accurate quantitative re
constructions of regional small-scale palaeoclimates 
have been published (Chen et al., 2021). In addition, 
the reconstruction of palaeoweathering and palae
oclimate via elemental geochemical methods requires 
systematic consideration and elimination of potential 
interferences on element abundances such as prove
nance, diagenesis (potassium metasomatism, 
carbonate-derived elements), sediment recycling and 
sedimentary sorting, which are often disregarded in 
previous studies. Therefore, these environmental pa
rameters must be systematically interpreted to 
disentangle their respective influences and coupled 
interactions.

A typical case of Early Cretaceous volcanic and 
sedimentary strata, with a thickness of ~3200 m, is 
exposed in the Luanping Basin of North China. In 
particular, the Xiguayuan Formation of the Lower 
Cretaceous in the basin has continuously deposited 
lacustrine strata ~1700 m thick, which is an ideal in
terval for recording the terrestrial climate transition 
during the Early Cretaceous greenhouse period. During 
the Early Cretaceous, the Luanping Basin was sub
jected to frequent volcanic activity, and the conti
nental weathering intensity and regional climate 
fluctuated accordingly (Pan et al., 2021). However, 
although sporadic studies have been conducted on the 
palaeoclimate of the Luanping Basin (Pan et al., 
2021), little is known about the terrestrial palae
oweathering and palaeoclimate of the basin in the 
Early Cretaceous and their forcing mechanisms.

To systematically investigate terrestrial weath
ering and quantify the palaeoclimate during the Early 
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Cretaceous greenhouse period, this study provides a 
field section of the Yuying outcrop in the Luanping 
Basin. The sedimentary age of the strata in this section 
is early Aptian, and no detailed mineralogical or 
elemental geochemical studies had been conducted. 
We collected 16 mudstone samples and performed 
extensive analytical tests to characterize the chemi
cal weathering and palaeoclimate. The scientific aims 
of this study are to 1) quantitatively reconstruct 
palaeoweathering intensity via multiple chemical 
weathering indices after eliminating potential inter
ference from nonweathering factors; 2) quantitatively 
reconstruct palaeoclimate history, after evaluating 
the possible influences of carbonate-sourced ele
ments; and 3) explore the relationship between 
regional palaeoclimate fluctuations and global climate 
changes and clarify the driving forces of regional 
climate fluctuations.

2. Geological setting

During the Early Cretaceous, the North China Craton 
(NCC) was bordered by the Central Asian Orogenic Belt 
(CAOB) to the north, the Qinling—Dabie—Sulu Meta
morphic Belt (QDSMB) to the south, and the Pacific 
Convergent System (PCS) to the east (Fig. 1), with lat
itudes of approximately 30◦ N to 50◦ N (Menzies et al., 
2007; Zhang et al., 2014; Qian et al., 2017; Qiao 
et al., 2022). The Early Cretaceous Luanping Basin is 
located on the northeastern Yanshan Belt in the NCC 
(Davis et al., 2001; Cope and Graham, 2007; Fang et al., 
2022; Zhang et al., 2023a) (Figs. 1 and 2A).

The Luanping Basin is a typical continental volcano- 
faulted lake basin that extends ~40 km in the NE—SW 
orientation and ~20 km in the NW—SE orientation, 

with a residual area of almost 800 km2 (Pan et al., 
2021; Zhang et al., 2023a). The basin is developed on 
a basement composed of Archean metamorphic and 
Proterozoic intrusive rocks, which are controlled 
mainly by the Xiaobaiqi‒Fujiadian fault in the west 
and the Hongqi‒Gangzi fault in the north, both of 
which are extensional normal faults (Cope et al., 2010; 
Zhang et al., 2021) (Fig. 2B). Tectonically, the Meso
zoic evolution process of the Luanping Basin is divided 
into three stages: the first rifting stage (rift—initial), 
the second rifting stage (rift—climax), and the third 
rifting stage (rift—waning) (Wu et al., 2000).

The basement of the basin is composed mainly of 
granite or metamorphic rocks, which are covered by 
nearly 5 km of Meso-Cenozoic terrestrial lacustrine 
clastic deposits, including Middle Jurassic, Upper 
Jurassic, Lower Cretaceous, and Quaternary sedi
ments. The tectonic extension of the Early Cretaceous 
resulted in strong subsidence of the entire basin and 
widespread development of Lower Cretaceous strata 
(Li, 2003; Pan et al., 2021), which consist of the 
Zhangjiagou (K1z), Dabeigou (K1db), Dadianzi (K1d), 
and Xiguayuan (K1x) formations, from oldest to youn
gest (Fig. 3A). Among them, the Zhangjiagou Formation 
is dominated by volcanic rocks, including tuff, trachyte 
and rhyolite. The Dabeigou and Dadianzi formations 
are composed of widely distributed fan-deltaic sand
stones and lacustrine grey mudstones. The Xiguayuan 
Formation is dominated by conglomerates, sandstones, 
siltstones, mudstones and shales that are interpreted 
to have been deposited in alluvial fans, fan deltas, and 
semi-deep to deep lacustrine environments (Yan et al., 
2020). The total thickness of the Xiguayuan Formation, 
which contains a large set of thick mudstones, is 
~1700 m (Pan et al., 2021). This sedimentary period 
was characterized by strong tectonic activity, an 

Fig. 1 Early Cretaceous (~120 Ma) global palaeogeographic reconstruction from Scotese (2021) showing the position of the Luanping Basin. 
NCC: North China Craton; CAOB: Central Asian Orogenic Belt; QDSMB: Qinling—Dabie—Sulu Metamorphic Belt; PCS: Pacific Convergent System.
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extensive lake basin, and abundant sources of sedi
ment, which is ideal for exploring regional chemical 
weathering and climate change. The Xiguayuan For
mation is further subdivided from bottom to top into 
lower and upper members. The lower Xiguayuan For
mation has a certain hydrocarbon generation potential 
(Pan et al., 2021), whereas the degree of organic 
matter enrichment in the upper Xiguayuan Formation is 
relatively low. The study interval in this paper is the 
Lower Cretaceous upper Xiguayuan Formation 
mudstone of the Yuying section (Fig. 3A).

The Yuying section (40◦56′14.7′′N, 117◦16′23.6′′E) 
is located on the northern margin of the Luanping 
Basin (Fig. 2B). The entire section is ~50-m thick and is 
mainly composed of conglomerates of varying sizes, 
grey sandstones and dark grey mudstones, with occa
sional thin layers of shales and argillaceous siltstones, 
which exhibit coarsening upwards (Fig. 3B). The Yuy
ing section is composed mainly of underwater deposits 
at the front of the fan delta. The mudstones between 
the sandstones and the conglomerates are mostly dark 
grey and grey with a pure texture and are typical 
lacustrine deposits. The lower part of the Yuying 

section is the front fan delta with a widespread dis
tribution of siltstones and fine sandstones, and the 
upper strata are alluvial fan facies with extensive 
development of medium—coarse conglomerates. The 
overall sequence is a lacustrine transgressive system 
domain. The dating results of existing studies on 
regional strata show that the alluvial fan ended at 
~118.0 Ma, and the strata between its upper part and 
the Quaternary are missing (Wei et al., 2012). The 
biotite 40Ar/39Ar age of the extensively developed 
basalts in the lower strata of the Yuying section limits 
the volcanic activity to ~120.0 ± 0.5 Ma (Wei et al., 
2012). Therefore, the age range of the Yuying sec
tion should fall between ~120.0 Ma and 118.0 Ma.

3. Sampling and methods

3.1. Sampling and experiment

The present research focused on 16 mudstone 
samples collected from a ~50 m thick clastic interval 
in the Lower Cretaceous upper Xiguayuan Formation 

Fig. 2 Regional location (A) and simplified geological map (B) of the Luanping Basin, northeastern China (modified from Yan et al., 2020; 
Pan et al., 2021).
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of the Yuying section (Fig. 2B and 3B). The samples 
were collected from the grey mudstone interlayers 
between the sandstones and the conglomerates at 
approximately equal intervals, which can accurately 
reflect the subtle changes in palaeoenvironmental 
sensitivity. From the bottom to the top, we numbered 
the samples from Y1 to Y16 (Fig. 3B). All samples were 
obtained from fresh mudstone sections after the 
weathering surface was broken. The lithology of the 
samples is fine-grained pure lacustrine mudstone. For 
these samples, we performed a total of 16 X-ray 
diffraction (XRD) analyses of mineral contents, 16 X- 
ray fluorescence (XRF) analyses of major element 
concentrations and 16 inductively coupled plasma‒ 
mass spectrometry (ICP‒MS) analyses of trace and 
rare earth element concentrations. All the samples 
used for these experimental analyses were cut from 
fresh segments and swilled with clean water to 
remove mud-stained surfaces before these tests.

The mineral compositions were quantitatively 
determined via a Rigaku Ultima IV X-ray diffractom
eter. All mudstone samples were ground into powder 
and sieved to a size of 200 mesh (<75 μm). Each sample 
was evenly divided into two parts, one of which was 
directly used to determine the composition of the 
whole-rock minerals, including the total amounts of 
clay minerals and the contents of nonclay minerals 
such as quartz, feldspar, and mica. For the other half, 
particles with a size of <2 μm were collected through 
gravitational sedimentation following Stokes’ Law to 
determine the relative content of each type of clay 
mineral (Ye et al., 2016). All the powdered samples 
were dried at 50 ◦C for 48 h and cooled to room tem
perature. Subsequently, approximately 40 mg of the 
sample was placed in a beaker and stirred with 0.7 ml 
of 25% H2O2. The dispersed suspension was subse
quently poured onto a glass slide and was air-dried to 
obtain air-dried (AD) samples. Diffractograms of the 

Fig. 3 A) Stratigraphic sequence of the Luanping Basin showing lithology, sedimentary facies and tectonic evolution (modified from Pan 
et al., 2021); B) Yuying section showing lithology and sampling intervals. Ages are based on the radiometric age for the Yanshan Belt by 
Wei et al. (2012).
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AD samples were measured on an X-ray diffractometer 
(Cu—Kα, 40 kV, 40 mA, 2◦—60◦, step 0.02◦, and 2◦/min). 
Next, the AD samples were treated with ethylene glycol 
vapour at 50 ◦C for 8 h and placed on a diffractometer 
with the same parameters to obtain the diffractograms 
of the ethylene glycol-saturated (EG) samples. The EG 
samples were heated at a high temperature of 500 ◦C 
for 2 h to obtain the heated (T) diffractograms. For 
each sample, the XRD pattern includes the air-dried 
(AD), glycol-saturated (EG), and heated (T) diffracto
grams (Fig. 4). The quantitative analysis of relative 
mineral contents was performed via JADE 6.5 software, 
which calculates these contents on the basis of the 
peak heights and areas of basal reflections for minerals 
observed in the diffractograms.

An Axios mAX XRF spectrometer was used to 
determine the concentrations of major elements via 
the glass melting method. Prior to XRF analysis, the 
mudstone samples were ground into powder via an 
agate mortar and sieved through a 200-mesh (75 μm) 
sieve. Subsequently, 0.5 g of dried sample material 
was weighed into a porcelain crucible and then 
treated with 4 g of Li2B4O7 and a drop of cosolvent (2% 
LiBr—1%NH4I). Next, the treated samples were placed 
on an electric heating plate for thorough drying and 

then melted in propane-rich carrier gas at a high 
temperature of approximately 1200 ◦C for 15 min via 
an automatic flame melting machine. Ultimately, the 
concentrations of major elements in the molten 
samples were determined via an XRF spectrometer. 
The relative standard deviations (RSDs) in replicate 
measurements for the XRF analyses were usually less 
than 5%.

Trace elements were analysed via a NexION 300D 
ICP‒MS spectrometer. Similarly, the sample was 
thoroughly crushed and sieved to 200 mesh (<75 μm), 
and then dried at 700 ◦C for 3 h to completely remove 
organic matter. After it was cooled to room tempera
ture, 50 mg of dried powdered sample was placed in a 
Teflon container and digested with a mixture of 2 ml 
65%HNO3 and 5 ml 40%HF. The accuracy of the mea
surements was verified with standard materials and 
duplicate samples.

3.2. Analytical procedures

3.2.1. Chemical weathering indices

In this study, various chemical weathering 
indices, such as the chemical index of alteration (CIA; 

Fig. 4 XRD patterns of two representative samples in the study interval. A) Whole-rock mineral composition of bulk sample Y5 with quartz, 
albite, clay, calcite and pyrite; B) Clay mineral composition of clay-sized sample Y5 with chlorite/smectite mixed layer, illite/smectite 
mixed layer, illite, chlorite and kaolinite; C) Whole-rock mineral composition of bulk sample Y15 with quartz, albite, clay, calcite and 
dolomite; D) Clay mineral composition of clay-sized sample Y15 with illite/smectite mixed layer, illite, chlorite and kaolinite. AD: air-dried 
sample; EG: glycol-saturated sample; T: heated sample.
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Nesbitt and Young, 1982), chemical index of weath
ering (CIW; Harnois, 1988), chemical index of alter
ation that does not consider CaO (CIX; Dinis et al., 
2017), plagioclase index of alteration (PIA; Fedo 
et al., 1995), weathering index of Parker (WIP; 
Parker, 1970), and sodium depletion index (τNa; 
Anderson et al., 2002), were used to track the in
tensity of chemical weathering.

The CIA is expressed as the molar percentage of 
Al2O3/(Al2O3 + CaO* + Na2O + K2O) × 100 (Nesbitt and 
Young, 1982). CaO* is the molar percentage of CaO 
derived solely from silicate minerals on the basis of the 
correction method proposed by McLennan (1993). Pre
vious studies have indicated that CIA values > 80, 60—80 
and 40—60 represent strong, moderate and weak 
weathering, respectively (Bomou et al., 2013). The CIW, 
calculated as the molar percentage of Al2O3/ 
(Al2O3 + CaO* + Na2O) × 100 (Harnois, 1988), was 
proposed to eliminate the interference of K increased 
by K-metasomatism. The CIX was selected to avoid 
anomalies caused by the presence of carbonate min
erals, expressed as the molar ratio of Al2O3/ 
(Al2O3 + Na2O + K2O) × 100 (Garzanti et al., 2014; 
Dinis et al., 2017). The PIA was proposed to 
determine the weathering intensity of plagioclase, 
expressed as the molar percentage of (Al2O3 − K2O)/ 
(Al2O3 + CaO* + Na2O − K2O) × 100 (Fedo et al., 1995). In 
addition to the molar ratio of major elements, the bond 
strengths between elements and oxygen were employed 
as weighting factors in the weathering index. The WIP 
was formulated as (CaO*/0.7 + 2Na2O/0.35 + 2K2O/ 
0.25 + MgO/0.9) × 100 (Parker, 1970). This formula 
measures the intensity of weathering a rock has under
gone compared with that of the parent rock and its 
susceptibility to further weathering. A low WIP indicates 
a lower alkali metal content, which in turn indicates a 
strong weathering process. Furthermore, τNa has also 
been used to indicate the intensity of chemical weath
ering in source areas, which reflects the loss and gain of 
Na and is expressed as (Namud/Zrmud)/(Nasource/ 
Zrsource) − 1 (Anderson et al., 2002; Rasmussen et al., 
2011). Here, Namud, Zrmud, Nasource, and Zrsource refer 
to the Na content in mudstone samples, the Zr content 
in mudstone samples, the Na content in the NCC, and 
the Zr content in the NCC, respectively.

3.2.2. Palaeoclimate reconstruction methods

The Sr/Cu ratio is a commonly used a proxy for 
reconstructing palaeoclimates, with a threshold of 10, 
to distinguish between humid climates and arid cli
mates (Liu and Zhou, 2007). The Rb/Sr ratio is also 
susceptible to climate change because of the high 
stability of Rb and the low stability of Sr during 

weathering (Chen et al., 2000). Therefore, a high Rb/ 
Sr ratio corresponds to a humid climate with strong 
weathering, whereas a low value reflects drought. In 
addition, the C value is also a reliable proxy for 
restoring palaeoclimates; and it is expressed as 
Σ(Fe + Mn + Cr + Ni + V + Co)/Σ(K + Na + Ca + Mg + Sr + Ba) 
(Zhao et al., 2007). All the elements are expressed in 
parts per million. Typically, C values less than 0.6 
correspond to arid and semiarid climates, whereas C 
values greater than 0.6 indicate humid climates (Ma 
et al., 2023).

The CIA values of modern large river mouth sus
pended sediments are particularly sensitive to land 
surface temperature (LST) and latitude (Li and Yang, 
2010). Yang et al. (2014) proposed an empirical rela
tionship between the CIA and LST as a thermometer, 
expressed as LST = 0.56 × CIA − 25.7 (R2 = 0.5). This 
formula is applicable to the temperature range of 
3 ◦C—25 ◦C, with an error of approximately ±5 ◦C, 
corresponding to a CIA value range of ~50—90 (Sun 
et al., 2022c). Like the CIA value for the LST, the τNa 

index of the surface soil chemical weathering intensity 
is also highly sensitive to the mean annual tempera
ture (MAT). The transfer function between τNa and MAT 
as a palaeothermometer was quantified as 
MAT = −24.2 × τNa −0.9 (Yang et al., 2016a).

4. Results

4.1. Mineralogy and lithology

The XRD results are shown in Supplementary Tables 
S1 and S2. The relative contents of plagioclase and 
quartz have large distributions of 25.4%—49.6% and 
27.0%—46.6%, with average values of 36.0% and 33.5%, 
respectively. The relative contents of clay minerals 
and K-feldspar are similar, varying from 7.6% to 25.4%, 
with a mean value of 14.8%, and from 4.2% to 15.3%, 
with an average value of 9.4%, respectively. The 
relative contents of calcite, dolomite and pyrite are 
relatively low (mean contents less than 5%) 
(Supplementary Table S1). Among the clay minerals, 
the relative content of mixed-layer chlorite/smectite 
(C/S) is the highest, varying from 0 to 81.4%, with an 
average value of 32.6%; the relative content of chlo
rite (C) is the second highest, varying from 1.2% to 
50.0%, with a mean value of 26.6%. The contents of 
illite (I), mixed-layer illite/smectite (I/S), and 
kaolinite (K) are relatively low, ranging from 6.3% to 
26.4%, 1.2%—51.5% and 0.8%—30.9%, with average 
values of 15.1%, 12.5% and 13.2%, respectively 
(Supplementary Table S2).
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The position of the mudstone samples in the 
ternary diagram (Fig. 5) shows that most of them are 
clay-rich siliceous mudstones with a silica-dominated 
lithotype, with only one sample located in the area 
where mixed siliceous mudstones are present. The 
variation amplitudes of the total clay minerals in the 
mudstone samples are slightly greater than those of 
the total carbonate minerals (calcite and dolomite). 
Overall, the mineral compositions of the samples 
exhibit slight variability and are dominated by fine- 
grained siliceous lithotypes (Fig. 5; Supplementary 
Table S1).

4.2. Palaeoweathering intensity

In this study, we combine CIA, CIW, CIX, PIA, WIP, 
and τNa to quantify the chemical weathering in
tensity experienced by the sources to the mudstones 
in the study interval. Notably, although minerals 
such as quartz and calcite have a significant effect 
on the contents of Ca, Na, Al, K and other elements 
related to the weathering index, all samples are 
fine-grained siliceous mudstones with weak differ
ences, so the influence of mineral composition can 
be disregarded. On the basis of the percentage 
contents of major elements (Supplementary Table 
S3) and the calculation formula provided above, 
the geochemical weathering index values of the 

upper Xiguayuan Formation mudstone samples in the 
Luanping Basin are shown in Fig. 6.

The CIA values range from 55.8 to 68.4, with an 
average value of 62.0, indicating a weak to mod
erate weathering intensity (Fig. 6A). The CIW values 
range from 65.0 to 83.6, with an average value of 
74.2 (Fig. 6B). The CIX values vary from 62.6 to 
69.4, with a mean value of 66.2, and most CIX 
values are concentrated at approximately 65 
(Fig. 6C). The highest, lowest, and average values 
of the PIA in the study interval were 79.0, 58.0, and 
68.1, respectively (Fig. 6D). The CIA, CIW, CIX and 
PIA values are similar, which implies that the source 
area has experienced weak to moderate weathering 
intensity. The WIP values of all the mudstone sam
ples in the study interval range from 47.8 to 56.3, 
with a mean of 52.6, which is the opposite of the 
trend for the four weathering indices mentioned 
above, but all the samples have weak to moderate 
weathering degrees (Fig. 6E). Moreover, the range 
of τNa in the study interval is −0.39 to 0.11, with an 
average of −0.16. Only 4 samples have τNa values 
higher than 0, whereas all other samples exhibit Na 
loss (Fig. 6F). With the exception of slightly 
abnormal samples such as Y8 and Y9, the variation 
in τNa shows an opposite trend to that of CIA, CIW, 
CIX, and PIA but is similar to the variation trend of 
WIP.

Fig. 5 Ternary diagrams showing the mineral composition distribution of the mudstone samples (yellow triangles) from the upper Xiguayuan 
Formation, Yuying section, Luanping Basin (modified after Liu et al., 2020; Cai et al., 2023; Ma et al., 2023. See Supplementary Table S1 for 
the compositional values).
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4.3. Palaeoclimate characteristics

4.3.1. Arid or humid conditions

We systematically determined the trace element 
contents of 16 mudstone samples from the upper 
Xiguayuan Formation in the Luanping Basin 
(Supplementary Table S4) and established a Sr—Cu 
cross-plot based on these data (Fig. 7A). In the study 
interval, the Sr mass fraction ranged from 178.0 ppm 
to 759.0 ppm, with an average value of 406.1 ppm; and 
the Cu content ranged from 8.4 ppm to 24.8 ppm, with 
an average of 14.9 ppm. The Sr/Cu ratios range be
tween 10.4 and 69.0, with an average value of 30.3, 
suggesting arid climatic conditions (Fig. 7A). The Rb 
mass fraction ranges from 97.4 ppm to 158.0 ppm, 
with a mean of 127.6 ppm. The Rb/Sr ratios range 
0.16—0.89, with an average ratio of 0.40, plotting the 
majority samples in the arid zone and only a few in the 
humid zone (Fig. 7B). The Rb/Sr ratios exhibit a similar 
systematic trend to that of the Sr/Cu ratios.

In addition, we also calculated the C-value used to 
distinguish climate conditions. The C-value of the 
study interval ranges from 0.33 to 0.51, with an 
average value of 0.42, indicating that the climate 
conditions range from semiarid to arid (Fig. 7C). 
Moreover, the intersection plots of Rb/Sr versus Sr/Cu 
indicate a good correlation, with a correlation coef
ficient of 0.89 (Fig. 7D). The correlation between the 

C-value and the Sr/Cu ratio is weak, with a correlation 
coefficient of 0.39, reflecting a consistent trend of 
climate aridification (Fig. 7E). Unlike the above 
relationship, there is almost no correlation between 
the C-value and the Rb/Sr ratio, with a correlation 
coefficient of only 0.11 (Fig. 7F). Nevertheless, all 
three climate proxies indicate an arid environment.

4.3.2. Palaeotemperature

In this study, the land surface temperature (LST) 
and mean annual temperature (MAT) of the upper 
Xiguayuan Formation were estimated. The LSTs, 
calculated from CIA values, range from 5.5 ◦C to 
12.6 ◦C, with a mean of 9.0 ◦C, while the MATs are from 
−3.7 ◦C to 8.6 ◦C, with a mean of 2.9 ◦C, converted 
from τNa values (Fig. 8; Supplementary Table S3).

5. Discussion

5.1. Interferences of nonweathering factors 
on weathering indices

The various chemical weathering indices applied in 
this paper have their respective applicability and 
inferiority. CIW only makes a simple deduction for K2O 
and disregards the Al in K-feldspar, whereas CIX 

Fig. 6 Vertical variations in weathering index values for the mudstone samples of the upper Xiguayuan Formation, Yuying section, Luanping 
Basin. CIA = chemical index of alteration (Nesbitt and Young, 1982); CIW = chemical index of weathering (Harnois, 1988); CIX = chemical index 
of alteration that does not consider CaO (Garzanti et al., 2014); PIA = plagioclase index of alteration (Fedo et al., 1995); WIP = weathering 
index of Parker (Parker, 1970); τNa = sodium depletion index (Anderson et al., 2002). See Supplementary Table S3 for the source data.
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Fig. 7 Cross-plots of A) Sr versus Cu, B) Rb versus Sr, C) C-value versus sample ID, D) Rb/Sr versus Sr/Cu, E) C-value versus Sr/Cu, and F) C- 
value versus Rb/Sr for identifying climate conditions in the study interval. See Supplementary Table S4 for the source data.

Fig. 8 Cross-plots of A) LST versus CIA, and B) MAT versus τNa for calculating palaeotemperature in the upper Xiguayuan Formation, Yuying 
section, Luanping Basin. See Supplementary Table S3 for the source data.
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deducts CaO to exclude the heterogeneity of Ca, dis
regarding Ca weathering. The PIA removes K2O and 
Al2O3 from K-feldspar and is only applicable for 
determining the degree of weathering in source areas 
where the parent rock contains only plagioclase and 
not potassium feldspar. Similarly, τNa considers only 
the loss and gain of Na while disregarding other alkali 
metal elements. Previous studies have shown that 
after nonweathering factors are eliminated, the CIA 
and WIP are the most reliable weathering indicators 
(Yang and Du, 2017; Lv et al., 2022). The chemical 
weathering of terrestrial environments is predomi
nantly controlled by temperature and moisture con
ditions (Sheldon and Tabor, 2009). Clay minerals cause 
changes in the chemical composition of fine-grained 
sediments during diagenetic evolution, such as K- 
metasomatism in kaolinite (Fedo et al., 1995; Rieu 
et al., 2007). Among all nonweathering interference 
factors, the CIA is sensitive to K-metasomatism during 
diagenesis, whereas the WIP is influenced mainly by 
sediment source composition (Yang et al., 2020; Lv 
et al., 2022).

5.1.1. Diagenesis

Burial diagenesis has an impact on the element 
content of clay by altering the relative proportion of 
clay minerals (Ye et al., 2016). The conversion of 
smectite to illite or chlorite with increasing burial 
depth is prevalent diagenetic change (Chamley, 1994; 
Ye et al., 2016). The relatively low proportion of 
smectite in the chlorite—smectite mixed layer of the 
study interval may indicate strong burial diagenesis. 
However, the high proportion of smectite (Y1 and Y14) 
in the chlorite—smectite mixed layer exhibits 
extremely similar element content characteristics to 

the relatively low proportion of smectite 
(Supplementary Tables S3—S5), indicating that burial 
diagenesis has a weak impact on element content.

In this study, the weathering trend of the samples in 
the Al2O3—(CaO*+Na2O)—K2O (A—CN—K) ternary dia
gram is parallel to that of the NCC and tends towards 
the K2O apex (Fig. 9A), indicating the rationality of the 
upper Xiguayuan Formation source and the presence of 
K-metasomatism. Previous studies have shown that K 
enrichment caused by the conversion of kaolinite to 
illite can force samples to plot towards the K2O apex of 
the A—CN—K triangle, accompanied by lower CIA values 
and higher WIP values (Fedo et al., 1995; Lv et al., 
2022). Therefore, the elimination of K-metasomatism 
is used to restore the original weathering trend of each 
mudstone sample, thereby obtaining corresponding CIA 
and WIP values.

In accordance with the methods of Panahi et al. 
(2000), the CIA values were corrected to the CIA* 
values through K-metasomatism on the A—CN—K 
ternary diagram. The range of CIA* values is 
56.5—72.8, with an average of 64.4 (Fig. 9B). On the 
basis of the corrected A—CN—K ternary diagram, 
the corrected K2O contents were used to calculate 
the corrected WIP (WIP*) values, which range 
from 37.6 to 53.3, with an average value of 45.8. The 
CIA* and WIP* values, which eliminate the interfer
ence of K-metasomatism during diagenesis, are 
used to accurately quantify palaeoweathering and 
palaeotemperature.

5.1.2. Provenance

Element enrichment in sediments varies with 
changes in provenance, but most immobile elements 
undergo minor losses during chemical weathering 

Fig. 9 Geochemical weathering trends of the upper Xiguayuan Formation mudstones, Yuying section, Luanping Basin. A) Ternary diagram of 
Al2O3—(CaO*+Na2O)—K2O (A—CN—K), based on the method proposed by Nesbitt and Young (1989); B) Corrected ternary diagrams of A‒CN‒K, 
based on the method proposed by Fedo et al. (1995) and Panahi et al. (2000). CIA* = corrected chemical index of alteration; NCC = North 
China Craton. See Supplementary Table S3 for the source data.

Early Aptian global cooling recorded in the Luanping Basin 11 



(Yang et al., 2016a; Lv et al., 2022). Our geochemical 
data indicate the similarity in element abundance 
between the upper Xiguayuan Formation mudstones 
and the average concentration of the NCC proposed by 
Gao et al. (1998), which represents the consistency 
and stability of the source composition 
(Supplementary Tables S3—S5). The contents and 
associated geochemical parameters of rare earth el
ements (REEs) in the samples, Upper Continental Crust 
(UCC), NCC, and chondrite are listed in Supplementary 
Table S5. The results indicate that the REEs contents 
of all the samples are slightly greater than those in the 
UCC and NCC. The total REE (ΣREE) contents vary from 
176.71 ppm to 263.43 ppm, with a mean value of 
215.62 ppm. Light rare earth elements (LREEs) refer to 
La, Ce, Pr, Nd, Sm, and Eu, whereas heavy rare earth 
elements (HREEs) are the rest rare earth elements. 
The LREEs/HREEs ratios range between 10.11 and 
12.64, with a mean value of 10.99, which is higher 
than the UCC value of 9.33. The chondrite-normalized 
REE pattern is characterized by sloping LREEs and flat 
HREE trends, accompanied by weak Eu anomalies 
(Fig. 10). The calculated data in Supplementary Table 
S5 are highly consistent with the chondrite-normalized 
REE pattern, indicating the typical characteristics of 
high LREE enrichment and slight HREE enrichment. 
This result is similar to the result obtained by Pan 
et al. (2021) from hydrocarbon source rocks in the 
upper Xiguayuan Formation of the Luanping Basin.

Although such subtle changes in provenance hardly 
interfere with chemical weathering, the degree of 
interference still needs to be accurately evaluated (Lv 
et al., 2022). The Al2O3/TiO2 ratio is a sensitive 
geochemical proxy that is extensively utilized to 
identify source rock composition (Yang et al., 2018; 
Qadrouh et al., 2021). The chemical principle of 
using this ratio for source composition discrimination 
is that Al2O3 is enriched in felsic minerals, whereas 
TiO2 accumulates in mafic minerals. During the 
transport of Al- and Ti-rich terrestrial minerals, Al and 
Ti remain almost unchanged, and the fractionation of 
the Al2O3/TiO2 ratio can be disregarded (Yamamoto 
et al., 1986; Moosavirad et al., 2011). There is no 
explicit correlation between CIA* values and Al2O3/ 
TiO2 ratios (R2 = 0.001), indicating that the variations 
in CIA* values were not affected by sedimentary 
provenance (Fig. 11A). In addition, the correlation 
between WIP* and Al2O3/TiO2 is also weak, with a 
correlation coefficient R2 of only 0.07, indicating that 
the interference of provenance with chemical 
weathering can be completely disregarded (Fig. 11B).

The Zr/Ti ratio, similar to the Al2O3/TiO2 ratio, is 
also commonly employed as an important proxy for 
inferring the composition of source rocks, as Zr and 
Al2O3 are similar and are enriched mainly in felsic 
minerals (Tao et al., 2017; Qi et al., 2020). The Zr/Ti 
ratio is not significantly different between the UCC 
and the NCC and tends to be flat with small 

Fig. 10 Chondrite-normalized REE patterns of the mudstone samples from the upper Xiguayuan Formation, Yuying section, Luanping Basin, 
showing sloping LREEs and flat HREE trends, with weak Eu anomalies. The chondrite normalization values are derived from Taylor and 
McLennan (1985). Source data are provided in the Supplementary Table S5.
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fluctuations. Notably, the CIA* and WIP* values have no 
significant correlations with the Zr/Ti ratios (Fig. 11C 
and D), which contradicts the speculation that chem
ical weathering indices are affected by provenance.

5.1.3. Sediment recycling

Previous studies have shown that zircon accumu
lates during sediment recycling, thereby diluting 
other mineral components and corresponding chemi
cal components (Cox et al., 1995; Armstrong-Altrin 
et al., 2004). Therefore, sediment recycling signifi
cantly affects the chemical composition of detrital 
rocks (Lv et al., 2022). As sediment recycling pro
gresses, the WIP decreases linearly because of the 
removal of CaO, Na2O, K2O, and MgO, whereas the CIA 
is not affected by this process because it is calculated 
using molar ratios that contain the stable Al2O3 

(Parker, 1970; Garzanti et al., 2014; Lv et al., 2022). 
The intersection plot of the WIP* and CIA* values of the 
samples indicates a correlation (R2 = 0.63) between 
the two weathering indices, which is highly consistent 
with the predicted NCC weathering trend (Fig. 12A). A 
significant difference exists between the distribution 

of samples with trends parallel or close to the NCC 
weathering trend and the longitudinal distribution of 
sediment recycling. This difference eliminates the 
potential interference of sediment recycling on the 
weathering signals.

A bivariate plot of Th/Sc versus Zr/Sc is also widely 
utilized to evaluate possible sediment recycling 
because the Zr/Sc ratios increase with increasing 
zircon addition during recycling, whereas the Th/Sc 
ratios remain relatively constant (Roddaz et al., 
2005). The samples exhibit a trend similar to that of 
the normal composition variations, with almost no 
right-leaning sediment recycling (Fig. 12B). Thus, 
these mudstones have not undergone weathering, 
erosion, transport, or redeposition after sedimenta
tion or diagenesis.

5.1.4. Sedimentary sorting

Numerous studies have shown that stable minerals 
such as quartz and zircon are enriched in coarse- 
grained sediments during the sedimentary sorting 
process, whereas clay minerals are enriched in 
residual fine-grained sediments (Roddaz et al., 2006; 

Fig. 11 Cross-plots of A) Al2O3/TiO2 versus CIA*, B) Al2O3/TiO2 versus WIP*, C) Zr/Ti versus CIA*, and D) Zr/Ti versus WIP* for identifying the 
interference of provenance in the upper Xiguayuan Formation, Yuying section, Luanping Basin. WIP* = corrected weathering index of Parker, 
CIA* = corrected chemical index of alteration. See Supplementary Table S3 for the source data.
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Lv et al., 2022). The changes in mineral proportions 
caused by sorting lead to corresponding variations in 
chemical composition, which affect the accuracy of 
weathering indices. Previous studies on sedimentary 
facies in the study area have shown that the upper 
Xiguayuan Formation sandstones are typical fan deltas 
dominated by gravity flows (Yan et al., 2020; Zhang 
et al., 2023a). The small scale of the lake basin im
plies that the mudstone also had a palaeogeographic 
background of rapid sedimentation near the prove
nance, with weak sedimentary sorting. The Al2O3/SiO2 

ratio is widely employed to quantify the potential 
impact of sorting on weathering indices (Yang et al., 
2016a; Lv et al., 2022). The intersection diagrams of 
the Al2O3/SiO2 ratio versus the CIA* and the WIP* values 
reveal that the sedimentary sorting process itself is 
weak and poorly correlated with weathering indices 
(Fig. 13). Therefore, the interference of weathering 
from sedimentary sorting can be disregarded.

5.2. Influences of carbonate-sourced 
elements on palaeoclimate proxies

5.2.1. Influence of carbonate Sr on bimetallic 
proxies

A crucial issue in using sediment Sr/Cu and Rb/Sr 
ratios as palaeoclimate proxies is the potential alter
ation of clay component signals by carbonate-sourced 
Sr, as residual Sr in carbonate rocks interferes with 
adsorbed Sr in experimental results (Wei and Algeo, 
2020; Sun et al., 2024b). The high Sr content of car
bonate sources can easily be mistaken for Sr adsorbed 
by clay minerals and can be used to calculate Sr/Cu 
and Rb/Sr ratios, ultimately increasing the Sr/Cu ratio 
and decreasing the Rb/Sr ratio in sediments (Sun 
et al., 2024a). Therefore, evaluating samples 
affected by carbonate-sourced Sr is essential. In this 
study, we used CaO as a proxy for carbonate content. 

Fig. 12 Cross-plots of A) WIP* versus CIA* (modified after Lv et al., 2022), and B) Th/Sc versus Zr/Sc ratios (modified after McLennan, 1993) 
for identifying the interference of sediment recycling in the samples of the upper Xiguayuan Formation, Yuying section, Luanping Basins. 
CIA* = corrected chemical index of alteration; WIP* = corrected weathering index of Parker. See Supplementary Tables S3 and S4 for the 
source data.

Fig. 13 Cross-plots of A) Al2O3/SiO2 versus CIA* and B) Al2O3/SiO2 versus WIP* for identifying the interference of sorting in the mudstone 
samples of the upper Xiguayuan Formation, Yuying section, Luanping Basins. CIA* = corrected chemical index of alteration; WIP* = corrected 
weathering index of Parker. See Supplementary Table S3 for the source data.
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According to the test results, there is a positive cor
relation between Sr and CaO (R2 = 0.66) (Fig. 14A), 
which may indicate that the Sr in the study interval 
was strongly affected by the interference of carbon
ate sources. However, it is difficult to determine an 
appropriate CaO threshold to eliminate samples 
affected by carbonate-sourced Sr.

Previous studies have evaluated bulk Sr, residual Sr, 
and acidic Sr in detail through leaching experiments 
for fine-grained lacustrine sediments and case studies, 
indicating that carbonate-derived Sr can also serve as 
a suitable proxy for weathering and climate (Yang 
et al., 2016b, 2016c). The Sr in this study refers to 
bulk Sr. The high correlation between Sr and CaO in
dicates a considerable proportion of carbonate sour
ces. Therefore, this study disregards the difference 
between clay-adsorbed Sr and carbonate-derived Sr, 
but the accuracy of the proxy based on bulk Sr should 
be confirmed. In addition, since the provenance, 
sorting and sediment recycling of the samples them
selves are relatively weak, the impacts on palae
oclimate proxies have not been considered.

5.2.2. Influence of carbonate Ca on C-values

Previous studies have confirmed that calcium from 
carbonate sources can interfere with weathering 
assessment; therefore, CaO* was used to represent Ca 
only from silicate rocks (McLennan, 1993). However, 

the carbonate-sourced Ca in the C-value calculation 
formula has not been eliminated in all previous 
studies. Similarly, the potential impact of K- 
metasomatism was not considered in the calculation 
of the C-value. On the basis of the C-values, we 
developed a corrected C-value (C-value*) to accu
rately represent the palaeoclimate, which requires 
the use of the previously mentioned error elimination 
method to eliminate the interference of carbonate- 
source Ca and K-metasomatism. The C-values and C- 
values* indicate climate conditions ranging from 
semiarid to arid (Fig. 14B). Moreover, the intersection 
plots of C-value* versus Sr/Cu and C-value* versus Rb/ 
Sr indicate good correlations among the three palae
oclimate proxies, with correlation coefficients of 0.63 
and 0.43, respectively (Fig. 14C and D). Compared with 
the C-value, the C-value* clearly increases its correla
tion with bimetallic proxies (Fig. 7E and F), providing 
reliable evidence for several palaeoclimate proxies.

5.3. Implications for an early Aptian global 
cooling

Chemical weathering indices can not only reflect 
the intensity of weathering but also indirectly indicate 
the degree of dryness and wetness of the palae
oclimate (Lv et al., 2022). An increase in the CIA in
dicates a warmer and wetter climate (Nesbitt and 
Young, 1982), whereas increases in WIP and τNa 

Fig. 14 Cross-plots of A) Sr versus CaO, B) C-value* versus C-value, C) C-value* versus Sr/Cu, and D) C-value* versus Rb/Sr for estimating 
the interference of carbonate-sourced elements on palaeoclimate proxies. See Supplementary Tables S3 and S4 for the source data.
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indicate cooler and drier climates (Parker, 1970; 
Anderson et al., 2002). This study indicates that all 
chemical weathering indices exhibit similar trends in 
weathering and climate fluctuations (Fig. 15A—E). 
After the interference of nonweathering factors such 
as diagenesis, provenance, sediment recycling, and 
sedimentary sorting on chemical weathering indices 
was systematically eliminated, the CIA and WIP were 
accurately corrected to the CIA* and WIP*. On this 
basis, LST has also been correspondingly revised to 
LST* by using the CIA* (Fig. 15C—E). This method of 
using the CIA* to estimate the LST after eliminating 
potassium metasomatism has been proven to be reli
able by previous studies (Lv et al., 2022; Zhang et al., 
2023b). LST and MAT, two proxies of palae
otemperature values, also exhibited extremely 
consistent fluctuations (Fig. 15C and D).

In modern sediments, sensitive element proxies 
such as Sr, Cu, and Rb have been widely applied to 
reconstruct palaeoclimates (Mathews et al., 2020; Lv 
et al., 2022). A Sr/Cu ratio of <10 reflects warm and 
humid climate conditions, and a value of over 10 in
dicates cold and arid conditions (Lerman et al., 1995). 
A low Rb/Sr value represents a cool and arid climate, 
whereas a high Rb/Sr value reflects a warm and 
humid climate. An increase in the C-value indicates 
warmer and wetter climates, whereas a decrease 
in the C-value reflects colder and drier climates 

(Nesbitt and Young, 1982). Therefore, typically, the 
trends of the C-value and Rb/Sr ratio are opposite to 
those of Sr/Cu, whereas the trend of the Rb/Sr ratio is 
consistent with that of the C-value (Fig. 15F—H). This 
study confirms the synergistic evolution trend among 
these three climate proxies, and shows coupling vari
ation with multiple chemical weathering indices 
(Fig. 15A—H).

The Early Cretaceous was characterized by a long- 
term greenhouse climate with high CO2 levels in the 
atmosphere (Cojan et al., 2000; Wang et al., 2014). 
However, an increasingly large body of evidence sug
gests that episodic global “cold snaps” punctuated the 
long-term greenhouse trend of the Early Cretaceous 
(Erba and Tremolada, 2004; Price and Passey, 2013; 
Vickers et al., 2019). The Weissert Event (Val
anginian cold snap) was the largest global climate 
cooling event of that period, lasting ~1.3 Ma 
(Cavalheiro et al., 2021), and the latest research 
suggested that it may have been longer, lasting 
~8.6 Ma (Vickers et al., 2019). Furthermore, evidences 
of Aptian cooling events are proposed on the basis of 
sea surface temperature reconstructions (McAnena 
et al., 2013: ~5 ◦C cooling), belemnite δ18O records 
(Bodin et al., 2015: ~4 ◦C cooling), and worldwide- 
distributed diatomaceous earth (Vickers et al., 2019: 
<7 ◦C). The sampling interval in this study corresponds 
mainly to the early Aptian (~120—118 Ma; Fig. 3). The 

Fig. 15 A) Global age-calibrated δ13C curve representing global temperature (constructed from Weissert and Erba, 2004); B) CIA index 
reconstruction results for Well FY-2 in the Fuxin Basin, northeastern China (modified from Jia et al., 2023); C—H) Vertical variations in 
palaeoweathering indices, palaeoclimate proxies, and palaeotemperatures from the mudstone samples of the upper Xiguayuan Formation, 
Yuying section, Luanping Basin. c: cooling; w: warming. See Supplementary Tables S3 and S4 for the source data.
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trends of all palaeoweathering indices and palae
oclimate proxies in the study interval are consistent 
with the global age-calibrated δ13C curve (Fig. 15). 
The negative excursion of δ13C usually indicates a 
warmer climate, whereas the positive excursion refers 
to a colder climate (Vickers et al., 2019). Notably, the 
weathering intensity and climate conditions in the 
study interval are synchronized with global climate 
changes (Fig. 15A). Moreover, the CIA index in this 
study is similar to the index value of the Fuxin Basin 
reported by Jia et al. (2023), and the change trend is 
consistent (Fig. 15B and C).

Interestingly, volcanic activity can be observed in 
the strata that formed at approximately 120 ± 0.5 Ma in 
the study area (Wei et al., 2012), which corresponds to 
the low values in the global age-calibrated δ13C curve. 
There are two possible explanations for this phenom
enon: first, the early Aptian climate cooling in the 
Luanping Basin was attributed to regional climate 
change, and it may be that the volcanic ash formed 
after a small-scale volcanic eruption blocked the 
reflection of the sun, thereby cooling the regional 
climate; second, regional climate change was 
controlled by global climate cooling. A series of studies 
support the occurrence of a large-scale volcanic erup
tion event at a global scale at approximately 120 Ma 
(Wei et al., 2012; Pan et al., 2021), which indicates 
that early Aptian global climate cooling can be attrib
uted to volcanic activity derived from plate movement. 
Therefore, the terrestrial palaeoweathering and 
palaeoclimate of the Luanping Basin effectively record 
the early Aptian global climate cooling event.

6. Conclusions

1) The variation trends in multiple chemical weathering 
indices are reconstructed from the elemental 
geochemical compositions of the upper Xiguayuan 
Formation mudstones, Luanping Basin, indicating that 
the source area experienced mainly weak to moderate 
weathering intensity. On the basis of the Sr/Cu, Rb/Sr, 
and C-values, it can be concluded that the palae
oclimate conditions were arid and cold. The palae
otemperatures are quantitatively reconstructed, i.e., 
the range of the LST was 5.5 ◦C—12.6 ◦C, with an 
average of 9.0 ◦C, and the range of the MAT was −3.7 ◦C 
to 8.6 ◦C, with an average of 2.9 ◦C.

2) The potential interferences of diagenesis, prove
nance, sediment recycling, and sedimentary sorting 
were excluded by using the corresponding chemical 
proxies in the study interval. We confirmed the 
presence of K-metasomatism during the diagenesis 

process of the samples and eliminated its interfer
ence, restoring the original chemical weathering 
index. On the basis of the elimination of K-meta
somatism, the correlation between the source 
composition and the corrected weathering index is 
weak, indicating that chemical weathering is not 
affected by interference from the source composi
tion and its variations. The interference of sediment 
recycling and sedimentary sorting on weathering 
indices can also be disregarded.

3) The influence of carbonate-derived elements on 
palaeoclimate proxies was evaluated. Although the 
significant correlation between bulk Sr and CaO 
abundances indicates that a considerable propor
tion of Sr is derived from carbonates, carbonate- 
derived Sr is still investigated as a proxy for 
palaeoclimate dryness and wetness. Moreover, 
carbonate-derived Ca significantly interferes with 
C-values. After elimination, the correlation be
tween the corrected C-value and the bimetallic 
proxies is significantly enhanced.

4) This study indicates that all chemical weathering 
indices and palaeoclimate proxies exhibit similar 
trends in weathering and climate fluctuations. The 
trends of all palaeoweathering indices and palae
oclimate proxies in the study interval are consis
tent with the global age-calibrated δ13C curve, 
indicating that weathering intensity and climate 
conditions are synchronized with global climate 
change. Climate change at the regional and global 
scales may be closely related to volcanic activity 
caused by plate movement.
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