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A B S T R A C T   

The paleoenvironmental implications of Ca-related indices of peat from karst regions are poorly understood. In 
this study, we analyze a 450-cm peat core drilled from a sub-alpine karst mountain in the western Guizhou 
Plateau, SW China. This core is analyzed for carbonate contents and loss on ignition (LOI). High-resolution X-ray 
fluorescence (XRF) core scanning was also performed to see the variation of chemical compositions. Based on 
these measurements and 12 accelerator mass spectrometry (AMS)14C dates, we reconstructed the history of 
hydroclimatic shifts in SW China and explored the significance of Ca-related indices. The reconstructed hydro-
climatic conditions were consistent with the stalagmite, lacustrine sediment, and peat records from the regions 
controlled by the Indian monsoon. Abrupt decreases in precipitation and temperature were clearly shown during 
the 4.2 ka and Little Ice Age (LIA) cold events. High carbonate contents in the Yejiping peat during the Medieval 
Warm Period (MWP) were linked to a warm and humid climate. Additionally, wavelet analysis shows that 
variations in Ca content have 500, 125, 103, 80, 58, 43, 20, and 12-a quasi-periods, which correspond to the 
Gleissberg, Pacific Decadal Oscillation (PDO), and Schwabe cycles. Our results highlight the importance of Ca- 
related indices in peat deposits from karst depressions and provide a detailed description of the MWP and the 
LIA.   

1. Introduction 

Carbonate contents of terrestrial sediments are widely used to deci-
pher paleoclimatic variations, but interpretations based on such con-
tents differ according to the differences in carriers (Chen et al., 2007; 
Fan et al., 2019). Many studies in loess-paleosol sequences have sug-
gested that changes in carbonate contents can reveal the paleoclimatic 
evolution processes (Chen et al., 2007; Fang et al., 1994; Lu, 1981). For 
example, increases in carbonate contents were usually used as indicators 
of dry climate (Han et al., 1997; Hans, 1980). Higher percentages of 
carbonate minerals denoted a decrease in precipitation and runoff; thus, 
they have been used to indicate the hydrological balance of Lake Dali 
(Fan et al., 2019). It has been reported that the carbonate contents of the 
sediments from Lake Lugu and Lake Qilu are mainly controlled by lake 

water level changes (Hillman et al., 2020; Zheng et al., 2014). However, 
the environmental significance of Ca-related indices varies with the 
surrounding environment of the catchment area. For example, higher 
concentrations of calcite in sediments from Lake Ontario, Lake Seneca, 
and Lake Cayuga were found to correspond to warmer and wetter cli-
mates (Silliman et al., 1996; Anderson and Mullins, 1997; Mullins, 
1998). These studies show that carbonate contents of lacustrine sedi-
ments have different environmental implications in different regions. 
However, studies on peat archive study from regions with widespread 
carbonate rocks are scarce. 

Karst landforms and carbonates are widely distributed across 
southwestern China, with Guizhou having the largest karst topography 
at the provincial level, making it an ideal place for studying the 
hydroclimatic implications of carbonate content in paleoenvironmental 
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carriers, such as peat. Studies on the paleoclimate evolution of this re-
gion have been extensively carried out and have revealed frequent and 
abrupt climatic changes during the late Holocene in Guizhou (Dykoski 
et al., 2005; Gao et al., 2019; Niu et al., 2017). For example, the abrupt 
cooling events in ~4200 and ~1100–900 cal. a BP were widely recorded 
in stalagmite, peat, and lacustrine sediments (Gong et al., 2019; Quan 
et al., 2019; Dykoski et al., 2005; Niu et al., 2017; Zhang et al., 2009). It 
has been suggested that there were several stages of climatic fluctuations 
during the Little Ice Age (LIA, 1450–1850 CE, IPCC Fifth Assessment 
Report), which is the last cold event over the past 1000 years (Zhang 
et al., 2006; Zhang et al., 2009; Zhao et al., 2015a). Owing to differences 
in temporal resolution, dating methods, and local geological back-
ground, the duration of these cold sub-periods during the LIA varies 
slightly among different study sites (Yu et al., 2020; Zhang et al., 2009; 
Zhao et al., 2015b). Mostly, ~2–3 distinct cold sub-periods can be 
clearly identified, suggesting obvious cold-warm and dry-wet fluctua-
tions during the LIA. These records were mainly derived from cave 
stalagmites and lake sediment cores, while studies into peat records in 
SW China are still scarce. 

Multi-proxy-based global paleoclimate records from various carriers 
have recorded the abrupt changes during the Medieval Warm Period 
(MWP, 950–1450 CE according to the IPCC Fifth Assessment Report). 
Peat has been considered as an ideal carrier for paleoclimate re-
constructions (Lopez-Aviles et al., 2021; Mikhailova et al., 2021; Naz-
arova et al., 2021; Njagi et al., 2021; Sachs et al., 2021), just as lacustrine 
sediments (Quamar and Bera, 2021; Wang et al., 2021a; Wang et al., 
2021b), cave stalagmites (Chen et al., 2021), ice cores (Grieman et al., 
2018), tree rings (Hadad et al., 2021), aeolian sediments (Bhattacharya 
et al., 2017), and coastal deposits (Manoj et al., 2021). Previous studies 
have shown that the MWP lasted from 850 to 1350 CE, from 940 to 1220 
CE, from 750 to 1200 CE, from 650 to 1350 CE, from 700 to 1250 CE, 
from 760 to 1325 CE, and from 900 to 1250 CE in southwestern China 
(Feng et al., 2019; Wang et al., 2021a), central India (Tripathi et al., 
2021), northeast India (Quamar and Bera, 2021), Mongolia (Rudaya 
et al., 2021), East Russia (Nazarova et al., 2021), East Africa (Njagi et al., 
2021), and the central equatorial North Pacific (Sachs et al., 2021), 
respectively. Carbon isotope ratios (δ13C) of stalagmites from Shi-
jiangjun Cave in Guizhou Province revealed dry climate conditions 
during the MWP (Chen et al., 2021). Mineral records in the sediments 
from Lake Ayakum on the northern margin of the Qinghai-Tibet Plateau 
(QTP) (Wang et al., 2021b) and Lugu Lake in northwestern Yunnan 
(Wang et al., 2021a) also showed a dry MWP. Besides, a dry MWP has 
been recorded in East Africa (Njagi et al., 2021), South America (Hadad 
et al., 2021), southern Iberian Peninsula (Lopez-Aviles et al., 2021), 
Mongolia (Rudaya et al., 2021), and central equatorial North Pacific 
(Sachs et al., 2021). Contrastingly, a wet MWP was recorded in southern 
East Siberia (Mikhailova et al., 2021), East Russia (Nazarova et al., 
2021), Mediterranean (Kaniewski et al., 2011), and the Indian subcon-
tinent (Dixit and Tandon, 2016; Manoj et al., 2021; Quamar and Bera, 
2021; Tripathi et al., 2021). These contradictions demonstrate there is 
still no consensus about the exact timing of the MWP due to chrono-
logical uncertainty, sampling resolution, etc. Furthermore, compared 
with the LIA, there are fewer MWP records in Guizhou, large un-
certainties remained in the understanding of the climate during this 
period in Guizhou. 

Ca and CaCO3 contents have been widely used to reconstruct changes 
in the environment in different geological backgrounds (Zheng et al., 
2014). However, such studies are rare for peat deposits, especially in 
karst areas where the bedrock weathering is sensitive to climate 
changes. Several studies have been conducted on peat records in and 
around China, but very few have been conducted in Guizhou (Cui et al., 
2018). Additionally, previous studies were concentrated on recon-
structing the overall climatic changes during the Holocene (Wang et al., 
2010), the climate fluctuations during specific periods like the LIA and 
MWP are still understudied. In this study, we analyzed a 450-cm-long 
peat core (YJP01) that was taken from Yejiping, an ombrotrophic 

peatland in the western Guizhou Plateau in SW China. This peatland, 
with no river input from its surface and surroundings, is developed on 
and surrounded by carbonate rocks. We conducted X-ray fluorescence 
(XRF) core scanning, loss on ignition (LOI), carbonate content, dry 
density, and extensive AMS14C measurements on the core YJP01. The 
objectives of this study are to (1) reveal the climatic and environmental 
significance of Ca-related indices in karst peat core; (2) reconstruct high- 
resolution climatic changes in the Indian monsoon-dominated region 
during the MWP and LIA; and (3) investigate the driving forces of 
climate variations in SW China since the late stage of the middle 
Holocene. 

2. Study area 

The YJP01 peat core was retrieved from the Yejiping alpine peatland 
(26.45◦N, 104.697◦E, 2241 m a.s.l.), which is located close to the 
junction of the Guizhou and Yunnan Provinces in SW China (Fig. 1A, B). 
This peatland is in a low-lying terrain in the Wumeng mountains, which 
lies 19 km to the southwest of Shuicheng County, Liupanshui City, in the 
west of Guizhou Plateau (Fig. 1B, C, D). The Yejiping peatland is sur-
rounded by karst landforms and is devoid of rivers. The average eleva-
tion of Shuicheng County, which is located in the Wumeng Mountains, is 
about 1700–1800 m. Karst landforms accounted for 63.18% of the total 
area of the Liupanshui City (Deng and Bi, 2004). The outcrop lithology 
of this area mainly consists of Permian limestone (P1) intercalated with 
dolomite and sandy shale, Carboniferous limestone (C2) and dolomite 
(sandy shale in the upper part is intercalated with argillaceous lime-
stone). The lower part of C2 is composed of limestone interposed with 
shale, sandy shale with coal or aluminous phases, while limestone and 
dolomite dominate the upper part (Fig. 1B) (Dai et al., 2014; Li, 2001). 

The climate of Liupanshui City is humid-subtropical-mountainous 
that greatly affected by the Indian monsoon (Zheng et al., 2013; 
Zhang and Wu, 2020) (Fig. 1A). Rainfall in the Liupanshui region mainly 
occurs from May to September, accounting for 71–88% of the annual 
precipitation. The average annual temperature and average annual 
precipitation are 15 ◦C and 1200 mm, respectively. The rivers in the 
Wumeng Mountains are part of the middle reaches of the Beipan and the 
Redu River systems, which finally flow into the Pearl River (Fig. 1C). 
The typical vegetation in this region includes mountain evergreen oak 
forests, Yunnan pine forests, and walnut forests (Huang and Tu, 1983). 
Located in the watershed between the Wujiang and Beipanjiang river, 
Shuicheng County is known as the “plateau pearl” of Guizhou Province. 
Besides, Shuicheng County has also been recognized as a very important 
area for the coal industry in SW China. 

3. Materials and methods 

3.1. Sampling 

The YJP01 peat core was drilled from the center of the Yejiping 
peatland using a Russian peat corer (Fig. 1C, D). The depth of YJP01 is 
450 cm. The collected samples were immediately packed in 50 cm-long 
polymethyl methacrylate half-cylinder tubes and transported back to the 
laboratory. The cores were then stored in a refrigerator at 4 ◦C until they 
were sliced into 1-cm sub-samples. From the top to the bottom, the 
lithological (Fig. 2B) descriptions are listed below: 

➀ 0–20 cm is mainly composed of yellow–brown peat. The surface 
layer contains a lot of macroscopic live plant roots with a small 
number of woody debris. 
➁ 20–50 cm is brown-black peat containing many undecomposed 
plant residues. 
➂ 50–200 cm is well compacted and decomposed dark black peat 
with few plant residues. 
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➃ 200–285 cm is brown peat containing undecomposed plant rhi-
zomes and sphagnum moss. This part is porous, and its water content 
is high. 
➄ 285–385 cm is highly decomposed black peat that has few plant 
rhizomes and woody debris. 
➅ 385–420 cm is firm and highly decomposed gray peat with no 
plant residue observed. 
➆ 420–450 cm is gray-brown peat mixed with a small amount of fine- 
grained gravel and a few microscopic plant residues. 

3.2. Methods 

3.2.1. Dating and age–depth model 
Based on the above-mentioned depositional characteristics of the 

YJP01 core, 12 plant residue samples were selected for the accelerator 
mass spectrometry (AMS) 14C dating (Fig. 2A, B). The AMS 14C mea-
surements were conducted at Beta Analytic. The IntCal13 curve was 
used to calibrate the AMS measurements by the OxCal program. The 
Bacon 2.2 R package (Blaauw and Christen, 2011), which is based on 
Bayesian statistical methods, was used to establish the age-depth model 
(Fig. 2C). 

3.2.2. High-resolution XRF core scanning 
XRF core scanning was carried out at the State Key Laboratory of 

Lakes and the Environment, Nanjing Institute of Geography and 
Limnology, Chinese Academy of Sciences, using a high-resolution multi- 
parameter core scanner (MSCL, GeoTek Ltd., UK). After lithology in-
spections and high-resolution photography, continuous XRF element 

measured at 1 cm resolution were carried out on the YJP01 core. Mg, Ca, 
Fe, and other elements contents were measured at the voltage of 10 keV 
for a 10-second count time. Brightness (L*), redness (a*), and yellowness 
(b*) were also obtained at 1 cm intervals. The element signal intensities 
of the XRF scans were expressed as peak areas in counts per second (cps). 
Due to high TOC content, Al contents were used to calibrate the XRF 
scanning results following the suggestions in previous studies 
(Löwemark et al., 2011; Yang et al., 2019). The element contents 
become dimensionless after the calibration. Ca/Al ratios were used to 
represent in the subsequent figures, but Ca is still used in the text. 

3.2.3. Measurements of LOI and carbonate contents 
Samples in each core pillar were sub-divided into 1-cm intervals, and 

a total of 450 samples were obtained and then stored in self-sealed bags. 
Organic matter and carbonate contents were determined using the 
combustion method. First, the empty corundum crucibles were heated in 
a muffle furnace at 550 ◦C for 4 h and then cooled to room temperature 
in a desiccator to maintain a constant weight. The net weight of the 
crucible was then measured. Second, the samples were placed into small 
containers with a volume of 4.096 cm3 and oven-dried at a constant 
temperature of 105 ◦C for 12 h. The wet weight and dry weight were 
measured, and then both the water content and dry density of the 
samples were calculated (van Bellen et al., 2011). The samples were put 
in the dried corundum crucibles and calcined at 550 ◦C for 4 h in a 
muffle furnace, and then weighed. The LOI of each sample was then 
calculated. After performing the LOI measurements, the samples were 
again placed in a muffle furnace and calcined at 950 ◦C for 4 h. After 
being cooled to room temperature in a desiccator, the crucibles were 

Fig. 1. Natural background of the study area and the sampling site. (A) Geographic and climatological locations of the Yejiping peatland, and the relevant pale-
oclimate records: 1- Lake Jiulongchi (Gao et al., 2019), 2- Dongge Cave (Dykoski et al., 2005; Wang et al., 2005), 3- Hongyuan Peat (Yan et al., 2021), 4- Lake XMLT 
(Ning et al., 2017), 5- Lake Ruogen Co (Ming et al., 2020), and 6- Lake Tiancai (Xiao et al., 2014), YJP01- this study, (B) large scale geological map showing the 
stratigraphy across northwestern Guizhou (Dai et al., 2014; Li, 2001), (C) structural setting and elevation background of Yejiping peatland and the location of the 
YJP01 core, and (D) field photo of Yejiping peatland. 
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weighed again and then calculated for carbonate contents (hereafter 
referred as CaCO3) (Shi et al., 2021). 

3.2.4. Scanning electron microscopy (SEM) analysis 
Four samples were selected for SEM micromorphology analysis. The 

organic matter in the samples was first removed using the excess 
hydrogen peroxide method. The samples were then freeze-dried and 
fixed with conductive carbon tape and gold-plated. The extracted sam-
ples were then observed using a Feiner desktop SEM (PhenomTM proX, 
energy spectrum version). A full image of each sample was taken by the 
SEM system. Sample preparation and SEM analyses were performed at 
the Institute of Earth Environment, Chinese Academy of Sciences. 

3.2.5. Multivariate statistical analysis 
The Morlet wavelet transform function was used to analyze the cy-

cles in the Ca content. The analysis was done using the MATLAB R2016a 
software (The Mathworks Ltd, USA). Additionally, power spectrum 

analysis was performed using the free software Past3 (https://www.nh 
m.uio.no/english/research/infrastructure/past/). The power spectrum 
results were tested at both 80% and 90% confidence intervals. 

4. Results 

4.1. Chronology and deposition dynamics 

The AMS14C chronology results of the YJP01 core (Table 1) showed 
that there were no age reversals across the depth range of 0–392 cm 
(after 1140 cal. a BP). The sedimentation rate was relatively stable in 
this section, with an average value of 3.7 mm/a. The sample at 15 cm 
depth is dated to be 1960 CE. There might exist a sedimentary hiatus at 
392–393 cm, but the cause is still not clear. The average sedimentation 
rate at 394–450 cm was ~0.73 mm/a. According to the age-depth 
model, which has 2 age control points in the section from 394 to 450 
cm, the age at the bottom of the core (450 cm) was 4732 cal. a BP 

Fig. 2. Study materials and the age-depth model of the YJP01. (A) Core photos of the YJP01, (B) stratigraphy and AMS 14C dates from the YJP01 core, (C) age–depth 
model created using the Bacon 2.2 R package. In figure (C), the upper right plot shows the stability of the Markov Chain Monte Carlo iterations (>1000 iterations), 
the middle plot shows the prior (green curve) and posterior (gray fill) dependences for the accumulation rates (a/cm), and the lower right plot shows the prior (green 
curve) and posterior (gray fill) dependences of accumulation rates between piece-wise sections. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Table 1 
AMS radiocarbon dating results from the YJP1 profile.  

Lab. code Sam. code Depth (cm) Dated material δ13C (‰) 14C Age (a BP) Calibrated age range a BP (2σ, %) 

Beta-560262 YJP18-1–37  36.5 Plant fragment − 28.3 101.76 ± 0.38 pMC 54 ± 17 (34) 
Beta-560263 YJP18-2–38  87.5 Plant fragment − 26.2 210 ± 30 182 ± 39 (55) 
Beta-552193 YJP18-3–38  137.5 Plant fragment − 26 460 ± 30 509 ± 29 (100) 
Beta-560264 YJP18-4–36  185.5 Plant fragment − 24.6 480 ± 30 519 ± 23 (100) 
Beta-552194 YJP18-5–38  237.5 Plant fragment –22.7 640 ± 30 584 ± 30 (57) 
Beta-560265 YJP18-5–40  239.5 Plant fragment –23.5 670 ± 30 650 ± 22 (55) 
Beta-560266 YJP18-6–33  282.5 Plant fragment − 27.9 660 ± 30 648 ± 23 (51) 
Beta-560267 YJP18-7–30  329.5 Plant fragment − 24.7 780 ± 30 701 ± 30 (100) 
Beta-569154 YJP18-353  352.5 Plant fragment − 28.2 850 ± 30 739 ± 55 (99) 
Beta-569153 YJP18-378  377.5 Plant fragment − 27.3 1010 ± 30 930 ± 29 (74) 
Beta-552195 YJP18-9–8  408.5 Wood − 24.2 3860 ± 30 4318 ± 90 (84) 
Beta-560268 YJP18-9–44  443.5 Plant fragment − 24.5 4030 ± 30 4497 ± 77 (100)  
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(Fig. 2C). 

4.2. Results of high-resolution XRF core scanning 

Ca content varied from 2.216 to 26.95 after the calibration, while Mg 
content varied from 0.04 to 1.03 (average 0.513) throughout the peat 
core. The correlation coefficient (R) between Ca and Mg was 0.967 (P <
0.01, n = 449). Fe2O3 ranged from 53 to 6319 (average 1804.64) and 
was significantly negatively correlated with Ca and Mg (R = -0.753 and 
− 0.751, respectively; P < 0.001, n = 449). a* was significantly posi-
tively correlated with b* (R = 0.850, P < 0.001, n = 449) (Fig. 3F, G), 
whereas a* and b* were negatively correlated with L* (R = − 0.258 and 
− 0.501, respectively, P < 0.001, n = 449). L* varied from 4.69 to 55.14 
(average 34.43). Ca content exhibited an overall increasing trend from 
the bottom to the top of the core (Fig. 3). 

4.3. Carbonate content and LOI 

Both CaCO3 (ranging from 0.018 to 6.42%, average 2.12%) and LOI 
(ranging from 8.4 to 83.97%, average 46.58%) showed an overall 
increasing trend from the bottom to the top of the core (Fig. 3). Some 
clay layers and small amounts of fine gravel were observed in the section 
at 450–420 cm depth (Fig. 2). Besides, both CaCO3 and LOI of this 
section are very low, this is probably related to the fact that it was at the 
early stage of peat development. Furthermore, both CaCO3 and LOI have 
obviously increased in the section at 420–385 cm depth. The section 
from 385 to 285 cm had relatively high CaCO3 and LOI values (Fig. 3). 
From 285 to 200 cm depth, the sediments composed brown peat rich in 
plant residue, and CaCO3 and LOI reached their maximum values. From 
200 to 50 cm depth, both CaCO3 and LOI fluctuated significantly and 
had relatively low values. The peat above 50 cm was composed brown- 
black peat and showed increases in both CaCO3 and LOI. High CaCO3 
and LOI generally denoted high Ca and L*. Ca was significantly posi-
tively correlated with LOI (R = 0.526, P < 0.001, n = 449) and CaCO3 (R 
= 0.35, P < 0.001, n = 449). Peat with high LOI and CaCO3 (or Ca) had a 
lighter color and thus had a higher L*. 

4.4. Morphological characteristics of the peat debris 

The debris from different depths was clearly shown in the SEM 
graphs and they are morphologically different (Fig. 4). With the increase 
in depth, these debris have experienced stronger weathering, erosion, 
and corrosion. These debris were angular to sub-rounded, while well- 
rounded grains were not observed. The particle size of the detrital 
minerals at depths of 410 and 366 cm was smaller than the shallower 
ones. At the depth of 149 cm, the size of detrital minerals remained the 
same, but angular grains became abundant. Contrastingly, the grain size 
of the sample at 214 cm was larger and depicted a higher roundness 
(Fig. 4). 

4.5. Cyclic variations in Ca contents 

Power spectrum analysis of the Ca counts (Fig. 5A) showed signifi-
cant quasi-periods of 500, 125, 103, 80, 58, 43, 38, 30, 27, 20, and 12a. 
In addition, wavelet spectral energy of the variations in Ca revealed that 
the 512–500, 250–200, 64–40, and 22a quasi-periods were the most 
significant (Fig. 5B). The 500a quasi-period was observed during 
800–400 cal. a BP, while a 130–100a quasi-period appeared from 1000 
to 160 cal. a BP. The 40–20a quasi-periodic signal appeared intermit-
tently since 1000 cal. a BP. Meanwhile, the 12a quasi-periodic signal 
became more pronounced since 800 cal. a BP. The results of the power 
spectrum and wavelet analyses were comparable and consistent with 
each other. 

5. Discussion 

5.1. Paleoenvironmental significance of LOI and Ca-related indices in the 
Yejiping peat record 

Besides organic matter content, LOI also includes contents of com-
ponents such as crystal water and volatile compounds (Heiri et al., 
2001). However, the proportion of these components is tiny in peat, 
which is largely composed of organic matter that formed through the 
accumulation and decomposition of dead plants. LOI has been widely 

Fig. 3. Comparisons of Ca and CaCO3 content compared with other records from the YJP01 core of the Yejiping peatland. (A) Ca, (B) CaCO3, (C) LOI, (D) L*, (E) 
Fe2O3, (F) a*, and (G) b*. The gray shaded region indicates the hiatus part of this core. 
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Fig. 4. Morphological characteristics of detrital mineral fraction under SEM from the YJP01 core of Yejiping peatland. (A) 149 cm from LIA, (B) 214 cm from MWP, 
(C) 366 cm at ~1000 cal. a BP and (D) 410 cm at ~4000 cal. a BP. 

Fig. 5. Periods of the YJP01 core from the Yejiping peatland. (A) Power spectrum and (B) wavelet spectral energy (the black boundaries mark 90% significance level) 
for the Ca content of the YJP01 core. 
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used to calculate the variation in organic matter content in different 
sediments (Heiri et al., 2001; Konen et al., 2002; Cambardella et al., 
2001). Variations in organic matter content can also reflect the primary 
productivity of peatland (Wu et al., 2011). As there is no major river 
flowing through the Yejiping peatland, organic matter in the peat mainly 
comes from indigenous plants in the peatland. The study area is mainly 
controlled by the Asian monsoon, and the productivity of the Yejiping 
peatland is strongly affected by temperature changes (Yang et al., 2020). 
This can be observed in the LOI variations of Yejiping peatland since 
4700 cal. a BP (Fig. 6A), which shows significant periodical variations. 
The high temperature and monsoon precipitation were conducive to the 
plant growth during warm periods such as the MWP. The increases in 
organic matter content and LOI are in line with the increase in primary 
productivity in the Yejiping peatlands (Fig. 6A). Contrastingly, the 
organic matter content and LOI were low during cold periods, such as 
the LIA (Fig. 6A). The reconstructed mean annual temperature (MAT) at 
the Hongyuan Peatland (Yan et al., 2021), which is also controlled by 
the Indian monsoon, was relatively consistent with our LOI results 
(Fig. 6B). Besides, the variation in LOI of the YJP01 core was in line with 
the reconstructed MAT at Lake Kusai and Lake Lugu, which are in the 
north of the Qinghai-Tibet Plateau (QTP) and Yunnan Province, 
respectively (Fig. 6C and D) (Cui et al., 2021; Zhang et al., 2018; Zhao 
et al., 2020). The reconstructed summer (July) temperature of the 
Scandinavian Peninsula (Helama et al., 2012) (Fig. 6E) also showed a 
similar variation trend to the LOI of the YJP01 core, further revealing 
the influence of temperature on the LOI of the Yejiping peat. 

Yejiping peatland is in a high elevation area rich in carbonate rocks, 
and the climate of this area has very strong seasonal variations. The high 
temporal resolution of the YJP01 core can aid in further understanding 
of the dynamics in Ca migration and leaching in peat records during the 

last millennium. Ca and Mg counts were significantly correlated 
throughout the YJP01 core (R2 = 0.97, P < 0.01, n = 449). These similar 
geochemical properties can also be observed in other sediment records 
in karst regions, which can further explain the weathering process of the 
YJP01 core. It has been reported that the migration coefficients of Ca 
and Mg in the karst region of Guizhou are close to − 1, meaning these 
elements are almost completely depleted (Zhang et al., 2015). Ca and 
Mg generally leach and migrate during the weathering process, which 
could then lead to the enriched CaO and MgO that were observed in the 
deposits in low-lying lands or lakes in karst regions, while their source 
areas were relatively depleted in CaO and MgO (Kong et al., 2011). For 
example, it has been suggested that the CaO enriched soil of Anlong 
Muzan, a montane valley, was mainly sourced from the surrounding 
karst mountains (Chen et al., 2010). Because of the weathering of car-
bonates is directly related to the intensity of precipitation, the Ca and Mg 
losses in the profile and stratum were proposed to be proportional to the 
amount of precipitation (Li et al., 2014). It is thus believed that the 
variations in the Ca contents of karst peat can efficiently record the 
precipitation intensities. 

Peat always has a high organic content and is generally acidic, 
making it very different from lacustrine deposits (Chai, 1993). CaCO3 is 
difficult to crystallize in acidic environments like the Yejiping peatland, 
and the calcium in the peat tends to be in an ionic state. In the Yejiping 
peatland, the runoff water and mineral material (Ca and other elements) 
are mainly derived from precipitation or surrounding weathering 
leaching. It has been pointed out that the Ca in peat can be derived from 
underground water systems too (Chai, 1993), which could be an 
important source of Ca and related elements in sub-alpine karst regions. 
The acidic depositional environment of peat deposits is difficult for the 
forming of authigenic carbonate, making the sharp increases in mineral 

Fig. 6. Comparison of LOI in the Yejiping peat with other relevant records. (A) LOI in YJP01, (B) reconstructed MAT from the HY4 core of Hongyuan peatland (Yan 
et al., 2021), (C) reconstructed MAT variability at the Lake Kusai (Cui et al., 2021), the red line is the average of the 6-windows running, (D) BrGDGTs-inferred 
temperature of Core LG10 sediment from Lake Lugu (Zhao et al., 2020), (E) reconstructed summer (July) temperature record from the Scandinavian Peninsula 
(Helama et al., 2012). The brown line is the average of 33-windows running. The gray shaded part indicates discontinuity of sediment. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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contents normally related to abrupt environment changes, such as vol-
canic eruptions (Shi et al., 2021). In the Yejiping peatland, almost all 
ionic Ca2+ and Mg2+ originate from the surrounding limestone and 
dolomite mountains (Fig. 1). Since most materials that enter the basin 
are at a relatively stable rate, the increases in CaCO3 are thus usually 
related to intensified exogenous inputs. It has been reported that the 
chemical dissolution of limestone mountains can be strengthened by the 
intensified surface runoff and groundwater during wet periods (Kong 
et al., 2010). This increases in chemical dissolution can thus accelerate 
the migration of Ca2+ and Mg2+. As a result, the contents of these ions in 
the surface runoff were increasing (Li et al., 2014). It is therefore 
plausible to make the hypothesis that the increases in carbonate contents 
in karst peat sediments such as the YJP01 peat core, are linked with 
intensified precipitation. 

Our SEM results show that very little amount of Ca can be crystal-
lized due to the acidic environment of the Yejiping peatland. Ca exists in 
peat normally as an ionic state. However, the sample during the MWP 
appears to be in a crystalline state (Fig. 5). It has been pointed out that 
Ca2+ and Mg2+ ions in peat can also combine with humic acid that in the 
form of complexes and chelates (Hakanson and Jansson, 1983; Lerman, 
1978). Besides, morphological characteristics of the detrital minerals 
under SEM also show that the debris during the MWP was larger and 
rounder, suggesting enhanced precipitation and water transport capa-
bility was stronger (Fig. 4A, B). 

Although the Ca values that measured by the XRF scanning are 
slightly differed from the conventional CaCO3 measurements, these two 
independent pair of measurements exhibited a general similar variation 
trend (Fig. 7A, B). The changes in CaCO3, Ca, Fe2O3, LOI, and L* were 
synchronizing with each other (Fig. 3). In peat deposit, organic matter 
includes humus and plant residues (Chai, 1993). Less decomposed plant 
residues will contribute significantly bright components to the peat 

deposit, thus increasing its L* (Fig. 3D). Increases in L* were synchro-
nized with enhanced precipitation, which will cause higher peat water 
content and peatland water table level. Which in turn contributes to less 
plant residue decomposition due to the anoxic environment. Therefore, 
LOI, L*, Ca, and CaCO3 were relatively low during periods when the 
precipitation in SW China decreased (Fig. 3). 

Three prominent cold events, 4200 cal. a BP, 950–1100 cal. a BP, and 
the LIA, were recorded in SW China by the Ca, CaCO3, a* records in our 
reconstruction (Figs. 3, 6, 7). Additionally, the MWP warm period was 
clearly observed. CaCO3 and Ca values decreased significantly at the 
bottom of the YJP01 core (from 4300 to 4100 cal. a BP), while the 
fluctuations in Fe2O3 values were relatively stable (Fig. 3A, E). Ca 
content decreased from 14.41 to 9.04, while the mean value of LOI was 
~41% (Fig. 3C), indicating a cold climate during this period. The 4200 a 
BP cold event lasted for about 300 years in our YJP01 record. This cold 
event also corresponds with the enrichments of stalagmite δ18O in the 
Dongge Cave in Guizhou Province (Fig. 7C) and the low SC2 values in the 
sediments of Ximenglongtan in Yunnan Province, suggesting a dry SW 
China during this period (Fig. 7D). 

All the environmental indicators fluctuated significantly during 
950–1100 cal. a BP (Fig. 3). Ca decreased from 16.04 to 7.24 and CaCO3 
decreased from 1.76 to 1.22%. In the meantime, LOI rapidly decreased 
to 21.75% (Fig. 3A–C, E). On the contrary, L* only experienced slight 
decreases (Fig. 3A, C, D). It has been suggested that overly humid anoxic 
environments inhibit microbial activity (Chai, 1993). This could have 
been the reason for the observed decreases in humification and increases 
in L* (Fig. 3D). It has been reported that the decreases in humidity may 
promote the decomposition of microorganisms, which in turn increases 
the degree of peat humification in the overly humid environment in the 
western Guizhou Plateau (Yang et al., 2019). Therefore, the observed 
decreases in Ca, Mg, CaCO3, and L* were related to cold and dry 

Fig. 7. Changes in the main indices of Yejiping peat and precipitation records over the past 4700 years. (A) Ca (red line) and (B) CaCO3 content in YJP01, (C) δ18O of 
DA stalagmite from Dongge Cave (Wang et al., 2005), (D) SC2 content extracted from the grainsize, which is a proxy for transportation power and precipitation in the 
sediments of Lake Ximenglongtan in Yunnan Province, southwestern China (Ning et al., 2017). (E) Tree pollen content in the pollen assemblage of Lake Lugu in the 
Yunnan Province, southwestern China (Wang et al., 2016), and (F) Tsuga pollen content in the pollen assemblage of Lake Erhai in the Yunnan Province, southwestern 
China (Dearing et al., 2008). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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climates. Reduced precipitation may have led to the peatland being 
more inclined to an oxidizing environment. Low LOI may reflect the 
decrease in temperature and thus signify a cold event. The low tree 
pollen content in Lake Lugu in Yunnan Province, SW China (Fig. 7E), 
also shows a dry and cold climate during 950–1100 cal. a BP. The high 
SC2 value in the nearby Lake Ximenglongtan (Fig. 7D), also indicates less 
precipitation in this period. A cold event during this period has also been 
recorded by the MAT reconstruction by a peat core taken from the 
Hongyuan peatland (Fig. 6B) (Yan et al., 2021; Zeng et al., 2017). In 
addition, a sudden drop in the Tsuga pollen content in the pollen 
assemblage was observed in the sediment core taken from Lake Erhai 
(Fig. 7F) (Dearing et al., 2008). This also suggests a prominent dry 
climate in SW China during this period. 

The two prominent cold-dry events in SW China at around ~4200 
and ~1100 cal. a BP, which were clearly recorded by the LOI, Ca and 
CaCO3 contents in the YJP01 peat core. Our reconstruction was 
consistent with the results of paleoclimatic reconstructions in other parts 
of the Yunnan–Guizhou Plateau as well as other regions controlled by 
the Indian monsoon (Dykoski et al., 2005; Ning et al., 2017; Wang et al., 
2005) (Fig. 7B–D, Fig. 7C–F). Additionally, both the Guliya ice core and 
the Dulan tree ring records show that the Northern Hemisphere has 
become significantly warmer since the beginning of the 20th century 
(Yao et al., 2001). This is in line with our reconstruction using carbonate 
contents of the YJP01 core. The high-resolution climatic characteristics 
of the LIA and the MWP in SW China are discussed in the following 
subsection. 

5.2. Detailed climatic evolutionary processes of the LIA and the MWP 

5.2.1. MWP: 313–194 cm, 1200–1450 CE 
Increases in Ca and CaCO3 contents at the beginning of the MWP 

indicate enhanced precipitation (Fig. 7A, B). Meanwhile, the increases 
in LOI indicate a higher organic matter content and temperature during 
the MWP (Fig. 6A). However, Ca, CaCO3, and LOI showed rapid declines 
at ~1250 CE following a brief increase (Fig. 6A, Fig. 7A, B). The 
occurrence of a short cold and dry period at the beginning of the MWP 
has also been recorded as the enrichment of δ18O in the Dongge Cave 
stalagmite, which then bounced back after the climatic transition period 
(Fig. 7C). After this short interval, the environmental indicators of the 
YJP01 core rebounded rapidly and fluctuated at higher values (Fig. 3). 
An intensified precipitation in SW China during this period was also 
observed in the depletion in Dongge Cave stalagmite δ18O (Fig. 7C). The 
variations in the characteristics of our analysis showed increased pre-
cipitation and temperature during the MWP (Figs. 3, 6, 7). 

The temperature index of Lake Tiancai, northwest of Yunnan Prov-
ince, shows that the climate was relatively warm during 800–1400 CE 
(Feng et al., 2019). A warm climate was also observed in the Yang-
zonghai basin in central Yunnan during 780–1630 CE (Yu et al., 2020). 
However, the LOI of the YJP01 core shows that the temperature in the 
Yejiping area was relatively lower during 800–1000 CE (Fig. 6A). After 
1000AD, the temperature began to rise and was kept at a high level from 
1250 to 1450 CE (corresponding to the depth at 295–194 cm, Fig. 6A). 
The temperature showed a significantly fluctuating and general 
ascending trend during 1000–1400 CE. The temperature during 
1250–1450 CE was the highest, and variations in the precipitation 
showed an increase trend, like the temperature. The color of the peat 
that formed during this interval is mainly dark brown, which is lighter 
than the upper and lower layers (Fig. 2). Lots of plant residues can be 
observed in this layer, indicating that these peats are less decomposed. It 
can also be inferred that vegetation was abundant during the deposition, 
and the temperature and precipitation must be high enough to promote 
this high peat production. Plant residues normally decompose much 
slower in anoxic environments. We thus contend that 1250–1450 CE 
may have been the warmest and wettest period of SW China during the 
MWP (Fig. 7C). 

The contents in Ca, CaCO3, and LOI showed a significant decrease at 

~1450 CE. This suggests that the climate has changed from warm-wet to 
cold-dry. Abundant plant residue was observed below 200 cm in the peat 
strata compared to that above 200 cm (the depth of 200 cm roughly 
corresponds to 1450 CE) (Fig. 2). This suggests that the transition from 
the MWP to the LIA may have occurred at ~1450 CE. The MWP recorded 
in the Yejiping peat, which was began at ~1200 CE and continued until 
1450 CE, lasting ~250 years. While in our reconstruction, the MWP 
lasted from 950 to 1250 CE, which is different from that was defined in 
the fifth IPCC report (Stocker et al., 2013). Compared with the recon-
structed temperature anomaly of China (Ge et al., 2013), the MWP in 
Yejiping may have lasted shorter and started later. The variations in the 
Ca counts of the YJP01 core are similar to the δ18O ratio of the Dongge 
Cave stalagmite (Fig. 7C). It should be noticed that another stalagmite 
record from the Longquan Cave in south Guizhou Province has also 
revealed that the late stage of the MWP was between 1300 and 1550 CE 
(Zhang et al., 2009). This indicates that the climate in SW China during 
the MWP was prominently humid. However, a warm-dry MWP and cold- 
wet LIA have been shown in the lacustrine records of Lake Erhai, Lake 
Lugu, and Lake Yangzonghai (Yu et al., 2020). The differences in the 
spatial differentiation in the interior of SW China may have significantly 
impacted the dynamics in the climate evolution processes during the 
MWP. 

5.2.2. LIA: 194–42 cm, 1450–1880 CE 
As the last abrupt cooling event of the Holocene, the climate during 

the LIA fluctuated significantly and was clearly recorded in our YJP01 
core and other archives in the world (Fig. 8). Both carbonate contents 
and LOI were low during the LIA, indicating relatively low precipitation 
and temperature during 1450–1880 CE (Fig. 8A, D). High δ18O values in 
stalagmites from both the Jhumar Cave in central India (Sinha et al., 
2011) and the Dongge Cave in SW China (Zhao et al., 2021) were 
observed during this period (Fig. 8B, C), suggesting that the climate of 
both East Asia and South Asia during the LIA was significantly drier than 
that during the MWP. With an average sedimentation rate of 2.8 years/ 
cm, the YJP01 peat core has a high temporal resolution during this 
period. This provides an opportunity for comprehending the detailed 
hydroclimate evolution of the LIA. In our reconstruction, the LIA can be 
further divided into six sub-intervals, namely sub-interval 1, 2, 3, 4, 5, 
and 6 (Fig. 8). These sub-intervals were closely related to the precipi-
tation (Fig. 8B, C), SC2 content, trees and Tsuge pollen content in 
Fig. 7D–F, and the temperature records (Fig. 6B–E, 8E–J), and solar 
activity (Fig. 8K). 

5.2.2.1. Sub-interval 1 (1450–1560 CE). The LOI during this interval 
was lower than that of the MWP and fluctuated significantly at an 
average of ~50% (Fig. 8D). Ca values were relatively low and showed a 
general decreasing trend (Fig. 8A). δ18O of the stalagmite from the 
Jhumar Cave was higher during this period (Fig. 8B), while that of the 
Dongge Cave slightly decreased at the beginning (Fig. 8C). Alkenone- 
inferred summer lake surface temperature (SLST) records from Lake 
Gahai sediments in the QTP (He et al., 2013) (Fig. 8G) and the recon-
structed temperature anomaly of SW China showed descending trends 
during this interval (Fig. 8H), while that of the Northern Hemisphere 
was relatively low too (Fig. 8J). This suggests that the climate of SW 
China was cold and dry during 1450–1550 (or 1420–1570) AD, which 
corresponds to the Spele minimum period (Wilfried, 2001). The de-
creases in temperature observed in the YJP01 core could also be 
attributed to the low solar activity during this interval (Fig. 8K). 

5.2.2.2. Sub-interval 2 (1560–1620 CE). Ca in the YJP01 core increased 
slightly and then decreased during this sub-interval (Fig. 8A), indicating 
an initial increase in the precipitation but later was decreasing. The 
stalagmite from the Jhumar Cave was enriched in δ18O during this 
period (Fig. 8B), while the Dongge Cave stalagmite has recorded the 
highest δ18Ovalues (Fig. 8C). This suggests the precipitation in the 
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regions that were dominated by the Indian Monsoon during this period 
was the lowest compared to the other LIA sub-intervals. The LOI 
(average 42%) of the YJP01 core decreased significantly in this sub- 
interval (Fig. 8D). The significantly decreased sample scores for the 
first principal component analysis (PCA1) of pollen taxa from Lake 
Basomtso sediments from the southeast of the QTP, revealing low tem-
perature (Fig. 8E) (Li et al., 2017a, 2017b). Meanwhile, the recon-
structed temperature anomaly of both the SW China (Fig. 8H) and the 
Northern Hemisphere (Fig. 8J) was lower than in the previous sub- 
interval. It is thus can be deduced that the climate of SW China at the 
interval 1560–1620 CE was dry and cold. 

5.2.2.3. Sub-interval 3 (1620–1670 CE). Ca and CaCO3 decreased 
significantly from 1620 to 1670 CE (Fig. 7A, B). In the meantime, δ18O 
values of the stalagmite from the Dongge Cave (Fig. 8C) also showed a 
descending trend, reflecting a decrease in precipitation. Besides, sig-
nificant decreases were observed in the temperature anomalies of both 
China and the Northern Hemisphere, and also the summer lake surface 
temperature reconstructed from Lake Gahai on the QTP (Fig. 8G, I, J). 
However, the LOI in the YJP01 core and the reconstructed temperature 
anomaly in SW China (Fig. 8D, H) showed that the temperature did not 
decrease significantly during this interval. The temperature in SW China 
was similar to that of the previous interval, with an increase in the de-
gree of drought. Interestingly, this cold-dry climate was linked with the 
solar minimum, known as the Maunder minimum, lasting from 1640 to 
1670 CE. The enriched δ18O of the stalagmite in the Jhumar Cave also 
indicates that precipitation in South Asia at sub-interval 3 may have 
been at its lowest during the LIA (Fig. 8B). Furthermore, the δ18O and 
δ13C values in the XY07-8 stalagmite from the Xinya Cave, Chongqing, 
also indicate a dry SW China at around 1650 CE (Li et al., 2017a, 2017b). 

5.2.2.4. Sub-interval 4 (1670–1780 CE). Ca at sub-interval 4 increased 
and reached its maximum during the LIA (Fig. 8A). In the meantime, 
stalagmites from both Dongge and Jhumar caves showed significant 
depletion in δ18O during this time, reaching their minimum since the 
beginning of the LIA (Fig. 8B, C). This indicates that the precipitation in 
these three sites significantly increased during this interval. Besides, the 
reconstructed annual temperature from Lake Basomtso, the SLST 
reconstructed from Lake Gahai sediments in the QTP, the temperature 
anomaly in SW China and the whole China, and the reconstructed 
temperature in the Northern Hemisphere were high during this time 
interval (Fig. 8E, G–J). We contend that the climate of SW China in this 
interval is the warmest and wettest during the LIA. 

5.2.2.5. Sub-interval 5 (1780–1840 CE). During 1790–1820 CE, Ca 
values in the YJP01 core dropped significantly, while the δ18O values of 
the stalagmite from the Dongge and Jhumar caves showed an increasing 
trend (Fig. 8A–C). Meanwhile, a rapid decrease in organic matters was 
observed during this interval (Fig. 8D). The reconstructed temperature 
anomaly in China, the Northern Hemisphere (Fig. 8I, J) and other sites 
from the QTP and southwestern China all basically decreased during this 
interval (Fig. 8E–G), indicating a cold climate at sub-interval 5. Unlike 
the increase in precipitation after 1820 CE, which was indicated by the 
depleted δ18O of stalagmites from the Jhumar and Dongge caves 
(Fig. 8B, C). We observed a cold and dry climate during 1820–1840 CE 
in the Yejiping peatland. This cold and dry period corresponds to the 
1790–1830 CE low solar activity period (Fig. 8K), which is also known as 
the Dalton Minimum. During 1780–1810 CE, the δ18O values of the 
stalagmite from the Heizhugou Cave in Sichuan Province, SW China, 
also increased significantly (Jiang et al., 2017). This pattern was also 
observed in the Omani stalagmite δ18O (Fleitmann et al., 2003), the 
Dasop ice core on the northern slope of the Himalayas in China 
(Thompson, 2000), and the Asian tree-ring record (Matzel et al., 2010). 
Furthermore, an anomalous increase in the δ13C values of CaCO3 during 
1788–1881 CE was observed in the Caohai in the west Guizhou Plateau. 

Fig. 8. Changes in Ca content and LOI in the Yejiping peat during the LIA, and 
their comparison with other records from previous studies. (A) Ca content in the 
YJP01 core, (B) δ18O of Jhumar Cave in central India (Sinha et al., 2011), (C) 
δ18O of DX1 from Dongge Cave (Zhao et al., 2015), (D) LOI in the YJP01 core, 
(E) sample scores for the first principal component analysis (PCA1) of pollen 
taxa in Basomtso sediments from the southeast of the QTP (Li et al., 2017a, 
2017b). (F) branched glycerol dialkyl glycerol tetraethers (BrGDGT) derived 
MAAT (◦C) from Lake Tiancai in Yunnan Province, southwestern China (Feng 
et al., 2019), (G) alkenone-inferred summer lake surface temperature (SLST) 
records from Lake Gahai in the QTP (He et al., 2013), (H) reconstructed tem-
perature anomaly of Southwest China (Kuang et al., 2011), (I) reconstructed 
temperature anomaly of China (Ge et al., 2013), (J) reconstructed temperature 
series of the Northern Hemisphere (Mann et al., 2009) and (K) 10Be stack 
(variations relative to the 843–1876 CE average) (Delaygue and Bard, 2011). 

M. Zeng et al.                                                                                                                                                                                                                                    



Journal of Asian Earth Sciences 229 (2022) 105179

11

This also indicates a cold SW China during this interval (Zhu et al., 
2013). 

5.2.2.6. Sub-interval 6 (1840–1880 CE). The increases in Ca and LOI in 
the YJP01 core indicate a rising temperature and precipitation in SW 
China during this stage (Fig. 8A, D). The reconstructed temperature 
anomaly in China and the average temperature anomaly in south-
western China and other regions also showed similar increases in tem-
perature (Fig. 8E–J). For example, the higher values of PCA1 of pollen 
taxa from Lake Basomtso sediments in the QTP (Fig. 8E) and the 
branched glycerol dialkyl glycerol tetraethers (BrGDGT) derived MAAT 
(◦C) from Lake Tiancai sediments in Yunnan Province (Feng et al., 2019) 
(Fig. 8F), all indicated prominent increases in temperature. Our analysis 
shows that the detailed hydroclimate changes during the LIA have been 
recorded in the YJP01 core. 

5.3. Controls and mechanisms of hydroclimatic changes in the western 
Guizhou Plateau over the past 4700 years 

The changes in contents of the YJP01 core Ca and CaCO3 can reflect 
the intensity of precipitation and thus are closely related to the variation 

in the intensity of the Indian monsoon (Figs. 7, 8). This pattern has also 
been reported in previous studies (Wang et al., 2010). The changes in 
temperature, which were indicated by the variations in LOI, were 
consistent with the temperature trends across regions controlled by the 
Indian monsoon (Figs. 6, 8). In addition, Ca content and LOI (Fig. 9A, B) 
were closely related to the El Niño Southern Oscillation (ENSO) events 
(Fig. 9C) and the climate reconstructed by the 10Be stack (Fig. 9F). The 
driving forces of the Asian monsoon during the late Holocene, such as 
solar radiation, Atlantic meridional overturning circulation (AMOC), 
and the Intertropical Convergence Zone (ITCZ) (Yang et al., 2010), are 
discussed below. 

The main quasi-periods on decadal-to-centennial timescales that 
observed in the YJP01 core were 500, 125, 103, 80, 58, 43, 40, 38, 30, 
27, 25, 20, and 12a (Fig. 5). Among these quasi-periods, 500, 125, and 
80a are close to the 572, 116, and 77a quasi-periods recorded in the 
Nantun peat total mercury concentrations (Niu et al., 2017). It is worth 
noting that a 512a quasi-period has also been observed in the global tree 
ring 14C ratios (Stuiver and Braziunas, 1993). Furthermore, the 500 and 
80a cycles are also close to the 475 and 77a cycles that were observed in 
the δ13C values of the Hongyuan peat in the northeast of the QTP (Hong 
et al., 2004). Besides, the 80a cycle also corresponds to the 76a climate 

Fig. 9. Comparisons of Ca content and LOI in the 
Yejiping peat with El Niño Southern Oscillation 
(ENSO) and solar activities since the LIA. (A) LOI 
and (B) Ca content (red line) in the YJP01 core, 
(C) ENSO variance (Li et al., 2011), (D) Ti con-
centration from the anoxic Cariaco Basin, 
revealing ITCZ migrations (Haug et al., 2001). (E) 
Sea surface temperature (SST) records from the 
tropical Indo-Pacific warm pool (Oppo et al., 
2009), and (F) 10Be stack (variations relative to 
the 843–1876 CE average) (Delaygue and Bard, 
2011). (For interpretation of the references to 
color in this figure legend, the reader is referred 
to the web version of this article.)   
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cycle of the North Atlantic (Schlesinger and Ramankutty, 1994). The 
103a cycle corresponds to the century cycle in solar activity, known as 
the Gleissberg period. 

The 58a period observed in the YJP01 core was consistent with the 
50–70a inter-decadal period of the Pacific Decadal Oscillation Index 
(PDO) (MacDonald and Case, 2005). While the 52-58a cycle was close to 
the 55a solar cycle (Fleitmann et al., 2003) and also the 60a cycle that 
was recorded in the stalagmites of Hulu Cave in Nanjing, eastern China 
(Wu et al., 2006). It has been suggested that the 60a solar cycle has a 
direct influence on the intensity of the Indian summer monsoon (Agni-
hotri et al., 2002). Besides, the 52a cycle has been observed in the 
~3000-year paleo-flood events reconstruction in the Jianghan Plain in 
central China, which was controlled by the Asian monsoon (Xie et al., 
2007). The prominent 24a and 39a cycles, which were related to solar 
activity, are also observed in the analysis of the Dulan tree-ring record 
from the northeast of the QTP (Kang et al., 1997). The 25a, 38a, and 40a 
cycles observed in the YJP01 core were close to that observed in the 
Dulan tree ring. The quasi-periods of 20a and 12a may also be related to 
the Haie (22a) and Schwabe (11a) solar activity cycles (Richard and 
Hugh, 1991; Tsiropoula, 2003). Moreover, the analyses on δ18O of the 
Guliya ice core, glacier accumulation rates, and the Qilian Mountain 
tree-ring record (Yao et al., 2001) have also confirmed the existence of 
this 22a cycle. 

On the millennial timescale, solar radiation at 30◦N continued to 
weaken since the early Holocene. It has been reported that the 10Be stack 
was higher during MWP than the LIA (Fig. 9F). It has been suggested that 
the warm climate in the MWP was mainly caused by strong solar radi-
ation based on the simulation of the global air-sea coupling model 
(Delaygue and Bard, 2011). The air temperature of the Northern 
Hemisphere was higher during the MWP (Mann et al., 2009). The ENSO 
variance decreased during the MWP (Li et al., 2011), showing a La Niña- 
like state (Fig. 9C). Corresponding to the northward migration of the 
ITCZ during the MWP (Fig. 9D), the temperature in the western Pacific 
warm pool was abnormally increasing (Fig. 9E) and the Walker circu-
lation was intensifying (Trenberth and Caron, 2000; Yan et al., 2011). 
This leads to an increase in precipitation in the region controlled by the 
Indian Monsoon. Ca contents of the YJP01 core reveal that SW China has 
experienced abundant precipitation during the MWP. While influenced 
by the AMOC downdraft, the climate of the east coast of the Pacific 
Ocean appeared to be dry during this period (Kennett et al., 2012). 

There existed three solar minimum periods in the LIA, namely the 
Spele minimum (1450–1550 CE), Mundell minimum (1645–1715 CE), 
and Dalton Minimum (1790–1830 CE). These abrupt decreases in solar 
activities were well recorded in the YJP01 peat core (Fig. 9A, B). As solar 
radiation weakened, the decreases in both the Cariaco Basin sediment 
core Ti contents (Haug et al., 2001) (Fig. 9D) and the YJP01 peat core 
LOI (Fig. 8A) indicate that the ITCZ migrated southward during the LIA 
(Li et al., 2011). Besides, a prominent El Niño state (Mann et al., 2005) 
(Fig. 9C) and a weaker Walker circulation (Yan et al., 2011) were also 
observed during this period. This leads to a weakening Indian monsoon 
(Krishna et al., 1999; Kumar et al., 2006, 1999), which then caused a 
decrease in precipitation in SW China during the LIA (Fig. 9B). The 
decreases in precipitation in the early 16th and late 18th centuries that 
recorded in the YJP01 core and stalagmites in the Indian monsoon re-
gions may be caused by the strong El Niño events (Fig. 9C, D) and low 
sea surface temperature in the tropical Indo-Pacific warm pool (Fig. 9E). 
This is in line with previous studies suggesting that regional precipita-
tion was weakened during several strong ENSO periods (Ming et al., 
2020). 

The variations in Indian Ocean monsoon intensities during the LIA 
that recorded in the YJP01 peat core, just as the reconstruction in the 
nearby Yunnan Province indicated, were strongly linked with the 
ocean–atmosphere cycles in the Indo-Pacific (Zhao et al., 2021). Solar 
activities have a very strong influence on the intensities of the Indian 
monsoon by acting on the global ocean–atmosphere coupling system. 
This may have been the most important driving force for the observed 

changes in temperature and precipitation in SW China. As the fluctua-
tion in the ENSO variance was increasing from the MWP to the LIA, the 
climate of the Indian Ocean monsoon region was expected to transform 
from a La Niña state to an El Niño state. We thus suggest that the 
weakening Indian Ocean monsoon may be the main reason that the 
regional climate in SW China has changed from the MWP warm-wet to 
the LIA cold-dry. 

6. Conclusions 

We conducted systematic investigations on the organic matter and 
carbonate contents of a karst depression peat core in the western 
Guizhou Plateau, SW China. High carbonated as well as Ca contents are 
linked with warm and humid climates. The hydroclimate fluctuations 
reconstructed by Ca-related indicators in the YJP01 core were consistent 
with records from SW China and other regions controlled by the Indian 
monsoon. Abrupt climate changes at 4.2 ka, 1.1 ka, the MWP, and the 
LIA were clearly observed in our reconstruction. Benefitting from its 
high temporal resolution and peat carbonate contents being very sen-
sitive to hydrological changes, our reconstruction shows that the LIA can 
be divided into six intervals. In addition, we found 500, 125, 103, 80, 58, 
43, 20, and 12-a quasi-periods in the carbonate contents of the YJP01 
core, corresponding to the Gleissberg, Haie, Schwabe, and PDO cycles. 
Our reconstruction has a great potential to provide a better under-
standing of the paleoenvironmental significance of Ca-related indices in 
peat sediments in karst regions. 
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