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Abstract: Peatlands play a critical role in global carbon cycling, long-term ecological dynamics, and 

climate-carbon feedbacks, making their formation processes a key focus of global change research. 

The Ningshao Plain, a coastal lowland in eastern China, contains extensive Holocene peat deposits 

that developed mainly between ~7.0 and 2.5 cal ka BP. However, the mechanisms driving peatland 

formation in this region remain poorly understood. In this study, we present new diatom data from the 

well-dated T1041 profile at the Tianluoshan site in the Ningshao Plain, integrated with published 

pollen and carbonized seed records, to investigate the drivers of three mid-Holocene peat-forming 

episodes at 6.5–6.4, 5.2–5.1, and 4.4–4.3 cal ka BP. These peat layers formed under contrasting 

hydrological conditions, yet each is overlain by flooding deposits, likely associated with storm surges 

and/or extreme rainfall. Such event layers introduced substantial clastic materials into the wetlands, 

resulting in waterlogging and persistent anaerobic conditions conducive to peat accumulation. Our 

results indicate that peatland deposits in the Ningshao Plain constitute sensitive archives of abrupt 

hydrological responses to mid-Holocene weak monsoon events. 
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1. Introduction  

Peatlands are among the most important high efficiency carbon sequestration ecosystems over 

long temporal scales, storing approximately one-third of the world’s terrestrial carbon stocks [1–5]. 

They also constitute a major natural source of methane emissions [6–8]. Therefore, peatlands play a 

critical role in regulating the global carbon cycle and atmospheric greenhouse gas dynamics [7,9–13]. 

In recent years, increasing attention has been given to peatland formation processes, long-term 

ecological dynamics, and their responses to climate changes, making peatlands a central focus of global 

change research [8,14–17]. 

Peat formation occurs when net primary productivity exceeds the rate of organic matter 

decomposition, leading to the accumulation of organic matter and to peat development [18]. Therefore, 

peat formation and accumulation result from the combined influence of multiple environmental factors, 

including temperature, precipitation, hydrological conditions, vegetation, and geomorphological 

conditions [18,19]. Among these factors, climate is generally considered the primary control factor [20]. 

Roughly 90% of global peatlands are concentrated in the cold temperate and boreal zones of the 

Northern Hemisphere, where low temperatures and very low evaporation rates promote high effective 

moisture availability [12,21,22]. Reconstructions based on the global peatland database also indicate 

that peatland initiation and evolution are strongly controlled by climate change across large spatial and 

temporal scales [4,23–26]. On the other hand, climate drives changes in hydrological processes and 

sedimentary environments, associated with changes in water levels and drainage conditions, thereby 

exerting indirect influence on peatland initiation. For example, in coastal settings, sea-level 

fluctuations play a critical role [27,28]. In subtropical and tropical regions, peatland development is 

mostly controlled by sea-level changes and regional hydrological conditions [29]. 

Peatland research in China began in the 1950s and has since made substantial achievements [30–35]. 

These studies have deepened our understanding of peat distribution, stratigraphy, carbon storage, and 

paleoenvironmental evolution across climatic and geomorphological settings. However, researchers 

have predominantly focused on peatlands of the Qinghai-Tibet Plateau and northeastern China [36–

38], where cold climates and permafrost conditions strongly influence peat accumulation and 

preservation. In contrast, peatland development in coastal subtropical regions has received 

comparatively limited attention [39,40]. 

The Ning-Shao Plain, in the coastal region of southeastern China, is a typical coastal lowland 

formed during the Holocene transgression. Thick peat layers occur widely in this region, covering an 

area of approximately 250 km², which was primarily developed between 7.0 and 2.5 cal ka BP [41]. 

Studies indicate that peat formation in this region occurred intermittently during several periods of 

the Holocene, with peat layers dated to 4.8–4.0 ka BP being particularly widespread [42–44]. In this 

region, sea-level fluctuations likely represent one of the most important drivers of peat formation 

during the early Holocene [45], while flood events may also have played a crucial role, especially after 

7 ka BP. However, detailed studies addressing these mechanisms remain limited [44]. In this study, we 
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present new diatom data from the T1041 profile at the Tianluoshan site in the Ningshao Plain. These 

data are integrated with published high-resolution chronological, pollen, and charred seed data from 

this profile [42,46,47], as well as with regional records from other studies in Ningshao Plain, to identify 

the drivers of three mid-Holocene peat formation events.  

2. Materials and methods 

2.1. Study site 

The Ningshao Plain is a low-lying coastal mudflat in the Lower Yangtze Valley of East China 

(Figure 1). The region experiences pronounced seasonal variations in temperature and precipitation under 

the influence of the East Asian monsoon. The annual mean temperature is 16.2 °C, and the annual mean 

precipitation is approximately 1600 mm, with most rainfall occurring in July. This area is highly sensitive 

to tropical climate variations, such as El Niño–Southern Oscillation (ENSO), which modulates the East 

Asian monsoon system through complex ocean-atmospheric interactions. Regional vegetation is 

characterized by subtropical mixed forests composed of evergreen and deciduous trees, mostly including 

Lithocarpus, Cyclobalanopsis, Quercus, Liquidambar, Castanea, Aphananthe, Celtis, and Ulmus. 

 

Figure 1. Location of the T1041 profile at the Tianluoshan site.  

The Tianluoshan site is at the center of a small basin surrounded by several low mountains on 

the northeastern flank of the Ningshao Plain, south of the Hangzhou Bay (Figure 1). The site is at an 
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elevation of 1.83 m above sea level. Evidence from charcoal, phytoliths, carbonized seeds, and other 

plant macrofossils data in profiles T1041 and T705 indicate the presence of paddy fields at depths 

of 300–210 cm and 200–100 cm, corresponding to the early and late Hemudu cultural phases, 

respectively [46]. These findings suggest long-term human modification of the local wetland 

environment and highlight the close interaction between early rice agriculture, hydrological conditions, 

and landscape evolution in this coastal lowland setting. 

2.2. Methods 

2.2.1. Sediment sample 

Sediment samples were collected from Trench 1041 (30°01.355′N, 121°22.648′E) at the 

Tianluoshan site (Figure 1). This trench exposes a typical stratigraphic sequence with a total thickness 

of 245 cm. Samples were taken continuously along the north wall of this open profile at 5 cm intervals 

between 56 and 245 cm, yielding a total of 35 samples. 

2.2.2. Chronology 

Table 1. AMS 14C dates from the T1041 profile at the Tianluoshan site. 

Laboratory 

no. 

Depth 

(cm) 

Materials Dated Radiocarbon  

age 

(14C yr BP) 

Calibrated age (cal a BP) Source 

Mean-age ±2σ 2σ range 

Poz70204 65–70 Plant remains 3840 ± 50 4275 130 4411–4144 [47] 

BA398102 70–75 Plant remains 3970 ± 30 4460 65 4523–4396 [47] 

Poz66934 70–75 Seeds 3810 ± 70 4240 170 4413–4069 [47] 

Poz69037 75–80 Plant remains 4000 ± 70 4445 200 4649–4243 [47] 

Poz69036 75–80 Seeds 3890 ± 35 4325 90 4417–4232 [47] 

BA398100 75–80 Seeds 3830 ± 30 4225 80 4303–4147 [47] 

BA07762 81–86 Plant remains 3760 ± 40 4150 90 4241–4058 [42] 

BA07761 96–101 Yagara bulrush 4015 ± 45 4510 105 4621–4403 [42] 

BA07760 106–111 Bulrush 4195 ± 70 4695 170 4861–4526 [42] 

BA08203 121–126 Bulrush 4470 ± 45 5130 170 5303–4960 [42] 

BA07758 131–136 Yagara bulrush 4765 ± 35 5520 60 5587–5459 [42] 

BA08895 136–141 Yagara bulrush 4830 ± 35 5540 60 5601–5476 [42] 

BA08894 141–146 Yagara bulrush 4965 ± 35 5670 70 5749–5597 [42] 

BA08893 146–151 Yagara bulrush 5040 ± 40 5805 100 5902–5705 [42] 

BA07764 223–228 Flatdstalk bulrush 5785 ± 60 6565 120 6685–6444 [42] 

BA07763 228–233 Flatdstalk bulrush 6045 ± 45 6890 110 7001–6781 [42] 
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A total of 16 AMS 14C ages were obtained from terrestrial plant remains, consisting of plant 

fragments that were unidentifiable, and bulrush seeds extracted from this section (Table 1), which were 

published in Li et al. [47]. In this study, radiocarbon dates were recalibrated using the OxCal 4.4 

computer program in conjunction with the IntCal20 calibration dataset [48]. A Bayesian age–depth 

model was constructed using the R software package Bacon [49]. 

2.2.3. Total organic carbon (TOC) analyses 

Sediment samples were pre-treated with 10% HCl to remove carbonates prior to analysis. Total 

organic carbon content (TOC) was measured using an EA3000 Elemental Analyzer in Nanjing Institute 

of Geography and Limnology, Chinese Academy of Sciences. Replicate analyses of homogenized 

samples indicated an analytical precision better than 0.1% (1 SD, 1 standard deviation). 

2.2.4. Diatom, pollen, and seed analyses 

A total of 35 samples were analyzed for diatoms. Diatom slides were prepared following standard 

laboratory procedures [50]. Samples were treated with 30% H2O2 and 10% HCl to remove organic 

matter and carbonates, respectively, and diatom concentrations were estimated using the microsphere 

method [51]. Two flotations were performed using a heavy zinc bromide liquid with a specific gravity 

of 2.3. Cleaned residues were dried onto coverslips and permanently mounted using Naphrax®.  

Diatoms were identified and counted under oil immersion at 1000× magnification using an 

OLYMPUS BX-51 microscope, with at least 300 valves counted per sample. Taxonomic identification 

mostly followed Krammer and Lange-Bertalot [52], Guo and Qian [53], and Jin et al. [54,55]. Here, 

we focused on the ecological background of peat formation; detailed analyses of diatom assemblage 

changes and their environmental implications will be presented in future work. 

Pollens were analyzed at 2 cm intervals within 56–155 cm, and at 5 cm spacing for the depth 

interval between 155 and 245 cm, while 40 samples were used for seeds (see detailed information in 

Li et al. [42]; Zheng et al. [47]). 

3. Results 

3.1. Stratigraphy 

Based on lithological characteristics and a TOC threshold of >20%, three peat layers were 

identified in the T1041 profile (Figure 2). The first peat layer occurs at depths of 210–205 cm, with a 

TOC content of approximately 20%. The second peat layer is between 126 and 122 cm and has an 

average TOC content of ~22%. The third peat layer occurs at depths of 92–82 cm and is characterized 

by the highest organic content, with an average TOC content of ~30%.  

All peat layers are embedded within clay-rich sediments, indicating deposition under low-energy, 

fine-grained sedimentary environments. The interval between 50 and 82 cm consists of brownish-

yellow silty clay, which likely reflects relatively higher oxidation conditions or enhanced detrital input. 

In contrast, sediments from 92–118 cm and 128–205 cm are dominated by light gray silty clay, 
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suggesting more persistent waterlogged conditions. The basal section between 210 and 250 cm is 

composed mainly of dark gray silty clay, which is indicative of reduced conditions and limited oxygen 

availability at the sediment–water interface. 

3.2. Chronology 

All radiocarbon ages obtained from the T1041 profile at the Tianluoshan site are provided in Table 

1, and the corresponding age-depth model is shown in Figure 2. The model shows a generally 

consistent sedimentation history with no major chronological inversions. According to this model, the 

first peat layer (210–205 cm) dates to 6530–6470 cal a BP, the second peat layer (126–122 cm) to 

5240–5120 cal a BP, and the third peat layer (88–82 cm) to 4420–4350 cal a BP, indicating episodic 

peat formation during the mid-Holocene. 

Figure 2. Age-depth model, lithology, and TOC content of the T1041 profile at the Tianluoshan site. 

3.3. Diatoms, pollen, and seeds 

A total of 31 genera and 81 diatom species were identified from the 35 samples analyzed. As we 

focused on broad taxonomic and ecological groups, only the classification results of the diatom 

assemblages are presented (Figure 3). Based on salinity preferences, the diatom assemblages can be 

divided into three ecological groups: (1) A marine group, consisting of benthic or epiphytic 

Actinoptychus undulatus, Actinoptychus splendens, Navicula elegan, Navicula yarren, Nitzschia 

cocconeiformis, and Triceratium favus f. favus; (2) a brackish group, mostly consisting of planktonic 

Cyclotella meneghiniana, benthic or epiphytic Campylodiscus clypeus, Campylodiscus echeneis, 

Cyclotella stylorum, Cyclotella striata, Diploneis smithii, and Nitzschia scalaris; and (3) a freshwater 

group, including planktonic Aulacoseira crenulata, benthic or epiphytic Cymbella aspera, Pinnularia 
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spp (Pinnularia interrupta, Pinnularia gibba, Pinnularia major, Pinnularia virids), and small 

Fragilaria (Fragilaria brevistriata and Fragilaria construens vars. construens). 

Selected pollen data include the relative abundance of drought-tolerant Artemisia, wetland types 

Cyperaceae and Typha, and Poaceae >38μm, which mainly indicates the Oryza-type Poaceae pollen. 

Cyperus + Scirpus planiculmis from seed data are also associated with wetland conditions. 

In the first peat layer (210–205 cm, 6.5–6.4 cal ka BP), diatom assemblages are dominated by 

freshwater benthic groups (43%), particularly Pinnularia spp. and small Fragilaria. This assemblage 

is accompanied by a substantial proportion of brackish species (33%), which exhibit an upward-

increasing trend within the peat layer, including D. smithii, C. meneghiniana, and N. scalaris. Marine 

taxa are rare or absent. In the overlying layer (205–190 cm), brackish species become dominant (50–

71%), while the proportion of marine taxa increases, indicating enhanced saline influence following 

peat formation. During this period, the pollen data show that the relative abundance of Cyperaceae 

increases, the Poaceae >38 μm decreases, and seed data Cyperus + Scirpus planiculmis also show a 

decreasing trend. 

The second peat layer (126–122 cm, 5.2–5.1 cal ka BP) exhibits a diatom assemblage broadly 

similar to that of the first peat layer. Freshwater taxa dominate the assemblage (57–65%), again 

characterized by Pinnularia spp. and small Fragilaria. Brackish taxa form an important subdominant 

component (32–40%), mostly represented by D. smithii and N. scalaris. In the overlying sediments, 

the abundance of brackish and marine species increases, accompanied by a corresponding decline in 

freshwater species. Furthermore, the relative abundance of Artemisia reaches a peak of 

approximately 9%, then declines to low values. Typha shows a relatively high abundance (average 

38%), while the Poaceae > 38 μm and seed data Cyperus + Scirpus planiculmis are at low abundance. 

In the overlying strata of the second peat layer, the content of Typha peaks and then declines, while 

that of Cyperaceae remains consistently low. The content of Poaceae > 38 μm experiences a brief 

decrease before rising rapidly. 

 

Figure 3. Relative abundance of diatom taxa (marine, brackish, and freshwater), selected 

pollen data include Artemisia, Cyperaceae, Typha, Poaceae > 38 m, and Cyperus + 

Scirpus planiculmis from seed data. 
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In the third peat layer (88–82 cm, 4.4–4.3 cal ka BP), diatom assemblages are characterized by 

markedly higher proportion of freshwater taxa (78–86%) than the first and second peat layer. Dominant 

taxa include Pinnularia spp. and Navicula spp. Brackish taxa account for a smaller fraction (14–22%), 

mainly D. smithii. The pollen data show that the content of Artemisia increases again, coinciding with 

a decline in Poaceae > 38 μm. In the overlying layer (80–60 cm), the relative abundance of marine and 

brackish taxa initially increases and then decreases upward, indicating a transient enhancement of 

saline influence following peat deposition, while the relative abundance of Artemisia fluctuates upward, 

reaching 25% at 72 cm, with relatively low content of Poaceae >38 μm. 

4. Discussion 

4.1. Mid-Holocene wetland environments and regional peat formation patterns 

From the early Holocene to 7 cal ka BP, the study area experienced extensive marine transgression. 

After 7 cal ka BP, due to the slowed rate of sea-level rise and the increased terrestrial sediment inputs, 

the shoreline retreated eastward [56,57]. However, this area was prone to hydrological disturbances, 

such as storm surges and floods [58]. Significant water level fluctuations hindered the long-term stable 

accumulation of organic matter, which was thus unfavorable for peat development [59]. In addition, 

substantial sediment inputs from rivers made it difficult for organic matter to accumulate to reach peat 

formation thresholds under normal conditions [59]. Consequently, peat formation in this region 

primarily occurs when wetlands encounter sudden hydrological events that create anaerobic conditions 

favoring vegetation burial and peat formation. 

The formation of peat layers in this region was driven by natural processes, independent of 

anthropogenic interference. All three peat layers in the T1041 profile coincide with low abundance 

of Poaceae > 38μm (Figure 3). Based on diatom, pollen, and seed records from the T1041 profile 

(Figure 3), freshwater-brackish marshes were the dominant environments around the Tianluoshan 

site between 7.0 and 4.0 cal ka BP. During this period, the Ningshao Plain was characterized 

primarily by extensive marshland [41,56], providing a suitable geomorphological and environmental 

background conducive to the development of Neolithic cultures in the region [57]. Three peat layers 

were identified in the T1041 profile, dated to 6.5–6.4, 5.2–5.1, and 4.4–4.3 cal ka BP, respectively. 

Consistent with our findings, studies across the Ningshao Plain indicate that peatlands, since ~7 cal ka 

BP, mainly formed during three intervals: 6.7–6.2 cal ka BP [43,44,56,60–62], 5.4–5.0 cal ka BP [63], 

and 4.8–4.0 cal ka BP [44,58,60].  

It is noteworthy that there are two peat layers in the T705 profile, which is also at the Tianluoshan 

site [60]. The lower peat layer is at the depth of 255–280 cm, dated to 6.4 cal ka BP. It can be considered 

synchronous with the first peat layer in T041 (210–205 cm, 6.5–6.4 cal ka BP) but occurs at different 

depths; the upper peat layer in T705 is at the depth of 95–80 cm, dated to 4.8 cal ka BP [60]. It closely 

corresponds to that at the Yushan site (north Ningshao Plain), which is around 4.7 cal ka BP [58]. In 

contrast, the third peat layer in T1041 (88–82 cm, 4.4–4.3 cal ka BP) developed at a similar depth. This 

suggests that peat development at different sites was strongly influenced by local microtopography, 

which controlled sedimentation rates, hydrological conditions, and the preservation of peat layers.  
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4.2. Formation of the first peat layer related to storm-surge forcing 

The first peat layer at 6.5–6.4 cal ka BP in the T1041 profile (Figure 3) is characterized by diatom 

assemblages dominated by freshwater taxa, indicating the development of a freshwater marsh 

environment. Consistently, pollen and seed records show that local vegetation was dominated by 

wetland types, particularly Cyperus and Typha (Figure 3), supporting a freshwater wetland setting.  

In contrast, the sediments overlying this peat layer are dominated by brackish diatom assemblages 

(Figure 3). Pollen data indicate a pronounced increase in Typha, while seed assemblages are also 

characterized by the predominance of wetland indicator sedges (Cyperus spp.), reflecting the transition 

from a freshwater wetland to a brackish intertidal wetland under increased saline influence. The 

development of the first peat layer is linked to abrupt hydro-climatic events, characterized by a period 

of intensified fluvial activity and flooding. Studies from the Ningshao Plain also document paleostorm 

surge events during ~6.5–6.3 cal ka BP, evidenced by the occurrence of dinoflagellates in the HMD 

core [61], brackish diatoms in the HMD1401 core [64], the presence of foraminifera and 

dinoflagellates in the YJ1506 core [56], the dominance of brackish diatoms [60],and pronounced δ¹³C 

and δD excursions [65] in the Tianluoshan T705 profile. Additional evidence, such as the elevated 

Sr/Ba ratios and Ca contents at the Wuguishan site, to the east of the Ning-Shao Plain [66], and 

dinoflagellates in the Loujiaqiao site [67] further imply episodic marine incursions affecting a wide 

area of the Ningshao Plain and the adjacent Hangzhou Bay region. Such an event was likely linked to 

the 6.3 ka climate event, which elevated groundwater levels and promoted prolonged waterlogging, 

thereby creating favorable conditions for peat formation. Consequently, the development of the first 

peat layer in the Tianluoshan T1041 can be interpreted as a response to storm-surge forcing 

superimposed on a high water level coastal setting. 

4.3. Combined effects of salinity intrusion and flooding on the formation of the second peat layer 

The pollen assemblage of the second peat layer at 5.2–5.1 cal ka BP in the Tianluoshan T1041 

profile is characterized by a high proportion of Artemisia, suggesting relatively dry climatic 

conditions (Figure 3). Moreover, the diatom assemblage is dominated by brackish taxa. The dry 

condition may have facilitated seawater intrusion by reducing fluvial discharge and sediment 

supplies while promoting the development of shallow marsh environments favorable for peat 

accumulation. In the overlying sediments, a pronounced increase in wetland Typha, accompanied by 

a marked decline in Artemisia (Figure 3), indicates a rapid rise in water levels or expanded water 

area. Diatom records show a sharp decrease in brackish taxa and a corresponding increase in 

freshwater species (Figure 3), suggesting a transition from a brackish shallow marsh to an inundated 

freshwater wetland.  

Studies suggest that, under the influence of mid-Holocene climate variability, the Ningshao Plain 

experienced a series of intensified hydrological events with strong spatial and temporal heterogeneity, 

resulting in asynchronous environmental responses across the region. There is evidence for saline 

intrusion and flooding between ~5.4 and 5.0 cal ka BP from the Neolithic sites in Ningshao Plain, 

including Hukengji [68], Xiawangdu [69], Yushan [58], Yingjia [70], Jingtou Mountain [71], and 

Hemudu [61] sites, and the T705 profile at Tianluoshan site [60]. In addition, intensified precipitation 
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and flooding during this interval are also documented in Ningshao Plain, such as at Hukengji [68] and 

Xiawangdu [69] archaeological sites, the Shanglin Lake core [72], and the YJ1503 core [56]. 

In contrast, contemporaneous peat deposits in the Taihu region were predominantly formed under 

freshwater conditions [73]. Similarly, multiple cores along the northern margin of the Yangtze River 

Delta contain peat layers dated to ~5.6–5.4 cal ka BP but lack foraminifera, suggesting deposition in 

coastal freshwater marsh environments rather than under direct marine influence [45]. This spatial 

heterogeneity indicates that peatland development across the Ningshao Plain and the Yangtze River 

Delta between ~5.4 and 5.0 cal ka BP was controlled by the combined effects of storm surge and 

episodic flooding, modulated by local geomorphological and hydrological conditions. These 

hydrological extremes were likely associated with the 5.2 ka climatic event, reflecting a regional 

manifestation of broader-scale global climate variability. 

4.4. Formation and burial of the third peat layer and the 4.2 ka event 

The third peat layer at 4.4–4.3 cal ka BP in the T1041 profile is widely distributed across the 

Ningshao Plain. This peat layer is characterized by freshwater diatom group dominance, while pollen 

records show a trend of increasing abundance of Artemisia. This indicates the development of a 

freshwater marsh under relatively arid climatic conditions.  

This peat layer is overlain by brownish-yellow silty clay (Figure 3), with increased abundance of 

brackish and marine diatom species. The silty clay atop this peat layer reflects a high-energy 

hydrological event, likely associated with enhanced flooding or marine incursions. Similar 

stratigraphic patterns have been reported at the Yushan site [58] and in the T705 profile at Tianluoshan 

site [60]. Evidence from the Shi’ao site further indicates that peat dated to 4.3–4.0 cal ka BP occurs 

widely across the Ningshao Plain [44]. Studies document pronounced rapid climate fluctuations during 

this interval, particularly the 4.2 ka event, characterized by rapid El Niño-like and La Niña-like 

oscillations [47,74]. Peat formation and its subsequent burial during this event was therefore likely 

driven by extreme hydrological events in response to abrupt climatic changes. 

The formation of the three peat layers in T1041 profile coincided with mid-Holocene climate 

events at ~6.3, 5.2, and 4.2 ka, respectively. These hemispheric-scale events triggered a weakening of 

the Asian summer monsoon, leading to a “north-dry/south-wet” hydroclimatic pattern in China [75,76]. 

Studies suggest that weak monsoon periods in the Yangtze River Delta were marked by elevated flood 

frequency and intensified typhoon activity [72]. Our results, supported by other records from the Ning-

Shao Plain, indicate that peat formation is closely associated with floods and storm surges, thereby 

acting as a regional indicator of mid-Holocene weak monsoon events. 

5. Conclusions 

Based on multiproxy records from the T1041 profile and regional records, the hydrological 

conditions associated with the development of the three peat layers were not the same. The first peat 

layer was formed under relatively humid conditions, whereas the second and third peat layers were 

developed under comparatively drier conditions. All peat layers are commonly overlain by silty clay 

that was deposited rapidly during storm surges or flood events, along with less developed rice 
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cultivation, based on the diatom, selected pollen, and seed records. Such rapid burial of marsh reflects 

high-energy hydrological conditions, which are critical for maintaining anoxic environments 

conducive to peat preservation.  

Regional evidence from the Ningshao Plain further indicates that all three peat-forming intervals 

coincided with episodes of enhanced storm-surge activity. Intensified precipitation and flooding during 

these events raised wetland water levels, promoting prolonged waterlogging and the formation of 

anaerobic conditions. Increased water availability favored the growth of aquatic vegetation, and its 

subsequent decay under anoxic conditions contributed substantially to peat accumulation. In addition, 

erosion and sediment transport associated with intensified storm surges and flood events delivered 

large volumes of clastic materials into wetland environments, which quickly buried the aquatic plants, 

further enhancing anaerobic conditions. Consequently, peat deposits in the Ningshao Plain represent 

sensitive archives of abrupt hydrological responses to rapid climate change events. 
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