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Abstract

:

The coastal lowlands in East China are very sensitive to climate change and marine disasters, and much large-scale hydraulic engineering was recorded in the historical documents of the Late Holocene. In this study, AMS 14C and OSL were used to date three sedimentary profiles from the north and south coasts of inner Hangzhou Bay, and grain size and geochemical analyses including organic carbon, macro-elements, and alkaline earth metals were performed, while hydraulic engineering records in historical documents were compiled, in an attempt to reveal the sedimentary records of extreme climatic and hydrological events over the past 3000 years and to probe into the correlation between them and hydraulic engineering. The results show that the intensified chemical weathering during ca. 200 BCE to 900 CE in East China corresponded to the warm and humid climate during the Qin-Han and Sui-Tang dynasties. Salinity intrusion with rising local water levels occurred in the lowland plains along the south coast of Hangzhou Bay from 120 to 895 CE. Low-salinity water intrusion from 32 to 488 CE was also recorded in the stratigraphy of lowland plains along the north coast of Hangzhou Bay. The sedimentary records of the East Tiaoxi River basin show river floods about 2000 years ago. The above sedimentary records indicate that the relative sea level rose in the Hangzhou Bay area during the Qin-Han and Sui-Tang Warm Periods, resulting in frequent salinity intrusion and river floods, which coincided with the historical records of hydraulic engineering such as the construction of seawalls, river levees, and the enclosure of lakes for restoration of river floods during the Han and Tang dynasties. Such coincidence reflects that climate change profoundly affected the hydrological environment of the coastal areas in East China as well as the response of the human societies.
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1. Introduction


Rapid development of human societies in the late Holocene significantly increased the human–environment interactions [1,2,3,4]. Previous researchers have reconstructed the paleoclimate from high-resolution archives such as ice cores [5], speleothems [6], tree rings [7], and lake sediments [8], as well as phenological information from historical documentary sources [9,10]. These studies have revealed a series of centennial-decadal climate fluctuations in the late Holocene, such as the “2.8 ka” event, the Roman Warm Period, the Dark Ages Cold Period, the Sui-Tang Warm Period, the Medieval Climate Anomaly, and the Little Ice Age [11,12,13,14,15,16], and these climate events have made significant impacts on human societies [17,18]. During the Late Holocene, with the growing population and economic and technological advancements, humans responded to climate change more by modifying the natural environment. Hydraulic engineering was usually constructed to address the requirements of flood control, storm defense, as well as irrigation and water storage, especially for the agricultural societies [19,20,21,22]. Therefore, an objective assessment of major climate events during the Late Holocene and the response and adaptation strategies employed by human societies can offer valuable insights for addressing the current climate crisis.



The coastal plain of Hangzhou Bay in East China (Figure 1) had served as a significant population center since the Neolithic period and was the location of the Liangzhu hydraulic engineering system constructed approximately 5000 years ago, which is the earliest large-scale hydraulic project in East Asia (Figure 1b) [23]. During the historical period, a number of hydraulic engineering occurred here (Figure 1c), not only the construction of seawalls to defense storm tides in Hangzhou Bay but also the construction of large reservoirs/artificial lakes and river levees in the hinterland, which were used to control river floods [24,25,26]. Some researchers have suggested that the current East Tiaoxi River washing against the northwest wall of Liangzhu City (Figure 1b) was redirected following the construction of the Great Xixian Levee in 173 CE during the Eastern Han Dynasty [27]. Therefore, the coast along Hangzhou Bay is an ideal place to study major climatic events and the human response of hydraulic engineering during the historical period.



This study employed sediment profiles from two archaeological sites located in the coastal lowlands of inner Hangzhou Bay and the East Tiaoxi River basin, along with a core acquired at the point where East Tiaoxi River flows northward to the Taihu Lake (Figure 1c). A multi-proxy study including chronology, sedimentology, and elemental geochemistry was carried out for these sedimentary records to reveal the changes in climate and hydrological environment and to identify flood disasters. Together with compiled data from historical documents, this study aims to shed light on the underlying climatic drivers for human’s construction of hydraulic engineering along the coast of inner Hangzhou Bay.




2. Geographic Setting of the Study Area


Hangzhou Bay, situated on the coast of East China, is a large funnel-shaped bay (Figure 1a). It is bounded on the north by the Yangtze River mouth and the southern plains of the Yangtze River Delta, on the west and south by mountains, and opens on the east to the East China Sea. The main water systems entering into Hangzhou Bay are the Qiantang River and the Cao’e River (Figure 1c). The mean annual runoff of the Qiantang River is 291 × 108 m3 and the mean annual sediment load is roughly 500 × 104 tons [29]. The mean annual runoff of the Cao’e River is 31.05 × 108 m3, and the mean annual sediment load is roughly 66.37 × 104 tons [30]. The East Tiaoxi River is the major water system discharging into the Taihu Lake on the north bank of Hangzhou Bay. It originates from multiple mountain streams in the area atop Hangzhou Bay, converges in the west side of Liangzhu City, flows eastward, and ultimately turns north before entering Taihu Lake (Figure 1c).



After the tidal wave from the East China Sea enters Hangzhou Bay, it generates a clockwise rotating tide with a flow velocity of approximately 1.5–2.0 m/s [29]. Due to the funnel-like shape of Hangzhou Bay, the tides become amplified as the tidal range increases and tidal currents strengthen. The development of sand shoal at the mouth of the Qiantang River further deforms and breaks up the tidal wave, resulting in the formation of a remarkable surge. The average tidal range in the top area of Hangzhou Bay is approximately 5.45 m [31,32].



Hangzhou Bay experiences frequent typhoon activities during the summer and autumn seasons. Instrumental data from 1951 to 2005 indicate that around 1.6 typhoons impact the area every year, with typhoon storm surges being the major natural disaster in the region, which is particularly intensified by the geometry and subaqueous topography of the bay [33,34]. For instance, Typhoon “Canhong” in July 2015 caused water levels to rise in Hangzhou Bay with a maximum value of 1.2–3.0 m from the mouth to the top [35].




3. Materials and Methods


The sites of Dahutou in Shaoxing (29°59′40.74″ N, 120°37′45.73″ E) and Tiaotou in Yuhang (30°15′00″ N, 119°53′39″ E) are situated in the coastal plain on the southern bank of inner Hangzhou Bay and the middle reaches of East Tiaoxi River on the northern coast, respectively. The Dahutou site is situated on the southern side of the Great Fuzhong Seawall, an example of substantial hydraulic engineering constructed in the Warring States Period, i.e., the State of Yue during the Eastern Zhou dynasty (Figure 1c and Figure 2). This site was excavated in 2022 and is characterized by the accumulation of Yue cultural layers. Profile T1312S was collected from the site’s edge at a 4.757 m ground elevation and with a depth of 113 cm. The Tiaotou site is on the southwest coast of South Lake, which was an artificial lake constructed during the Eastern Han Dynasty and reclaimed largely several decades ago. Located in the alluvial piedmont plain of the East Tiaoxi River basin, the ground elevation at the site is approximately 8 m. Archaeological excavations in 2021 have shown that the Tiaotou site was a copper-casting workshop site during the Late Shang period. A buried river channel, 30 m wide, was also uncovered in the excavation area. A previous study reported that this channel served as a water storage area for the copper-casting activities in the Late Shang period, but eventually became a natural river channel during later times; lastly, the river channel submerged into the South Lake after the lake was enclosed [36]. In this study, a sedimentary profile T1718 N with a depth of 175 cm was obtained on the east bank of the channel where it was the edge of residential area during the Late Shang Dynasty. Additionally, sediment core ZK04 (30°26′17.85′′ N, 120°04′20.13′′ E) was obtained with a depth of 20 m in 2019 from a location where the East Tiaoxi River turns northward in the Taihu Lake plain (Figure 1c). This location is about 1 km from the current river channel and has a ground elevation of 3.870 m. The upper 12 m of the sediment core was chosen for examination based on lithological observation.



We collected profiles T1312S and T1718N using U-troughs during the archaeological excavation in the Dahutou and Tiaotou sites, while sediment core ZK04 was drilled using a mechanical rig with a core diameter of 88 mm enclosed in PVC piping. Before sampling, fresh surfaces of the two profiles were cut in the excavation units for lithostratigraphic observations, including color, texture and structure, macro-bio remains, and contacts between strata. Charcoals and plant remains were selected from the fresh surfaces for radiocarbon dating. U-trough samples were transported to the laboratory where they were sliced into 2 cm intervals. The sediment core was cut in the laboratory to observe the lithology and collect dating samples, which was further divided into 2 cm intervals.



Three samples of charcoal and one sample of plant debris were selected from profile T1312S at the Dahutou site. Four samples of charcoal were collected from profile T1718N at the Tiaotou site. Additionally, one sample of plant debris was obtained from sediment core ZK04. After completing preliminary pretreatment at the State Key Laboratory of Estuarine and Coastal Research of East China Normal University, the samples were sent to Beta Company for AMS 14C dating. The obtained 14C ages were calibrated using the IntCal 20 curve of the Calib 8.2 program (Table 1) [37]. Two sediment samples were chosen from core ZK04 and dated through Optically Stimulated Luminescence (OSL) using the quartz grains of 45–63 μm at the State Key Laboratory of Estuarine and Coastal Research, East China Normal University. The U, Th, and K contents were analyzed using the neutron activation method (NAA) at the China Institute of Atomic Energy in Beijing. Environmental dose rates and chronology results were calculated and corrected using “LDVC (v 1.2)” software [38], and OSL ages were calculated using a minimum age model (Table 2) [39]. All OSL ages have also been corrected to calendar ages to be consistent with the calibrated 14C ages.



In this study, 37 samples from profile T1312S were analyzed for organic geochemistry, testing for Total Carbon (TC), Total Organic Carbon (TOC), Total Nitrogen (TN), and organic carbon stable isotopes (δ13C). The pretreatment process was performed according to [41]. The TC, TN, and TOC contents were analyzed using the Vario EL III elemental analyzer (Elementar, Langenselbold, Germany) and calibrated using the national standardized aquatic sediments (GSD-9). The relative error was less than 3%. The δ13C was tested using a Delta plus XP Stable Isotope Mass Spectrometer (Thermo Finnigan, USA) using the following reference materials: Caffeine (IAEA-600) (−27.77‰), Cellulose (IAEA-CH-3) (−24.72‰), and Black Carbon (GBW04407, GBW04408) (−22.43‰, −36.91‰), with an error of 0.1‰ in units corresponding to the VPDB standard. The C/N ratio was obtained by calculating the mass of TOC and TN.



Thirty-seven (37) samples from profile T1312S and 34 samples from core ZK04 were analyzed for alkaline earth metals in the acetic acid (HAc)-extracted phase, which can be very sensitive to salinity variations in the sedimentary environments of the land-sea transition zone [42]. The pretreatment procedure was in accordance with [42,43]. The iCAP 7400 Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES; Thermo Fisher, Waltham, MA, USA) was used to measure the contents of Sr, Ba, and Ca. The quality control samples used were national standardized aquatic sediments (GSD-9), and the recovery of the standardized samples was (100 ± 10)%, with the precision within 5%.



Grain size analysis was performed for 20 samples from profile T1718N and 49 samples from core ZK04. After preparing the sample through pretreatment processes that removed organic matter and carbonates and achieved adequate dispersion, grain size was measured using the LS13320 laser analyzer (Beckman Coulter, Brea, CA, USA).



Twenty (20) samples from profile T1718N were tested for macro-elements Na, K, Al, and Ca. Bulk samples were treated due to the dominance of the fine-grained sediments with weak vertical variation in this profile. The samples were first dried at low temperature and fully ground until they all passed through a 200-mesh sieve. After fully mixing, 0.25 g sediments were placed in a Teflon digestion tube, adding 10 mL of concentrated nitric acid (HNO3), followed by 3 mL of hydrofluoric acid (HF). Next, the sample was heated on a heating plate (100 °C) for 20 min and then were put into a microwave ablator (Multiwave PRO) to be ablated for 2.5 h. The tube was then taken out, 5 mL of perchloric acid (HClO4) was added, and it was heated to a nearly dry state on a hot plate (180 °C) for about 8 h. After cooling, the samples were diluted with dilute HNO3 (0.1%) in 50 mL volumetric flasks and shaken well to prepare for testing. The iCAP 7400 Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES; Thermo Fisher, USA) was used to analyze the contents of the above elements (ppm). The quality control sample was national standardized aquatic sediment (GSD-9), with a recovery rate of the standardized sample of (100 ± 10)%, and the precision of the test was within 5%. We further calculated three chemical weathering indices, CIA, CIW, and PIA using the formulas below.



CIA (Chemical Index of Alteration) = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] × 100, which mainly reflects the degree of mineral weathering in the source area [44,45].



CIW (Chemical Index of Weathering) = [Al2O3/(Al2O3 + CaO* + Na2O)] × 100 [46], which avoids the potassium metasomatism during the formation of clay minerals [47].



PIA (Plagioclase Index of Alteration) = [(Al2O3 − K2O)/(Al2O3 + CaO* + Na2O − K2O)] × 100, an index indicating the degree of plagioclase weathering [47].



The oxides in above expressions are all molar contents, and CaO* is the molar content of CaO in silicate minerals [48,49]. Because this study tested the elemental contents in the bulk sample, which included CaO in carbonate minerals, a correction was implemented using McLennan’s method [48]. According to this method, the ratio of CaO to Na2O in silicate minerals is 1:1. Thus, if the ratio exceeded 1, the Na2O content was used to substitute CaO in the calculation. Additionally, the ratio of Na2O/K2O was calculated, which serves as an indicator of the plagioclase weathering. This ratio exhibits a negative correlation with chemical weathering degrees, as plagioclase is more prone to weathering when compared to the potassium feldspars, with Na being lost more readily than K [50].



All sample pre-treatment and grain size and geochemical analyses were conducted at the State Key Laboratory of Estuarine and Coastal Research, East China Normal University.



In addition, hydraulic engineering along Hangzhou Bay reported by previous studies based on historical documents [24,25,26,27,51,52] were collated (Figure 2) for comparing with the hydrological and climatic environments recorded in the stratigraphy.




4. Results


4.1. Major Hydraulic Engineering along the Coast of Inner Hangzhou Bay in Historical Periods


Hydraulic engineering along the coast of inner Hangzhou Bay was dominated by seawalls in the historical period (Figure 2). The earliest can be traced back to the State of Yue (770–222 BCE) during the Warring States Period, where stone walls were built in coastal areas such as Zhuyu (a salt production center), Hangwu, and Guling (a naval garrison) (Figure 1c). The people of Yue also constructed a levee near the “Kuaiji” (Yue City) known as “the Great Fuzhong Seawall” to establish grain production bases (Figure 1c). During the Eastern Han Dynasty, Qiantang County (present-day Hangzhou) residents were repeatedly attacked by the tides of Hangzhou Bay. To counter the seawater intrusion, a defense seawall was constructed in 50 CE, which had a history of almost 2000 years [51]. During the Tang Dynasty, coastal flooding and salinity intrusions persisted, leading to the construction of Shanyin Seawall in 686 CE and the Kuaiji Seawall in 722 CE on the south coast of Hangzhou Bay [24,25]. Subsequently, there were two more expansions to the Kuaiji Seawall. Around the middle to late Tang Dynasty, the seawalls on the south coast of Hangzhou Bay were already linked together, forming a relatively complete tide-defense system [52]. On the north coast of Hangzhou Bay, the Yanguan Seawall was built in 630 CE and reinforced in 713 CE, forming a seawall of about 112 km long. During the State of Wuyue, in the year of 910 CE, Qianliu organized the construction of a defense seawall in Hangzhou with a length of about 12 km to safeguard against tidal surges [51]. After the State of Wuyue, repairing and reinforcing the existing system of seawalls dominated [51].



In addition, during the Eastern Han Dynasty, hydraulic engineering to manage river floods also appeared on both coasts of Hangzhou Bay. In 140 CE, Jianhu Lake was enclosed (Figure 1c) with large gates and weirs on the south bank, which is the oldest large-scale, comprehensive, hydraulically engineered structure for water storage and navigation south of the Yangtze River in China [25]. In 173 CE, the Great Xixian Levee was constructed along the south Tiaoxi River to defense river flooding and the South Lake was enclosed to store the flood water [26,27].




4.2. Stratigraphic and Geochemical Changes in Profile T1312S at the Dahutou Site


Profile T1312S was divided into six layers based on the lithology from the bottom upward (Figure 3a). Layer 6 (113–97 cm) was composed of yellowish grey mud with some Fe oxides, weak leaching structure, and a few root traces. The charcoal at 97 cm was dated to 370 BCE. Layer 5 (97–87 cm) was composed of yellowish grey silty mud—the cultural layer of Yue formed during the Warring States Period. Layer 4 (87–71 cm) was also dominated by the cultural layer of Yue and was composed of grey mud with Fe oxides and charcoal. Silt content was higher at the bottom. The plant debris at 77 cm produced an age of 280 BCE, being consistent with the archaeological judgement. Layer 3 (71–59 cm) was composed of dark grey organic-rich mud with peat at the top 5 cm and mud strips at 64 cm. Charcoal at 62 cm was dated to 655 CE. Layer 2 (59–39 cm) was composed of grey silty mud with oxidized root traces and charcoal in the upper part. The charcoal at 43 cm yielded an age of 1840 CE. Layer 1 (39–0 cm) was the modern topsoil and was not sampled. The four dating results present an ideal sequence from the bottom up, and all were used in the Clam program to calculate the age–depth model (Figure 4a) [53].



Organic geochemistry and alkaline earth metal measurements showed a basically synchronized trend, which can be divided into four stages (Figure 5). Stage I (layer 6; before 370 BCE) had low and stable contents of TN, TC, and TOC, with mean values of 0.06%, 0.27%, and 0.18%, respectively; the C/N ratio was stable at about 3.24. The mean value of δ13C was approximately −24.21‰. The mean contents of Sr, Ca, and Ba are all relatively low at 8.87 mg/kg, 1.64 g/kg, and 22.34 mg/kg, respectively. Additionally, the Sr/Ba ratio showed a decreasing trend upward with a mean value of 0.40.



During stage II (layer 5–4; 370 BCE to 120 CE), TN, TC, TOC, and C/N all increased markedly at the bottom, then remained stable, and subsequently increased again towards the top, with ranges of 0.06–0.49%, 0.30–6.28%, 0.22–6.04%, and 3.90–12.28. δ13C values (−26.96 to −23.71‰) decreased from the bottom to the top. The contents of Sr, Ca, and Ba remained low, and Ba decreased slightly in the middle. The mean values were 9.09 mg/kg, 1.64 g/kg, and 21.35 mg/kg, respectively. The Sr/Ba ratio was opposite to that of elemental Ba, higher in the middle and lower parts and decreasing upward.



Stage III (layer 3; 120–895 CE), TN, TC, TOC, and C/N all increased rapidly and fluctuated remarkably, with ranges of 0.33–1.49%, 4.99–29.03%, 4.74–28.34%, and 12.28–20.10. The δ13C showed the lowest values in the whole profile, with a mean of −27.58‰. The Sr and Ca contents also increased rapidly but with significant fluctuations and peaked at the top, with a range of 9.60–28.78 mg/kg and 1.93–6.14 g/kg, respectively. The Ba content increased gradually from bottom to top (33.61–61.16 mg/kg). The change in the Sr/Ba ratio was similar to that of Sr and Ca, with a range of 0.25–0.64.



In stage IV (layer 2; after 895 CE), TN, TC, TOC, and the C/N ratio all decreased obviously and fluctuated very little, with mean values of 0.10%, 1.02%, 0.91%, and 9.47, respectively. δ13C values increased again, with a mean of −26.12‰. Sr and Ca contents also declined remarkably, with mean values of 9.99 mg/kg and 1.80 g/kg, respectively. The content of Ba was the highest in the whole profile, with a distribution range of 47.79–74.80 mg/kg. Sr/Ba decreased to a mean value of 0.17.




4.3. Stratigraphic and Geochemical Changes in Profile T1718N at the Tiaotou Site


Profile T1718N was divided into nine layers from bottom upward according to the lithology (Figure 3b). Layer 9 (175–159 cm) was composed of bluish mud changing upward to yellowish grey mud. Layer 8 (159–115 cm) was composed of yellowish grey mud with a small number of light grey mud clumps, had a large number of reddish rust spots, and was speculated to be the deposits of Shang Dynasty. The charcoal at 131 cm yielded an age of 1575 BCE, consistent with the archaeological judgement. Layer 7 (115–76 cm) was composed of brownish mud with a small number of light grey mud clumps. A large number of reddish rust spots and some charcoal were also found. This layer was suggested to have been formed during the late period of the Shang dynasty. Layer 6 (76–67 cm) was composed of light grey to brownish mud with a small amount of charcoal. The dating result of charcoal at 74 cm was 970 BCE; and the dating result of charcoal at 67 cm was 1115 BCE, being overestimated according to the archaeological judgement. Layer 5 (67–47 cm) was composed of light grey homogeneous mud with a lot of charcoal and a few brownish rust spots. Layer 4 (47–29 cm) was composed of yellowish grey mud with a large amount of charcoal and occasional brick-red clasts. The charcoal at 34 cm was dated to 1235 CE. Layer 3 (29–20 cm) was composed of yellowish grey mud with a few gastropod shells. Layer 2 (20–7 cm) was composed of yellowish grey mud with more gastropod shells. Layer 1 (7–0 cm) was topsoil. After excluding the overestimated age at 67 cm, the other three ages were used in the Clam program to calculate the age–depth model (Figure 4b) [53].



Grain size analysis showed the weak vertical variation in profile T1718N (Figure 6), which is only slightly coarser in layer 8. The mean proportions of clay (0–4 μm), silt (4–63 μm), and sand (>63 μm) in the whole profile were 35.67%, 60.73%, and 3.61%, respectively. The average of the mean grain size was 13.59 μm.



The vertical variation in the content of each element and chemical weathering index was obvious in profile T1718N (Figure 6). According to their variations, three units were divided from the bottom up: unit a (layer 9–6; before 695 BCE)—Na2O, K2O, and Al2O3 contents were higher in the lower part and decreased obviously in the upper part, with variations ranging within 5.85–7.52 g/kg, 25.83–29.17 g/kg, and 120.13–141.26 g/kg, respectively. CaO varies insignificantly. CIA, CIW, and PIA were all low, and Na2O/K2O was the highest in the whole profile. Unit b (layer 5–4; 695 BCE to 1371 CE), the content of Na2O (mean value 4.16 g/kg) decreased remarkably, the content of Al2O3 (mean value 138.65 g/kg) increased obviously, and the content of K2O (mean value 26.67 g/kg) and CaO (mean value 8.19 g/kg) increased slightly. CIW, CIA, and PIA remarkably increased as the highest in the whole profile, ranging within 90.15–92.45, 75.46–77.74, and 87.99–90.69, respectively, and Na2O/K2O decreased obviously, ranging from 0.20 to 0.27. Those together indicate enhanced chemical weathering. Unit c (layer 3–1; after 1371 CE), the mean value of Na2O increased slightly to 4.58 g/kg, the mean value of K2O increased to 28.43 g/kg, and the mean value of Al2O3 (mean value 131.37 g/kg) decreased obviously. The CaO was lower in the lower part of the unit and increased dramatically in the upper part of the unit, which was consistent with the fact that more gastropod shells were seen in the upper part, indicating the contribution from the carbonate phase. CIA, CIW, and PIA all declined, with mean values of 74.09, 89.71, and 86.96, respectively, and Na2O/K2O rose slightly to 0.24.




4.4. Stratigraphy and Alkaline Earth Metal Variations in Core ZK04


Lithological layering and dating results for core ZK04 are shown below (Figure 7). The depth of 12.00–10.55 m was composed of bluish grey silty sand with occasional laminations of mica. OSL dating gave an age of 5900 BCE at 11.20 m. The depth of 10.55–3.90 m was composed of dark grey silty mud with thin layers of silt below 10 m and a few silt laminations above 7.30 m. Abundant yellowish mud intraclasts were seen at 5.77–5.22 m. The OSL age at 10.42 m was 340 BCE, and the radiocarbon age of plant debris at 5.13 m was 45 BCE. The depth of 3.90–2.27 m was composed of light grey homogeneous mud with a few silt laminations and occasionally some organic-rich bands. The depth of 2.27–1 m was composed of brownish yellow silty mud with abundant yellowish brown rusty spots and Fe/Mn oxides. The depth of 1–0 m was composed of yellowish grey silty mud. According to the fact that the OSL age at 10.42 m was several thousand years younger than the OSL age at 11.2, a depositional hiatus was presumed to have existed at 10.55 m. Thus, the age–depth model using the Clam program [53] was only applied for sediments above 10.55 m using the OSL age at 10.42 m and the radiocarbon age at 5.13 m (Figure 3c).



The grain size analysis showed that the content of coarse silt (54.04%) and sand (32.03%) was higher at 12.00–10.55 m, while clay and fine silt were only 4.93% and 9.00%, respectively. Above 10.55 m, the content of sand decreased rapidly and ranged from 3.22% to 24.62%, whereas the average content of clay and fine silt increased to 14.99% and 29.66%, while the content of coarse silt varied little, with a mean value of 46.01%.



Three sections (I–III) were recognized according to the vertical variation in the alkaline earth metals: from 12 to 10.55 m (section I, about 5900 BCE), Sr and Ca contents were at a high level, with mean values of 24.35 mg/kg and 16.86 g/kg, respectively, and Ba content (6.67 mg/kg) was very low. The Sr/Ba ratio was high, with a mean value of 4.20. At 10.55–3.90 m (section II, 351 BCE to 453 CE), the contents of Sr and Ca and Sr/Ba ratio decreased remarkably with mean values of 6.13 mg/kg, 3.27 g/kg, and 0.26, respectively, and Ba showed an increasing trend from the bottom upward but fluctuated markedly. Above 3.90 m (section III, after 453 CE), the contents of Sr and Ca and Sr/Ba ratio maintained low values, and Ba increased obviously to an average of 76.40 mg/kg.





5. Discussion


5.1. Changes in the Hydrological Environment Recorded in Profile T1312S and Core ZK04


Profile T1312S and core ZK04 are located in the coastal lowlands on the north and south banks of Hangzhou Bay and are sensitive to changes in the hydrological environment related to the climate and sea-level fluctuations. The local water level and salinity can be inferred from the organic carbon content and composition and the distribution of alkaline earth metals [43,54,55]. The hydrological environment changes recorded in profile T1312S and core ZK04 are analyzed separately below.



In profile T1312S, the low TOC contents and C/N ratios in stage I (prior to 370 BCE), as well as the noticeably enriched δ13C values (Figure 5), indicate strong bacterial degradation or a source of organic matter primarily coming from marine algae [56,57]. Meanwhile, the low values of Sr and Ca indicate a non-marine environment [42,43], thereby implying that the low TOC contents and enriched δ13C values resulted from bacterial degradation. However, the low levels of Ba suggest that the environment is affected by low-salinity water [43,58]. The above inference aligns with lithological characteristics, including rust spots and traces of oxidized plant roots, indicating that this section of the profile was situated in an area with a low water level and weak soil formation, which is more plausibly described as a supratidal environment. During stage II (370 BCE to 120 CE), there were increased contributions from terrestrial C3 plants resulting in higher C/N ratios and lower δ13C values [59,60]. Archaeological excavations also indicate that this layer of Yue cultural deposits during the Warring States Period may have been the result of anthropogenic activities. The low levels of Sr, Ca, and Ba suggest that this was a tidal freshwater environment. During stage III (120–895 CE), the productivity of C3 plants increased remarkably, as evidenced by the considerable increases in TOC and C/N ratios, and the obviously decreased δ13C values. Meanwhile, the growth in the contents of Sr and Ca suggests saltwater intrusion, especially at 62–60 cm (722–838 CE). The above sedimentary records suggest the possibility of rising local water levels induced by relative sea-level rise during this period. This may have contributed to the emergence of a low-salinity marsh and the preservation of organic matters within the stratigraphy. During stage IV (since 895 CE), the oxidized plant remains in the lithology, the decline in TOC content and C/N ratio, as well as the increased δ13C values and the reduction in the contents of Sr and Ca, indicate a decrease in the local water level at the Dahutou site. The environment has reverted to a subaerially exposed environment dominated by pedogenesis, and the obvious increase in Ba content denotes an upsurge in the terrestrial input, implying that the site had evolved into a fluvial plain [43].



Below 10.55 m (approximately 5900 BCE), the higher contents of Sr and Ca and the low content of Ba in sediment core ZK04 clearly reflects a seawater inundation (Figure 7). Previous studies have indicated that the core was located in the paleo-Taihu estuary during this period [61]. There was a rapid decrease in Sr and Ca contents, while Ba content increased during 351 BCE to 453 CE (10.55–3.90 m), indicating that the core site evolved into a fluvial environment. Fluctuations in Ba content indicate that the core site was affected by low-salinity water intrusion induced mainly by the flood currents of tides [42,43]. In particular, the content of Ba consistently exhibited low values from 32 CE to 488 CE, reflecting the frequent low-salinity water intrusion during this period. In addition, the large number of yellowish mud intraclasts at 5.22–5.77 m (23 BCE to 15 CE) may indicate flooding events of the East Tiaoxi River [54]. After 488 CE, the notable increase in the Ba content indicates an enhancement in freshwater runoff and associated terrestrial supply, suggesting that the core site became a full-fledged alluvial plain of the East Tiaoxi River and was no longer affected by the salinity intrusion.




5.2. Climate Change Recorded in Profile T1718N


Changes in the proxies of chemical weathering in profile T1718N indicate fluctuations in the degree of climatic warmth and humidity in the East Tiaoxi River basin. The warm and humid climate enhances chemical weathering in the source area, leading to the loss of Na, K, and Ca with surface water and the enrichment of Al in detrital minerals [44,45]. Meanwhile, Na is more prone to lose relative to K [50]. Therefore, the high values of each chemical weathering index and the low value of Na2O/K2O in unit b of profile T1718N indicate a warm and humid climate during the period from 695 BCE to 1371 CE (Figure 6), which includes two previously reported warm periods, i.e., the Qin-Han (corresponding to the Roman Warm Period in Europe; 250 BCE to 400 CE) and Sui-Tang (589 to 907 CE) Warm Periods (Figure 8).



Previous studies demonstrated that the climate in Europe was warm and humid from the 1st century BCE to the middle of the 4th century CE [62,63], which was called the Roman Warm Period as it corresponded to the time of the Ancient Roman Empire [12]. Ljungqvist [64] reconstructed a mean temperature curve for the Northern Hemisphere (30–90° N) (Figure 8e) and suggested that the Northern Hemisphere was generally warm during the Roman Warm Period. In China, Zhu [11] reconstructed the temperature based on phenological records from historical documents (Figure 8f), revealing a warm period consistent with the Roman Warm Period, which he named the Qin-Han Warm Period. Later, Ge et al. [9,65,66] also reconstructed the winter temperatures in East China (Figure 8g), as well as the dry and wet climate in the Jiangnan region (Figure 8h) based on the historical documents. These findings revealed that the Qin-Han Warm Period was characterized by higher temperatures and increased humidity. Therefore, the sedimentary records in profile T1718N (Figure 8a) in this study, along with the previous research findings, supports the conclusion that the Roman or Qin-Han Warm Period was a widespread occurrence in the Northern Hemisphere.



The profile T1718N from this study further demonstrates that the East Tiaoxi River basin experienced consistent high levels of chemical weathering following the Qin-Han Warm Period until the end of the Tang Dynasty, when it declined significantly (Figure 8a). This is in agreement with the Sui-Tang Warm Period (589–907 CE) proposed by Zhu [11], who suggested that the temperature in China during this era was 1 °C higher than the average temperature in mid-1970s (Figure 8f). The reconstructed winter temperature anomaly in East China (Figure 8g) and humidity index in the Jiangnan region (Figure 8h) by Ge et al. [9,66] also support that this period was characterized by a warm and humid climate. However, the reconstructed mean temperature of Northern Hemisphere (30–90° N) in Figure 8e indicates that this period was still in the process of warming [64]. Some studies claimed that this period belonged to the Dark Ages Cold Period after the end of the Roman Warm Period [12,67]. The δ18O record of the Dunde Ice Core from inland Asia also suggests that the western part of China was cold at this time [68]. Thus, it is suggested that the Sui-Tang Warm Period was potentially a regional climatic event that happened in central and eastern China.
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Figure 8. Comparison of the sedimentary stratigraphic records of climate change and hydrological events in this study (a–d) with the results of previous studies (e–h) over the past 3000 years: (a) CIA of profile T1718N at the Tiaotou site; (b) Change in Sr content of profile T1312S at the Dahutou site, reflecting the degree of saltwater influence; (c) Change in TOC content of profile T1312S, reflecting the preservation of organic matter related to the local water level; (d) Ba elemental changes in core ZK04, reflecting freshwater discharge and the low-salinity water intrusion; (e) Reconstructed mean temperature based on 30 records in the Northern Hemisphere (90–30° N) compared to the mean instrumental temperature during 1961–1990, along with double standard deviation error bars [64]; (f) Temperature change in China according to historical documents [11]; (g) Winter temperature anomaly (resolution of 10–30 years) for the past 2000 years in East China [9,66]; (h) A 100-year moving average of the humidity index in the Jiangnan region sourced from historical documents [66]. The yellow bars at the top represent the two warm periods. The blue vertical dashed lines represent the seawall projects and the red vertical dashed lines are river levees and the enclosure of lakes in the historical period. Explanation of ①–⑧ is same as in Figure 2. The colored bar of dynasties in China same as in Figure 2 is also indicated at the bottom. 
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5.3. Response of Hydraulic Engineering to Changes in Climate and Hydrological Environment


Figure 8 compares the major hydraulic engineering with the climatic and hydrological environmental change on the coast of Hangzhou Bay from the East Zhou dynasty. There are major events of seawall construction to prevent tidal surge and salinity intrusion at 493–473 BCE (Eastern Zhou dynasty), 50 CE (Han dynasty), 630 CE (Tang dynasty), 686 CE (Tang dynasty), 722 CE (Tang dynasty), and 910 CE (Wuyue State following the collapse of Tang dynasty). Additionally, the river flooding control projects comprise the enclosure of Jianhu Lake in the south coast of Hangzhou Bay at 140 CE and the South Lake and Great Xixian Levee of the East Tiaoxi River basin in the north coast of Hangzhou Bay at 173 CE during the Eastern Han dynasty. Figure 8 indicates that the above events of hydraulic engineering are consistent with the warm climate and salinity intrusion on both coasts of Hangzhou Bay.



The construction of seawalls at 493–473 BCE by the State of Yue falls outside the recorded years of profile T1312S and core ZK04, and the resolution of profile T1718N is inadequate to determine the climatic environment of the study area during this time (Figure 8a–d). However, the temperature reconstructed by Zhu [11] indicates that this was a warm period. Sedimentary records of both cores from Chen et al. [61] in the Taihu Plain indicate a rise in local water levels and associated lake expansions around 2800 years ago, suggesting a warmer climate or a rise in relative sea level. A previous study suggested more extreme storms in Hangzhou Bay under the background of a warmer climate [69]. Consequently, it is plausible that the construction of seawalls by the Yue State was a reaction to the frequent storm tides.



The construction of seawalls in 50 CE and management projects of river flood at 140 CE and 173 CE coincide with the Qin-Han Warm Period. The cultural layer accumulation was interrupted around 120 CE in profile T1312S on the southern coast of Hangzhou Bay. This disruption was accompanied by a noticeable rise in Sr and TOC contents, which implies a transition to a low-salinity marsh environment (Figure 5 and Figure 8b,c). The consistently low Ba contents in core ZK04 on the north coast (Figure 8d) between 32 CE and 488 CE suggest frequent occurrences of salinity intrusion during this phase. It is, thus, speculated that climate warming caused the relative sea level in Hangzhou Bay to rise, resulting in elevated local water levels and salinity intrusion on both the north and south coasts of the bay. Therefore, in 50 CE, a seawall in Qiantang (Figure 1c) was constructed [51] in response to saltwater intrusion. Literature records indicate frequent flooding events in the East Tiaoxi River basin during the Han Dynasty prior to 172 CE [26,27]. The deposition of approximately 0.55 m thick mud intraclasts at about 23 BCE to 15 CE (Figure 7) in core ZK04 may indicate the frequent flooding events in the East Tiaoxi River basin. Li et al. [36] also detected flood deposits dating back to 85 CE in the buried channel at the Tiaotou site, indicating that extreme precipitation events became more frequent during the Qin-Han Warm Period in the study area. It is suggested that these events were the direct cause of the projects including the enclosure of Jianhu Lake in 140 CE and South Lake in 173 CE, and the construction of the Great Xixian Levee in 173 CE for river flood management.



In the 7th and early 8th centuries CE, the Tang government constructed large-scale seawalls on the south and north coasts of Hangzhou Bay (Figure 1c), corresponding to the climatic and hydrological conditions of the Sui-Tang Warm Period (Figure 8). In 910 CE (just after the collapse of Tang dynasty), the Wuyue State constructed seawalls in Qiantang on a larger scale than the seawalls of Han Dynasty (Figure 1c). During this warm period, the Sr contents in profile T1312S at the Dahutou site were remarkably higher than that of the salinity intrusion event witnessed during the Qin-Han Warm Period. This indicates the possibility of a more intensified or frequent saltwater intrusion, which could explain the construction of the larger-scale seawalls mentioned above. In contrast, the obvious increase in Ba content from the Sui-Tang Warm Period in core ZK04 (Figure 8d) indicates a greater supply of terrestrial sediments [42,43]. There may be several reasons why a salinity intrusion signal is absent at that time in ZK04. Firstly, before the Tang Dynasty, there was already effective management of the hydrological environment against salinity intrusion in the upper part of the north coast of Hangzhou Bay. During the Tang Dynasty, the seawalls were mainly constructed in east part of the north coast (Yanguan Seawall, Figure 1c), and it was not until the Wuyue State that seawalls were built again at Qiantang on the head of bay, which also indicates less risk of salinity intrusion for most of the Tang Dynasty. Secondly, according to Wu [27], the construction of the Great Xixian Levee in the Han Dynasty diverted the East Tiaoxi River to flow northward through the northwest of Liangzhu City before discharging into Taihu Lake (Figure 1b,c). Thus, the remarkable increase in the Ba content at core ZK04 from Sui-Tang Warm Period may also indicate that the warmer climate increased the freshwater discharge from East Tiaoxi River, thus preventing the salinity intrusion. A third speculation is that the Great Xixian Levee was continuously built after its initiation at 173 CE, which led to the increased freshwater discharge of East Tiaoxi River into Taihu Lake by the Tang dynasty as, according to the historical documents, the construction of the Levee remained incomplete until the Song dynasty [27].



The coordination of the three hydraulic engineering phases with a warmer climate, increased precipitation, enhanced saltwater intrusion, and rising local water levels implies that warmer climate periods in the Hangzhou Bay coastal regions are typically accompanied by elevated relative sea levels and intensified storm events. The funnel shape of Hangzhou Bay may further amplify the magnitude of relative sea-level rise, especially the storm surges during the typhoon events [34,70,71]. Therefore, seawalls were constructed in the region to cope with marine hazards. However, over the past 1000 years or so, salinity intrusion was no longer recorded in the sediments of T1312S and ZK04, which may indicate that human societies have better managed seawalls and salinity intrusion.





6. Conclusions


In this study, we collected profile T1312S from the Dahutou site on the southern coast of Hangzhou Bay, profile T1718N from the Tiaotou site on the northern coast of Hangzhou Bay, and sediment core ZK04 in the middle reaches of East Tiaoxi River. By applying multi-proxy analyses including chronology, sedimentology, and geochemistry, we examined the climate and hydrological events in the coastal area of Hangzhou Bay over the past 3000 years. Additionally, we compared human society’s hydraulic engineering with the changes in the climatic and hydrological environments and reached the following main conclusions.



(1) Geochemical analyses of the profile T1718N indicate strong chemical weathering in East China from 695 BCE to 1371 CE, particularly at ca. 200 BCE–900 CE, revealing warm and humid climatic conditions during a phase that encompasses two warm periods, the Qin-Han Warm Period and the Sui-Tang Warm Period.



(2) Alkaline earth metals in profile T1312S and core ZK04 demonstrate that salinity intrusion occurred frequently on the north and south coasts of Hangzhou Bay during the Qin-Han Warm Period, as well as the Sui-Tang Warm Period. The formation of low-salinity marsh at the Dahutou site from approximately 120 CE to 895 CE indicates a simultaneous rise in the local water level and intensification of saltwater intrusion, suggesting a relative sea-level rise in the region during the Qin-Han and Sui-Tang Warm Periods. The above relative sea-level rise and frequent salinity intrusion explains the construction of seawalls in the Eastern Han and Tang Dynasties.



(3) Sediments in the East Tiaoxi River basin on the north coast of Hangzhou Bay also record flooding events about 2000 years ago, reflecting the frequency of heavy precipitation events in the study area during the Qin-Han Warm Period, which explains the river flood management projects on the north and south coasts of Hangzhou Bay during this period.
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Figure 1. Geographic locations of Hangzhou Bay and sediment profiles and core used in the present study: (a) The geographical position of Hangzhou Bay in East Asia; (b) Liangzhu hydraulic engineering and East Tiaoxi River which currently washes against the northwestern wall of Liangzhu City [28]; (c) The topography and water system of the study area, locations of the sediment profiles, core, and the important hydraulic engineering in the historical period. Markers ① to ④ are the hydraulic engineering of the Yue State: ① The Great Fuzhong Seawall; ② to ④ Seawalls. ⑤ to ⑧ and the enclosed area are the hydraulic engineering projects of the Eastern Han Dynasty: ⑤ Great Xixian Levee; ⑥ Seawall; ⑦ South Lake; ⑧ Jianhu Lake; ⑨ to ⑪ are the seawalls of the Tang Dynasty: ⑨ Yanguan Seawall; ⑩ Shanyin Seawall; ⑪ Kuaiji Seawall; ⑫ is Wuyue seawall. 
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Figure 2. Timeline of dynasties in Chinese history. The Yue State was one of the Warring States during the late period of Eastern Zhou and the Wuyue State belongs to the period of the Five Dynasties and Ten Kingdoms. Also indicated are the major hydraulic engineering events (①–⑧) that took place on the coast of Hangzhou Bay recorded in historical documents: ① The hydraulic engineering of Yue State (493–473 BCE); ② The seawall of Eastern Han (50 CE); ③ Jianhu Lake (140 CE); ④ Great Xixian Levee and South Lake (173 CE); ⑤ Yanguan Seawall (630 CE); ⑥ Shanyin Seawall (686 CE); ⑦ Kuaiji Seawall (722 CE); ⑧ Wuyue Seawall (910 CE). 
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Figure 3. Ages, archeological layers, and lithological descriptions of profiles T1312S (a) and T1718N (b). 
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Figure 4. Age-depth model calculated using Clam [53]: (a) Profile T1312S; (b) Profile T1718N; (c) Core ZK04. 
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Figure 5. Changes in stratigraphy, organic geochemistry, and alkaline earth metals for profile T1312S. Age coordinate axes calculated according to the Clam age–depth model are also indicated. 






Figure 5. Changes in stratigraphy, organic geochemistry, and alkaline earth metals for profile T1312S. Age coordinate axes calculated according to the Clam age–depth model are also indicated.



[image: Jmse 12 00079 g005]







[image: Jmse 12 00079 g006] 





Figure 6. Stratigraphy, grain size composition, elemental content, and chemical weathering index of profile T1718N. Age coordinate axes calculated according to the Clam age–depth model are also indicated. 
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Figure 7. Lithological description, grain size composition, and alkaline earth metals in sediment core ZK04. Age coordinate axes calculated according to the Clam age–depth model are also indicated. 
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Table 1. 14C dating results and calibrated ages of profiles T1312S and T1718N and core ZK04.
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Profile/

	
Depth

	
Material

	
δ13C

	
Conventional Age

	
Calibrated Age (cal. yr BP)

	
Median

	
Laboratory




	
Core

	
(cm)

	

	
(‰)

	
(yr BP)

	
2 Sigma

	
Prob.

	
Median

	
(BCE/CE)

	
Number






	
T1312S

	
43

	
Charcoal

	
−23.9

	
110 ± 30

	
11–267

	
1

	
110

	
1840 CE

	
Beta-661596




	
T1312S

	
62

	
Charcoal

	
−26.8

	
1370 ± 30

	
1266–1316

	
0.824

	
1295

	
655 CE

	
Beta-661597




	
T1312S

	
77

	
Plant

	
−27.0

	
2260 ± 30

	
2155–2343

	
1

	
2230

	
280 BCE

	
Beta-661598




	
T1312S

	
97

	
Charcoal

	
−27.6

	
2290 ± 30

	
2176–2353

	
1

	
2320

	
370 BCE

	
Beta-661599




	
T1718N

	
34

	
Charcoal

	
−25.9

	
820 ± 30

	
677–752

	
0.892

	
715

	
1235 CE

	
Beta-651145




	
T1718N

	
67

	
Charcoal

	
−26.5

	
2920 ± 30

	
2989–3163

	
0.934

	
3065

	
1115 BCE

	
Beta-651146




	
T1718N

	
74

	
Charcoal

	
−26.3

	
2820 ± 30

	
2848–3004

	
0.989

	
2920

	
970 BCE

	
Beta-667598




	
T1718N

	
131

	
Charcoal

	
−25.8

	
3310 ± 30

	
3453–3584

	
0.984

	
3525

	
1575 BCE

	
Beta-667599




	
ZK04

	
513

	
Plant

	
−27.7

	
2040 ± 30

	
1923–2068

	
0.881

	
1995

	
45 BCE

	
Beta-526272











 





Table 2. OSL ages of core ZK04. The OSL ages were adjusted to calibrated calendar ages to be consistent with the radiocarbon ages.
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	Depth

(m)
	U

(ppm)
	Th

(ppm)
	K

(%)
	Moisture Content

(%)
	Dose Rate

(Gy/ka)
	Equivalent Dose (1)

(Gy)
	Age

(ka)
	Age

(cal. yr BP)
	Age (BCE/CE)
	Laboratory Number





	10.42
	2.46 ± 0.12
	14.80 ± 0.74
	1.47 ± 0.07
	23.8
	2.73 ± 0.09
	6.45
	2.36 ± 0.08
	2290
	340 BCE
	L714



	11.20
	1.66 ± 0.08
	8.61 ± 0.43
	1.57 ± 0.08
	20.4
	2.31 ± 0.07
	18.30 ± 1.46
	7.92 ± 0.68
	7850
	5900 BCE
	L715







Note: (1) Equivalent dose was measured using small slices (2 mm) and the single-aliquot regenerative-dose (SAR) protocol [40] and was calculated using the minimum age model.
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