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Abstract

:

A new pollen analysis and major and trace element contents were conducted on a 40 m long gravity core recovered from the Taiwan Shoal (sand ridges), south of the Taiwan Strait, beginning in the Late Pleistocene. The changes in the pollen assemblage and concentration represent the climate change around the Taiwan Shoal and the strength of the Zhe-Min Coastal Current, whereas variations in major and trace element contents can imply the source of the sediments in the Taiwan Shoal, which are correlated with the rise or fall of the sea level with increased marine dinoflagellate cysts. The interval of 40–30 m was characterized by high pollen and spore concentrations, and evergreen Quercus was dominant taxon, which indicates a warm sedimentary environment, and the surrounding area of the Taiwan Shoal were covered by a tropical and subtropical broad-leaved forest. There were no pollen and spores from 30–24 m, which indicates a strong hydrodynamic sedimentary environment, and most of the Taiwan Shoal might have been experience subaerial exposure. The interval of 24–17 m was characterized by the reappearance of pollen and spores, as well as marine dinoflagellate cysts and foraminifera, suggesting the climate was warm and wet in the study area and an apparent marine sedimentary environment with relatively high sea level. Deciduous Quercus dominated the interval of 17–12 m, which indicated that the climate was relatively cool, corresponding to the end of Marine isotope stages3 (MIS3) to the Last Glacial Maximum accompanied by weathering and denudation. Above 12 m, the low pollen concentration with increased marine dinoflagellate cysts and foraminifera abundance suggested a marine sedimentary environment in the Taiwan Shoal. The high concentrations in Pinus corresponds to Holocene high sea level.
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1. Introduction


The Taiwan Strait, a waterway between Mainland China and Taiwan, is a relatively shallow shelf sea (average 60 m in water depth) dominated by tidal currents [1]. It is considered an important channel for material and energy resource exchange (Figure 1). Interaction between the Kuroshio Current, South China Seawater and the Zhe-Min Coastal Current, and strong tidal currents prompts a large amount of sediment to accumulate at the narrows or shoals in the strait [2]. Wu [3] found that the distribution pattern of rare-earth elements in the Taiwan Shoal is similar to that of granite in Fujian and the East China Sea continental shelf. The foraminifera analysis of 16 cores in the western Taiwan Strait shows that the strata of the Taiwan Strait since the late Quaternary can be divided into five layers, and the Taiwan Strait was a neritic environment in the Last Glacial period [4]. Lan et al. [5,6] also reported that the coarse sand at ~20 ka BP in the Taiwan Shoal contained exotic substances, and there was no “land bridge” in the Taiwan Strait since the Late Pleistocene. At the same time, the sea level of the Taiwan Strait had been rising since the Holocene, reaching the modern level at 4–3 ka BP. In addition, according to Yang et al. [7], the magnetic susceptibility of surface sediments declined from the nearshore area to the seaward in the western Taiwan Strait, and the magnetic susceptibility was controlled by the source of sediments and sedimentation. Dong et al. [8] discussed the history of the sea-level change and coastline migration in southwest Taiwan during the Holocene, and the results show that southwest Taiwan experienced marine transgression three times in the Holocene (~6.2 ka, ~3.1 ka, and ~1.8 ka). Wang et al. [9] analyzed the stratigraphic sequence and the paleoenvironmental development of the Taiwan Shoal based on records of the grain size and the Accelerator Mass Spectrometry (AMS) 14C dating results. However, all the above studies are based on one or two proxies with deficient chronological results. In order to clarify the sedimentary environmental evolution of the Taiwan Shoal since the Late Pleistocene, multiproxy research is considered indispensable.



Pollen in marine sediments comes from the surrounding land and coastal areas, so the surrounding vegetation is one of the basic factors that affect the distribution of pollen assemblages in marine sediments. In order to better clarify the process of the pollen transport from land to marine areas, many scholars have performed studies on pollen in marine areas to provide an adequate reference for the reconstruction of the paleoenvironment, such as in the Bohai Sea [12,13], the East China Sea [14], and the South China Sea [15,16,17,18,19]. However, in other areas, several studies have shown a good correlation between marine pollen signals and the nearby terrestrial vegetation [20,21,22]. However, in other areas, such as in the Gulf of Lions in southeastern France (the western Mediterranean Sea), the relationship between pollen signals and the inland vegetation is not evident [23]. Jing et al. [24] studied the distribution patterns of pollen and spores in the northwestern Taiwan Strait based on 338 surface sediment samples. The results show that the pollen abundance is mainly affected by water depth and sediment grain size (texture). Lan et al. [6] studied the pollen assemblages of gravity cores in the western Taiwan Strait since the Late Pleistocene. However, the above studies have mainly analyzed the transportation and deposition processes in the Taiwan Strait, but a few of them have combined the paleontological records and geochemical proxies to infer the environmental and climatic change.



Previous works have mainly been focused on the modern sedimentary process of the Taiwan Strait, which was the junction of the East China Sea and the South China Sea. There are few research reports on the long-term stratigraphic structure and sedimentary environment evolution of the Taiwan Strait. Despite that the Taiwan Shoal in the southern Taiwan Strait is one of the world’s famous submarine shoals, the changes in the paleoenvironment of the Taiwan Shoal have been scarcely studied because of discontinuous formation and lack of precise and accurate age-depth model. In this study, we obtained a sedimentary core ZK2 from the Taiwan Shoal area and reconstruct the paleoenvironmental evolution of the Taiwan Shoal by palynological and geochemical analysis. The aim of research was to provide a multi-proxy reconstruction of the evolution of the sedimentary environment in the Taiwan Shoal since the Late Pleistocene and provide scientific references for future studies.




2. Geographical Setting


The Taiwan Shoal in the southern Taiwan Strait represents one of the sedimentary subregions [1,25], and it is the shallowest part of the Taiwan Strait. Meanwhile, as one of the world’s famous submarine shoals, the Taiwan Shoal is the junction of the East China Sea and the South China Sea. Furthermore, the Taiwan Shoal is adjacent to the Zhangpu coastal area of the southern Fujian in the west and extends to the Penghu Islands in the middle of the Taiwan Strait in the east. It measures about 250 km long from east to west, 135 km wide from north to south, and covers an area of about 13,000 km2. Moreover, the bottom of the Taiwan Shoal is mainly sandy coarse-grained sediments [26], and it is obviously different from the sedimentary layers of other sea areas in China. The Taiwan Shoal, with a water depth of only 10–25 m, is an uplifted area of the Taiwan Strait, and some geological records are missing due to the repeated transgressions and retreats [2].



The direction of the surface and bottom ocean currents shows apparent differences in the Taiwan Shoal due to the combined effect of the South China Seawater, the Kuroshio Current, and the Zhe-Min Coastal Current. The surface ocean current possesses the characteristics of the wind-driven current in summer and flows northeast, whereas it flows southward in winter under the control of the Zhe-Min Coastal Current. Meanwhile, the bottom ocean current flows northward throughout the year. In winter, it is affected by the extended South China Sea warm current and presents a different flow direction from the surface current [27]. The study area, with an intense tide action, experiences an irregular semi-diurnal tide, which is dominated by the M2 sub-tide, the average annual tidal level is 0.46 m, the average tidal range is 2.33 m, the average annual tidal current velocity is 0.46 m/s, and the maximum can be up to 0.8 m/s [28]. The Taiwan Shoal belongs to the southern tropical oceanic monsoon climate, with a mild and humid climate and plentiful rainfall. The annual average air temperature is estimated as 21.2 °C, and the average air temperatures of the hottest months (July–August) and the coldest months (January–February) are estimated as 27 °C and 13 ℃, respectively. The annual average precipitation is estimated as 1071 mm, and the precipitation in spring and summer accounts for 61% of the total precipitation throughout the year. The prevailing wind is mostly in the northeaster wind direction and it is strong throughout the year. The multi-year average of windy days is estimated as 122 days, with an annual average wind speed of 7.1 m/s, and typhoons and storm surge activities in the study area are frequent [2].



Vegetation in the southeastern monsoon region of China belongs to tropical and subtropical forests. The natural forest components from south to north in southern China are mainly rainforests, seasonal rainforests, evergreen seasonal rainforests, and evergreen broad-leaved forests. The vegetation partition is shown in Figure 1 [10,11]. As a marine sedimentary area, the palynology of the Taiwan Shoal comes from I (tropical seasonal rain forest and rain forest), II-M (evergreen broadleaved forest), II-S (monsoon subtropical evergreen broadleaved forest) [10,11,29].




3. Materials and Methods


A 40 m long gravity core, core ZK2 (23°30′38.44″ N, 117°30′55.94″ E), was collected from the coast of the Dongshan Island, Fujian, in June 2015. The core is located in the northwest of the Taiwan Shoal, with a water depth of 37.5 m and a column length of 40 m. In this analysis, samples were collected at an interval of 2 m, and a total of 20 samples were collected.



All pollen samples were dried and weighed. Then, an exotic Lycopodium-spore tablet as a maker containing 27,637 ± 593 grains was added to each sample in order to permit the estimation of the pollen concentration before preparation, followed by an alternative treatment with HF (40%) and HCl (10%). For sandy samples, they are first elutriated, and suspended solids are separated, precipitated, and then chemically treated. Subsequently, the residue of the sample is cleaned and placed in an ultrasonic oscillator. The remaining impurities are removed by using a 7 μm mesh sieve, and finally, pollen grains are deposited. The pollen identification process was performed under a 400× Leica optical microscope, and each sample counted to at least 200 grains. Fern spores, the freshwater phytoplanktonic remains and dinoflagellate cysts were also identified on the pollen slides.



ELAN 9000 ICP-MS (PE Company, Groton, CT, USA) was used for the micro-element determination. The operating steps were as follows: 0.0400 g of the sample was accurately weighed and placed in a Teflon cup, 1.5 mL of HF and 0.5 mL of HNO3 were added, and the mixture was sealed and digested to at 150 ℃ for 12 h and then cooled. The Teflon cup was taken out, the product was weighed and diluted to 40 g (dilution factor was about 1000), and then applied to the micro-element determination by using ICP-MS. The sensitivity of the ICP-MS instrument was adjusted to 1 ng mL−1 115 In 30,000 cps. The testing results of GBW07315 (sediment), GBW07316 (sediment), and BHVO-2 (basalt) were found to be consistent with the recommended values. The relative errors of most element determination results were within 5–10%.



The trace element determination was performed by using the IRIS Intrepid II XSP ICP-OES (Thermo Electron, Waltham, MA, USA), and the steps were the same as those of the trace element determination. The testing results of Al2O3, CaO, MnO, TiO2, GBW07315 (sediment), GBW07316 (sediment), and BHVO-2 were identical to those of the recommended values. The relative errors of the testing results were smaller than 2%.



Five accelerator mass spectrometry (AMS) 14C data were measured by using the core ZK2. The age-dating materials were benthic foraminifera and charcoal (surface). Samples were sent to Beta Analytic, Miami, FL, USA, for completing the test. All 14C ages were corrected into the calendar years by using the OxCal 4.4 software (available online: https://c14.arch.ox.ac.uk/oxcal/OxCal.html (accessed on 15 October 2021)) with 95.4% probability (High Probability Density Range Method (HPD): MARINE 20) (Table 1). The global oceanic carbon reservoir deviation (ΔR) was 113 ± 37 an according to the data on the northwest coast of Taiwan [30]. The 14C age at layer 36.5 m was >43500 a BP, out of the AMS14C dating range, so the age-dating result at layer 36.5 m was excluded.



In this study, Past, a free software [31], is used to conduct Principal component analysis (PCA) on the contents of major and trace elements in core ZK2, in order to determine the ecological environmental implication of the principal component axis and provide a quantitative/semi-quantitative study of environmental indicators.




4. Results


4.1. Palynomorph Composition and Concentration


All samples from the core ZK2 (excluding samples ZK2-25, ZK2-27 and ZK2-29) were found to contain pollen, and 56 pollen taxa were identified (Figure A1). Fern spores, the freshwater phytoplanktonic remains (mainly Concentricystes), and dinoflagellate cysts (mainly Spiniferites) were also found in the core ZK2. Among them, Concentricystes is an algal zygospore of the probable zygnematacean affinity [32]. Fossils of Concentricystes are widely distributed in the Cenozoic of eastern China [33] and are commonly found in the soil and black silt in the lake or river sections. Concentricystes is thus indicative of freshwater lakes or swamps on flood plains.



Arboreal pollen dominates the pollen assemblages, in which tropical and subtropical broad-leaved pollen taxa are the most abundant (47.34% in average), followed by the Pinus pollen (14.54% in average). However, changes in the contents of Pinus do not provide any climate information because Pinus communities are very common [34]. The average content of the temperate broad-leaved pollen is 10.38%. In addition, there was a low content of coniferous components at high altitudes and tropical and subtropical coniferous components, with an average content of 0.33% and 2.31%, respectively. Tropical and subtropical broad-leaved pollen taxa are dominated by evergreen Quercus with an average percentage of 35.19%. The most abundant temperate broadleaved taxa are deciduous Quercus, Alnus, Ulmus, and Carpinus. As compared to arboreal pollen, the contents of the herb pollen were relatively low (24.12% on average). The most abundant terrigenous herb taxa are Poaceae, Cyperaceae, Chenopodiaceae, and Artemisia, whereas the aquatic herb (mainly Typha) appears occasionally.



High concentrations of pollen were mainly observed in depth ranges of 22.5–12.5 m and 38.4–32.4 m; especially they were higher between the depths of 12.5 and 22.5 m. In addition, marine dinoflagellate cysts and the freshwater phytoplanktonic remains were mainly observed above the depth of ~22.5 m.



Palynomorph assemblages recovered from the Taiwan Shoal can be divided into the following three general groups (Figure 2):



4.1.1. Zone I: (40–30 m)


High pollen concentrations (9530 grains/g on average) between samples in this zone indicate a stable sedimentary environment in the Taiwan Shoal. In the pollen assemblage, evergreen Quercus was absolutely dominant, with an average content of 55.40%, and other tropical and subtropical broad-leaved forests were found sporadically. Pinus is the second dominant component, with an average content of 16.54%. However, high-altitude coniferous forest, tropical and subtropical coniferous forest, temperate components, herbs and fern spores were all found sporadically in this zone. In addition, no marine dinoflagellate cysts were found in this zone.




4.1.2. Zone II (24.5–12.5 m)


The pollen concentration was also relatively high but lower than that in zone I. Evergreen Quercus also dominated the pollen assemblage, with the average content as high as that in zone I, reaching 52.34%. Another tropical and subtropical broad-leaved tree taxon Altingiaceae was obviously increased in this zone. The content of temperate broad-leaved pollen increased remarkably as compared to that in zone I, and the main component was deciduous Quercus, with an average content of 17.57%. The content of Pinus shows an obvious decrease (1.75% on average). The content of terrestrial herbs shows a clear increase relative to that in zone I (19.05% on average), where the main components were Cyperaceae (7.06%) and Poaceae (6.36%). The aquatic herbs in this zone were more abundant than those in zone I. The contents of high-altitude conifers, tropical and subtropical conifers, and fern spores were also found occasionally. However, the concentration of the freshwater phytoplanktonic remains was high in this zone, and marine dinoflagellate cysts were found sporadically.




4.1.3. Zone III (12.5–0 m)


The pollen concentrations in this zone were much lower than those in zones I and II. The content of the most abundant tropical and subtropical broad-leaved pollen taxa evergreen Quercus decreased remarkably, with an average content of 12.86%. However, the contents of the other tropical and subtropical broad-leaved pollen taxon increased as compared to those in zones I and II, especially the content of Myricaceae. The concentration of Pinus was much higher than that in zone II, with an average content of 25.66%. The content of temperate broad-leaved pollen was lower than those in zones I and II, with an average content of 4.45%. The contents of terrestrial herbs, mainly Poaceae (12.66%), Cyperaceae (8.32%), and Artemisia (9.76%), were higher than those in zones I and II, with an average content of 35.87%. The content of fern spores was 27.31%, which was also higher than those in zones I and II. The concentration of the freshwater phytoplanktonic remains was much lower than that in zone II, whereas the concentrations of marine dinoflagellate cysts were slightly lower than that in zone II.





4.2. Major and Trace Element Contents


The vertical variations of major element contents in the core ZK2 are shown in Figure 3. The average content of oxides of major elements was found in the following order: SiO2 > Al2O3 >CaO > TiO2 > MnO. Among them, SiO2 was the most abundant composition, ranging from 61.04% to 89.11% (74.24% on average). Al2O3 ranged between 2.55% and 16.77% (10.08% on average). The content of CaO was observed between 0.1% and 3.02% (0.9% on average). The variation range of TiO2 was between 0.09% and 0.96% (0.57% on average). The MnO content was between 0.02% and 0.19% (0.05% on average).



Figure 4 shows the variability of trace element contents in the core ZK2 since the Late Pleistocene. The contents of Ba were high, and most depths were above 200 mg/kg, with an average content of 342.9 mg/kg. The contents of Rb, Sr, Cu, Ni, and V were relatively low, with the average contents of 96.2, 85.8, 13.2, 23.1, and 62.8 mg/kg, respectively. The variation characteristics of trace elements were found generally consistent, indicating a gradually increasing trend at a depth of 40–20 m, followed by a reduction above the depth of ~20 m.




4.3. Principal Componenet Analysis


Principal component analysis was carried out in order to clarify the environmental implications of major and trace elements in core ZK2, and the scores of each element on the PCA axes (axis 1 and axis 2) are shown in Figure 5. The principal component loading diagram (Figure 5) shows the relationship between different elements, where each vector axis represents each element, and the horizontal and vertical axes (axis 1 and 2) represent the most important principal components. The length of the vector axis is proportional to the content of the element it represents. The angle between each vector and the coordinate axis represents the correlation between elements and between elements and each principal component. When the included angle is 90°, it indicates that there is no obvious correlation between the two elements. Less than or greater than 90° indicates that the two elements are positively or negatively correlated, and the quantitative relationship between the elements and environmental variables is obtained by its projection on the principal component axis.



The cumulative contribution rates of the first and second principal components to the total variance of all elements accounted for 87.36%, with 69.44% of axis 1 and 17.91% of axis 2, respectively. The contribution rates of other principal components are relatively low. This shows that the first and second principal components can explain most of the environment information contained in major and trace elements.



In the scatter diagram of axis 1 against axis 2, axis 1 is positively correlated with Al2O3, TiO2, MnO, Cu, Rb, Ni, V, and Ba, but negatively correlated to SiO2 (Figure 5). Changes in the contents of SiO2 were negatively correlated with the other elements, and the content of SiO2 was generally proportional to the sediments with large grain sizes, whereas other elements were proportional to the finer sediments [35]. MnO and Al2O3 are elements with relatively stable geochemical properties under the supergene condition, and they are mainly found in terrigenous debris and clay minerals. TiO2 is believed to be derived from terrestrial debris [36,37,38,39]. Generally, the alkali earth element Ba in marine sediments is often associated with autogenous effects, such as biological productivity [39,40,41], and Cu is considered an essential element for phytoplankton [42,43]. Therefore, axis 1 may be associated with the input of terrigenous materials or primary productivity and authigenic deposition. Axis 2 is positively correlated to CaO and Sr (Figure 5), which are closely related to the action of marine organisms [42,44]. CaO is considered an important constituent of biological carbonate, and Sr transforms into carbonate shells and bones after it is absorbed by organisms. Therefore, it was concluded that axis 2 could be represented by marine biogenic matters.





5. Discussion


The pollen record of the core ZK2 indicated that arboreal pollen dominated the Late Pleistocene, which was possibly carried by the Zhe-Min Coastal Current and the surrounding rivers near the study area [6,24]. The core ZK2 can be divided into the following five deposition units according to the comprehensive analysis of pollen and major and trace element results (Figure 6).



In phase U1 (40–30 m), pollen and spore concentrations were high, which indicates an almost unchanged terrestrial sedimentary environment. The high abundance of evergreen Quercus in this phase indicated that the surrounding area was covered by a tropical and subtropical broad-leaved forest (Figure 2). This is consistent with a pollen record in the Minjiang River estuary, where the pollen species of the Late Pleistocene strata are mainly Pinus, Cupressaceae, Quercus and Polypodiaceae [45]. Lan et al. [6] studied the pollen assemblages of gravity cores in the western Taiwan Strait since the Late Pleistocene, which reveals a Quercus, Pinus–Polypodiaceae assemblage during the MIS 3. The vegetation evolution study of Fuzhou Basin shows that the primary and mixed forests with deciduous and evergreen elements covered the mountainous areas with relatively warm and humid climate in MIS3 period, which is also consistent with the pollen record of this study [11]. In addition, no marine dinoflagellate cysts and foraminifera [2] were found in this phase (Figure 6), accompanied by a very low content of the representative marine sedimentary element CaO (Figure 3), which suggest no marine influence in the Taiwan Shoal. The low sample score on axis 2 also suggests a lack of the marine biogenic matter source. In this phase, the high chemical index of illite indicated that chemical weathering was strong and the contents of unstable minerals epidote and hornblende also shows the near-source characteristics [2]. Therefore, we can conclude that the Taiwan Shoal might have been a terrigenous sedimentary environment in this phase, corresponding to the stratigraphic D layer of the late Quaternary in the western Taiwan Strait [46].



There was a disappearance of pollen and spores, as well as marine dinoflagellate cysts and foraminifera [2] in phase U2 (30–24 m). It has been reported that once pollen and spores are deposited into water, they behave similarly to small sediment particles of clay and fine silt [13]. This observation suggests that the sedimentation of pollen and spores in marine waters is controlled by mechanisms similar to those that control the sedimentation of clay and fine silt [20]. Strong boundary currents or coastal currents have a considerable impact on pollen sediment [47]. Phase U2 with coarse particle size (Figure 6) without pollen is deposited because of the strong hydrodynamic suspension and screening for sediments and pollen. A slight increase in sample score on axis 1, accompanied by a slight decrease in sample score on axis 2, suggested that the source of sediments in the Taiwan Shoal area fluctuated slightly during this period. Most intense chemical weathering results in a preponderance of aluminous clay minerals, and physical weathering leads to silicate enrichment [48,49]. Therefore, a slight increase in Al2O3 and TiO2 as compared to a decrease in SiO2 in this phase would imply the enhanced chemical weathering under warm and humid weather [50]. In addition, according to Zou et al. [51] and Liang et al. [52], the elements Ni and V can be easily accumulated under a reducing environment and positively correlated to fine-grained sediments. The contents of CaO and Sr, as well as sample score on axis 2, showed little change in this phase (Figure 3, Figure 4 and Figure 6), which implies no marine influence in the Taiwan Shoal area.



The reappearance of pollen and spores, including evergreen Quercus in phase U3 (24–17 m) implied a warm and wet conditions, and the study area was covered by the tropical and subtropical broad-leaved forest, corresponding to the sedimentary unit DU4 (Coastal-intertidal deposits) of the core TWS1208 in the western Taiwan Shoal [9]. The pollen record of the Pingnan County, Fujian Province of southern China, also indicates that Fujian was covered by a mixed forest containing both subtropical evergreen and temperate deciduous broad-leaved trees prior to the Last Glacial Maximum [11], supporting the appearance of evergreen Quercus at this stage in the Taiwan Shoal area. Marine dinoflagellate cysts and foraminifera appeared with an abrupt increasing trend, suggesting an enhanced marine influence in the study area, corresponding to the stratigraphic C layer of the late Quaternary in western Taiwan Strait [46]. The contents of Al2O3, MnO, TiO2 and Rb were low, indicating a slight reduction in the input of terrigenous debris at that time (Figure 3 and Figure 4). In contrast, the contents of CaO and Sr reached their peak values, which indicates an enhanced marine influence in the 24–18 m interval. The sample score on axis 1 was stable, whereas the sample score on axis 2 increased abruptly and reached the maximum in this phase, which suggests a remarkable increase in the marine influence in the Taiwan Shoal. Furthermore, a pollen record along the Fujian seashore shows a subtropical evergreen broad-leaved forest during that period, which represents the warm and humid climate [46]. Since the age control of 20.5 m was 40 cal ka BP, the 24–18 m interval possibly corresponds to the MIS 3 [53], and the Taiwan Shoal appeared in a subtidal environment during that period. The mean grain size fluctuated greatly during the 24–18 m interval [2] (Figure 6), which suggests an unstable depositional environment in the Taiwan Shoal. Previous studies from the coastal areas of Fujian also recorded the last transgression of the Late Pleistocene at 44–22 cal ka BP [53,54,55]. Coincidentally, the Chao-shan Plain has also recorded sea level rise, indicated by marine microfossils such as diatoms, foraminifera, and mangroves representing the coastal environment [56]. Therefore, the Taiwan Shoal was a coastal environment in phase U3 and herbs deposited in this area were carried by nearby rivers [57].



In phase U4 (17–12 m), deciduous Quercus concentrations increased gradually, reaching the maximum at a depth of 15 m. This indicated a relatively cold and dry condition in the Taiwan Shoal, which would have allowed the temperate deciduous taxa to expand. The pollen record in Fujian also suggests that a deciduous forest prevailed during this period [11], and there was a Pinus–Polygonaceae–Pteridium assemblage in the western Taiwan Strait during the MIS 2 [6]. There were no marine dinoflagellate cysts and foraminifera found in this phase [2], whereas the freshwater phytoplanktonic remains were relatively abundant, which implies that the Taiwan Shoal was a fresh water environment between 15 and 12 m, possibly corresponding to the terrestrial deposit in the MIS 2 [2] and the sedimentary unit DU3 (Valley filling deposit) of the core TWS1208 in the western Taiwan Shoal [9]. In addition, an increase in the content of SiO2 in this phase (Figure 3) indicated a high physical weathering degree, whereas a low content of Al2O3 indicated a weak chemical weathering degree (Figure 3). According to the analysis of clay minerals, the increase in contents of unstable minerals epidote and hornblende indicates that the distance of sediment transport was closer, suggesting a continental sedimentary environment at the end of MIS3 or the beginning of the LGM [2]. Furthermore, low contents of CaO and Sr (Figure 3 and Figure 4), as well as obviously declined sample score on axis 2, suggest little marine influence in this phase. Although the age of the top of phase U4 is unable to be examined accurately, clay minerals records show that the top of phase U4 was characterized by relative higher contents of illite and lower content of kaolinite than that in the modern, suggesting a close distance of sediment transport and strong physical weathering [2]. The reflected seismic data of the nearby core TWS1208 show the unit DU3 was exposed and subjected to intense weathering erosion [9]. In addition, the LGM strata with strong weathering and denudation also occurred in Chao-shan Plain, southwest of the study area [56]. Consequently, a long time interval between the two 14C dating points on the upper part of the core may be contributed to the strong weathering and denudation between U4 and U5 (Figure 2).



Pollen and spore concentrations declined dramatically in phase U5 until they were absent in the upper part of the core, whereas the pollen record shows a mixed South subtropical evergreen coniferous-broad-leaved forest along the Fujian seashore [46]. The grain size of ZK2 analysis shows that this phase mainly consists of medium-coarse sands and gravelly medium-coarse sands [2] (Figure 2). Previous studies showed that the sediment environment with larger grain size was not conducive to the deposition of palynology; pollen is scarce in coarse clastics and abundant in marine sediments composed primarily of fine silt and clay-size particles [20]. In addition, ZMCC as a strong boundary current of the area is also one of the main reasons for the decrease of palynology concentration because the strong hydrodynamic environment is not conducive to the deposition of palynology [13]. However, the content of Pinus was 19.6–42.7% in phase U5, which is much higher than that in U4 (2–3.7%) (Figure 2). Previous studies have shown that Pinus can be used as an indicator of sea level changes during the glacial-interglacial period, and the proportion of Pinus will increase as the increase of the distance from the shore because of its airbags, which facilitate the propagation of wind [18]. Therefore, the increase in Pinus at this phase is probably related to the sea level rise. The offshore distance of the study area increased, and the amount of terrestrial pollen brought by land runoff decreased greatly, while the proportion of airborne pollen (Pinus) increased.



Relatively high abundance of marine dinoflagellate cysts, foraminifera [2], as well as the contents of CaO and Sr (Figure 3 and Figure 4) all exhibited an increasing trend in the 10.5–0 m interval, which suggests an increased marine influence on the study area. According to the dating control points, phase U5 corresponded to the Holocene. Increased sample score on axis 2 also indicates the enhanced marine influence or sea level rise (Figure 6). All the relative sea level reconstructions from Longhai Plain, Fuzhou Basin and Singapore show sea level rise at about 9 cal ka BP, with a minimum sea-level rise of 14.5 m between 9 and 7.3 cal ka BP in the Fuzhou Basin and about 17 m rise in sea level from 9.5 to 7 cal ka BP in Singapore [58,59,60,61], supporting the relatively high sea level in the Taiwan Shoal inferred by pollen and elements data in this study. Therefore, we deduced that the study area was below the sea level during phase U5, corresponding to the Holocene high sea-level stage. This phase also corresponded to the sedimentary unit DU2 (transgressive sand body) and DU1 (modern tidal current sand body) of the core TWS1208 in the western Taiwan Shoal, which may be affected by strong tidal currents during the Holocene [9].




6. Conclusions


(1) The pollen record of the core ZK2 shows that arboreal pollen dominated since the Late Pleistocene, among them tropical and subtropical broadleaved pollen were the dominant taxa, accompanied with relatively low abundance of temperate broadleaved pollen. This implies that the Taiwan Shoal area has always had a subtropical climate.



(2) The principal component analysis (PCA) of the major and trace elements in the core ZK2 shows that changes in sample score on axis 1 are possibly associated with the input of terrigenous debris carried by the southward Zhe-Min Coastal Current and sample score on axis 2 could be indicated by marine biogenic matters in the Taiwan Shoal area.



(3) Five evolution phases of the sedimentary environment in the Taiwan Shoal area are divided on the basis of the analysis of pollen and major and trace element results with the combination of the AMS 14C dating results. Phase U1 (40–30 m) possibly corresponded to a terrestrial sedimentary environment. Phase U2 (30–24 m) was a transition between terrestrial and marine sedimentary environments, and coarser grain size and strong hydrodynamics sedimentary environment are not conducive to pollen preservation. Phase U3 (24–17 m) was a transgression period with a coastal-intertidal deposits sedimentary environment. Phase U4 (17–12 m) was a terrestrial and marine alternative phase and the land was exposed in the Last Glacial Maximum, with large sea-level fluctuations. Phase U5 (12–0 m) appeared under a marine sedimentary environment, with the sea level rising to the modern level.
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Figure A1. 1: Pinus; 2: Taxodiaceae; 3: Cupressaceae; 4: Tsuga; 5: Deciduous Quercus; 6: Myriccaceae; 7: Aluns; 8: Ulmus; 9: Evergreen Quercus; 10: Altingiaceae; 11: Fagus; 12: Moraceae; 13: Carpinus; 14: Oleaceae; 15: Pterocarya; 16: Eurya; 17: Rutaceae; 18: Artemisia; 19: Chenopodiaceae; 20: Poaceae; 21: Cyperaceae; 22: Compositae; 23: Typha; 24: Myriophyllum spicatum. 
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Figure 1. Map of the Taiwan Shoal and location of core ZK2 and TWS1208 [9]. ZMCC: Zhe-Min Coastal Current. SCSW: South China Sea water. KC: Kuroshio Current. Figure of vegetation zones in tropical and subtropical China is modified from Zheng [10] and Yue et al. [11]. 
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Figure 2. Pollen concentration diagram of core ZK2, and figure of sediment composition is modified from Zhao et al. [2]. 
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Figure 3. Changes in major element contents of core ZK2. 






Figure 3. Changes in major element contents of core ZK2.



[image: Jmse 09 01150 g003]







[image: Jmse 09 01150 g004 550] 





Figure 4. Changes in trace element contents of core ZK2. 
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Figure 5. Principal component analysis (PCA) of major and trace elements scatter diagram. 
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Figure 6. Mean grain size, major and trace elements and pollen and foraminifera concentrations of core ZK2 compared with the stratigraphic of core TWS1208 [9]. Figure of the mean grain size and TWS1208 is modified from Zhao et al. [2] and Wang et al. [9], respectively. 
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Table 1. AMS 14C ages of core ZK2. IRMS: Isotope Ratio Mass Spectrometry.
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	Core
	Depth (m)
	Laboratory Code
	Dated Materials
	14C Age (a BP)
	IRMS δ13C (‰)
	Calibrated Age (cal a BP)





	ZK2
	3.5
	Beta-496141
	Benthic foraminifera
	3780 ± 30
	−0.6
	3701–3388



	ZK2
	7.5
	Beta-496142
	Benthic foraminifera
	4540 ± 30
	0.1
	4599–4186



	ZK2
	17.5
	Beta-496143
	Benthic foraminifera
	35,790 ± 280
	0.3
	40,410–39,304



	ZK2
	20.5
	Beta-491937
	Benthic foraminifera
	35,910 ± 280
	−0.5
	40,494–39,383



	ZK2
	36.5
	Beta-491938
	Charcoal
	>43,500
	−25.4
	>43,500
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