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Establishing a reliable chronological framework for sediments is crucial to the reconstruction of evolution process of estuarine delta, and the study of regional paleoenvironmental history, e.g., sea level fluctuations due to global climatic changes. High resolution chronology is still very limited for Holocene sediments in the Pearl River delta (PRD) in southern China. This study tries to construct a detailed chronology for core DA of 37.7 m in depth by using luminescence (seven samples) and radiocarbon (fourteen samples) dating techniques. Our results indicate that both luminescence and radiocarbon dating methods are suitable for the Holocene sediments in the PRD and that sediments of core DA were deposited during 7.3–0.18 ka. The 14C age is generally older than the OSL age for the sediment at the similar depths, and the age difference increased from 0.45 ka at the depth of 21 m to 0.98 ka at the depth of 35 m. The reason that 14C ages are relatively older might be caused by the carbon-reservoir effect which requires further study. The sedimentation rate increased from 3.74 m/ka during 7.3–2 ka to 7.92 m/ka in the last 2 ka. The appearances of rusty stains in upper unit of the core revealed that the water level was gradually falling. After the formation of underwater sand body at about 2 ka, the sediment was subject to continuous shifting between submergence and exposure.
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INTRODUCTION

As the product of complex dynamic actions in littoral zones, estuarine delta is a key area in studying the regional paleoenvironmental history, and provides an important window to understand the coupling interplay among eustasy, climate, and tectonics on the deltaic evolution (e.g., Hori et al., 2001; Saito et al., 2001; Sarkar et al., 2009; Tang et al., 2010; He et al., 2017; Pennington et al., 2017; Li et al., 2018; Bomer et al., 2019; Pleuger et al., 2019; Xu et al., 2019). To obtain such information, accurate and reliable chronology is of crucial importance. Radiocarbon dating (e.g., Hori et al., 2001; Nageswara Rao et al., 2012; Xu et al., 2019) and luminescence dating (e.g., Shen and Mauz, 2012; Sugisaki et al., 2015; Nian et al., 2018; Wang F. et al., 2018; Wang Z. H. et al., 2018; Wang et al., 2019) have been widely used for dating the Holocene deltaic sediments.

The Pearl River delta (PRD) is one of the biggest estuarine deltas in China. Based on seismic reflection profiles and borehole data, studies on the Quaternary deposits showed that the PRD has experienced a major transgressive-regressive cycle during the Holocene, and formed a corresponding terrestrial unit and a marine unit (Fyfe et al., 1997; Owen et al., 1998; Zong et al., 2009b; Yu, 2017). Zong et al. (2009a) proposed an evolution model of PRD for the time interval of the last 9 cal ka BP, based on lithological characteristics, microfossil assemblages and 34 new or published radiocarbon dates of 35 cores drilled from north to the south of PRD, together with the archaeological and historical documents. They showed that three driving factors, including sea level changes, monsoon-drive discharge and human activities, played important roles in different stages of delta formation, respectively. Ten 14C ages of core PRD11 in the central PRD showed that the regional Holocene stratum was formed during 8.6 to 0.4 cal ka BP, and that the sedimentation rate decreased from 1.74 m/ka (8.6 to 4.7 cal ka BP) to 0.72 m/ka (4.7–0.4 cal ka BP) (Liu et al., 2016). Hu et al. (2013) obtained ten AMS 14C ages, ranging from 8.0 to 1.2 cal ka BP, on mollusk fossils for a 6 m-thick mud layer with occasional shell-rich intervals from core B2/1, which was located in the mouth of the Pearl River Bay. They also reported an event of enhanced sediment weathering intensity during the last 2.5 cal ka BP. Again by radiocarbon dating on core HKUV11 from a near-shore location of the northern South China Sea, seven marine shell ages revealed that the stratum above the hard and mottled sandy-clayey silt was formed during 9.2–1.6 cal ka BP, with a stable sedimentation rate of 1.8 m/ka (Wu et al., 2017).

From the above mentioned studies, it seems that an ideal chronological framework can be obtained in most radiocarbon studies. However, problems also exist in these previous studies. The age data density of some sediment cores is relatively low. For instance, core PK16 (20 m long) in Zong et al. (2009a) had only three ages. Core B2/1 (10 m long) had the best dating density with only ten 14C ages (Hu et al., 2013). In a few studies, the radiocarbon ages from the top part of the cores were relatively older than expected (e.g., Hu et al., 2013; Wu et al., 2017). Some other studies reported that the 14C dates from the surface samples were abnormally old by up to 2 ka, and that these dating samples might be the allochthonous materials transported by flow and tides (Yim et al., 2006; Kong et al., 2014). Study on the natural Δ14C data of river water from carbonate-rich PRD revealed that PRD could release negative particulate organic carbon (POC) that represented old carbon from deeper sediments and sedimentary rocks, which had significant effect on the organic carbon ages (Liu et al., 2017). For instance, the Δ14C-POC value obtained from the Xijiang River in the dry season corresponds to a radiocarbon age of 2820 a BP (Liu et al., 2017).

Compared with the numerous 14C dating ages reported, there are only a few case studies using optical stimulated luminescence (OSL) technique in the PRD. In order to determine the position of ancient coastal lines, Peng et al. (2014) recognized that the marine muddy-silt outcrop, deposited on a wave-cut platform in the central PRD, was formed at 5.5–5.0 ka, based on three samples by fine-grained quartz OSL dating. Using seven cores from Dongjiang River sub-delta, Guo et al. (2013) built a relatively rough chronological framework of late Quaternary sediments based on 13 fine-grained quartz OSL ages and 13 radiocarbon ages, and pointed out that most of the OSL ages are consistent with 14C ages in Holocene stratum. But this claim was based on only a pair of OSL and 14C ages from similar depths. They also concluded that the marine transgression inundated almost the whole Dongjiang River sub-delta during the Holocene transgression event (ages < 8 ka).

Although there are many stratigraphic studies and radiocarbon dating data of the Holocene sediments in the PRD, the application of OSL dating and the comparative analysis of OSL and 14C techniques is still limited. This study attempts to build a high resolution chronological framework for a 37.7-m-long core drilled from southern PRD using both OSL (seven samples) and radiocarbon dating (fourteen samples).



THE STUDIED AREA AND SAMPLING


The Studied Area

The Pearl River delta is located in the central of Guangdong province, southeast coast of China, covering an area of 8601 km2. It is composed of deltas of Dongjiang River, Xijiang-Beijiang River and Tanjiang River (Huang et al., 1982). The neotectonic movement in the PRD is mainly characterized by faulting and differential uplift of fault blocks (Huang et al., 1982; Yao et al., 2008). The main fault zones have been active during the Quaternary (Liu, 1994). To some extent, the faults controlled the topography of the basement and river direction of the delta (Yu et al., 2016). Since the Holocene, the fault activity in the PRD became weaker, and the river system basically inherited the pattern before the last marine transgression (Yao et al., 2008). In geomorphic features, the north, east, west sides of delta are surrounded by mountains and hills, and the south is facing the South China Sea (Figure 1). The delta plain is also dotted with hilly platforms, while the delta front has low hills. The basement is characterized by gentle undulation, two parallel ridges and valleys and checkerboard pattern (Huang et al., 1982). The average sedimentary thickness of Quaternary strata was only about 25.1 m, with the Xijiang River and Beijiang River deltas relatively thicker (25.6 m on average; Huang et al., 1982).
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FIGURE 1. Topographic characteristics of the Pearl River delta (PRD) and location of core DA. The PRD can be divided into Dongjiang River sub-delta (zone I), Xijiang-Beijiang River sub-delta (zone II) and Tanjiang River sub-delta (zone III). Core DA is located in the south of zone II.




Core DA and Sampling

Core DA was drilled from a sand bar, located in the Xijiang River estuary of western PRD (Figure 1), and had a length of 37.7 m. The core was drilled by direct mud rotary with >90% recovery rate. The sediments are mainly composed of clay and silt, mixed with thin layers or lens of fine sand with horizontal beddings (Figure 2), and can be divided into three units. From bottom to top: Unit 1 (37.7–22.52 m) shows light gray silt with a small amount of clay; Unit 2 (22.52–18.0 m) is a dark gray silt mixed with thin layers of clay, and with thicker sandy layers occurring at the depths of 20.00–19.70 and 19.00–18.10 m; and Unit 3 (18.0–5.0 m) is brown clay mixed with silt. The upper five meters are reworked materials by human re-filling.
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FIGURE 2. Profile of core DA showing (A) the lithology, OSL and radiocarbon ages; (B) the age-depth model. The color of core profile represents the color observed from field. The hollow triangle and circle in (B) represent the outlier age of 14C and OSL, respectively.


The core contains many rust stains (Figure 2). The mild rust stain first occurred at the depth of 25.55 m and the moderate rust stain first occurred at 24.40 m. The moderate rust stain was found at 16.85 m with a thickness of about 3 cm. The frequency of upward rust stains increased after the occurrence of thin layer sand with severe rust stains at 13.80 m.




MATERIALS AND METHODS


OSL Dating


Sample Preparation

Seven samples were dated. All operations followed the routines of luminescence dating procedures (Lai, 2010), and were carried out under subdued red light in the laboratory. The out layer of the sample that might have been light-exposed was removed, and the remaining samples were successively treated to remove carbonate and organic matter with 10% HCl and 30% H2O2. The samples were then wet sieved to obtain 38–63 or 90–125 μm grain size particles, depending on availability. Samples with a grain size of 90–125 μm were then etched with 40% HF for ∼60 min to remove feldspar minerals, while samples of 38–63 μm were treated with 35% H2SiF6 for about 2–3 weeks, and both were then washed with 10% HCl for about 30 min to remove the chloride precipitation generated during the reaction. To ensure the quartz purity, infrared stimulated luminescence (IRSL) measurement was conducted. Finally, the quartz sample was uniformly coated as a mono-layer on the central part (∼0.7 cm diameter) of stainless-steel discs (∼0.97 cm diameter) by silicone oil.



Equivalent Dose (De) Determination

OSL measurements were performed on a Risø TL/OSL-DA-20 reader equipped with a 90Sr/90Y beta source. Quartz signals were stimulated by a blue light (λ = 470 ± 20 nm) for 40 s at 130°C. The signal was recorded by 9235QA photomultiplier through a 7.5 mm Hoya U-340 filter. The equivalent dose (De) was determined by a combination of single aliquot regenerative-dose (SAR) protocol (Murray and Wintle, 2000) and standard growth curve (SGC) protocol (Roberts and Duller, 2004; Lai, 2006). The experiment results of preheat plateau test and dose recovery test from Yu (2017) showed that it is feasible to choose the preheat temperature of 260°C with duration of 10 s during the SAR and SGC protocol for dating deltaic samples from PRD. Therefore, the preheat temperature for regeneration doses is chosen to be of 260°C for 10 s, and the preheating temperature for test doses 220°C for 10 s. Four to six aliquots of each sample were measured by using SAR protocol and an SGC curve was established for each sample. To determinate the natural signal (LN) and the test dose signal (TN), another six to twelve aliquots under the same measurement parameters were measured. Each value of LN/TN was projected into the SGC curve to obtain a De value. The final De value is the average of all De values measured by both SAR and SGC protocols.



Dose Rate Determination

Neutron activation analysis (NAA) was used to obtaining U, Th, and K. The cosmic ray dose was calculated based on the altitude, geographical location and depth of the samples (Prescott and Hutton, 1994). The contribution of alpha particles was also taken into account in the quartz grains of 38–63 μm with a coefficient of 0.035 ± 0.003 (Lai et al., 2008). The measured moisture content was used, with an uncertainty of ± 8% in the age calculation by considering seasonal variation of precipitation in the studied area. The dose rates and final ages were calculated on the website program of DARC (Durcan et al., 2015).




Radiocarbon Dating

A total of 14 radiocarbon samples were collected from core DA. Eight plant fragment samples collected at depths of 4.43, 5.51, 6.09, 7.06, 11.72, 11.91, 14.30, and 15.84 m were sent to Peking University. One plant fragment collected at the depth of 7.34 m and five mollusk shells at depths of 19.76, 21.51, 22.52, 27.18, and 36.18 m were sent to the Beta Analytic Radiocarbon Dating Laboratory. Based on the difference of sample properties, the IntCal04 (Reimer et al., 2004) and the Marine13 (Reimer et al., 2013) calibration curves were chosen for the calibration of plant fragment samples and mollusk shells samples, respectively. Calibrated ages were obtained by using the procedure OxCal v3.10 (2).




RESULTS


Luminescence Characteristics and OSL Ages

Most samples showed good luminescence behavior. OSL growth curves and decay curves of represented aliquot for samples DA-R-09 (90–125 μm) and DA-R-20 (38–63 μm) are shown in Figure 3. As can be seen from the decay curves, the OSL signal rapidly decreases to the background value within 1 s, indicating that quartzes are mainly composed of fast components. The recycle ratio of sample DA-R-09 (1.00–1.05) and DA-R-20 (0.98–1.07) indicate that the correction of test dose for sensitivity changes is ideal. The ratio of zero dose to natural dose [(L0/T0)/(LN/TN)], sample DA-R-09 at 0.07–1.4%, and DA-R-20 at 0.5–0.9% are all lower than the threshold of 5%, indicating that the recuperation is negligible. Laboratory known-dose can also be recovered with 10% error.


[image: image]

FIGURE 3. Luminescence properties of sample DA-R-09 (A) and DA-R-20 (B). The black lines and red lines represent OSL decay curves of the natural signal and regeneration signal, respectively. The growth curves are shown in the set charts. Black cycles, regenerative doses; Red cycles, recycled doses; hollow square, natural doses.


The OSL dating results are listed in Table 1. OSL ages range from 6.59 ± 0.34 ka to 1.79 ± 0.30 ka. Overall, the OSL ages increase with depth and conform to the general stratum sequences.


TABLE 1. OSL dating results from core DA.
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Radiocarbon Ages

The radiocarbon dating results are listed in Table 2 and Figure 2. The AMS 14C ages range from 7,306 ± 36 cal a BP to 180 ± 37 cal a BP. Among them, Sample DA2-C-2 (462 ± 40 cal a BP) from the top might be re-deposited material. And Sample DA9-C-1 (766 ± 38 cal a BP) at a depth of 15.84 m shows an abnormally young age, which may be due to the introduction of “new” carbon during burial or sample treatment. Samples DA2-C-2 and DA9-C-1 are treated as outliers, and will not be considered in the sedimentation rate discussion. Apart from these two samples, 14C ages increase with depth and conform to the general stratum sequences.


TABLE 2. Radiocarbon dates from core DA.
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DISCUSSION


Assessment of the Radiocarbon and OSL Ages

Previous studies compared ages by both radiocarbon and OSL dating methods on delta deposits. In studies of transgression events during the last glacial-interglacial period in coastal areas of eastern China, most 14C dating ages fell into MIS 3 (e.g., Huang et al., 1982; Lin et al., 1989; Yim et al., 1990; Liu et al., 2009; Yin et al., 2016; Ye et al., 2017). These dating results could be problematic due to the limits of 14C dating (Yim et al., 1990; Yi et al., 2013; Lai et al., 2014; Song et al., 2015; Yu et al., 2019), including the “reservoir effects” in coastal deposits (Stanley and Chen, 2000; Alves et al., 2015), the “new” carbon introduction during exposure (Yim et al., 1990), and the restricted theoretic upper limit to 50 ka (Reimer et al., 2013) or pracitcal upper limit to only 25–30 ka (Lai et al., 2014; Song et al., 2015; Yu et al., 2019). The dating results of similar transgression deposits by other dating methods are mostly concentrated in MIS 5, such as OSL (e.g., Owen et al., 1998; Yi et al., 2013; Yu et al., 2017), or uranium-series dating (Yim et al., 1990).

For Holocene samples, most of the radiocarbon ages agree well with the OSL ages along the south Bohai Sea (Yi et al., 2013). In eastern PRD, Guo et al. (2013) found out that most of the Holocene 14C ages were consistent with the OSL ages, but a few 14C results were obviously younger. The radiocarbon results from incised valley of the Yangtze River delta are mostly not in stratigraphic order due to contamination by old carbon material, while the OSL ages shows better results (Nian et al., 2018).

In this study, OSL and 14C ages are in general consistent with the stratigraphic order. The cross validation between OSL and 14C ages only appeared below the depth of 16.8 m. Therefore, we chose results that below 16.8 m in depth for detailed comparison. The linear curve fittings of both the calculated 14C ages and OSL ages within the depths of 16.8 to 37.4 m show that the fitting results are satisfactory, with R square of 0.96 for 14C ages, and 0.89 for OSL ages, respectively (Figure 4). According to the fittings, the 14C ages are in general older than OSL ages, and the difference between these two dating results become larger with the increase of depth. The discrepancy can be directly reflected by taking the depth data into these two fitting equations for calculation. For instance, at the depth of 21 m, the fitted OSL age is 1.81 ± 0.14 ka while the fitted 14C age is 2.26 cal ka BP, with a difference of 0.45 ka. At the depth of 35 m, the fitted OSL age is 5.87 ± 0.46 ka while the fitted 14C age is 6.85 cal ka BP, with a difference of 0.98 ka. The error of OSL age is taken from the average error of all the measured OSL ages.
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FIGURE 4. Linear fitting curves for 14C ages and OSL ages of core DA that obtained from depth 16.8 to 37.4 m.


Accurate radiocarbon dating of shells requires evaluation of local marine reservoir effect. In the study of marine reservoir correction for Southeast Asia, Southon et al. (2002) suggested that source waters entering the South China Sea were quite equilibrated with the atmospheric 14C, which gave low regional corrections (mean ΔR values = −25 ± 20 years) for the southern and central part of South China Sea, and that a probably ΔR values lies between −25 ± 20 years and −149 ± 7 years for the South China coast. Compared with marine samples, mollusks from estuarine environment might have higher reservoir correction due to the additional carbonates input from bedrock and soil (Reimer, 2014). River water from carbonate-rich PRD can carry old carbon from deeper sediments and sedimentary rocks, and this hard water effect will cause abnormally higher 14C ages (Liu et al., 2017). The fact that the 14C ages are older than OSL ages in this study may be due to this carbon-reservoir effect. Meanwhile, carbon-reservoir effect in Holocene marine samples in the southwestern Pacific may have large ΔR values variation (maximum difference for about 410 years) during 8–5.4 ka, while the ΔR values are close to modern values after 5.4 ka (Hua et al., 2015). 14C reservoir effect in Lake Bosten, northwestern China, trended to be greater in dry periods than in wet periods (Zhou et al., 2020). And this change might be related to the variable proportion of organic matter, which due to the different hydroclimatic conditions (Zhou et al., 2020). The reason for temporal difference in the 14C reservoir effect in the PRD, as we found in core DA, requires further study.



Chronology of Core DA and the Paleoenvironmental Implications for the Pearl River Delta

As shown in Figure 2, the sediment of core DA was deposited during 7.3–0.18 ka. Unit 1 (37.73–22.52 m) was deposited since 7.3–3.3 ka. This unit is composed of light gray silt, with rich broken bivalve shells and assemblages dominated by marine and estuary species. The rusty stain first appeared in this unit at depths 25.55–24.40 m with an age of about 3.0 ka. The appearance of rusty stain indicates that there might be a sea level dropping event. Study in the PRD have shown that the iron nodules appeared in marine deposits that formed in mid-Holocene, and it might due to the laterization process during later exposure (Huang et al., 1982). Others suggested that sea level was relatively high or stable during that time (Fang et al., 1991; Zong, 2004; Xiong et al., 2018).

Unit 2 (22.52–18.0 m) consists of dark gray silt with thin layers of clay, and two thick sandy layers appears at depths 20.00–18.10 m. This unit represents two sets of underwater sand body and the formation age is about 3.3–2.0 ka. Unit 3 (18.0–5.0 m) was deposited since about 2.0 ka. From 16.85 m upwards, the number of horizontal thin layer with rusty stain and iron nodules gradually increase and become common in sediments. The accumulation of Fe3+ indicates frequent fluctuation of water level. A study on cores from southern PRD also found out that after 2.5 ka the weathering intensity sharply increased till the present day (Hu et al., 2013). Huang et al. (2018) presented similar results for samples from northern South China Sea, showing that intense chemical weathering in the northern shelf after 2 cal ka BP.

The sediment accumulation rate shows two-phase changes (Figure 2). During 7.3–2 ka (37.73–19.76 m), the rate is around 3.74 m/ka. It increases to around 7.92 m/ka during the last 2 ka (19.76–5.51 m). The PRD is a composite delta formed by several rivers in a semi-closed bay, which may result in different rates in different locations (Fu et al., 2020). A study on the sedimentary rates in different locations of PRD revealed that the deltaic shoreline advanced and the sedimentation rate in the north and south wings of the central basin increased after about 4 ka (Fu et al., 2020). Meanwhile, core PRD11, which was drilled from the central PRD, showed that the sedimentation rate decreased from 1.74 m/ka (8.6–4.7 cal ka BP) to 0.72 m/ka (4.7–0.4 cal ka BP), due to the regional sedimentary environment changed into a alluvial plain setting in the later period (Liu et al., 2016). However, the statistical results of 92 cores in PRD revealed that the deposition center had shifted to the estuary area since 2.5 ka, and the sedimentary rate is 5.33 m/ka, compared to 2.15 m/ka during 5.0–2.5 ka (Wei et al., 2011).

The extremely high accumulation rate since 2 ka was also observed in the Yangtze River delta. For instance, core SD recorded an accumulation rate of 48 m/ka in the last 2 ka (Nian et al., 2018). The sediment trapping rate has increased from 99–113 Mt/a during 6–2 cal ka BP to 162 Mt/a in the last 2 ka at the Yangtze River mouth (Wang Z. H. et al., 2018). Most studies linked this increase to the influence of intensified human activities, such as extensive influx of migrants and the expansion of agricultural land (Hori et al., 2001; Xu et al., 2012; Wang Z. H. et al., 2018). Other researches rather linked it to the paleo-coastline change and the shift of deposition center (Feng et al., 2016; Nian et al., 2018). In the PRD, the sea level already reached the modern position and stayed stable during the last 2 ka (Xiong et al., 2018). Zong et al. (2009a) and Huang et al. (2018) mentioned that after the sea level reached the present stable level, the whole delta was dominated by fluvial force, and the increased fluxes of river deposit was mainly contributed by the enhanced human activities. Core DA is located at the head area of the Xijiang River estuary. The acceleration of accumulation rate occurs after the formation of underwater sand body at 2 ka. According to the characters of lithologic and assemblages of microfossils revealed by core DA (data unpublished), the regional environment changed from relatively open estuary bay to relatively closed one at 2 ka, which caused the reduction in outward sediment flux and trapping of a large amount of sediment. In this case, the high sedimentation rate since 2 ka recorded by core DA could be interpreted as reflecting the enhanced fluvial force and the increased deposition flux, rather than the increased human activities.




CONCLUSION

Our results indicate that both luminescence and radiocarbon methods are applicable for dating the Holocene sediments in the PRD. However, 14C age is generally older than the OSL age for samples from similar depths. The age difference increased from 0.45 ka (OSL age is 1.81 ± 0.14 ka while 14C age is 2.26 cal ka BP) at the depth of 21 m to 0.98 ka (OSL age is 5.87 ± 0.46 ka while 14C age is 6.85 cal ka BP) at the depth of 35 m. The reason for this discrepancy might be due to the carbon-reservoir effect. This requires further study.

The core DA was deposited during 7.3–0.18 ka. The first appearance of rust stains at about 3.0 ka (depths 25.55–24.40 m) may be caused by marine regression. Two sets of underwater sand bodies were formed during about 3.3–2.0 ka. And after that time, rust stains in horizontal thin layers gradually increased and become common, which indicate frequent fluctuation of water level. A significant increase in sedimentation rate was observed, from 3.74 m/ka before 2 ka to 7.92 m/ka since 2 ka.
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