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Introduction
Deltas are a product of land-ocean interactions, which are influ-
enced by global climate change and human activities. During 
recent centuries, the deltas of the world have experienced signifi-
cant changes because of human activities in their catchments 
(Syvitski et  al., 2009). The Yangtze River (Changjiang) is the 
third largest river in the world and historically has delivered huge 
amounts of sediment (~410 Mt/a, 1950–2002) into the Yangtze 
River estuary (Yang et al., 2014). With the operation of the Three 
Gorges Dam and other human activities in the catchment, sedi-
ment delivery to the Yangtze River estuary has declined signifi-
cantly (Yang et al., 2014) and a great deal of attention has been 
given to the study of possible erosion of its subaqueous delta. The 
deltaic deposition/erosion rate on the time scale of decades to 
hundred years is commonly assessed using 210Pb, 137Cs, and 239 + 

240Pu dating techniques (Demaster et al., 1985; Huh and Su, 1999; 
Pan et al., 2011; Su and Huh, 2002; Wang et al., 2013, 2017a; Wei 
et al., 2007). However, it has also been found that excess 210Pb 
profiles in some cores show an irregular trend with depth, which 
makes 210Pb dating problematic (Wei et al., 2007). The artificial 
radionuclides 137Cs and 239 + 240Pu primarily provide two time-
markers in a sediment core: one corresponding to the first intro-
duction of 137Cs and 239 + 240Pu into the environment in 1952; the 
second to their maximum global fallout in 1963. However, the 
1963 peaks are not always apparent in cores, and the depth of 
penetration of radionuclides (especially 137Cs) can be much 
deeper or shallower than expected (Wang et al., 2013, 2016; Wei 

et al., 2007). This phenomenon is most probably caused by bio-
physical disturbance because of the dynamic feature of subaque-
ous deltas (Demaster et al., 1985; Wang et al., 2016; Yang et al., 
2014). Therefore, independent dating techniques are crucial in 
verifying radionuclide dating results.

The optically stimulated luminescence (OSL) technique has 
been widely used to estimate the ages of sediments from various 
environments (e.g. Duller, 2004; Huntley et al., 1985). In certain 
environments, OSL dating can date deposits back to several hun-
dreds of thousands of years (Rhodes, 2011; Wintle, 2008; Wintle 
and Murray, 2006). However, the technique has also been used to 
date recent sediments of several decades to several hundreds of 
years old (Costas et al., 2012; Kunz et al., 2014; Madsen and Mur-
ray, 2009; Medialdea et  al., 2014; Muñoz-Salinas et  al., 2016; 
Reimann et  al., 2010; Shen and Mauz, 2012; Tylmann et  al., 
2013). For example, through a comparison of OSL and 210Pb 
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dating, Madsen et al. (2005, 2007) concluded that OSL dating of 
fine-grained estuarine sediments had a dating error of a few years 
for ca. 100-year-old sediment in the Wadden Sea. However, a 
considerable number of recent OSL samples suffer from problems 
of incomplete bleaching, resulting in the over estimation of ages 
and larger errors (Hu et  al., 2010; Jain et  al., 2004; Shen and 
Mauz, 2012). In the Yangtze River subaqueous delta, OSL dating 
has been used to date Holocene deposits (Sugisaki et al., 2015; 
Wang et al., 2015). However, the technique has not been used to 
date recent sediments spanning the past several hundred years. 
Therefore, it has been recommended that OSL dating of recent 
sediments should be undertaken in combination with other, inde-
pendent methods such as radionuclide dating (Madsen et  al., 
2005, 2007).

In recent years, microplastics have been found to occur widely 
in lakes, estuaries and coastal areas (Claessens et  al., 2011; Su 
et  al., 2016; Zhao et  al., 2014). Unlike exposure to sunlight on 
land, the degradation of plastics is largely retarded in the marine 
environment (Andrady, 2011). Once released into the sea, micro-
plastics can remain in the marine environment for hundreds of 
years before mineralization because of the reduced UV light and 
lower temperatures (Thompson et al., 2004). Therefore, the accu-
mulation of microplastics in sediments can be used to estimate 
sediment accumulation. Since microplastics are mainly derived 
from the plastic products used on land, we can assume that the 
number of microplastics found at a certain depth of sediments is 
related to the level of plastic production when the sediments were 
deposited, if other conditions (e.g. hydrodynamics, sedimentation 
rate) are kept the same. It has been suggested that microplastics 
may provide another age marker for recent sediments (Claessens 
et al., 2011; Zalasiewicz et al., 2016).

In this study, we discuss the use of multiple dating techniques, 
including 210Pb, 137Cs, 239 + 240Pu, OSL, and microplastics meth-
ods, to date recent Yangtze River subaqueous delta deposits. The 
purposes of the study are two-fold. First, it aims to test the OSL 
technique and the emerging microplastics method in dating the 

recent deltaic sediments. Second, since radionuclide techniques 
are capable of dating over ~100 years, while OSL may provide 
dates more than 100 years, the combination of these approaches 
may provide a more robust dating tool over the last several hun-
dred years. The multiple approaches used in this study are poten-
tially applicable to other delta environments.

Material and methods
Study area and sampling
The Yangtze River forms a substantial subaqueous delta near the 
river mouth. According to previous studies, the northern part of 
the subaqueous delta receives less deposition than its southern 
part, with the modern depo-center located around 31°N and 
122°30′E (Chen and Shen, 1988; Demaster et al., 1985; Milliman 
et al., 1985). The sedimentation rate of the southern part of sub-
aqueous delta ranges over several centimeter per year with maxi-
mum rates as high as ~6 cm/yr on a centennial scale (Demaster 
et al., 1985; Wei et al., 2007).

A 180 cm gravity core (A6-6, 30°48′12″N, 122°48′27″E, ~26 
m water depth) was collected in 2015 (Figure 1). The sediments 
are generally dark black in color and consist mainly of silts. Four 
OSL samples were collected at depths of 160–174, 120–134, 76–
90, and 30–44 cm under subdued red light. The rest of the samples 
were sectioned at 4 cm interval throughout the core and dried at 
40°C. A total of 45 samples were subjected to particle size analy-
sis, while 27 samples were subjected to 210Pb and 137Cs analysis 
according to the detectability of radionuclides. Based on the 
results of 210Pb and 137Cs analysis, 19 samples with detectable 
137Cs activities were selected for further 239 + 240Pu analysis. 
Microplastics were analyzed at intervals of 8 cm.

Particle size measurement
Sediment particle size distribution was analyzed using a laser size 
analyzer (Beckman Coulter LS13-320) after treatment with 5% 

Figure 1. The Yangtze River delta and the location of core A6-6, and cited cores OR499-16 (Su and Huh, 2002), SC07 (Pan et al., 2011), 
YD13-G3 and YD13-1H (Sugisaki et al., 2015).
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H2O2 and 0.2 M HCl to dissolve organic matter and carbonates, 
respectively (Lu, 2000).

Radionuclides measurement
For 210Pb and 137Cs activity determination, samples were sealed in 
holders for 3 weeks to establish a secular equilibrium between 
226Ra and the daughter products of 222Rn and then counted for 24 
h using a hyper pure germanium (HPGe) gamma ray spectrometer 
(GWL-120210S). The activities of 210Pb and 226Ra (214Pb) were 
determined from gamma emissions at 46.5 (4.25%) and 351.9 
keV (37.6%), respectively, with the latter used as the supported 
210Pb. Excess 210Pb was calculated as the difference between total 
210Pb and 226Ra. 137Cs was determined from gamma emissions at 
661.6 keV (85%).

An aliquot of 3 g dry sediment samples were ashed overnight 
at 450°C. After being spiked with 2–3 mBq 242Pu (NISTSRM-
4334/g), the residue containing Pu was leached with 16 M HNO3 
at 80°C for 20 h. Pu was separated from the leached solution 
using TEVA (100–150 µm) (Ketterer et al., 2002). The measure-
ment of Pu was conducted using high-resolution inductively cou-
pled plasma mass spectrometry (HR-ICP-MS) (Element II, 
Thermo Fisher Scientific, Waltham, MA) equipped with an ultra-
sonic nebulizer (Aridus II, CETAC, USA). The masses of 239Pu 
and 240Pu in the sediment samples were determined by isotope 
dilution calculations and then converted into the summed 239 + 

240Pu activity. The detection limit of 239 + 240Pu was calculated as 
0.002 Bq/kg based on the procedural blank for a nominal 3 g of 
sediment samples. A certified reference material (IAEA-385, 
marine sediment) was analyzed with the samples, and the analyti-
cal results of 239Pu and 240Pu agree well with the certified values.

Microplastics dating
The extraction technique for separating microplastics from sedi-
ments was modified from Thompson et al. (2004). To prevent air-
borne contamination, cotton lab coat and gloves were always 
worn during laboratory experiments within a room with closed 
windows. Glass equipment was employed wherever possible. 
Briefly, 50 g dry sediment was treated with 30% H2O2 to degrade 
organic matter. For the separation of the microplastics, a concen-
trated saline solution (1.2 g/mL) was added to the beaker and 
manually stirred with a clean glass rod for 2 min. The supernatant 
was settled for 24 h before it was passed through a filter (What-
man GF/B). Finally, the filter paper was dried at 40°C for 24 h 
before microscopic inspection. Microplastics were then counted 
under a fluorescence dissecting microscope (Leica M165 FC, 
Germany). To identify the microplastics, microscopic Fourier 
transform infrared spectroscopy (micro-FT-IR) was carried out 
using Thermo Fisher Nicolet iN10 (USA). Spectra were obtained 
to compare with libraries in the OMNIC™ Picta™ software.

OSL dating
As the sediments from core A6-6 are dominated by silts (Figure 2) 
and OSL dating has been successfully applied to fine-grained 
(4–11 µm) quartz from subaqueous delta sediments from the 
Yangtze River Estuary (Sugisaki et al., 2015; Wang et al., 2015), 
this size range of quartz grains was extracted for OSL dating. 
Samples preparation and OSL measurements were performed 
under subdued red light conditions using standard methods (Ait-
ken, 1998). At least a 3 cm external layer was removed from 
block samples to ensure no contamination by grains exposed to 
daylight during sampling. The four samples taken from core A6-6 
were treated with H2O2 (30%) and HCl (10%) to remove organic 
material and carbonates, respectively. The 4–11 µm fraction was 
separated by settling using the Stokes’ Law. Fine-grained quartz 

was extracted by treating polymineral extracts with silica-satu-
rated hydrofluorosilicic acid (H2SiF6) (30%) for 3 days, and then 
rinsed in 10% HCl for 1 h and washed several times with distilled 
water. The purity of the quartz separate was checked by monitor-
ing IRSL measurement and the 110°C TL peak (Li et al., 2002)

All luminescence measurements were carried out on an auto-
mated Risø TL/OSL DA-20 DASH reader (Bøtter-Jensen et al., 
2003) with a 7.5-mm Hoya U-340 filter (290–370 nm) in front of 
an ET EMD-9107 photomultiplier tube. A calibrated 90Sr/90Y beta 
source was used for laboratory irradiation. Quartz grains were 
stimulated with blue light LED stimulation (470 ± 30 nm) set at 
90% of 97 mW/cm2 full power.

The single-aliquot regenerative-dose (SAR) (Murray and Win-
tle, 2000) protocol was used to determine the equivalent dose (De) 
of the sediments. A preheat temperature of 200°C (10 s) and cut-
heat of 160°C (0 s) was used to measure the equivalent dose in 
quartz. The initial 0.48 s of the signals, minus a background esti-
mated from the average signal between 0.48 and 1.44 s (Ballarini 
et al., 2007), was used for De estimation using a single saturating 
exponential function, to ensure that the signal is dominated by the 
fast component. The water content was measured in fresh sediment 
immediately after opening the core, and determined by the sample 
weights before and after drying (weight of water/weight of dry 
sediment) with an average error of 5%. Concentrations of uranium 
(U), thorium (Th), and potassium (K) were estimated using neutron 
activation analysis (NAA), and the elemental concentrations are 
converted in dose rates using the conversion factors of Adamiec 
and Aitken (1998). Dose rate and OSL ages were calculated using 
DRAC-Calculator 1.2 (Durcan et  al., 2015). An alpha efficiency 
factor (a-value) of 0.04 ± 0.02 for quartz (Rees-Jones, 1995) was 
used for the calculation of the dose rates. Alpha and beta dose rates 
were calculated using Brennan et al. (1991) and Guérin et al. (2012) 
attenuation factors, respectively.

Results
Particle size distribution
The particle size of core A6-6 is quite similar throughout its length 
except for two coarser layers at depths of 60–64 cm and 40–44 cm 
(Figure 2). It is dominated by silt (4–63 µm), which ranges from 

Figure 2.  Down-core variations in particle size composition and 
mean size.
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51% to 68% with a mean value of 63%. Clay (<4 µm) ranges from 
16% to 34% with a mean value of 28%, and sand (>63 µm) 5–33% 
with a mean value of 9%. The mean particle size of core A6-6 falls 
between 17 and 49 µm, with a mean value of 23 µm.

Radionuclides distribution
The distribution of excess 210Pb and 137Cs are shown in Figure 3a 
and b. Excess 210Pb values and 137Cs are not detectable below 
depths of 76–80 and 84–88 cm, respectively. From the 76–80 cm 
layer to the surface, an upward increasing trend of 210Pb activity is 
shown. If the constant initial concentration (CIC) model (Appleby 
and Oldfield, 1978) is applied to the upper 56 cm, a mean sedimen-
tation rate of 0.32 ± 0.06 cm/yr (R2 = 0.62) is derived. From 88 cm 
to 60 cm depth, there is an upward increasing trend in 137Cs activity 
with a peak (10.81 Bq/kg) at 62 ± 2 cm. 239 + 240Pu activity is not 
detected below 92 cm depth. From 92 to 72 cm depth, there is a 
rapid upward increasing trend with a peak (0.907 Bq/kg) at 74 ± 2 
cm depth. There is a declining trend from 72 to 48 cm depth, which 
remains low and stable from 48 cm to the surface (Figure 3c). The 
240Pu/239Pu atom ratio ranges between 0.236 and 0.279. It decreases 
gradually from 92 to 28 cm depth and then increases to the surface 
(Figure 3d).

Microplastics distribution
The number of microplastics is shown in Figure 3e. A total of 35 
microplastic particles were found in 550 g of sediment core sam-
ples. The most abundant shapes of the microplastics are fibers (28 
particles), followed by fragments (4 particles) and pellets (3 par-
ticles). Transparent particles (17 particles) and blue particles (14 
particles) are the main colors of the microplastics with four purple 
particles observed. Images of selected microplastics are shown in 
Figure 4. Microplastics occur first at 84 cm in depth at 1 particle 
per 50g dry sediment (20 n/kg). The number of microplastics 
ranges between 1 and 4 particles per 50 g dry sediment from 88 to 
16 cm depth. The maximum value was found at the top part of the 
core: nine particles at 4–16 cm depth (180 n/kg) and seven parti-
cles at 0–8 cm depth (140 n/kg). The microplastic particles (>600 
µm) from 40 to 48 cm has been identified as polyester according 
to the micro-FT-IR analysis (Figure 4e).

OSL dating
As shown in Figure 5a, a preheat plateau test was carried out on 
sample L84 in order to select an appropriate preheat temperature 

in the range of 160°C to 300°C, with a cut-heat temperature of 
160°C, for the SAR protocol with at least three aliquots measured 
at each temperature. Based on this experiment, a preheat tempera-
ture of 200°C for 10 s and a cut-heat of 160°C for 0 s were selected 
for routine dose measurements.

A dose recovery experiment (Murray and Wintle, 2003) was 
performed on sample L84 using the SAR protocol. The natural sig-
nal of the samples was bleached using a Hönle SOL2 solar simula-
tor for 1 h. Following the bleaching, a known laboratory beta dose 
of 0.71 Gy with a test dose of 0.71 Gy was given to the sample; the 
measured-to-given dose ratio is 1.009 ± 0.1 (n = 6). The recycling 
ratios and recuperation values of all data were within 0.90–1.10 and 
<2%, respectively. The rapid decay of the signals with stimulation 
time indicated that the signals were dominated by the fast compo-
nent (Figure 5b). The above results indicated that the SAR protocol 
is suitable for equivalent dose determination for the samples from 
the Yangtze River subaqueous delta (Figure 5c).

A summary of the depth, water content, dose rate, De values 
and ages of the samples is shown in Table 1. The OSL ages range 
from 109 ± 9 to 258 ± 21 years, and these internally consistent 
OSL ages increase with depth (Figure 3f)

Discussion
A comparison of radionuclide, microplastics and OSL 
ages
The sedimentation rates estimated from 210Pbex using a CIC model 
are valid only if the sediment deposition rate has not changed 
within the past hundred years (Appleby and Oldfield, 1978). 
According to the CIC model, we obtain a linear sedimentation rate 
of 0.32 ± 0.06 cm/yr in core A6-6. However, the core is located 
near the river mouth, where sediment reworking, erosion, and 
increasing anthropogenic activities during the past two decades 
make the Yangtze Estuary a dynamic environment (Luan et  al., 
2016; Wang et al., 2016; Zhu et al., 2016). Thus, the 210Pbex esti-
mated sedimentation rate for core A6-6 may be unreliable and is 
significantly lower than the 1.3–1.9 cm/yr reported for cores from 
neighboring sites (Pan et al., 2011; Su and Huh, 2002). This phe-
nomenon was also reported in previous studies (Pan et al., 2011; 
Wang et al., 2016) and attributed to the dynamic sedimentary envi-
ronment of the Yangtze River delta (Luan et al., 2016; Yang et al., 
2014). However, this sedimentary environment was relatively 
steady before the 1980s, and thus the time-markers (137Cs and 239 + 

240Pu) in 1963 and 1952 perhaps can be used to determine sedi-
mentation rates in this region. Based on the penetration depth of 

Figure 3.  Down-core variations in excess (a) 210Pb, (b) 137Cs, (c) 239 + 240Pu activity, (e) 240Pu/239Pu ratio, (e) microplastics concentration, (f) and 
OSL age.
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137Cs and 239 + 240Pu at 90 ± 4 cm (Figure 3b and c), we estimate a 
mean sedimentation rate of 1.43 ± 0.08 cm/yr since 1952. The 
peak layer of 239 + 240Pu corresponding to the year 1963 ± 1 allows 
us obtain a sedimentation rate of 1.42 ± 0.07 cm/yr for the layer 
above 74 ± 2 cm. The less sharp peak of 137Cs occurs at a shallower 
depth of 62 ± 2 cm, which was probably caused by the mobility of 
137Cs in the marine environment broadening this feature (Foster 
et al., 2006; Wang et al., 2017a, 2017b). Different depths for peak 
137Cs and 239 + 240Pu have also been reported for a nearby core (Liu 
et al., 2011). This rate is also of similar magnitude to those obtained 
from nearby cores, for example, 1.3–1.9 cm/yr in core SC07 (Pan 
et al., 2011) and 1.7–1.8 cm/yr in core OR499-16 (Su and Huh, 
2002) (Figure 1). A number of studies have suggested that Pu in 
the Yangtze Estuary was mainly derived from inputs from the 
Yangtze River and Pacific Proving Grounds (PPG), which were 
characterized by a 240Pu/239Pu atomic ratio of 0.18 and 0.33–0.36 

(e.g. Pan et al., 2011; Wang et al., 2017a), respectively. The higher 
atomic ratios observed in the 88–92 cm layer (Figure 3d) is closer 
to the PPG signal, which suggests the significant influence of this 
input in the 1950s (Zheng and Yamada, 2004). It further confirms 
the 239 + 240Pu activity-based sedimentation rate. The increasing 
trend of the 240Pu/239Pu atomic ratio in top 24 cm of the core 
reflects the decreased global fallout of Pu and sediment discharge 
of the Yangtze River after 2000 (Yang et al., 2014), which conse-
quently has decreased the terrigenous signal of 240Pu/239Pu, but 
increased the relative contribution of PPG sourced Pu (Zheng and 
Yamada, 2004).

In core A6-6, microplastics occur first at a depth of 84 cm. The 
surface content (7 particles per 50 g dry sediment) is very close to 
the mean value (6 particles per 50 g dry sediment) from the Yang-
tze River subaqueous delta (Peng et al., 2017). Globally, plastics 
production started in the early 1900s and its production in China is 

Figure 4.  (a–d) Images of microplastics and the (e) spectrum of microplastics at 40–48 cm depth which was identified as polyester (match: 
86.32) using micro-FT-IR.
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dated to the 1920s. The record of China’s annual plastics produc-
tion (CPCIA, 1984–2014) shows that levels were relatively low 
before the 1950s (Figure 6). Given the massive change in plastic 
production and usage in China this record shows, we suggest that 
the age of sediment at 84 cm lies around the 1950s. According to 
the OSL dating, the ages of the sediments below 90 cm are older 
than 100 years and sediments above 90 cm were deposited within 
the last 130 years. However, if we compare the OSL ages with 
137Cs, 239 + 240Pu, and microplastics dating, it seems that the OSL 
ages are ~60 years older than the ages estimated by the radionu-
clide and microplastics methods. The ~60 years age discrepancy 
between the OSL and the radionuclide techniques, as well as the 
microplastics methods, may be related to the problem of incom-
plete bleaching in the OSL dating for recent deposits (Madsen and 
Murray, 2009). A number of studies have found that incomplete 
bleaching is more pronounced in fine-grained quartz (Hu et  al., 
2010; Jain et al., 2004; Shen and Mauz, 2012). One possible rea-
son is that finer grains tend to coagulate and form larger aggre-
gates during transportation (Hu et  al., 2010). In the Mississippi 
delta, a residual OSL age of ~100 year is reported (Shen and Mauz, 
2012), and this phenomenon may also be applied to other large 
river deltas in the world. In Sugisaki’s study of Holocene deposits 
in the subaqueous delta of the Yangtze River, they found that mod-
ern suspended particulate matter in the near-surface water of the 
Yangtze River had a measured quartz equivalent dose between 0.1 
and 0.2 Gy, which equals about 60 years (Sugisaki et al., 2015). 
This value may not have significant effects on a chronology on a 
millennial scale, but its effect cannot be neglected on a century 
time scale. If we deduct 60 years from our OSL ages, we derive a 
more appropriate result, which is very close to the microplastics, 
137Cs and 239 + 240Pu ages (Figure 7). This study therefore further 
demonstrates that residual OSL signals should be properly 
addressed in dating recent deposits. In the following discussion, 
the OSL ages after subtracting 60 years were used.

In summary, radionuclide, microplastics, and OSL methods can 
be usefully combined to determine the age of sediment deposited 
over the past ~100 years. The 137Cs and 239 + 240Pu fallout peaks in 
1963 can normally provide useful time-markers. However, micro-
plastics dating is an emerging dating tool and more work is needed 
to improve its age accuracy. Compared with other methods, the 
counting of microplastics does not require expensive instruments. 
Because of the wide occurrence of microplastics in the sediments, 
this method can potentially have widespread use in dating recent 
sediments. The OSL method complements the radionuclide meth-
ods in that it can provide ages of sediments older than 100 years.

Temporal variation of sedimentation rate
An age–depth model implemented using the Bacon (version 2.2) 
software package (Blaauw and Christen 2011) was used to recon-
struct accumulation histories of the deposits. The software divides 
the core into many thin vertical sections, and accumulation rates 
for each of these sections are estimated by the Markov Chain 
Monte Carlo (MCMC) iterations. The age model including the dat-
ing results from the different methods is shown in Figure 7. Con-
sidering the uncertainty (4 cm in radionuclide dating and 7 cm in 
OSL dating) because of sedimentary particle compaction during 
sub-sectioning and the transport time (1.0 year) from the PPG to 
the East China Sea (ECS) sediment, the mean sedimentation rate 
according to the radionuclide event markers for the top 90 cm is 
estimated to be 1.42 ± 0.07 cm/yr. From 83 to 127 cm, the cor-
rected OSL ages yield a mean sedimentation rate about 0.45 ± 0.22 
cm/yr. From 127 to 167 cm, the sedimentation rate rises again to 
~1.2 cm/yr. Such a transition means that sediment deposition rates 
clearly vary with time reflecting the dynamic nature of the sedi-
mentary environment.

The time variation in the sedimentation rates can be linked to 
variations in sediment supply and hydrodynamics. The relative 

Figure 5.  (a) Preheat plateau test, (b) decay curve, and (c) growth curve obtained with the SAR protocol using fine-grained quartz from 
sample L84.

Table 1.  U, Th, K concentration, De, OSL ages of the samples collected from the core A6-6.

Lab no. U
(ppm)

Th
(ppm)

K
(%)

Depth 
(cm)

Water
(%)

No. of
aliquots

L81 2.24 ± 0.09 12.30 ± 0.34 2.30 ± 0.07   37 ± 7 53 ± 5 12
L82 2.49 ± 0.10 13.30 ± 0.36 2.40 ± 0.07   83 ± 7 47 ± 5 12
L83 2.28 ± 0.09 11.10 ± 0.31 2.42 ± 0.07 127 ± 7 49 ± 5 14
L84 2.49 ± 0.10 13.20 ± 0.36 2.57 ± 0.07 167 ± 7 49 ± 5 11

Lab no. De

(Gy)
Environment al dose rate (Gy/ka) Age

(a)

Alpha Beta Gamma Cosmic Total

L81 0.29 ± 0.02 0.29 ± 0.11 1.47 ± 0.07 0.87 ± 0.04 0.025 ± 0.002 2.66 ± 0.13 109 ±   9
L82 0.38 ± 0.01 0.34 ± 0.12 1.63 ± 0.08 0.98 ± 0.04 0.024 ± 0.002 2.96 ± 0.15 128 ±   7
L83 0.62 ± 0.02 0.29 ± 0.10 1.56 ± 0.07 0.88 ± 0.04 0.024 ± 0.002 2.75 ± 0.13 225 ± 13
L84 0.78 ± 0.05 0.33 ± 0.12 1.68 ± 0.08 0.98 ± 0.04 0.023 ± 0.002 3.02 ± 0.15 258 ± 21
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Figure 6. Annual plastic production in China (CPCIA, 1984–2014).

lower sedimentation between 127 and 83 cm could be linked to 
the northern shift of the Yellow River in AD 1855 (Zhang, 1984). 
It has been demonstrated that the Yellow River discharge into the 
Yellow Sea between AD 1128 and 1855. It forms a delta at the 
northern part of the Jiangsu coast. At the same time, it also sup-
plies sediments to the Yangtze River delta (Liu et al., 2010; Zhang 
et al., 2012). When the Yellow River shifted back to the Bohai Sea 
in northern China in AD 1855, it is expected that the sediment 
supply from the former Yellow River delta will have been reduced, 
impacting the sedimentation rate at the study site accordingly. 
The OSL corrected age at 127 ± 7 cm depth is 165 ± 13 years (AD 
1850 ± 13), which coincides well with the timing of the shift of 
the Yellow River. The data indicate that sediment loads from the 
Yangtze River have increased since the 1950s, reaching a peak in 
the early 1960s. After the 1960s, there was a declining trend, 
which is caused by afforestation and damming, trapping sedi-
ments in the catchment (Yang et al., 2014). Although we do not 
have sediment load data before 1950 for the Yangtze River, the 
reconstructed sediment load shows that the sediment load between 
1860 and 1950 is no higher than that between 1950 and 1980 
(Wang et  al., 2008). The top 90 cm of our core was deposited 
since the 1950s, indicating a higher sedimentation rate, which can 
be explained by increased human activities since the 1950s.

Because of the monsoon climate of the region, sediment sup-
ply from the river shows markedly seasonal changes, with most 
sediment delivered during the summer season. Previous studies 
have also indicated that the seasonal deposition rate based on 7Be 
and 234Th is much higher than that calculated by 210Pb and ascribed 
to be the erosion of seasonal deposits on a decadal time scale 
(Demaster et al., 1985). Extreme events like typhoons also have 
an impact on delta deposition. These dynamic characteristics 
mean that dating delta deposits is challenging. Although radionu-
clide, microplastics, and OSL dating remain to be improved, their 
combined use could provide a more reliable approach to age 
determination, which is critical for the study of sediment dynam-
ics in delta environments.

Conclusion
Multiple dating techniques, including 210Pb, 137Cs, 239 + 240Pu, 
microplastics, and OSL, have been applied to recent sediments in 
the Yangtze River subaqueous delta. The peaks in 239 + 240Pu (74 ± 

2 cm) and 137Cs (62 ± 2 cm) activities mark 1963. Microplastics 
were only detected above a depth of 90 cm with maximum counts 
occurring in the top 16 cm. A comparison of the various ages 
obtained using different techniques indicates that OSL ages are 60 
years older than the expected age, which is most probably caused 
by incomplete bleaching. The similarity of OSL ages over the 
intervals 167–127 cm and 83–37 cm implies rapid deposition 
over these intervals. In contrast, the 127–83 cm layer has a lower 
sedimentation rate. Such a variation in sedimentation with time is 
consistent with the dynamic nature of delta deposits. This study 
demonstrates that OSL and microplastics analyses are promising 
dating tools for recent sediments in the marine environment. 

Figure 7. The age–depth model for core A6-6 generated by 
Bacon (Blaauw and Christen, 2011); gray dotted lines indicate 95% 
confidence intervals; the red curve shows the single ‘best’ model 
based on the weighted mean age for each depth. The age of the top 
of the core (year of coring, AD 2015) was added into the age–depth 
model and all the ages were relative to AD 2015 for comparison. 
Red squares: corrected OSL ages (after subtracting 60 years); 
green circles: 137Cs ages; dark yellow diamonds: 239 + 240Pu ages; blue 
triangles: microplastics age.
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However, further studies are needed to address the residual OSL 
signal problems associated with delta fine-grained sediments.
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