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A B S T R A C T

The optically stimulated luminescence (OSL) sensitivity and OSL signal components of quartz grains were used
to investigate provenance changes of Holocene sediments from the Yangtze River delta. The variation of lu-
minescence sensitivity was observed in multiple grain aliquots and single grains of quartz from different sedi-
mentary units of the Yangtze River delta. Laboratory experiments suggest that repeated dosing/bleaching cycles
increase the luminescence sensitivity of quartz from the studied sediments. High variable thermal activation
curves were observed even for samples from the same sedimentary unit, implying highly diverse sources for the
delta deposits of the Yangtze River. Different sedimentary units show quartz with similar OSL component
contributions, and repeated dosing/bleaching cycles and heating treatment are unable to affect the relative
contributions of the fast and medium components to the bulk OSL signal. The samples from unit 1 (U1, tidal
river, 15–11 ka), unit 2 (U2, estuary, 11–9 ka) and unit 6 (U6, delta plain, ca. 1 ka to the present) show relatively
higher luminescence sensitivity in comparison to unit 3 (U3, tidal sand ridge, 9–4 ka), unit 4 (U4, prodelta, 4–2.5
ka) and unit 5 (U5, delta front, 2.5–1 ka), implying changing sediment sources over time. Such a temporal
variation of sediment source can be explained by the transgressive/regressive history of the Yangtze River delta
as well as by Asian monsoon variability since the last deglaciation. It demonstrates that luminescence sensitivity
of quartz has great potential for tracing sediment sources in the Yangtze River delta, but more work is needed to
characterize specific sources to establish a source-to-sink linkage.

1. Introduction

In addition to its widespread application in determining burial ages
of Quaternary sediments (Aitken, 1998), the luminescence signal of
mineral grains has also shown great potential in tracing the provenance
of sediments (Li et al., 2002). Much effort has been devoted to the use of
quartz luminescence sensitivity for tracing the sources of sediments in
deserts (Li et al., 2007; Zheng et al., 2009; Lü and Sun, 2011; Zheng and
Zhou, 2012; Gong et al., 2015), including loess sequences (Lü et al.,
2014; Qiu and Zhou, 2015). In recent years, the technique has also been
used to study the sediment sources of fluvial or coastal deposits (Pietsch
et al., 2008; Tsukamoto et al., 2011; Sawakuchi et al., 2011, 2012; do
Nascimento et al., 2015; Zular et al., 2015). For example, a study of the
southern Brazilian coast showed that sediment source discrimination
based on quartz optically stimulated luminescence (OSL) sensitivity is
consistent with discrimination using particle size and heavy mineral
variables (Sawakuchi et al., 2012; Zular et al., 2015). Luminescence

properties of quartz (e.g. sensitivity, thermal activation and signal
components) are affected by the parent rock, and therefore quartz from
different sources should show different luminescence characteristics
(Sawakuchi et al., 2011). However, it was also found that luminescence
sensitization of quartz from the same source varies with the cycles of
bleaching and irradiation during sediment transport (e.g. Preusser
et al., 2006; Fitzsimmons, 2011; Sawakuchi et al., 2011). Therefore, the
successful application of OSL sensitivity analysis in sediment source
tracing requires a proper assessment of the influence of sediment
transport history on OSL sensitization.

The Yangtze River is the world's third largest river with a catchment
area of 1.8 million km2. The present Yangtze River delta has evolved in
the context of post-glacial climate change, sea-level change and human
activities (e.g. Li and Wang, 1998). There is a buried incised valley on
the delta, which was formed during the Last Glacial Maximum and was
subsequently infilled by early Holocene transgressive deposits and
middle-late Holocene regressive delta deposits (Li et al., 2000). Several
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studies have used sediment cores from the incised valley to reconstruct
the evolution of the delta (e.g. Wang et al., 1981; Chen and Stanley,
1998; Li et al., 2000; Hori et al., 2001, 2002; Wang et al., 2012; Song
et al., 2013; Nian et al., 2018a,b). However, it is unclear whether there
were sediment source variations during the Holocene transgression-
regression cycle.

In this study, a sediment core from the incised valley of the Yangtze
River delta was subjected to quartz luminescence sensitivity measure-
ments (multiple and single grains) and analysis of their thermal acti-
vation characteristics and OSL components. The results are used to
assess the influence of parent rock and sediment transport history on
OSL sensitivity. The principal objective of the study was to investigate
the potential of applying quartz luminescence signals in sediment
source tracing of Holocene sediments in the Yangtze River delta.

2. Study area and methods

During the low sea-level stand of the late Pleistocene, the Yangtze
River was incised to a maximum depth of 70–80m in the delta region
(Li et al., 2000). Since the Last Glacial Maximum, the incised valley
accumulated sediment with the rising sea-level, and changed from a
fluvial to an estuarine environment, and after the maximum trans-
gression at ∼8 ka, the delta began to develop. Based on the seaward
migration of river mouth sand-bar deposits, the development of the
delta can be divided into six sub-stages: Hongqiao (7.5–6.0 ka or
6.0–5.5 ka; Song et al., 2013), Huangqiao (6.5–4.0 ka), Jinsha (4.5–2.0
ka), Haimen (2.5–1.2 ka), Chongming (1.7–0.2 ka) and Changxing
(0.7–0 ka), in geochronological order (Delta Research Group, 1978).

Core NT (32°3.9417′N, 120°51.4′E, 4m above sea level) (Fig. 1) was
divided into six depositional units, labeled U1–U6 in ascending order:
tidal river (U1), estuary (U2), tidal sand ridge (U3), prodelta (U4), delta
front (U5) and delta plain (U6). These units show a cycle of trans-
gression and regression (Bai et al., 2016; Nian et al., 2018a) (Fig. S1).
Lithological descriptions of the core are given in Fig. S1. In this study,
12 samples from the core were used to study the quartz luminescence
characteristics, including two samples from each unit to enable cross-
checking (Fig. S1).

Coarse-grained quartz (90–125 μm) was extracted from the samples
using the following procedure. The samples were first pre-treated with
HCl (10%) to remove carbonates, and then with H2O2 (30%) to remove
organic material, after which they were washed several times with
distilled water and sieved to retrieve grains of the size range
90–125 μm. The samples were then treated in HF (40%) for 40min, and
washed in 10% HF to obtain the quartz grains. The purity of the quartz
grains was checked using the OSL-IR (infrared) depletion ratios (Duller,
2003) and the 110 °C thermoluminescence (TL) peak (Li et al., 2002).
The OSL-IR depletion ratios were between 0.9 and 1.1 for all measured
aliquots and single grains.

Luminescence measurements were performed with a Risø-TL/OSL
DA-20 reader with an automated detection and stimulation head
(DASH) and a calibrated 90Sr/90Y beta source for irradiation (dose rates
of ca. 0.101 Gy/s and 0.113 Gy/s for multiple-grain aliquots and single
grains, respectively). The OSL signal was detected using an ET EMD-
9107 photomultiplier tube through a 7.5-mm-thick Hoya U-340 filter.
OSL measurements were carried out using a blue LED (470 nm, 90% of
the full power, 97mW cm−2) and IR LED (870 nm, 90% of the full
power, 129mW cm−2) for quartz multiple-grain aliquot measurements,
and with a green laser (532 nm, 90% of the full power, 100mW cm−2)
for quartz single grain measurements. Quartz grains were mounted on
9.7-mm diameter aluminum discs using Silkospray silicone oil for
multiple-grain aliquot (1–2mg) measurements. For single grain mea-
surements, the quartz grains were spread over the single-grain disc with
holes of 300 μm in both depth and diameter. In this study, OSL signal
component analysis was performed using the fitting program in Risø
Analyst Version 4.31.7.

For luminescence sensitivity measurements of multiple grains,

fifteen aliquots of each sample were bleached with blue light at room
temperature for 100 s to remove any remaining natural OSL signals.
These aliquots were then given a known (20 Gy) beta dose, preheated at
260 °C for 10 s and optically stimulated at 125 °C for 40 s with blue
light. The intensities of 110 °C TL signals were recorded during pre-
heating, and integrated between 60 °C and 120 °C for analysis. The OSL
sensitivity was calculated from the integral of the initial 0.4 s of the OSL
decay curve dominated by the fast component, after subtracting the
background taken as the average of the last 10 s of measurements.

To characterize how quartz OSL sensitivity differed from one sample
to another, single grain OSL measurements were carried out. Fifteen
single-grain discs for each sample were bleached at room temperature
with blue LEDs for 100 s. After bleaching, the quartz grains were irra-
diated with a beta dose of 22 Gy, preheated at 260 °C for 10 s and sti-
mulated with the green laser for 1 s. Signals from the first 0.085 s (fast
component dominated), with the background being obtained from the
average of the last 0.17 s, were integrated for analysis.

To test the effects of burial-erosion cycles on the OSL sensitivity
resulting from sediment transport, laboratory treatments were per-
formed by repeated dosing/bleaching cycles of the quartz samples.
Table 1 shows the protocol used for luminescence measurements with
repeated cycles of laboratory irradiation and illumination. There is a
strong link between the OSL signal and 110 °C TL peak (Aitken and
Smith, 1988), which may result from the same source of trapped charge
(Wintle and Murray, 1999). Therefore, only the ratios of observed OSL
signal sensitivities following repeated dosing/bleaching measurement
were presented to test the effects of cycles on the OSL sensitivity. The
regenerative OSL signal in step 8 was normalized to the first mea-
surement in step 4 (Table 1); this is termed the sensitivity ratio (Sn/S0).
In this study, the OSL signal intensity with increasing heating tem-
perature up to 600 °C (the thermal activation measurements) was also
measured to evaluate the effect of heating on the OSL sensitivity, using
the protocol listed in Table 2.

3. Results

3.1. Luminescence sensitivity of multiple grains

All the OSL and TL intensities were normalized by the mass of each
aliquot (signal per dose per mass, counts/mg/Gy). Fig. S2 shows TL and
OSL curves representative of quartz samples from each unit. All 12
samples showed TL peaks centered around 90–120 °C and rapidly de-
caying OSL curves. As illustrated in Fig. 2, the quartz sensitivity shows
both intra- and inter-sample variability. In general, quartz from U1
(tidal river), U2 (estuary) and U6 (delta plain) is more sensitive than
that from the other units.

3.2. Luminescence sensitivity of single grains

Fig. S3 shows the ratio of summed signal intensities as a function of
the proportion of grains with decreasing sensitivity. The distribution of
the OSL sensitivity from 1500 quartz single grains for each sample is
illustrated in Fig. 3a. From the OSL sensitivity at the single-grain scale,
we can see that only a small number of very bright grains contribute a
much greater fraction of the total OSL signals, while most of the grains
have relatively weak signals (Fig. 3a and S3). This is consistent with
previous studies (e.g. Duller and Murray, 2000; Nian et al., 2018b). The
grains show substantial sensitivity variability within a single sample,
ranging from 0 to 700 counts/Gy. Despite this, it is evident that units 3,
4 and 5 (U3, U4 and U5) generally have a lower variability and median
values than those of units 1, 2 and 6 (U1, U2 and U6). The difference
between samples of the same unit is larger for units 1, 2 and 4.

3.3. Effects of dosing/bleaching on changes in OSL sensitivity

The effect of dosing/bleaching cycles on the sensitization was tested
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using the protocol summarized in Table 1. The aliquots were succes-
sively treated with two, five, ten and fifteen cycles of dosing/bleaching
(Sn, Step 5a), that is, there were 32 cycles of dosing/beaching for each
aliquot in total, except for the first measurement (S0, Step 4). Each
regenerative OSL signal after different numbers of cycles was normal-
ized to the first measurement (S0). As shown in Fig. 4a, the Sn/S0 ratio
showed an increase by factors of 1.00–1.18, 1.02–1.41, 1.20–1.72,
1.28–1.95 after two, five, ten and fifteen cycles of dosing and bleaching,

Fig. 1. Study area showing the location of core NT (modified from Bai et al., 2016) and core CM97 mentioned in the text (Bi et al., 2017). The dashed line represents
the boundary of the incised valley during the last glacial maximum (after Li et al., 2000).

Table 1
Measurement protocol used for repeated irradiation and bleaching.

Step Procedure Observed

1 Blue light bleaching for 100 s at 20 °C
2 Given dose, 20 Gy
3 Preheat (260 °C for 10 s)
4 Stimulate for 40 s at 125 °C S0
5a n cycles of dosing/bleaching n= 2,5,10,15
6 Given dose, 20 Gy
7 Preheat (260 °C for 10 s)
8 Stimulate for 40 s at 125 °C Sn
9 Return to step 5

a Given dose= 20 Gy, while the aliquots were bleached with blue light at
20 °C for 40 s.

Table 2
Protocol used for obtaining the thermal activation curves.

Step Procedure Observed

1 Blue light bleaching for 100 s at 20 °C
2 Heat to T °C (T= 200 °C)
3 Given dose, 20 Gy
4 Preheat (260 °C for 10 s)
5 Stimulate for 40 s at 125 °C Sn (n= 0,1 …)
6 Return to step 2, and T = T+40 °C

Fig. 2. OSL signal intensity and the intensity of the 110 °C TL peak.
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respectively. The OSL signal sensitivities increased slowly with in-
creasing cycle number, with samples U3-b and U6-b having the max-
imum values.

3.4. Thermal activation curves (TAC)

The thermal activation characteristics of the OSL signals were in-
vestigated using the protocol summarized in Table 2. The regenerative
OSL signals (Sn, step 5) after heat treatments (from 200 °C to 600 °C in
40 °C increments) were normalized to the first measurement (S0, after
the first 200 °C heat treatment). The normalized signals were termed
OSL sensitivity ratios (Sn/S0). As shown in Fig. 4b, different behaviors
of thermal activation characteristics were found for quartz samples
from different units, even for samples from the same unit. The OSL
sensitivity ratios increased slowly until the heating temperature of
360 °C, and then the ratios showed a rapid increase from 360 °C to
600 °C. The ratios for the samples from unit 4–6 showed a similar
tendency of sensitization; the largest internal differences were found for
the samples from units 1–3. Samples U3-a and U3-b displayed the
smallest and largest growth ratios by 600 °C, which are factors 9 and 30,
respectively (Fig. 4b).

3.5. Comparison of OSL components

In the present study, three exponential signal components were
fitted to the OSL decay curves (Table 1, step 4), corresponding to the
fast, medium and slow components (Smith and Rhodes, 1994; Bailey
et al., 1997). The fast component dominated the initial CW-OSL signal
(0–0.1 s) of quartz for single aliquots measurements, and the slow
component was very weak (Fig. 5). Typically, the contributions of the
fast, medium and slow components to the net OSL signals of the studied
samples were 80–97%, 3–20%, and< 3%, respectively. However, it is
difficult to distinguish the studied units from the relative contributions
of the quartz OSL components.

To test the effect of dosing/bleaching on OSL components, three
components were fitted to the OSL signals (Table 1, step 4 and 8). A
typical example for samples from unit 1 is shown in Fig. 6a, and the
ratios for all the samples are plotted in Fig. S4. Evidently, repeated
dosing/bleaching cycles did not change the components of the quartz
OSL signals, and the proportions of the different components were
overall stable with repeated cycles. The OSL signal was dominated by
the fast component for these samples.

To test the effect of heating on OSL components, three exponential
components were fitted to the OSL signals (Table 2, step 5). As shown in

Fig. 3. a) Box and whisker plots of quartz single-grain OSL intensities for 12 samples from core NT. b) Age-depth plot for core NT core (Nian et al., 2018a) and
eustatic sea-level curve (Lambeck et al., 2014). The age-depth model was constructed using Bacon age-modelling software (Blaauw and Christen, 2011). The pink
shaded area is the 95% probability interval, and the red dotted line indicates the single ‘best’ age-depth model from the weighted average age.

Fig. 4. a) OSL sensitivity ratios versus repeated dosing/bleaching cycles. Each regenerative OSL signal was normalized to the first measurement (S0, Table 1, step 4).
b) OSL sensitivity ratio as a function of increasing heating temperature. Each regenerative OSL signal was normalized to the first measurement (S0, Table 2, step 5).
All the data are presented as the average value of 4–6 aliquots for each sample.
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Fig. 6b (unit 1) and Fig. S5, the heating temperature also had no ap-
parent impact on the OSL components of quartz, and the fast compo-
nent still made up the dominant proportion of the signals.

4. Discussion

4.1. Effects of sediment source vs. transport history on OSL sensitivity

Our samples show a large variability in OSL sensitivity among dif-
ferent stratigraphic units. In addition, there is also significant varia-
bility for samples within the same unit as well as among grains from the
same sample (Figs. 2 and 3a). Quartz sensitivities are influenced by
sediment source as well as by transport-deposition processes. The OSL
signal sensitivity ratios of our samples changed from ca. 1.00 to 1.95
after four different repeating cycles, and increased with increasing cycle
number (Fig. 4a). Previous studies also suggested that the sensitivity of
quartz may increase in response to repeated cycles of irradiation and
bleaching during sediment transport processes (e.g. Preusser et al.,
2006; Pietsch et al., 2008). There were a limited number of dosing/
bleaching cycles in the laboratory test performed in this study, while
quartz grains in nature will likely experience many more cycles during
source to sink transport. It seems that transport-deposition processes do
have an impact on the sensitivities of the samples.

However, the influence of parent rock on quartz OSL sensitivity
cannot be excluded. A marked variation in the shape of TAC (Fig. 4b)
can be observed. The shape of the TAC as an intrinsic index of lumi-
nescence properties of quartz depends on quartz genesis and therefore
parent rock (Aitken, 1985; Kiyak et al., 2008; Zheng et al., 2009). The
Yangtze River is a large river with a large number of tributaries (49
rivers with a catchment area>10,000 km2) distributed over a catch-
ment area of 1.8 million km2. The rock type varies greatly over the
catchments, including igneous, metamorphic, sedimentary rocks and
Quaternary unconsolidated sediments (Zhang et al., 1996). As a result,
fluvial sediments from different tributaries show significant variations
in geochemical (Yang et al., 2007, Yang and Wang, 2011), magnetic
(Zhang et al., 2008; Chen, 2009) and mineralogical compositions
(Wang et al., 2006; He et al., 2013). In addition, sediments derived from
marine sources may contribute to the delta buildup. Thus, the delta
deposits comprise sediments from different tributaries and marine
sources. The observed large variations in the form of TAC imply diverse
sources of sediments supplied to the Yangtze River delta. This can po-
tentially explain the OSL sensitivity variability of quartz grains within
the same sample (Figs. 2 and 3).

4.2. Feasibility of component analysis in sediment tracing

Different components of the quartz OSL signal have different char-
acteristics in terms of the decay rate, and the relative proportions of
signal components may differ between quartz grains from different
sources (Kuhns et al., 2000). In previous studies on desert sands, quartz
OSL components were found to vary with sediment source (e.g. Zheng
et al., 2012; Gong et al., 2015). By fitting the OSL decay curves after
repeated dosing/bleaching cycles, we found that the relative proportion
of the individual components did not change with cycles (Fig. 6a and
S4). These results are consistent with those of an investigation of sand
dunes in China (Gong et al., 2015). In addition, the relative contribu-
tions of different components to the total signal apparently do not
change as a function of heating temperature, and exhibit a thermal
stability (Fig. 6b and S5). As shown in Figs. 5 and 6, S4 and S5, the fast
component dominates quartz OSL signals for samples from the study
area, which might lead to a smaller potential increment of the con-
tribution of the fast component to the bulk OSL signal during laboratory
dosing/bleaching cycles and heating. In general, we did not find dif-
ferences in component contributions among the different samples, im-
plying that component analysis is not applicable to sediment tracing in
the study area.

Fig. 5. Ternary diagram showing the relative contributions of different quartz
OSL components for the samples from the Yangtze River delta. Fifteen aliquots
were used for each sample.

Fig. 6. Examples of the relative contribution of the individual components to the bulk OSL signal (0–0.1 s) for the samples from different units after repeated dosing/
bleaching cycles (a) and heating at different temperatures (b). F: fast component; M: medium component; S: slow component.
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4.3. Implications of OSL sensitivity for changes in sediment source

Several studies have shown that large river delta deposits experi-
ence sediment source changes, including the Mississippi and Nile deltas
(Montero-Serrano et al., 2010; Hennekam et al., 2015). Such a sediment
source change is linked to the intensity and location of the precipitation
regime and landcover within catchments with varied parent rocks,
which is further influenced by Holocene climate change. Considering
the huge area of the Yangtze River catchment and the variability of the
Asian monsoon since the late Pleistocene (Rao et al., 2016; Zhu et al.,
2017), changes in sediment sources for the Yangtze River delta would
be expected. In an investigation of Sr-Nd isotopic records of a neigh-
boring core CM 97 (Fig. 1), Bi et al. (2017) found that the provenance of
sediments in the Yangtze River delta changed from the upper catchment
during the late Pleistocene to the mid-lower valley in the early-mid
Holocene and the upper catchment again during the late Holocene.
They suggested that the changes during the first two periods were
controlled by changes in rainfall associated with the evolution of the
Indian and East Asian summer monsoons, while the change during the
late Holocene was caused by intensified human activity.

Despite the variability of quartz sensitivity within samples, the
samples from units U1 (tidal river, 15–11 ka), U2 (estuary, 11–9 ka) and
U6 (delta plain, ca. 1 ka) exhibited relatively high luminescence sen-
sitivity compared with the samples from units 3–5 (U3–U5) (Figs. 2b
and 3a). Such a temporal change in OSL sensitivity roughly matches the
temporal variations of Nd isotopes in core CM97 (Bi et al., 2017). It
further supports the explanation of variations in OSL sensitivity in
terms of sediment source. The quartz OSL signals for the samples from
units U1 and U2 show different luminescence sensitivities compared
with the samples from U6 (Figs. 3a and 4). According to our previous
study (Nian et al., 2018a), U1 and U2 were formed from the last de-
glaciation to early Holocene, when the rate of eustatic sea-level rise
increased rapidly (Bard et al., 1996) (Fig. 3b). U1 and U2 were formed
in the Holocene transgressive stage of the delta, when sediments of the
marine source could be transported landward with the rising sea-level.
U3 to U5 were formed during the regressive stage of the delta. Fluvial
sediments were the main component of the delta deposits; however, the
coring site was far from the depocenter and therefore it experienced a
lower sedimentation rate (Hori and Saito, 2007; Nian et al., 2018a). U6
was formed over the last 1 ka when the depocenter of the delta mi-
grated to the coring site, which thus experienced a higher sedimenta-
tion rate. Although both U3–U5 and U6 were formed in the regressive
stage, the Holocene Asian monsoon variability and therefore pre-
cipitation pattern (Wang et al., 2008; Rao et al., 2016; Zhu et al., 2017)
may have caused variations in the amount and composition of fluvial
sediments delivered to the study site. In addition, during the period
from 1128 to 1855 AD, the Yellow River discharged into the Yellow
Sea, which could deliver sediment to the delta via southward-flowing
coastal currents (Zhang, 1984).

It should be noted that we cannot identify the specific sources of
sediments in core NT core with the present data, considering the
complexity in rock types in the huge catchments of the Yangtze River,
as well as the influence of marine-sourced sediments. More research is
needed to investigate the luminescence characteristics of sediments
from the different tributaries and the marine environment.
Geochemical and mineralogical characterization can also be performed
to further constrain the sediment source information of OSL signals.

5. Conclusions

The luminescence characteristics of quartz OSL signals were in-
vestigated to trace the sources of Holocene Yangtze delta sediments.
Our results indicate that quartz OSL sensitivity varies between different
stratigraphic units. Repeated dosing/bleaching cycles influenced the
OSL sensitivity, suggesting that transport-deposition processes are at
least partially responsible for the sensitivity variations among the

samples. However, the variations in the form of TAC imply that sedi-
ment source plays a role in the variation of OSL sensitivity. The
variability of TAC within the same depositional units underlines the
complexity of sediment provenances in the Yangtze River delta, which
is consistent with the large size of the Yangtze River together with the
multiple tributaries as well as with marine sediment input to the delta
deposits. In contrast, OSL components vary little with depositional fa-
cies, implying their limited use for sediment source tracing in the study
area. From the temporal variations in OSL sensitivities, we found that
sediment source change occurred during 15–9 ka, 9–1 ka and the last 1
ka. This three-stage change corresponds to the Holocene transgressive/
regressive history as well as to variations in the Asian monsoon.
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