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Abstract

Coastal areas hold major social and economic value. Understanding past coastal evolution is therefore
crucial to anticipate future changes which will affect these areas of high significance. The Bohai Sea,
situated at the transition zone between the East Eurasian Continent and West Pacific Ocean, is an area
particularly sensitive to sea-level changes and sediment inputs. Due to the continuous subsidence of
the Bohai basin since the Cenozoic, thick sediment sequences accumulated progressively in the Bohai
Coast, providing a valuable proxy record of climate and environmental evolution. Sedimentary
sequences in the Bohai Coast indicate three main transgressive and regressive phases, associated with
the regional sea-level change and terrestrial influence since the Middle Pleistocene. The chronology of
these transgressions and regressions is however not well constrained, and requires a thorough

investigation.

The main objective of this thesis is to establish a reliable chronological framework for the three
transgressions identified in the Bohai Coast since the Middle Pleistocene, using Optically Stimulated
Luminescence (OSL) dating. A careful validation of different OSL approaches is first conducted. The
quartz OSL signal was fully reset for materials from the North Bohai Coast, while the K-feldspar
luminescence signals were well bleached for the pre-Holocene deposits, validating the use of this
dosimeter to establish a robust chronology of the Bohai sediments. To correct the undesirable signal
loss over geological time scale associated with the use of this mineral, the fading correction method
based upon the theory of power-law decay of tunnelling is tested. Fading corrected ages in agreement
with the reference chronology confirm the validity of this fading correction method. Quartz OSL dating
is applied to the coastal core sediments and dune sands from the North Bohai Coast. The quartz and
feldspar luminescence chronologies indicate that the earliest transgression occurred ca. 200 ka,
correlating with the sea-level highstand during Marine Isotope Stage (MIS) 7. Based on the age-depth
relation, the second transgression very likely occurred during MIS 5. Both the radiocarbon dates and
the quartz OSL ages show that the transgressive sedimentary facies in association with the rising of the
sea-level during MIS 3 is not preserved in the Bohai cores. The last transgression correlates with the

Holocene sea-level rise.

Luminescence chronology, in conjunction with the historical records of the shoreline migration,
reveals that the sea-level constantly stayed at highstand between ca. 6 and 1 ka in the North Bohai
Coast, and then retreated rapidly causing the delta progradation. Thin transgressive deposits,
equivalent to an annual sediment increment of 2.7x10* m3a between 6-1 ka, are explained by the
flat relief and insufficient sediment supply. The rapid deltaic progradation, which includes an episodic
deposition by multiple flooding events at ca. 700 a, resulted in the dramatic increase of sediment

increment (9.1x10° m3-a’) over the last millennia. This sudden increase was triggered by both the



Vi

winter monsoon enhancement and the reduction of plant cover and soil erosion by human activity. On
the contrary, a rapid inland sand deposition after the Little Ice Age was most likely related to the

Immigrant and Reclamation Policy.



Vi

Zusammenfassung

Durch die hohe sozio-6konomische Bedeutung von Kiistenregionen ist es wichtig, deren geologische
Entwicklungsgeschichte zu verstehen, um Aussagen zu kinftigen Kistenverdnderungen
prognostizieren zu kdnnen. Das Bohai-Meer, welches in der Ubergangszone zwischen dem Eurasischen
Kontinent und dem Pazifischem Ozean liegt, reagiert sehr sensibel auf Meeresspiegelschwankungen,
sowie auf Anderungen im Sedimenteintrag. Die seit dem Kdnozoikum anhaltende Subsidenz fiihrte zur
Ablagerung von machtigen Sedimentabfolgen entlang der Kiiste von Bohai. Diese enthalten wertvolle
Informationen Uber die Klima- und Umweltentwicklung dieses Zeitabschnittes. Sedimentologische
Variationen, besonders die der drei Hauptzyklen mit transgressiven und regressiven Sedimente,
spiegeln die Umweltverdnderungen wider, welche verbunden sind mit Schwankungen des
Meeresspiegels und terrestrischer Einfllisse seit dem mittleren Pleistozan. Trotz ihrer Bedeutung ist
die zeitliche Abfolge der Transgressionen und Regressionen kaum bekannt und bedarf daher einer

eingehenden Untersuchung.

Das Hauptziel der vorliegenden Dissertation ist die Erstellung einer belastbaren chronologischen
Altersabfolge flir drei Transgressions-Phasen, welche seit dem Mittleren Pleistozan entlang der Kiiste
von Bohai stattgefunden haben. Hierzu erfolgte zuerst eine sorgfiltige Uberpriifung der zur Verfiigung
stehenden Lumineszenz-Methoden. Das Lumineszenz-Signal des Kaliumfeldspat erwies sich als gut
gebleicht und deshalb als geeignet zum Datieren der Bohai-Ablagerungen. Die Fading-
Korrekturmethode basiert auf power-law decay of tunnelling ergibt Alter die mit der
Referenzchronologie (bereinstimmen und somit die Richtigkeit der Fading korrigierten Alter
bestatigen. Sedimente aus Bohrkernen der Kiistenregion, sowie Diinensande von der Nord-Kiste von
Bohai wurden mit Hilfe der optisch stimulierte Lumineszenz (OSL) Methode datiert. Die Quarz OSL
(innerhalb 50 ka) und Feldspat pIRIR (10-250 ka) Lumineszenz Alter zeigen, dass die friiheste
Transgression vor c. 200 ka erfolgte, was mit dem Meeresspiegel-Hochstand im Marinen Isotopen
Stadium (MIS) 7 korreliert. Basierend auf Alter-Tiefe Verhiltnissen ist die zweite Transgression
hochstwahrscheinlich im MIS 5 aufgetreten. Sowohl die Radiokarbon- als auch die Quarz-OSL-Alter
ergaben, dass transgressive Ablagerungen des Meeresspiegel-Hochstandes wahrend des MIS 3 nicht
in den Bohai-Kernen erhalten geblieben sind. Die letzte Transgression korreliert mit dem holozénen

Meeresspiegelanstieges.

Die  Lumineszenz-Chronologie in  Verbindung mit Aufzeichnungen (ber historische
Kistenverlagerungen verweisen auf einen konstant oszillierenden Meeresspiegel mit einem
Hochststand zwischen ca. 6 und 1 ka entlang der Nord-Kiiste von Bohai. Hierauf folgt ein schneller
Rickgang, welcher eine Delta-Progradation bewirkt. Geringmachtige transgressive Ablagerungen,

korrespondierend mit einem jihrlichem Sedimentzuwachs von 2.7x10* m3-a im Zeitraum zwischen 6-
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1 ka, sind durch das flache Relief und die insuffiziente Sedimentzufuhr bedingt. Die schnelle
Progradation, inklusive der episodischen Ablagerung durch haufige Flutereignisse der letzten 700 a,
resultiert in einem dramatischen Anstieg des Sedimentzuwachses auf 9.1x10® m3-a? im letzten
Jahrtausend. Diese Zunahme wurde ausgelost durch die Intensivierung des Wintermonsuns, sowie
durch menschliche Aktivitat. Die Ablagerung von Sand steigt seit dem Ende der Kleinen Eiszeit rapide

an, welches in Zusammenhang mit menschlichen Eingriffen in den Naturhaushalt steht.
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Chapter 1 Introduction 1

Chapter 1 Introduction

Coastal areas are sensitive to the sea-level change, which is driven by a combination of natural
processes and anthropogenic factors (e.g. IPCC, 2014). Since the majority of human activities occurs
along coasts, exploring past coastal processes under marine-terrestrial interaction with a reliable
chronological framework is of crucial socio-economic significance. Investigations of the past
environmental evolution in coastal areas help us to understand the coastal reshaping, i.e.
accumulation and erosion, triggered by the global sea-level change and sediment input. Furthermore,
a better understanding of the past coastal evolution is mandatory to predict future coastal
development and develop appropriate strategies of protection for vulnerable coastal zones in the

future “greenhouse world”.

Coastal deposits, which record detailed climatological and environmental information, are
regarded as ideal archives of former coastal processes. The palaeo-coastline migration can be
documented by multiple sea-level indicators, such as marine terraces, shore platforms, cheniers and
beach rocks (Murray-Wallace and Woodroffe, 2014). The sea flooding ranges in different periods can
also be reconstructed by down-core distributions of marine strata, based on the identification of the

marine deposits from the terrestrial sediments using indicators such as macro- and micro-fossils,



Chapter 1 Introduction 2

mineral and sediment architecture (Department of Marine Geology, Tongji University, 1980). If the
information about palaeo-coastline migration is complemented with a chronology, the
geomorphological evolution during a certain period can be subsequently interpreted. Furthermore,

the climate change is reflected by environmental proxies recorded in the coastal deposits.

The Bohai Sea is situated at the transition zone between the East Eurasian Continent and the West
Pacific Ocean, sensitive to both continental input and sea-level change. Due to their regional and global
significance, the Quaternary deposits have been widely investigated in terms of sea-level change and
environmental evolution (e.g. Bradley et al., 2016; IOCAS, 1985; Lambeck et al., 2014; Li et al., 2015;
Liu et al., 2004, 2009, 2016; Shi et al., 2016; Wang et al., 2015; Xu et al., 2015; Xue, 2014; Yao et al.,
2014; Zhao et al., 1979; Yi et al., 2012, 2015). Based upon the numerous cores obtained from the
coastal area since the 1970s, alternated sedimentary strata associated with marine and terrestrial
environment were found, showing the existence of several main transgressions in the Bohai area in
the past (e.g. Y. K. Chen et al., 2008; Y. S. Chen et al., 2012; Han, 2001; IOCAS, 1985; Liaoning Geology
Bureau, 1983; Liu et al., 2016; Yi et al., 2013; Zhao et al., 1978, 1986). Most of the cores indicate three
major transgressive-regressive cycles postdating the Brunhes-Matuyama (B/M) boundary (IOCAS,
1985; Liu et al., 2016; Yi et al., 2015). These sequences of transgression and regression were also
observed in the adjacent coasts of East China (e.g. Wang and Tian, 1999; Yang and Lin, 1991). However,
the poorly constrained chronology for the marine-terrestrial deposition has held back a convincing
palaeo-environmental interpretation. Most of the existing numerical dating results were derived using
the radiocarbon dating method, which has a limited dating range within ca. 40-50 ka. In addition,
datable materials for radiocarbon dating occur sporadically, resulting in discontinuously constrained

chronologies.

Luminescence dating method is advantageous as it permits to extend the dating range and to
establish a high-resolution chronological data beyond the limits of radiocarbon dating. During the last
decade, luminescence dating has been widely applied to coastal deposits (Lamothe, 2016).
Luminescence dating methods, using quartz and feldspar have been previously applied to determine
the transgression-regression chronology in the Bohai Coast (e.g. Y.K. Chen et al., 2008; Y.S. Chen et al.,
2012; Liu et al., 2016; Yi et al., 2013). However, the reliability of the published luminescence ages, in
terms of signal bleaching, saturation and signal loss (i.e. anomalous fading), was not well assessed.
Furthermore, the reliability of the methods (Huntley and Lamothe, 2001; Kars et al., 2008; Lamothe et
al., 2003; Wallinga et al., 2007) applied to correct the underestimated feldspar ages affected by
anomalous fading was not well discussed and partly missing in previous studies. Consequently, there

is a significant uncertainty associated with the luminescence ages published in earlier studies.
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1.1 Objectives

In this thesis, multiple luminescence signals are used to date the deposits from the North Bohai Coast,
which consist in a sand dune a priori formed during the Holocene transgression, and sediments from
a coastal core recording several transgression-regression phases. The main aim of this thesis is to
establish a reliable chronology for the three main transgressions in the Bohai Coast since the Middle
Pleistocene. The second objective is to understand the sedimentary processes concomitant with sea-
level change and fluvial input during the last deglaciation. The accumulation history during the post

sea-level highstand in the North Bohai Coast is subsequently interpreted.

Prior to the establishment of chronology and environmental interpretation of the transgression
and regression in the Bohai Coast, the degree of bleaching is evaluated for multiple luminescence
signals, in order to validate the application of the K-feldspar infrared signals for the Bohai coastal
deposits. In addition, the reliability of the fading correction models for the feldspar luminescence
dating is tested on samples with reference chronology, from the Heidelberg Basin (Upper Rhine
Graben), Germany, and from the Chinese Loess Plateau. The validated fading correction method is

finally applied to determine reliable feldspar ages for the Bohai sediments.

1.2 Study area and core LZK06

1.2.1 Bohai Sea and Quaternary sedimentation

The Bohai Sea is a semi-enclosed sea with an average water depth of 18 m, located in northeastern
China (37°07'-41°00' N, 117°35'-121°10' E). It consists of three bays (the Liaodong Bay, Bohai Bay and
Laizhou Bay), the central Bohai Basin and the Bohai Strait (IOCAS, 1985. Fig. 1.1).

The Liaodong (North Bohai) Coast comprises bedrock-sandy and sandy-clayey coasts. It includes
the estuaries of Daliao River, Liao River, Daling River and Xiaoling River, which contribute mostly to the
sedimentary loads into the Liaodong Bay, and the formation of the Lower Liao Plain. The coastal area
of the Bohai Bay is mainly occupied by clayey-silty material, which are the finest in the entire Bohai
area, because significant amount of sediments are transported by the Yellow River and Haihe River.
The water depth is generally shallower than 20 m in this bay. The Laizhou Bay is the southern part of
the Bohai Sea, and its coastal sediments are dominated by clayey silt. The sediments are mainly derived
from the Luzhong mountain area and transported in a short distance by several local rivers. The water
depth varies from 10 to 15 m. In contrast to the three bay areas, only small amount of sediment is
deposited in the Bohai Strait owing to the strong currents. The Bohai Sea is connected to the Yellow
Sea through the Bohai Strait, comprising the Miaodao Archipelago and six main submarine water

channels with whole width of approximately 100 km.
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Quaternary sediments with a thickness of 300-400 m were deposited in the Bohai basin, which
includes the areas of Bohai Sea and adjacent coastal plains (IOCAS, 1985), as a consequence of
continuous subsidence since the onset of the Cenozoic (Allen et al., 1997). The rivers draining into the
Bohai Sea contribute mostly to the sediment loads. The lower Quaternary succession mainly comprises
terrigenous deposits, such as lacustrine and fluvial sediments. The upper succession consists of marine,
fluvial and lacustrine deposits, revealing the cyclic marine-terrestrial interaction. The definition of
transgressive layers is mainly based on the results from macro- and micro-fossil analysis (e.g. IOCAS,
1985; Yao et al., 2010).
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Fig. 1.1 Topographic map of Bohai Sea and location of the studied borehole LZK06. The three transgression ranges (T-1,
T-2 and T-3) in the Bohai Coast are modified from Wang et al. (1986) and Zhao et al. (1986). The main local streams and OSL
dated cores are shown. The digital elevation model (DEM, 90 m) was downloaded from http://www.cgiar-csi.org. Isobaths
are following He et al. (2006). The OSL dated coastal cores are from Chen et al. (2008) (BZ1 and BZ2), Chen et al. (2012) (BT113
and BT114), Liu et al. (2016) (YRD-1101), Yan et al. (2006) (BQ1 and BQ2), Yi et al. (2013) (Lz908, BH1 and BH2), Zhao et al.
(2002) (zH2).

1.2.2 Core LZKO6

The borehole LZK06 (40°54.44' N, 121°37.77' E, elevation +4.51 m a.s.l.; Fig. 1.1) was drilled in the
North Bohai Coast in 2015. It is situated on the left bank of the present channel of the Dalinghe River,

10 km north of the river mouth. The length of the core is 100 m and the recovery rate is approximately


http://www.cgiar-csi.org/
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92%. The three transgressive layers occurring in the upper 55 m of the core were identified based on:
1) the identification of mollusc shells indicative of the marine environment, and 2) lithological
correlation in the North Bohai Coast (Liaoning Geology Bureau, 1983). The three transgression layers
are referred to as T-1, T-2 and T-3, respectively, in ascending order. The terrestrial deposits in between
representing the regression periods are named as R-1, R-2 and R-3, respectively (Fig 1.2). R-3 occurs at
50.1-100 m, comprising massive fluvial and lacustrine sediments. T-3(49.0-50.1 m) contains high-moist
dark-grey clayey sand with mollusc shells and fragments. R-2 consists of brownish-grey fluvial sand
(44.0-48.5 m), dark-grey lacustrine silty clay (39.2-44.0 m) and bluish-grey fluvial sand (28.7-39.0 m).
T-2 occurring at 21.0-28.7 m comprises a basal mollusc shell-rich layer with well-rounded carbonate
concretions, a clayey silt layer at depth of 23.5-24.3 m, and also rich mollusc shell fragments. Shell
fragments in millimetre size were found throughout the middle T-2. R-1 comprises fining-upward silty
sand with the top organic-rich layer, occurring at a depth of 13.6-19.0 m. T-1 occurs at 4.2-13.6 m

depth and comprises grey clayey silt to sand with mollusc shells and fragments.
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1.3 Current state of research

1.3.1 Transgressions and regressions in the Bohai Coast

In the review paper by Lamothe (2016), sediment architectures in different tectonic settings of coastal
areas are summarised. For uplifting systems, marine terraces can be recognised. High to low elevation
of these terraces generally represents the old to young transgressive processes. In contrast, for
continuously subsiding coastal systems, the marine deposits associated to the earlier transgression are
in general submerged under the later transgressive layer (Fig. 1.3). The Bohai sediment basin has been
slowly subsided since the Cenozoic (Allen et al., 1997). Consequently, thick Quaternary sediments were
deposited there, recording the evolution of the sedimentary environment. The widely discovered
transgressive and regressive sediments in cyclicity in the Bohai coastal stratigraphy thus record the
main transgressions during the Quaternary. According to the studies on the Bohai Coast, as well as the
adjacent Yellow Sea area, three main transgressive layers have been recognised (e.g. IOCAS, 1985; Liu
et al,, 2016; Yi et al., 2015; Wang and Tian, 1999; Yang and Lin, 1991). Palaeomagnetic results show
that the three transgressions postdate the Brunhes/Matuyama boundary, and these events were
explained to be consecutive to the subsidence of Miaodao Islands in the Bohai Strait, at ca. 300 ka

before present (Yi et al., 2015). However, this assumption has not been supported by numerical dating.

The transgressions in the Bohai Sea since the Middle Pleistocene have been extensively
investigated in aspects of long-term and short-term chronologies, coastal sedimentary processes and
the correlation to the global sea-level change (e.g. IOCAS, 1985; Shi et al., 2016; Yao et al., 2014; Liu et
al., 2016). In particular, the regional sea-level change has been explored over the last 50 years. The
investigation of the relative water-depth change since the late deglaciation was carried out using grain-
size parameters (Yi et al., 2012). Pico et al. (2016) corrected the relative sea-level height during the
Marine Isotope Stage (MIS 3) period in the Yellow Sea area and refined the estimate of global ice
volume. Except for these two studies, most of the research carried out in this area mainly focuses on
the sea-level change since the Last Glacial Maximum (LGM). Previous studies on global sea-level
change showed that after MIS 3 it continuously fell to a lowstand of ca. -130 m with the glacial
maximum at ca. 20 ka (Yokoyama et al., 2000; Lambeck and Chappell, 2001; Clark et al., 2009). The
main phase of deglaciation occurred from 16.5 to 7 ka BP with an abrupt sea-level rise, after an initial
sea level rise and a short stagnation phase (Lambeck et al., 2014). The rate of sea-level rise decreased

in the last 7 ka and subsequently reached the Holocene sea-level highstand.
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Fig. 1.3 Sediment architecture along the subsiding coast modified from Lamothe (2016). The latest to earliest transgressive

layers (in colour) are marked in ascending order.

The relative sea-level change since the LGM in the East China seas including the Bohai Sea was
commonly obtained based on the burial depth of multiple sea-level indicators and radiocarbon
chronology. Zhao et al. (1979) proposed a sea-level rise curve in the East China seas which
demonstrated a sea-level lowstand of -150 - -160 m from 20 to 15 ka BP, whilst other studies indicate
that the sea-level lowstand reached ca. -120 m at 21-19 ka BP, broadly consistent with the global sea-
level change (Liu, 2001; Liu et al., 2004). Afterwards, the sea-level rose rapidly and reached the
highstand at ca. 6 ka (Zhao et al., 1979; Liu et al., 2004; Xue, 2014; Li et al., 2015). These earlier studies
suggested the existence of a stepwise sea-level rise (Zhao et al., 1979; Liu, 2001; Liu et al., 2004).
However, Xue (2014) challenged this model owing to unreliable radiocarbon dates substantially used
for determination of the stepwise sea-level curve. The sea-level highstand was assumed to be higher
than the present level (Zhao et al., 1979; Xu, 1994; Liu et al., 2004), but some latter studies revealed
that there was no evidence of a higher sea-level than present (Xue, 2014; Li et al., 2015). The coastline
changes in recent centuries were documented in historical records (e.g. Lin, 1991) and also interpreted

from remote sensing for the last decades (Chen et al., 2010).

Based on the results of the past sea-level history, its sedimentary responses since the LGM have
also been widely investigated in the Bohai Sea (e.g. Zhao et al., 1978; IOCAS, 1985). On the basis of
studies of numerous cores from the modern alluvial plain, coastal plain and the offshore area, the pre-
Holocene lacustrine and fluvial sediments were deposited in the Bohai area, as a consequence of
relatively sea-level lowstand since the LGM (IOCAS, 1985). With the abrupt sea-level rise, the
transgressive system tract was developed, overlying the regionally comparable organic-rich layer
(Wang et al., 2004; Wang and Fan, 2005), which was regarded as the upper limit of the mean high tidal
range (Li et al., 2015). The maximum Holocene sea flooding range, correlating to the sea-level
highstand, was recognised by the down-core transgressive deposits in the Bohai coastal plains (IOCAS,

1985; Xue, 2009; Wang et al.,, 2015). However, for the post sea-level highstand period, the
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reconstruction of precise sea-level fluctuations and the corresponding sedimentary processes in the

Bohai Coast have not been widely explored.

1.3.2 Chronologies for the transgression-regression cycles in the literature

To constrain the timing of transgression and regression periods in the Bohai Coast, several dating
methods have been applied to fluvial/lacustrine-marine sediments in the Bohai Sea. Palaeomagnetism
was applied to restrict the chronological framework for the whole Quaternary. These studies showed
that the main transgressive layers are above the Brunhes-Matuyama (B/M) boundary (ca. 781 ka),
suggesting that the main transgressions in the Bohai Coast have occurred since the Middle Pleistocene
(e.g. Yietal., 2015; Liu et al., 2016; Yao et al., 2014; IOCAS, 1985). Some weak transgressions occurring
at ca. 0.83 Ma have also been revealed using a core drilled in the modern Yellow River delta (Liu et al.,
2016). For the three main transgressions in the Bohai Coast, radiocarbon dating has been widely
carried out using organic materials from numerous coastal cores (e.g. IOCAS, 1985; Wang et al., 2004;
Wang and Fan, 2005), oyster reefs (e.g. Wang et al., 2004; Wang and Fan, 2005), cheniers (e.g. Xu,
1994; Wang, 1996) and cultural layer (e.g. Shang et al., 2016). The radiocarbon dates showed that the
latest transgression (T-1) is related to the sea-level rise since the last deglaciation, as most of the dated
materials provide Holocene ages. Mollusc shells, foraminifera and peat were dated using the
radiocarbon method to reconstruct the history of coastal deposition. The special distribution of the
Holocene sea-level highstand in three bays was mapped by stratigraphic correlation and radiocarbon
dates. Radiocarbon dating of the oyster reefs and cheniers provided evidence for sea-level oscillations
during the middle and late Holocene after the sea-level highstand (Xu, 1994; Wang, 1996; Wang et al.,
2004; Wang and Fan, 2005). The sea-level oscillations, corresponding to the shoreline migration in the
Bohai Coast since the Middle Holocene, has been discussed by Xue (2009) who shows that the
shoreline migration was dominated by river delta development. In addition, radiocarbon dating of
mollusc shells from the ceramic sinker-rich layer has been applied to determine human activity and
the position of the coastline at that time (Shang et al., 2016). The dating results show a consistency
with the reference age of ca. 200 BC for one buried coin. The radiocarbon ages for the last
transgression (T-1) are generally reliable when intact in situ material was employed for dating.
However, to establish a chronological framework for coastal sediments, suitable material for
radiocarbon dating can only be found sporadically. In consequence, the chronological framework of
the sediment succession has not been continuously constrained, and therefore, the interpretation is

still under discussion.

For the second transgression (T-2), radiocarbon dating was conducted on samples mainly obtained

from coastal cores. According to the foraminifera assemblage, the second transgressive layer was
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recognised, and mollusc shells or foraminifera were dated. Some radiocarbon dates yielded infinite
results for the T-2 succession (Shang et al., in prep; Yi et al., 2013), indicating that the radiocarbon ages
are minimum ages (> 43.5 cal ka BP). The finite ages are generally between ca. 30 and 45 cal ka BP (e.g.
Liu et al., 2009, 2016), and are also close to the upper limit for the reliability of radiocarbon dating. In
several studies, the radiocarbon dates close to the limit are proven to be underestimated (Pigati et al.,
2007; Yi et al., 213; Long et al., 2015). These finite radiocarbon ages for the T-2 deposition, however,
were previously used to determine the timing of the second transgression (Liu et al., 2009, 2016), and
suggested its correlation with MIS 3. The earliest transgression (T-3) was then interpreted as a result
of the sea-level highstand during MIS 5, based on the correlation between the transgression in the
Bohai Sea and warm periods from the deep-sea oxygen isotope records (Liu et al., 2016; Spratt and

Lisiecki, 2016).

With the development of optically stimulated luminescence (OSL) dating, the previous radiocarbon
results have been re-evaluated. Since the dating limit has been largely extended by using OSL dating,
the radiocarbon ages close to the upper limit are thought to be unreliable and most likely
underestimate the true age. In the last 15 years, luminescence dating method has been significantly
improved and widely applied to determine the age of various deposits along the Bohai Coast (e.g.
aeolian deposits: Du et al., 2016; Xu et al., 2015, in press; coastal cores: Liu et al., 2016; Yi et al., 2013;
Zhao et al., 2002; oyster reef: Zhang et al., 2007). To constrain the timing of the main transgressions,

several coastal cores in the Bohai Coast have been dated using luminescence dating (Fig. 1.1).

The OSL samples collected from the latest transgression (T-1) were mainly dated using the quartz
OSL signal. The quartz OSL ages range from 0.22+0.20 to 10.8+0.1 ka. The quartz OSL ages for T-1 are
broadly consistent with the radiocarbon dates and considered to be reliable for core BH-2 (Yi et al.,
2013). It is also concluded that the feldspar infrared stimulated luminescence (IRSL) ages agree with
the radiocarbon age in the validation study using feldspar IRSL dating by Zhao et al. (2002). However,
the bleaching characteristics for the quartz OSL signal were barely discussed, restricted to a
comparison of OSL ages using different grain sizes solely for core sediments from the South Bohai Coast
(Yi et al., 2013). As the transportation process and sources vary in different bays, it is mandatory to
investigate the degree of bleaching for the luminescence signals prior to the application of OSL dating
for the coastal deposits. It is possible that the luminescence signals are partially bleached in the water-

lain environment and thus resulting in age overestimation (Wallinga, 2002. See details in Chapter 1.3).

The terrestrial layer R-1, i.e. between T-1 and T-2, was dated using quartz OSL, feldspar IRSL and
post-IR IRSL signal (pIRIR) signals in previous studies. The quartz OSL ages for R-1 spread between
10.0+0.7 and 73.6+6.0 ka with the density peak centred between ca. 10 and 30 ka (Fig. 1.4). The quartz
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OSL signal normally reaches saturation at ca. 150 Gy (Chapot et al., 2012). This is equivalent to ca. 40-
80 ka for the Bohai sediments, if we use typical quartz environmental dose rates of 2-4 Gy/ka. Thus,
the R-1 quartz ages are thought to be reliable. The feldspar IRSL ages ranging from 30 to 50 ka as
determined by Zhao et al. (2002) for the R-1 deposition are well discussed and provide a reliable
chronology. However, the pIRIR ages of 10419 to 157+10 ka for R-1 for sediments from cores BT113
and BT114, as proposed by Chen et al. (2012), are significantly overestimated, most likely owing to

insufficient bleaching (Fig. 1.4. See details in Chapter 1.3).

The quartz ages related to T-2, between 23+2 and 128+12 ka, were yielded from sediments from
different cores. There are two main age clusters, correlating to MIS 4 and 5(Fig. 1.4). The feldspar pIRIR
ages range from ca. 110 to 140 ka (Chen et al., 2012). For the underlying terrestrial layer R-2, the quartz
OSL ages are between 6016 and 144114 ka, which correlates to MIS 6-4. The quartz OSL ages for the
underlying T-3 range from 889 to 127+10 ka. In each case, the corresponding quartz equivalent doses
are larger than 300 Gy (Yan et al., 2006; Chen et al., 2008; Liu et al., 2016). Chen et al. (2012) used K-
feldspar pIRIR dating for the Pleistocene succession in cores BT113 and BT114 (Fig. 1.1). The ages are
between 144+11 and 200114 ka for the layers R-2 and R-3, respectively (Fig. 1.4).

Concerning the upper quartz OSL timing, most of the MIS 4 ages under discussion fulfil quality
criteria and appear to be reliable. However, the high doses associated with quartz OSL ages of 90-130
ka for T-2, R-2 or T-3 from several cores (Chen et al., 2008; Liu et al., 2016; Yan et al., 2006; Yi et al.,
2013), indicating that the quartz OSL signal is very likely beyond the saturation threshold, and hence
the clustered quartz ages should be regarded as minimum ages. Thus, some of the old quartz OSL ages
should be reassessed. Insufficient signal bleaching, which could result in age overestimation, is also a
potential problem for the water-lain sediments. Most of the dating results for transgression and
regression in the Bohai Coast were published without detailed information and sufficient discussion,
hence it is challenging to evaluate their reliability. The quartz OSL ages determined using equivalent
doses larger than 300 Gy very likely underestimate the timing of sedimentation (i.e. T-2 in Liu et al.

(2016) and T-3 in Chen et al. (2008)).



Chapter 1 Introduction 11

Legend 1 - Legend 2 - ages in this study
2 50 O T4 E Ry ¥ 1™ Ry T3 X Ry 0TS XT|es AR (core LZK06)
2 —_— —_— — A g X gg tls O T4
3 40 T s & 7, ) i
g = 3xldsilg| |° ok
2 A ¢ O ®T2
o 30 .
_E @ R-2
(]
E ®T3
E ® R3
o 1 !
0 T T | m (|
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
Age (ka)

Fig. 1.4 Summary of the published OSL ages in the Bohai Coastal area. The dating results for core LZK06 are included for
comparison (see details in Chapter 4.3). The luminescence ages are from the dated cores in drawn in Fig 1.1.

The pIRIR ages were determined using equivalent doses of ca. 300-700 Gy in Chen et al. (2012), is
well below the saturation (ca. 1000 Gy) and therefore allowing to largely extend the dating range
compared with the quartz OSL signal. However, anomalous fading and signal bleaching characteristics
of the pIRIR signal were not investigated (pers. communication Chen, 2016). Although fading for pIRIR
signal is relatively insignificant compared with the conventional IRSL signal (See details in Chapter 1.3),
it could result in large underestimation for relatively old ages. As the dated materials are all from the
water-lain environment, bleaching is also a crucial issue which should be explored. Indeed it has been
demonstrated that the pIRIR signal bleaches much slower than the quartz OSL signal and the low

temperature IRSL signals (Kars et al., 2014; Colarossi et al., 2015; Tsukamoto et al., 2017).

1.3.3 Development of optically stimulated luminescence (OSL) dating approaches
1.3.3.1 Brief principles of OSL dating

Luminescence dating is used to determine the time elapsed since the sediments were last exposed to
daylight (optical) or heated (thermal). The luminescence signal stored in the minerals (mainly quartz
and feldspar used) of the deposits can be either optically (optically stimulated luminescence (OSL);
Huntley et al., 1985) or thermally (thermoluminescence (TL); Aitken, 1985) stimulated. Basically, during
erosion and transportation, the light-sensitive signals in minerals are zeroed in response to daylight
exposure. When the sediments are deposited and buried, the mineral grains are isolated from the
sunlight, and the luminescence signal accumulates again mainly as a consequence of radioactivity from
the surrounding materials. When using luminescence dating method, the total dose absorbed during
the last burial period, known as equivalent dose, is determined in the laboratory. If the luminescence
signal was not fully reset before deposition, the problem of insufficient bleaching will arise (Fig. 1.5).
Assuming that the OSL signal has been properly bleached prior deposition, the burial time can be
calculated by dividing the measured equivalent dose by the environmental dose rate, which is shown

as
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Age (ka) = % (1.1)
where D, is the equivalent dose and D is the environmental dose rate. In the laboratory, D, for the
separated mineral (quartz and feldspar) can be determined by quantifying the relationship between
the natural and artificial luminescence intensities. To determine the environmental dose rate, the
radioactivity of the surrounding sediments, i.e. the concentrations of the radionuclides, is measured
by gamma spectrometry or neutron activation analysis. The cosmic dose rate is calculated according
to the geographic position, elevation and depth (Prescott and Stephan, 1982). Furthermore, as water
in the sediments will attenuate the ionising radiation, water content of the material should be carefully

determined.

/' sampling

Fig. 1.5 Resetting and accumulation of
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Time ¢t al., 2008).

1.3.3.2 Luminescence dating: main dosimeters and application

Quartz is the most favoured dosimeter applied in luminescence dating due to its abundance in the
sediments. It is also advantageous for luminescence dating, in terms of rapid bleaching (Godfrey-Smith
et al., 1988) and lack of anomalous fading. Under optical stimulation at 470 nm, the quartz OSL signal
is generally detected using optical filters that pass wavelengths centred at 340 nm. The quartz OSL
dating was previously reviewed by Preusser et al. (2008) and more recently by Wintle and Adamiec
(2017). Since the single-aliquot regenerative-dose (SAR) protocol was developed (Murray and Wintle,
2000, 2003), quartz OSL dating has been widely applied for sediment dating from various environments
(e.g. Fuchs and Owen, 2008; Lamothe, 2016; Long et al., 2012; Roberts, 2008; Wallinga, 2002). In the
SAR protocol, a test dose is exploited to correct sensitivity changes following each regenerative dose,
which is used to artificially simulate the natural signal growth in response to increasing absorbed dose.
After fitting the dose response curve, the natural OSL intensity, which is measured prior to the
regenerative procedure, is projected onto the dose response curve to retrieve the equivalent dose,

representing the palaeo-dose accumulated during the last depositional period, and corresponding to
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the time elapsed since the last exposure to daylight. Prior to the estimation of the equivalent dose,
appropriateness of thermal treatment is determined by several performance tests, i.e. the preheat
plateau, dose recovery and thermal transfer tests. Recycling ratio and recuperation are also crucial
criteria to evaluate the applicability of the SAR protocol using specific thermal treatment (Wintle and

Murray, 2006).

The upper dating limit for the conventional quartz OSL signal corresponds to a maximum dose of
ca. 150 Gy, equivalent to 50-75 ka assuming an environmental dose rate of ca. 2-3 Gy/ka (Timar-Gabor
et al., 2010). The maximum dating range is generally quantified utilizing the 2D, value of the dose
response curve, representing a saturation level of 86%, when the dose response curve is fitted using
the single saturating exponential function (Wintle and Murray, 2006). Several young quartz samples
were measured using the SAR protocol, showing that quartz OSL dating could yield reliable ages as
young as few decades (Madsen and Murray, 2009). However, problems of quartz OSL dating should be
addressed. First, for very young deposits, quartz OSL dating might be problematic, as the quartz grains
are too dim to provide a high enough signal to noise ratio, especially when the environmental dose
rate is low (Madsen and Murray, 2009). Second, some studies show discrepancies of luminescence
characteristics for different grain-size fractions, as the fine grained quartz OSL ages are likely
underestimated when D, is larger than 100 Gy. This grain-size effect was reported and investigated
recently using the reference age controlled Chinese loess samples (Timar-Gabor et al., in press and the
references therein). Third, for samples from certain depositional environments, such as water-lain
(fluvial, glaciofluvial and coastal, etc.) deposits, a potential problem of signal partial bleaching may
arise due to the lack of daylight exposure during transportation and deposition. Insufficient bleaching
could be assessed and minimised by applying the single-grain dating approach (Duller, 2008) and
multiple age models (e.g. Galbraith et al., 1999). In addition, some volcanic quartz might also be

affected by significant fading (Tsukamoto et al., 2007).

Potassium rich (K-) Feldspar is another luminescence dosimeter commonly used, as proposed
initially by HUtt et al. (1988). During optical stimulation at 870 nm, the K-feldspar IRSL signal is generally
detected using optical filters that pass wavelengths centred at ca. 390 nm. Feldspar IRSL dating is
advantageous to extend the dating range as it has a much higher saturation dose than quartz OSL.
Moreover, the IRSL signal is much brighter than the quartz OSL signal and thus ensures a detectable
signal especially for young deposits (Preusser et al., 2008). After using the SAR protocol for IRSL dating
by Wallinga et al. (2000), the conventional K-feldspar IRSL signal stimulated at 50 °C has been applied
for dating (e.g. Frank et al., 2005; Wallinga et al., 2001; Frechen et al., 2009). However, there are
several disadvantages associated with the use of feldspar IRSL dating. First the feldspar IRSL signal is

less light sensitive than the quartz OSL signal, which results in a slower bleaching process during
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daylight exposure (Godfrey-Smith, 1988). The discrepancy of the bleaching rate may result in the
presence of a residual signal, which if not taken in account, may lead to age overestimation. Second,
the spontaneous signal loss during the depositional period, i.e. anomalous fading (Aitken, 1985), has
been observed, and can result to up to 30-40% age underestimation. Anomalous fading, as well as the

existing correction and minimising approaches, are summarised below.
1.3.3.3 Anomalous fading of K-feldspar luminescence signal

Anomalous fading, caused by quantum-mechanical tunnelling (Visocekas, 1985), was generally
observed for various feldspar minerals (Spooner, 1994), and could result in undesirable age
underestimation in feldspar luminescence dating. Some experimental observations for anomalous
fading for both the young and old faded feldspar luminescence ages were presented by Huntley and
Lian (2006). It showed that anomalous fading is related to the source of feldspar minerals,

concentrations of calcium and iron in the mineral, and received irradiation dose.
Fading correction models

To overcome anomalous fading for the conventional feldspar IRSL signal measured at 50°C (IRsg;
hereafter the subscript refers to the IR stimulation temperature), several fading correction models
have been proposed (Huntley and Lamothe, 2001; Kars et al., 2008; Lamothe et al., 2003; Wallinga et
al., 2007). Prior to fading correction, the fading rate for feldspar need first to be quantified in the
laboratory (e.g. Auclair et al., 2003; Huntley and Lamothe, 2001; Huntley, 2006), by measuring
repeatedly the luminescence intensities after variable storage times. The fading rate, g value (Aitken,
1985. generally normalized to 2days, g244ys: %/decade) was fitted with the following logarithmic decay

function:

I'=1Ic[1--% logy (ti)] (1.2)

where I is the intensity at an arbitrary time t. (Huntley and Lamothe, 2001. Fig. 1.6). However, the
logarithmic decay cannot explain the experimental data for very short and long-term signal decay
(Huntley and Lamothe, 2001). An alternative model to describe anomalous fading was proposed by
Huntley (2006), which explained the tunnelling of electron to a nearby recombination centre using
power-law decay (See equation 2.2). In contrast to the g value after Huntley and Lamothe (2001), the
density of recombination centres, referred to as p’, is used to quantify anomalous fading (Fig. 1.6). The
relationship between the laboratory determined fading rates, i.e. g and p’, and irradiation dose or the
related natural intensity were investigated in several studies (Huntley and Lian, 2006; Lamothe et al.,

2012; Liand Li, 2008; Li et al., 2016; Wallinga et al., 2007). The results showed that the fading rates are
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probably irradiation dose dependent, which should be carefully investigated before the application of

fading correction using different models.

Mg o™ 2.19%/decade

LT

Fig. 1.6 Comparison of fittings between logarithm (dotted

0 .- h line) and power-law decay (solid line) of the luminescence
= o' = 1,505 101

— signal. The red dots represent the measured luminescence

| | | | | | | | intensities after arbitrary delay times. The sample (lab code:
102 10° 102 10% 108

Delay time (s) LUM1510) was collected from core Heidelberg UniNord1.

Several fading correction models have been proposed during the last two decades. Huntley and
Lamothe (2001) presented a correction procedure applicable for the linear part of the signal growth,
which could theoretically be used to correct fading for ages up to 20-50 ka. For the correction of older
samples, a procedure was proposed by Lamothe et al. (2003), named the dose-rate correction method,
which was considered to be applicable for ages falling into the linear part of the dose response curve
to ages close to the signal saturation. This model is using a signal loss factor based upon the
relationship between the laboratory and environmental dose rates (See equation 2.1). Wallinga et al.
(2007) modified the fading correction model after Lamothe et al. (2003). The signal loss factor is used
to correct the laboratory luminescence intensities, which are then used to construct a faded dose
response curve. All the fading correction models mentioned above are according to the logarithm
function-fitted fading rate, i.e. g value (Aitken, 1985). On the contrary, Kars et al. (2008) proposed a
fading correction model according to the power-law decay of tunnelling in Huntley (2006), which is
used to simulate the natural dose growth including fading. The measured, unfaded and simulated dose
response curves can be constructed and the saturation level for the conventional feldspar IRso signal
was yielded (See details in Chapter 2.1). After a comparison between the natural and simulated
saturation levels, the results showed that there is potential fading over-correction of ca. 10%. Although
these fading correction models have existed for at least a decade, the reliability of these models has

not been thoroughly investigated using independent age-controlled materials.
Athermally more stable feldspar luminescence signals

To minimise anomalous fading, some novel feldspar luminescence signals, which are more athermally
stable, were investigated and proposed in the last decade. Thomsen et al. (2008) first compared the
laboratory determined fading rates for the conventional IRsp and the post-IR IRSL (pIRIR) signal

stimulated at higher temperatures, both detected through a blue filter pack. The results showed that
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the fading rates for the pIRIR signals decreased with the increasing stimulation temperatures. Buylaert
et al. (2009) further tested the plRIR22s sighal measured following a preheat at 250 °C and an IR
stimulation. The applicability of this approach was assessed in terms of dose recovery, recycling and
recuperation. The much smaller fading rate compared to that for IRso was promising to minimise fading.
Furthermore, Thiel et al. (2011) found that the pIRIR90 signal after preheating at 320 °C and IRso
stimulation was in saturation for loess samples in Austria. The plIRIR290 signal was thus considered to
be non-fading, and no need for fading correction. Fading rates of 1-1.5%/decade were actually
measured but regarded as laboratory artefact from fading experiment and so negligible (Buylaert et
al.,, 2012). In the meantime, the multiple-elevated temperature (MET) post-IR IRSL signals were
investigated by Li and Li (2011). Using the SAR protocol (Murray and Wintle, 2000), a set of IR
stimulation at 50, 100, 150, 200, 250 °C after preheating at 300 °C was conducted to investigate the
characteristics for all the signals in terms of fading, bleaching and age. The ages from the MET-pIRIR
signal stimulated at 200 and 250 °C (last study showing those at 250 and 300 °C after preheating at
320 °C. Li and Li, 2012) agreed with the independent chronology, and therefore, these MET-pIRIR

signals were also considered to be non-fading.

Both the two-step and MET-pIRIR signals show that these feldspar luminescence signal tends to be
more athermally stable with increased stimulation temperature, as shown by the generally decreased
trend of fading rate (Li and Li, 2011; Zhang et al., 2015). It is promising to minimise fading to yield a
non-fading signal, for which no fading correction is needed. During the last decade, the pIRIR,9 and
MET-pIRIR250 signals have been widely applied to date the sediments from various environments (e.g.
Buylaert et al., 2013; Li and Li, 2012; Lowick et al., 2012; Schmidt et al., 2014). However, in several
studies non-negligible fading was observed for the pIRIR29 signal, which requires further investigation

(Li et al., 2014 and the references therein).

Furthermore, more and more studies have shown that the pIRIR signal stimulated at higher
temperature is more difficult to bleach (e.g. Li and Li, 2011; Kars et al., 2014; Colarossi et al., 2015;
Tsukamoto et al., 2017). The slow bleaching rate increases the risk of insufficient signal resetting and
significant residual signal, which in turn may yield to age significantly overestimated. Investigations in
the suitability of the pIRIRg signal to date several modern sediments were carried out, showing that
the residual doses dominated the laboratory determined equivalent dose, and yielded large age
overestimates (e.g. Buylaert et al., 2011; Alexanderson and Murray, 2012). Therefore, it should be
avoided to apply the high temperature stimulated pIRIR luminescence dating for young deposits. In
order to avoid large residual doses and permit the dating of young deposits, pIRIR protocols with low
preheat and stimulation temperatures were later developed. Reimann et al. (2011) proved that the
two-step pIRIR dating results measured at 180 °C (pIRIR1s0) are in agreement with quartz ages and

radiocarbon dates, after subtracting the residual dose. Madsen et al. (2011) and Reimann and
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Tsukamoto (2012) proposed the pIRIR protocol with preheating at 180 °C and pIRIR stimulation at
150 °C (pIRIR1s0) to date young coastal sand deposits. Fu and Li (2013) modified the MET-pIRIR protocol
with low stimulation temperatures up to 170 °C for dating Holocene samples. The low temperature
stimulated pIRIR signals have been applied successfully for the Holocene aeolian deposits, lacustrine
sediments and marine deposits using coarse-grained feldspar and polymineral fine-grained materials

(e.g. Long et al., 2014, 2015; Yang et al., 2015).

An alternative athermally stable signal, known as the pulsed IRSL signal, was investigated during
the last decade (Jain and Ankjeergaard, 2011; Jain et al., 2015; Tsukamoto et al., 2006, 2017). The
pulsed IRSL signal was previously reported to be more stable than the continuous wave IR signal
(Sanderson and Clark, 1994). The pulsed IRso signal is advantageous to improve both the bleachability
and athermal stability compared with the elevated temperature pIRIR signals. Recently, Tsukamoto et
al. (2017) thoroughly investigated the pulsed IRso signal from three fluvial samples with reference ages,
in terms of bleaching rate, anomalous fading and thermal stability. Comparisons with the two-step
pIRIR22s and plIRIR2g0 signals were systematically conducted. The results showed that bleaching rate for
the pulsed IRso signal was similar with the CW IRs signal. It is also as stable as the pIRIR signals.

However, this signal has not been widely applied for dating the Quaternary sediments.

According to the distinguishable bleaching rate for the feldspar luminescence signals stimulated at
various temperatures, if the fast-bleached and slow-bleached signals yield consistent ages, the fast-
bleached signal is considered to be well bleached during the last depositional event. Consequently,
recent studies compared the ages obtained from multiple signals to evaluate the degree of bleaching

for the luminescence signal (Murray et al., 2012; Reimann et al., 2015; Yang et al., 2015).

1.4 Outline of the thesis

The thesis consists of six chapters. In the Chapter 1, | have broadly presented the objectives, study area
and and studied materials, and the current state of knowledge. The coming four chapters (2-5) include

five manuscripts which have been published, submitted or will be submitted to peer-reviewed journals.

Chapter 2 contains two manuscripts, presenting the validation of fading correction methods for K-
feldspar IR and pIRIR ages beyond the linear part of dose response curve. In Chapter 2.1, the fluvial
deposits collected from core Heidelberg UniNordl in the Heidelberg Basin are dated using the K-
feldspar pIRIR225 and pIRIR2g0 protocols. Two fading correction models are used to correct the apparent
feldspar ages. The fading corrected ages are compared with the regional biostratigraphy from pollen
analysis and palaeomagnetic results, which provide a reference age control, in order to assess the
reliability of different fading correction models. Chapter 2.2 further tests the reliability of fading

correction models for feldspar samples below and near saturation using Chinese loess-palaeosol
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sequences. The reference ages and environmental dose rates for the Chinese loess are first used to
estimate the expected accumulated doses, which are then used to construct the natural dose response
curve for the three feldspar luminescence signals, (IRso (pre-plRIR22s), pIRIR225s and pulsed IRsp). The
simulated dose response curve after fading correction is compared with the natural one to evaluate
the appropriateness of the fading correction models. The manuscript associated to Chapter 2.1 is
published in journal Boreas. The content in Chapter 2.2 is submitted to the journal Radiation

Measurements.

In Chapter 3, the chronology of a sand dune in the Lower Liao Plain is well established using quartz
optically stimulated luminescence (OSL) dating method. As the sand dune is situated in the range of
the Holocene maximum sea flooding, the relationship between sand accumulation and sea-level
change is discussed to understand whether the dune developed close to the coast or further inland In
addition, the suitability of potassium feldspar post-infrared (IR) infrared stimulated luminescence (IRSL)
dating protocol at low stimulation temperature (150°C) for the young sand sediments is investigated.
The driving factors of sand accumulation are finally discussed in aspects of climate change and human

activity. The content of Chapter 3 is published in the journal Geochronometria.

Chapter 4 represents the reconstruction of accumulation history during the Holocene for the North
Bohai Coast China according to a refined chronology by luminescence dating. First, the degree of
bleaching for multiple luminescence signals, i.e. the quartz OSL, K-feldspar IRso, pIRIR1s0 and pIRIR2zs
signals is fully investigated by comparing the ages from 1) different luminescence signals and
radiocarbon dating, and 2) different aliquot sizes for quartz. The age comparison is also to performed
to validate the applicability of K-feldspar pIRIR dating for the pre-Holocene Bohai samples.
Subsequently, the chronology of sedimentation documented in core LZK06 since the late Pleistocene
is established using the most reliable luminescence ages. The stratigraphic correlation in the North
Bohai Coast is conducted using both the lithological and age constraints from the studied core LZK0O6
and the other three reference cores. The variation of sediment accumulation during the Holocene is
recognised by estimating the sediment increments according to the luminescence chronology and
historical shoreline migrations, for which the driving factors are also discussed. The manuscript on the

basis of this study is published in Journal of Asian Earth Sciences.

Following the evaluation of the existing fading correction models in Chapter 2, as well as the
validation of feldspar pIRIR dating for the Bohai samples in Chapter 4, the application of feldspar
luminescence dating for the relatively old samples in core LZKO6 is presented in Chapter 5. The
motivation of this study is to investigate the timing of the three transgressions since the Middle
Pleistocene in the Bohai Coast. The relationship between anomalous fading and signal saturation level

for both pIRIR22s and plIRIR2g is discussed. The bleaching characteristics for these two signals are



Chapter 1 Introduction 19

investigated by age comparison. The reliable feldspar pIRIR ages, in conjunction with the quartz OSL
ages presented in Chapter 4, are used to construct the age-depth model. Timing of the three

transgressions is determined and its correlation to the driving factors are discussed.

Chapter 6 comprises the main conclusions drawn from all the studies included in the thesis and
the outlook for further research. Main contributions from the five manuscripts in terms of Bohai Sea

coast evolution and methodology of luminescence dating are outlined.
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Chapter 2 Reliability assessment of fading correction for the K-
feldspar luminescence signals using reference chronologies

In this chapter, the reliability of fading correction methods for feldspar luminescence ages is
investigated using the fluvial deposits from the loess-palaeosol deposits from the Chinese Loess
Plateau (Chapter 2.1) and the Heidelberg Basin (Upper Rhine Graben. Chapter 2.2), which hold the
reference chronologies from orbital tuning, palynological stratigraphy and palaeomagnetism
respectively. Reliability of two main fading correction models were evaluated by comparing 1) the

simulated and natural dose response curves, and 2) fading corrected and reference ages.
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Abstract

The reliability of the fading correction methods for feldspar infrared stimulated luminescence (IRSL)
dating in the non-linear part of the dose response curve proposed by Wallinga et al. (2007) (modified
from Lamothe et al., 2003) and Kars et al. (2008) was evaluated using samples from the Chinese loess-
palaeosol sequence in Luochuan with the reference ages. Two protocols, the post-infrared (IR) IRSL at
225 °C (pIRIR225) and the pulsed IR at 50 °C, were applied in this study. The natural dose response curve
(DRC) for the IRsp (pre-plRIR22s), pIRIR22s and pulsed IRsp was first constructed. The simulated-natural
DRC and the fading corrected ages were then determined. The characteristic saturation dose (Do) of
the simulated-natural DRC was found to be larger than that of the natural DRC for the IRso (pre-pIRIR22s)
and pIRIRzzs signals, whilst the two Do values agreed with each other for the pulsed IRso. The saturation
ratio (n/N) of the simulated-natural DRC agreed with the natural one within 10% uncertainty for all
three signals. The fading corrected ages using these two methods agreed with the reference ages,
confirming the reliability of the two fading correction methods. However, our numerical simulation on
the fading correction showed that the method by Wallinga et al. (2007) significantly overcorrect ages

when the fading rates are larger than ca. 4-5%/decade.

Keywords: Anomalous fading; Dose response curve; Saturation level; Characteristic dose; Chinese

loess

2.2.1 Introduction

The much higher saturation dose of the K-feldspar infrared stimulated luminescence (IRSL) signal
compared to the quartz optically stimulated luminescence (OSL) signal, should enable to significantly
extend the age range of luminescence dating. However, the IRSL signal is commonly affected by
athermal signal loss, known as anomalous fading (Spooner, 1994). It is most likely caused by quantum-
mechanical tunnelling (Visocekas, 1985), which results in age underestimation, and has therefore held
back the application of K-feldspar IRSL dating. During the last decade, several more athermally stable
luminescence signals were proposed and thoroughly investigated to overcome or minimise anomalous
fading, such as the post-IR IRSL signal at an elevated preheat temperature (pIRIR; Thomsen et al., 2008;
Buylaert et al., 2009), the multiple-elevated temperature pIRIR signal (MET-pIRIR; Li and Li, 2011) and
the pulsed IR signal (Jain and Ankjaergaard, 2011; Jain et al., 2015; Tsukamoto et al., 2006; 2017). In
particular, the pIRIR signal stimulated at 290°C (plIRIR290; the stimulation temperature is labelled as
subscripts) by Thiel et al. (2011) and the MET-pIRIR2so signals by Li and Li (2011) were thought to be
not affected by anomalous fading. However, these athermally stable signals tend to be more difficult
to bleach (Li and Li, 2011; Kars et al., 2014; Colarossi et al., 2015; Tsukamoto et al., 2017). Therefore,

for dating sediments from depositional environments where sufficient light exposure is known to be
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challenging (e.g. fluvial, glacial), it may be more suitable to use a signal which is faster to bleach
although still slightly fading, such as pIRIR22s and pulsed IRso, combined with a proper fading correction.

The fading correction method of Huntley and Lamothe (2001) predicts a logarithmic decay of a
luminescence signal with decadal time, and is only applicable for the linear part of the dose response
curve (DRC), corresponding to ages not older than 20-50 ka. To correct anomalous fading for older
ages lying in the non-linear part of the DRC up to saturation, Lamothe et al. (2003) proposed the ‘dose-
rate fading correction” method, based upon the relationship between the laboratory and
environmental dose rates. Using this method, a fading corrected DRC can be constructed, representing
a fading corrected DRC which is affected by anomalous fading during the burial time (Wallinga et al.,
2007). A new physical model of anomalous fading was proposed by Huntley (2006), based upon a
power-law decay of the luminescence signal due to the tunnelling of electrons to the nearest
neighbour recombination centre. Kars et al. (2008) presented a fading correction method using the
model of Huntley (2006); they reconstructed a simulated-natural DRC and predicted the natural
saturation level and the fading corrected age. This method was tested using fluvial sediment samples
from the Roer Valley Graben and the fading corrected ages agreed with the corresponding quartz OSL
ages (Kars et al., 2009). However, the reliability of these fading correction methods for the part of dose
non-linearly growing up to saturation has not yet been thoroughly tested against independent age
control. In addition, the accuracy of the simulated-natural DRC has not been evaluated by the natural
signal intensity plotted against the equivalent dose (De), i.e. the natural DRC.

The loess-palaeosol sequences from the Chinese Loess Plateau contain homogenous and quasi-
consistent wind-blown dusts with a well-established reference chronology based on the orbital tuning
of high resolution grain size and magnetic susceptibility records for the entire Quaternary (Liu et al.,
1985; Ding et al., 2002). Therefore, the Chinese Loess Plateau provides an ideal material to test the
reliability of the fading correction methods beyond the linear part of the DRC. Using this
chronostratigraphy, the natural and laboratory-generated DRCs were compared for the quartz
luminescence signals (e.g. Ankjaergaard et al., 2016; Chapot et al., 2012, 2016). The natural DRC was
also constructed for the K-feldspar IRSL (Li and Li, 2008) and MET-pIRIR (Li and Li, 2012) signals.

In this study, the accuracy of the fading correction methods following Lamothe et al. (2003) and
Kars et al. (2008) is assessed using K-feldspar samples from the Luochuan profile on the Chinese Loess
Plateau. The pIRIR22s and pulsed IRso protocols are applied to construct the natural DRC of the IRso (pre-
pIRIR225), pIRIR225s and pulsed IRso signals. The saturation ratio (n/N; Table 2.2.3 for the full detail about
the abbreviations used in this paper) and characteristic saturation dose (Do) of the simulated-natural
DRC are compared with those of the natural DRC for each luminescence signal. The reliability of the
fading correction methods is evaluated by comparing the fading corrected ages with the reference

chronology, and is further tested using numerical simulations.
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2.2.2 Samples and methodology

2.2.2.1 Sample collection and preparation

Eleven loess and palaeosol samples were collected from Unit SO (0-11 ka) to Unit L9 (865-943 ka) (Ding
et al., 2002) from the Luochuan profile (Fig. 2.2.1). The samples were either taken using steel cylinders
or as blocks. Under subdued red light, sample material was prepared for mineral separation. The 63-
100 um fraction was first isolated after wet-sieving. Carbonate and organic matter in the subsamples
were then removed using hydrochloric acid (HCl) and hydrogen peroxide (H,0,). The K-feldspar grains

were finally extracted after heavy liquid separation (<2.58 g/cm3).
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2.2.2.2 Luminescence instrumentation, protocols and dosimetry

Luminescence measurements were carried out using two automated Risg TL/OSL readers (DA-20),
both equipped with a %°Y/*°Sr beta source. The dose rates of the two beta sources (D) are ca. 0.12
and 0.13 Gy/s, respectively. The K-feldspar luminescence signals in the UV-blue wavelengths (320-480
nm) were detected during the infrared stimulation at 87040 nm. The plRIR2;s protocol following
Thomsen et al. (2008) and the pulsed IRso protocol following Tsukamoto et al. (2017) were applied
(Table 2.2.1). The initial 5 s of the signal was subtracted by the last 15 s to calculate the intensities of
the IRso (pre-plIRIR225) and plRIR22s, while the signal between 10 and 30 s was subtracted by the last 50
s for pulsed IRso (Fig. 2.2.2). The on-time and off-time of the IR-LEDs were set to 100 and 400 ps
respectively in the pulsed IRso protocol. The pulsed IRsg signal was recorded after rejecting the initial

100 ps of the off-time.

For each sample, six aliquots were measured to determine the sensitivity corrected natural
luminescence intensity (/) for each signal. The full DRC was measured using three of the six aliquots

for all samples for pIRIR22s, and eight samples for pulsed IRso (Fig. 2.2.1). A constant test dose of ca.
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254 Gy was exploited to normalise the luminescence sensitivity for all the natural and regenerative

intensities.

The concentrations of uranium (U, ppm), thorium (Th, ppm) and potassium (K, %) of the sediments

were measured using both neutron activation analysis (NAA) and high-resolution gamma spectrometry,

and the mean concentrations from both analyses were used to determine the total environmental

dose rate (Table 2.2.2). The environmental dose rate was calculated using the estimated water

contents of 15+5% and 20+5% for the loess and palaeosol samples, respectively (e.g. Lu et al., 2007).

The conversion factors of Guérin (2011) and beta attenuation factors of Mejdahl (1979) were used.

The cosmic dose rate was calculated following Prescott and Hutton (1994). The a-value was set to

0.09+0.02 following Balescu et al. (2007). The internal dose rate was calculated using K concentration

of 12.5+0.5% (Huntley and Baril, 1997) and 8’Rb content of 400+100 ppm (Huntley and Hancock, 2001).

The results of environmental dose rate are shown in Table 2.2.2.

Table 2.2.1 Details of the applied protocols.

pOSt-l R IRSL;25 (lelezs)

pulsed IRSLso (pulsed IRso)

Step Treatment Observed Step Treatment Observed
1 N, beta dose 1 N, beta dose
2 Preheat for 60 s at 250 °C 2 Preheat for 60 s at 250 °C
3 IR stimulation for 110 s at 50 °C Ln, Li 3 Pulsed IR stimulation for 500 s at 50 °C ® Ln, Li
4 IR stimulation for 210 s at 225 °C Ln, Li 4 Beta dose (Test dose) 2
5 Beta dose (Test dose) 2 5 Preheat for 60 s at 250 °C
6 Preheat for 60 s at 250 °C 6 Pulsed IR stimulation for 500 s at 50 °C Tn, Ti
7 IR stimulation for 110 s at 50 °C Tn, Ti 7 Returnto 1
8 IR stimulation for 210 s at 225 °C Tn, Ti
9 Returnto 1

a Test dose of ca. 254 Gy is given for the natural intensity and laboratory DRC measurements.
100 us on-time and 400 ps off-time. Intensity was recorded between 100-400 us of the off-time period.
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Figure 2.2.2 Decay curves and integration limits for the three signals. The initial 5 s of the signal was subtracted by the last
15 s to calculate the intensities of the IRsg (pre-plIRIR225) and pIRIR22s, while the signal between 10 and 30 s was subtracted

by the last 50 s for pulsed IRso.
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2.2.3 Natural and laboratory DRCs

The reference ages for the loess and palaeosol samples were calculated assuming a constant
accumulation rate between the boundary ages for the loess-palaeosol transitions determined by Ding
et al. (2002) (Table 2.2.2). The expected natural dose was calculated by multiplying the reference age
by dose rate (D). The natural DRC was built by plotting /, against the associated expected natural dose,
and then was fitted with a single saturating exponential function (Fig. 2.2.3). The saturation intensity
(/5) of the natural DRCs was calculated to 1.82+0.03, 1.77+0.03 and 1.57+0.04 for IRso (pre-pIRIR225),
pIRIR22s and pulsed IRso, with the corresponding characteristic saturation dose (referred to as (Do)nat)
of 592426, 452+23 and 425+30 Gy, respectively. Thus, the upper dating limit of each signal was
estimated to ca. 300, 230 and 210 ka for the IRsp (pre-plRIR22s), pIRIR22s and pulsed IRso signals,
respectively, according to a mean dose rate of 4 Gy/ka and the 2D, value (Wintle and Murray, 2006).
To evaluate the reliability of the fading corrected ages from the simulated-natural DRC, especially for
the samples in saturation, the natural DRC-generated age was also determined by interpolation of the
natural signal intensity onto the natural DRC (Table 2.2.4). However, several of the natural DRC-
generated ages are slightly inconsistent with the reference ages, suggesting that the reference ages

might contain uncertainty.

The laboratory DRC of the IRso (pre-plRIR225), pIRIR225 and pulsed IRsg signals was constructed based
on the luminescence signal measurement for increasing regenerative doses up to ca. 4400 Gy to reach
the laboratory saturation. The recycling ratios of 0.9-1.1 and recuperations smaller than 5% were
acceptable for all the measured aliquots. Dose recovery and residual measurements were performed
after four-hour bleaching in a Honle SOL2 solar simulator. The dose recovery ratios for the IRso (pre-
pIRIR225) and plIRIR22s were generally satisfactory (~0.9) after subtracting the residual dose, whilst it
deviated by ~-20% from unity for the pulsed IRsg signal. For each sample, the laboratory DRC was fitted
with a single saturating exponential function. The D. value for each sample was obtained after

projecting the natural intensity onto the laboratory DRC (Fig. 2.2.3).
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Fig. 2.2.3 Laboratory and simulated-natural DRCs for sample LUM3706 (L1, the arrow in this figure) and the associated natural
dose response curve (DRC) for (a) IRso (pre-plIRIR225), (b) pIRIR225 and (c) pulsed IRso. The black solid and dashed lines show
the simulated natural DRC after the fading correction of Kars et al. (2008) (labelled as K) and Wallinga et al. (2007) (labelled
as W), respectively.
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2.2.4 Construction of the simulated-natural DRC and fading corrections

Prior to fading correction, the fading rate was measured for each signal following the Auclair et al.
(2003) procedure. A constant given dose of ca. 250 Gy was chosen for all samples to determine the
fading rate for the IRso (pre-pIRIR225), pIRIR225 and pulsed IRsg signals after confirming that there is no
significant dose dependency on the fading rate (Fig. 2.2.4). The measured luminescence intensities
were plotted against their corresponding delay times and then fitted with a logarithmic decay (Huntley
and Lamothe, 2001) to calculate gzdays (%/decade, delay time normalised to two days), and with a
power-law decay to determine the recombination centre density (p’; Huntley, 2006). Results for the

g2days and p” values are shown in Table 2.2.4.
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rates for each signal.

For the fading correction using the method of Lamothe et al. (2003), the measured I, was fading

corrected by

= _ 1 Diap
Ir =1 [1 glog (e 5 )] (2.7)
The corrected I, was then projected onto the laboratory DRC to infer the fading corrected D.. Based
upon this approach, Wallinga et al. (2007) multiplied the measured regenerated intensities (/x) with
the fading factor to construct the simulated-natural DRC. The measured I, was then projected onto the
simulated-natural DRC allowing the determination of the fading corrected D.. Both Lamothe et al.

(2003) and Wallinga et al. (2007) methods yield consistent fading corrected ages (Fig. 2.2.5). For a
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further comparison between natural and fading corrected DRCs, the modified method after Wallinga
et al. (2007) was applied in this study. Regarding the fading correction method by Kars et al. (2008),
the unfaded laboratory DRC was first constructed by eliminating fading effects from the measured
laboratory DRC. Parameters of /s and D, from the unfaded laboratory DRC, p’, Diss and D were then
used to construct the faded DRC. The fading corrected D. was determined by projecting I/, onto the

simulated-natural DRC (Fig. 2.2.6).

3
PIRIR,,;
11,
l Measured DRC
,3'2 ﬁﬁ\‘\ = = - - = =0
2 g Faded DRC
’ s
] (Wallinga et al., 2007)
c
O Fig. 2.2.5 Fading correction following Lamothe et al. (2003). The
&’ 5l natural intensity was corrected using the laboratory fading rate (g2days
Meas. | value) and then was projected onto the laboratory DRC to yield the
= fading corrected D.. The faded (simulated) DRC was constructed
following Wallinga et al. (2007). The regenerative intensities are
Fading corr. D, corrected by multiplying the laboratory measured intensities with the
0 T T T T T T 1 fading rate. After fitting with single saturating exponential equation,

0 1000 2000 3000 4000 5000 the fading corrected DRC is constructed. The laboratory determined
D, (Gy) natural intensity is plotted onto it to obtain the fading corrected D..
2.2.5 DRC and age comparisons
In order to evaluate the reliability of the fading correction methods in aspects of simulated-natural
DRCs and fading corrected ages, the saturation ratio (n/N), which represents the fraction of the filled
trap, and the characteristic saturation dose D, for the natural and simulated-natural DRCs were
compared. The ratio of the /s for the simulated-natural DRC to that of the unfaded laboratory DRC
represents the simulated saturation level, referred to as (n/N)s.¢, while the natural saturation ratio
(n/N)na: was calculated by dividing the /s for the natural DRC by that of the unfaded laboratory DRC. For
the IRso (pre-plIRIR225), the (n/N)snq values range between 0.38+0.07 to 0.70+0.06 for Kars et al. (2008),
while those range between 0.374£0.01 and 0.7310.01 following Wallinga et al. (2007). The associated

3 Unfaded laboratory DRC
PIRIR,,; 5 £
Is Measured DRC]
/
Bl
z» Simulated natural DRC
7]
£ Fig. 2.2.6 Fading correction following Kars et al. (2008). The unfaded
Z,' laboratory DRC is first built to eliminate fading during D. measurement and
= 17 construction of laboratory DRC. The characteristic saturation dose (DO),
saturation value of the unfaded laboratory DRC, the recombination-
. centre-density (p’) and the environmental dose rate are applied to
Fading corr. D, A 3 L
/ construct the simulated natural DRC. The fading corrected D, is finally
0 T T T 1 1 T T 1 determined after the laboratory natural intensity being projected onto the

0 1000 2000 3000 4000 5000 gjmulated natural DRC.
D, (Gy)
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(n/N)na: values are between 0.43+0.01 and 0.56+0.01, showing that the natural saturation levels
generally agree with the simulated ones for both methods, with an exception for LUM3705 (Unit S1)
(Fig. 2.2.7a, b). For the pIRIR2;s signal, the (n/N)snq values are between 0.63+0.06 and 0.84+0.04 for the
simulated-natural DRC after Kars et al. (2008), while those following Wallinga et al. (2007) vary from
0.66+0.01 to 0.86+0.01. The (n/N)sa: values are between 0.60+0.01 and 0.69+0.02, which are ~10%
smaller than the (n/N)snq. Slight overestimation within 10% of the (n/N)s.q is also observed for the
pulsed IRso (Fig. 2.2.7a, b). We also noticed that the (n/N)sns values derived after Kars et al. (2008) tend
to be slightly smaller than those using the Wallinga et al. (2007) method (Fig. 2.2.7c).

The Do value for the natural DRC is in general smaller than the Do for the simulated-natural DRCs
((Do)snq) for both the IRso (pre-plRIR225) and plIRIR22s signals. On the contrary, the discrepancy between
(Do)nat and (Do)sna is less pronounced for the pulsed IRsp signal (Fig. 2.2.7d-f). Note that the (Do)sns after
Wallinga et al. (2007) is equivalent to D, for the laboratory DRC. Our results show that the D, for the
simulated-natural DRC following Kars et al. (2008) was slightly larger than the corresponding Do by
Wallinga et al. (2007).
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Fig. 2.2.7 Comparison of (n/N) and D, values from the natural and simulated-natural DRCs for the IRso (pre-plIRazs), pIRIR22s
and pulsed IRsg signals. Comparison of simulated and natural saturation levels following (a) Kars et al. (2008) and (b) Wallinga
et al. (2007). (c) Comparison of (n/N)ss values after the two fading correction models. Comparison of Dy values for the natural
and simulated-natural DRCs after fading correction for (d) the IRso (pre-plR2zs), (€) pIRIR225 and (f) pulsed IRso. The shadow
area shows the Dy value of the natural DRC for each signal. Notice that Dy values after Wallinga et al. (2007) (blue solid circle)
equal to those for the laboratory DRCs.
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The fading corrected age was calculated by dividing the fading corrected D. by D. The signal was
regarded in saturation when the fading corrected D. was larger than the associated 2(Do)snd. A
minimum age was then determined using 2(Do)sns for these samples. As shown in Fig. 2.2.8, the fading
corrected ages after Kars et al. (2008) and Wallinga et al. (2007) are broadly in agreement, although
there is a slight tendency of underestimation for the Wallinga et al. (2007) method compared with the
Kars et al. (2008) method. Our results indicate that the IRso (pre-plRIR22s) signal reaches saturation at
ca. 350 ka. The upper finite IRso ages agree with the ages obtained from the natural DRC, and are
broadly consistent with the reference ages up to ca. 250 ka (Fig. 2.2.8a). Similarly, the upper dating
limit for the pIRIR,2s signal is estimated to be ca. 300 ka, based on the fading corrected DRC, while the
dating upper limit determined from the natural DRC s ca. 230 ka, as the (Do)nqt is generally smaller than
the (Do)sna. The finite fading corrected plRIR,2s ages are mostly consistent with both the natural-DRC
generated and orbital-tuned reference ages up to ca. 200 ka (Fig. 2.2.8b). The results suggest that
pIRIR225 enables the determination of reliable fading corrected ages despite both the (n/N)s.s and
(Do)sna are larger than the corresponding (n/N)na: and (Do)nat. The pulsed IRsg signal yielded similar (Do)ss
and (Do)nat, that resulted in a consistent upper dating limit of ca. 210 ka for both the natural and
simulated natural DRCs. As the (n/N)sq is in agreement with the (n/N)n.: within 10% uncertainty, the
finite fading corrected pulsed IRsg ages agree with the reference ages. Only for one sample (LUM3707,
S2) the finite fading corrected ages underestimate the reference age (Fig. 2.2.8), which could be
explained by the underestimated (Do)sna of only ca. 360 Gy (Fig. 2.2.7f). Overall, both the fading
correction methods following Kars et al. (2008) and Wallinga et al. (2007) are applicable for the studied

loess-palaeosol sequence.
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Fig. 2.2.8 Fading corrected ages were compared with the reference ages obtained from the natural DRC and the orbital tuned
ages (Ding et al., 2002). The shadow area demonstrates minimum age for each signal.
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2.2.6 Comparison of the two fading correction methods

The comparison of the DRC and fading corrected ages obtained by the two correction methods in the
previous section shows that the two methods yielded broadly consistent corrected ages. To test if both
methods are applicable for various fading rates, a numerical experiment of fading correction was
conducted for g values ranging from 0 to 11%/decade. The Do value of 640 Gy and /s value of 2.83 for
the laboratory DRC for IRsg (pre-pIRIR225) were used for the numerical simulations, based on the values
obtained from the fitting of the regenerative IRsq intensities from all the laboratory DRCs (Fig. 2.2.3a).
The representative D value was fixed to 4 Gy/ka. Dose rate for the beta source was set to 0.127 Gy/s.
g value of 0-11%/decade was divided into 110 intervals with a bin length of 0.1. The p’ value
corresponding to each g were then calculated and employed for the Kars et al. (2008) correction. The
Do and Is values for the simulated-natural DRCs following the two correction methods and for each
incrementing g value were determined using a single saturating exponential fitting approach. (Do)sng
value was constant 640 Gy after Wallinga et al. (2007), but was fading rate dependent for the
simulated-natural DRC following Kars et al. (2008) (Fig. 2.2.9a). The /; values were plotted against the
associated fading rates and fitted with linear and exponential decay for the results after Wallinga et al.
(2007) and Kars et al. (2008), respectively (Fig. 2.2.9b). It shows that the /; after the Kars et al. (2008)
method was slightly smaller, but broadly in agreement with that for simulated-natural DRC following
Wallinga et al. (2007), when the g value is smaller than ca. 4-5%/decade. The results are consistent
with the fading corrected results for Chinese loess and palaeosol samples shown above. Discrepancy
of the /s value arises when the g value is larger than ca. 4-5%/decade, as the /s value of Wallinga et al.
(2007) correction decreases more rapidly in the simulated-natural DRC than that for Kars et al. (2008)
(Fig. 2.2.9b). The fading corrected ages were then calculated based upon (Do)sns and /s values obtained
from modelling. It showed that the Kars et al. (2008) fading corrected ages are consistently slightly
larger than that after Wallinga et al. (2007) for g values smaller than ca. 4%/decade. With the increase
of g value, fading corrected ages following Wallinga et al. (2007) significantly overestimate that of the
corresponding Kars et al. (2008), as the discrepancy for the simulated /s becomes dominant in age

determination.
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Fig. 2.2.9 Modelling for comparison of fading corrected results using Kars et al. (2008) and Lamothe et al. (2003). Do for
simulated DRC after Lamothe et al. (2003) is equal to that for the laboratory DRC (Fig. 5A). The unit for g in Fig. 5C is %/decade.

2.2.7 Conclusions

In In this study, the natural dose response curve (DRC) for the Chinese loess profile is constructed using
the K-feldspar IRso (pre-plRIR22s), pIRIR225 and pulsed IRsg signals. After the fading correction following
Wallinga et al. (2007) (on the basis of the dose-rate fading correction by Lamothe et al., 2003) and Kars
et al. (2008), the simulated saturation level (n/N)sns, the characteristic saturation dose (Do)sns and the
fading corrected ages, are compared with the natural ones. The fading corrected results following

these two methods are contrasted with the reference ages. According to the results we conclude that:

e The upper dating limits of ca. 300, 230, and 210 ka are obtained from the natural DRCs for the
IRso (pre-pIRIR225), pIRIR22s and pulsed IRso signals.

e The (n/N)sm¢ value following both fading correction methods agrees with the associated
(n/N)nat within 10% uncertainty for IRso (pre-pIRIR225), pIRIR225 and pulsed IRsg. The (Do)sng Value
overestimates the associated (Do)nat for pIRIR225 and IRso (pre-plRIR22s), whilst the (Dg)sng value

is similar with the (Do)nat value for pulsed IRs.

e The Wallinga et al. (2007) method vyields broadly consistent ages with only slight
underestimation compared with those of the Kars et al. (2008) method for our samples, which

agree with the reference ages with uncertainty of the Luochuan loess-palaeosol stratigraphy.

e QOur results show that fading corrected ages after Wallinga et al. (2007) significantly
overestimate the results after Kars et al. (2008) when the fading rate is larger than ca. 4-

5%/decade.
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Table 2.2.2. Dose rate and expected natural equivalent dose (Gy) for the employed samples. The total dose rate is calculated using the mean concentrations of uranium, thorium and potassium
determined using neutron activation analysis and gamma spectrometry. Water contents of 15+5% and 20+5% are given to loess and palaeosol samples, respectively. Reference ages are following

Ding et al. (2002).

U (ppm) Th (ppm) K (%) Expected

LabID Sample Depth Dose rate Reference

natural
(Lum) 1D (m) NAA Gamma Mean NAA Gamma Mean NAA Gamma Mean (Gy/ka) age (ka)

dose (Gy)
3703 SO 1.1 2.37+£0.09 3.21+0.09 2.79+0.14 15.20+0.41 13.13+0.18 14.1610.43 2.11+0.06  2.20+0.07 2.16%0.10 4.19+0.16 5.5%5.5 2312
3704 L1-2 3.5 2.20+0.09  2.82+0.08  2.51+0.13 13.70+0.38 11.54+0.17 12.62+0.40 1.91+0.06 1.9340.07 1.92+0.09 4.12+0.16 28.5%2.9 117413
3705 S1-1 9.6 3.7910.14  2.83+0.08 3.31+0.16 15.20+0.41 13.66+0.18 14.4310.44 2.14+0.06  2.27+0.08 2.21+0.10 4.24+0.16 73%7 310433
3706 L2-1 11.9 2.21+0.09 2.26+0.08  2.24+0.12 9.49+0.28 10.06+0.16 9.78+0.32 1.47+0.05 1.62+0.06  1.55%#0.08 3.42+0.16 131413 449149
3707 S2-1 18.3 2.56+0.10 2.77+0.08 2.66+0.13 15.90+0.43 13.7840.19 14.84+0.45 2.05+0.06 2.11+0.07 2.08+0.10 3.98+0.15 198420 787184
3708 L3-1 22.2 3.45+0.12  2.59+0.08 3.02+0.14 11.90+0.33 11.56+0.17 11.73+0.37 1.67+0.06 1.81+0.07 1.74%0.09 3.87+0.16  269+27 1040+113
3709 S3-1 24.2 2.46+0.10 2.59+0.08  2.53+0.13 15.80+0.43 13.47+0.18 14.64+0.44 1.95+0.06 1.8840.07 1.92+0.09 3.78+0.15 314431 11884128
3710 L4-1 26.6 2.96+0.11  2.49+0.08 2.72+0.14 12.5040.35 11.68+0.17 12.09+0.38 1.77+0.06 1.86+0.07 1.82+0.09 3.89+0.16  346%35 13431146
3711 L5-1 325 3.6410.13 2.7510.08  3.19%+0.15 11.50+0.32 11.18+0.17 11.3410.36 1.64+0.05 1.81+0.07 1.73+0.09 3.85+0.17 429443 16531180
3712 L6-1 42.6 2.64+0.10 2.45+0.08  2.55+0.13  14.50+0.39 11.20+0.17  12.8510.40 1.69+0.06 1.80+0.07 1.75%#0.09 3.81+0.16 646165 2462+268

3713 L9-1 56.4 2.38+0.10 2.64+0.08  2.51+0.13  13.30+0.37 10.78+0.16  12.04+0.38 1.74+0.06  1.72+0.07 1.73%0.09 3.72+0.16 880+88 32774357




Table 2.2.3 Terminology and acronyms.
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Parameter (Unit)

Definition

Note

D.(Gy)
(n/N)

Do (Gy)

Diab (GY/s)

In

D (Gy/ka)

Is

G2days (%/decade)
g

Equivalent dose
Saturation ratio or the fraction of the filled trap

Characteristic saturation dose for the DRC

Dose rate of the beta source
Natural luminescence intensity
Environmental dose rate
Saturation intensity

Fading rate measured in laboratory
Recombination centre density

(n/N)natis the saturation ratio for the natural DRC, estimated by dividing the saturation
value of the natural DRC by the saturation value (/s) of the unfaded laboratory DRC.
(n/N)snais the saturation ratio for the simulated-natural DRC, showing the ratio of the
saturation value of the simulated natural DRC over the saturation value of the unfaded
laboratory DRC (same as the term (n/N)ssin Guralnik et al.(2015)).

(Do)nat and (Do)sna are the characteristic saturation doses for the natural and simulated
natural DRCs, respectively.

Following Huntley and Lamothe (2001)
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Table 2.2.4. Results of fading correction for the loess and palaeosol samples using the IRsg (pre-pIRIR225), pIRIR225 and pulsed IRsg signals.

70

J2da (Do)ss? (Dg)ssP Apparent Fading Fading natbRC Reference
Lab ID Signal . (yjs de) p’ (x10)  (n/N)ss? (n/N)ssb (n/N)pat (G )Ss (G )Ss De (Gy) (ka) corrected corrected generated  (ka)
(%/decade ¥ ¥ age (ka age? (ka) age® (ka) age* (ka) age” lka

IR50 5.39+£0.91 3.62+0.62 0.38+0.07 0.37+0.01 0.43+0.01 68318 674+14 10%1 2.5+0.3 4.61£1.1 4.610.6 3.4+0.5

LUM3703 pIRIR225 2.47+0.46 1.73+0.32 0.63+0.06 0.66+0.01 0.60+0.01 569+13 564115 15%1 3.610.2 5.01£0.6 4.6+0.3 4.0+1.1 5.5#5.5
pulsed IRsg 1.44+0.27 1.00£0.19 0.77+0.05 0.791#0.02 0.70+0.02 45117 448+19 13%1 3.1+0.2 3.7t0.4 3.5:£0.3 3.7t0.4
IRs0 3.58+0.45 2.4310.31 0.51#0.05 0.54+0.01 0.50+0.01 664+16 656+18 78+3 2011 3243 30+2 2913

LUM3704 pIRIR225 1.16+0.26 0.811+0.18 0.80+0.05 0.83+0.01 0.65+0.02 579+19 576120 98+4 25+1 2942 28+2 3013 2943
pulsed IRsg 1.26+0.26 0.8740.18 0.80+0.05 0.82+0.02 0.73+0.02 431417 428+13 9443 24+1 2942 2712 3013
IRs50 1.91+0.39 1.30+£0.27 0.70+£0.06 0.73+0.01 0.56£0.01 654114 650116 2056 48+2 6316 5943 7718

LUM3705 pIRIR225 0.94£0.20 0.65£0.14 0.84+0.04 0.86+0.01 0.69+0.02 527415 525+16 24019 56+3 6514 6213 7417 7317
pulsed IRsg 1.60+0.40 1.10+£0.28 0.75+£0.07 0.77+0.03 0.72+0.02 428120 424421 241+13 56%4 7318 6915 757
IRs0 3.5940.19 2.41+0.13 0.51+0.02 0.54+0.01 0.51+0.01 628+12 621+13 291+16 926 169114 154+11 162+18

LUM3706 pIRIR225 1.56+0.16 1.08+0.11 0.74+0.03 0.78+0.01 0.65+0.02 537418 533+19 345+13 1096 14618 13518 156%15 131413
pulsed IRsg 1.31+0.27 0.91+0.18 0.78+0.05 0.81+0.02 0.69+0.02 458+15 455+16 345+13 1096 141+10 13218 158+15
IR50 4.40£0.56 2.90+£0.37 0.45%0.05 0.47£0.01 0.4910.01 634+19 625+22 40517 10216 246130 229413 199+20

LUM3707 pIRIR225 2.07£0.29 1.40+£0.20 0.69+0.05 0.71+0.02 0.63£0.02 564430 558+31 496+25 12519 196118 178+13 191+18 198+20
pulsed IRsg 1.10£0.27 0.76+0.19 0.82+0.05 0.85+0.02 0.84+0.02 360+14 357+15 437+19 11016 14611 13619 161+14

LUM3708 IR50 3.58+0.63 2.39+0.42 0.52+0.01 0.55+0.01 0.56%£0.01 566+16 559+20 409+21 11047 230+32 208+14 216123 269427
pIRIR225 1.82+0.29 1.23+0.20 0.72+0.05 0.75+0.01 0.68+0.02 503+21 498+22 535+25 143149 225+18 202+13 232421
IR50 3.85+0.54 2.56£0.36 0.50£0.06 0.52+0.01 0.48+0.01 687120 679+23 480+25 12518 358117 25016 275129

LUM3709 pIRIR225 2.2310.31 1.50+£0.21 0.67+£0.05 0.70+£0.01 0.61+0.02 574419 568+21 567+27 148%9 254122 22513 >253 314+31
pulsed IRsg 1.45+0.31 1.00+£0.21 0.76£0.05 0.79+0.03 0.73+0.02 418+14 415+15 548122 14348 >218 >216 >216

LUM3710 IRs0 3.57+0.62 2.39+0.41 0.52+0.07 0.55+0.01 0.504£0.01 659416 651+19 526+23 14148 >352 28017 >300 346435
pIRIR225 1.5940.28 1.08+0.19 0.75+£0.05 0.78+0.01 0.65+0.02 543117 540+18 612+22 164+9 246 222+12 >259
IRso 5.45+0.43 3.58+0.28 0.38+0.03 0.37+0.01 0.44+0.01 650+13 640+14 523+18 14148 >351 >345 >302

LUM3711 pIRIR225 2.06£0.42 1.41+£0.29 0.68+0.06 0.71+0.01 0.62+0.02 548+15 543+17 655+21 177%9 >295 >293 >261 42943
pulsed IRsg 1.69+0.28 1.15+0.19 0.74£0.05 0.76£0.02 0.70+£0.02 431+12 427+13 644127 174£10 >232 >230 >223
IRs0 4.1840.41 2.79+0.28 0.47+0.04 0.4840.01 0.4840.01 656+14 647116 602+23 16219 >352 >348 >302

LUM3712 pIRIR225 1.42+0.32 0.97+0.22 0.77+0.06 0.80+0.01 0.66+0.02 539+18 53620 729+29 19619 >290 >288 >261 646165
pulsed IRsg 0.89+0.27 0.62+0.18 0.85+0.05 0.87+0.03 0.75+0.02 420+12 418+13 712425 191+10 >226 >225 >223

LUM3713 IR50 4.671£0.17 3.094£0.12 0.43+0.02 0.44+0.01 0.46%0.01 650+16 641+17 651+18 180%9 >359 >354 >310 380+88
pIRIR225 1.83+0.34 1.25+0.23 0.71£0.06 0.74+0.01 0.62+0.02 552421 548+23 791139 219114 >305 >303 >268

The fading corrected results? were after Kars et al. (2008), while those marked with ® showed fading corrected results following Wallinga et al. (2007). Reference ages¢ were obtained from the
natural dose response curve, and the reference ages? are following Ding et al. (2002).



Chapter 2.2 Fading corrected and laboratory DRC and age comparison for Chinese loess 71

Kars, R.H., Reimann, T., Ankjaergaard, C., Wallinga, J., 2014. Bleaching of the post-IR IRSL signal: new
insights for feldspar luminescence dating. Boreas 43, 780-791.

Kars, R.H., Wallinga, J., 2009. IRSL dating of K-feldspars: Modelling natural dose response curves to
deal with anomalous fading and trap competition. Radiation Measurements 44, 594-599.

Kars, R.H., Wallinga, J., Cohen, K.M., 2008. A new approach towards anomalous fading correction for
feldspar IRSL dating — tests on samples in field saturation. Radiation Measurements 43, 786-790.

Lamothe, M., Auclair, M., Hamzaoui, C., Huot, S., 2003. Towards a prediction of long-term anomalous
fading of feldspar IRSL. Radiation Measurements 37, 493-498.

Li, B., Li, S.-H., 2008. Investigations of the dose-dependent anomalous fading rate of feldspar from
sediments. Journal of Physics D: Applied Physics 41, 225502.

Li, B., Li, S.-H., 2011. Luminescence dating of K-feldspar from sediments: A protocol without anomalous
fading correction. Quaternary Geochronology 6, 468-479.

Liu, T.S., 1985. Loess and the Environment. China Ocean Press, Beijing.

Ly, Y.C., Wang, X.L., Wintle, A.G., 2007. A new OSL chronology for dust accumulation in the last 130,000
yr for the Chinese Loess Plateau. Quaternary Research 67, 152—-160.

Mejdahl, V., 1979. Thermoluminescence dating: beta-dose attenuation in quartz grains. Archaeometry
21, 61-72.

Prescott, J.R., Hutton, J.T., 1994a. Cosmic ray contributions to dose rates for luminescence and ESR
dating: Large depths and long-term time variations. Radiation Measurements 23, 497-500.

Prescott, J.R., Hutton, J.T., 1994b. Cosmic ray contributions to dose rates for Luminescence and ESR
dating: large depth and long-term time variations. Radiation Measurements 23, 497-500.

Spooner, N.A., 1994. The anomalous fading of infrared-stimulated luminescence from feldspars.
Radiation Measurements 23, 625-632.

Thiel, C., Buylaert, J.-P., Murray, A., Terhorst, B., Hofer, I., Tsukamoto, S., Frechen, M., 2011.
Luminescence dating of the Stratzing loess profile (Austria) — Testing the potential of an elevated
temperature post-IR IRSL protocol. Quaternary International 234, 23-31.

Thomsen, K.J., Murray, A.S., Jain, M., Bgtter-Jensen, L., 2008. Laboratory fading rates of various
luminescence signals from feldspar-rich sediment extracts. Radiation Measurements 43, 1474-1486.

Tsukamoto, S., Kondo, R., Lauer, T., Jain, M., 2017. Pulsed IRSL: A stable and fast bleaching
luminescence signal from feldspar for dating Quaternary sediments. Quaternary Geochronology 41,
26-36.

Tsukamoto, S., Denby, P.M., Murray, A.S., Bgtter-Jensen, L., 2006. Time-resolved luminescence from
feldspars: New insight into fading. Radiation Measurements 41, 790-795.

Visocekas, R., 1985. Tunneling radiative recombination in labradorite: its association with anomalous
fading of thermoluminescence. Nuclear Tracks and Radiation Measurements 10, 521-529.

Wallinga, J., Bos, A.J.J., Dorenbos, P., Murray, A.S., Schokker, J., 2007. A test case for anomalous fading
correction in IRSL dating. Quaternary Geochronology 2, 216-221.

Wintle, A.G., Murray, A.S., 2006. A review of quartz optically stimulated luminescence characteristics
and their relevance in single-aliquot regeneration dating protocols. Radiation Measurements 41, 369-
391.



Chapter 3 Quartz and K-feldspar OSL dating of sand dune in NE China 72

Chapter 3 Quartz OSL and K-feldspar post-IR IRSL dating of sand
accumulation in the Lower Liao Plain (Liaoning, NE China)

Yan Li%, Sumiko Tsukamoto?, Ke Hu? and Manfred Frechen'
! Leibniz Institute for Applied Geophysics (LIAG), Geochronology and Isotope Hydrology, Stilleweg 2, 30655,
Hannover, Germany.
2 School of Ocean Sciences, China University of Geosciences (Beijing), Xueyuan Road 29, Haidian District,

100083, Beijing, China

Published in Geochronometria
Volume 44, Issue 1 (January 2017), pages 1-15

https://www.degruyter.com/downloadpdf/j/geochr.2017.44.issue-1/geochr-2015-0051/

geochr-2015-0051.pdf

https://doi.org/10.1515/geochr-2015-0051


https://www.degruyter.com/downloadpdf/j/geochr.2017.44.issue-1/geochr-2015-0051/geochr-2015-0051.pdf
https://www.degruyter.com/downloadpdf/j/geochr.2017.44.issue-1/geochr-2015-0051/geochr-2015-0051.pdf
https://doi.org/10.1515/geochr-2015-0051

Chapter 3 Quartz and K-feldspar OSL dating of sand dune in NE China 73

Abstract

The timing of the formation of extensively distributed sand dunes in the Bohai coastal area and its
forcing factors are poorly understood. In this study, the chronology of a well-preserved sand dune
located in Panjin Forest Park (PJ) in the Lower Liao Plain (LLP) is investigated using quartz optically
stimulated luminescence (OSL) and K-feldspar post-infrared (IR) infrared stimulated luminescence
(IRSL) (pIRIR) dating. For the pIRIR measurements, the combination of preheating at 180 °C and pIRIR
stimulation at 150 °C (pIRIR1so) is exploited. The quartz results show that the sand dune accumulated
from ¢.120 a (1890 AD) to ¢.70 a (1940 AD) before present, and the underlying sandy soil sediments
deposited from ¢.5.0 ka to ¢.0.13 ka as marsh sediment after the sea-level highstand since the mid-
Holocene. From the evidence in historical coastline records, the PJ sand dune is an inland sand dune
and not a coastal sand dune. Based on further information of climate and temperature change after
the Little Ice Age (LIA) and human activity in northeastern China, we conclude that the PJ sand dune
accumulation was very likely impacted by the immigrants and land reclamation at the end of Qing
dynasty. The fading corrected IRso ages, the apparent and fading corrected plRIR1so ages are consistent
with quartz ages for two sandy soil samples but overestimate those for six sand samples. The
overestimation of the feldspar ages is derived from the residual signal which has not been bleached
before burial. The offset obtained from the difference between the quartz OSL and the feldspar pIRIR1so
ages are ~20-160 a (predicted residual dose; ~0.08-0.60 Gy), whereas the measured residual dose after
bleaching 4 h in a solar simulator yielded age overestimation of ~10-40 a (~0.05-0.16 Gy). The age
discrepancy calculated from the predicted residual was larger than those obtained from the laboratory
measured residuals. We conclude that the plIRIR1so of aeolian sediment is applicable for samples older

than ~1000 years where the effect of the residual dose become negligible.
Keywords

optically stimulated luminescence (OSL) dating, sand accumulation, the Lower Liao Plain, K-feldspar

post-IR IRSL, Holocene

3.1 Introduction

The Bohai Sea is a semi-closed sea in northern China which is known to have thick and continuous
Quaternary sediments. Many studies on the geological and environmental evolution around the Bohai
coast have been carried out on these Quaternary sediments (Yi et al., 2012; Liu et al., 2009; Wang and
Fan, 2005; Wang et al., 2004; IOCAS, 1985). Alterations of marine and terrestrial sediment strata were

recognized from numerous sediment cores (e.g. Zhao et al., 1978; Yao et al., 2006; Yi et al., 2015).

During the Holocene, significant geomorphological changes took place in the Bohai coastal area

due to coastline migration (sea level change) and fluvial sediment input. These sediments showing the
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Holocene transgressive phase are widely distributed, especially in three bays of the Bohai Sea with flat
landforms. The regional sea level in Bohai rose to the highest sea level at 5-7 ka, and then oscillated
slightly and fell to the present level gradually (Xue, 2009; Xue and Ding, 2008; Xu, 1994; Zhao et al.,
1979). Historical documents have also been investigated to provide information about coastline
changes during the late Holocene (Lin, 1991; Chen et al., 2010). Sedimentary systems including tidal
flat, salt marsh, fluvial, lacustrine, and aeolian sediments along the Bohai coast, which were deposited
associated with the sea level oscillation, can be recognized from the surface morphology (IOCAS, 1985).
These sediments have documented rich information that promotes the understanding of the sea level
fluctuation and the sedimentary process during the post-sea level highstand period. Although the
marine strata in the Bohai coast area have been well studied and interpreted, however, the timing and
formation of the sediments which were deposited close to the past sea levels within the range of the
Holocene transgression are poorly understood due to the lack of datable material and to unreliable

chronologies (e.g. Fang and Hu, 2007).

In the past decades, luminescence dating methods have been significantly improved and applied
widely to establish chronologies of various sedimentary archives of the late Quaternary, especially
after the development of a single aliquot regenerative dose (SAR) protocol (Murray and Wintle, 2000,
2003). The optically stimulated luminescence (OSL) signal from quartz and the infrared stimulated
luminescence (IRSL) signal from feldspar are the two main signals that are used for dating. Although
there are still challenges (e.g. relatively large uncertainties from insufficient luminescence sensitivity,
overestimation caused by thermal transfer, and incomplete bleaching; Madsen and Murray, 2009), the
quartz OSL dating using the SAR protocol has been successfully carried out to date young sediments
from different environments (e.g. marine deposits: Madsen et al., 2005; Zhang et al., 2014; coastal
sand dune: Kunz et al., 2010; Reimann et al., 2011; inland dune: Forman and Pierson, 2003; Yang et al.,
2012; Du and Wang, 2014). On the other hand, the feldspar IRSL signal suffers from anomalous fading
which causes age underestimation. Recently, it has been found that the post-IR IRSL (pIRIR) signal
measured at elevated temperature fades significantly less than the conventional IRSL signal at 50°C
(Thomsen et al. 2008). The pIRIR protocol with different preheat and stimulation temperature
combinations were tested to date sediments from various environments and in different age range
(Thomsen et al., 2008; Thiel et al., 2011; Madsen et al., 2011) . Specifically, the pIRIR protocols
(Reimann et al., 2011) and the multi-elevated-temperature pIRIR protocol (Fu and Li, 2013) with low
thermal combinations (preheat < 200 °C) were and found to be suitable for dating of young (Holocene)
deposits. Reimann et al. (2011) proved that the pIRIR dating results measured at 180 °C (pIRIR1s0) are
in agreement with quartz ages and radiocarbon dates, after subtracting the residual dose. Madsen et
al. (2011) and Reimann and Tsukamoto (2012) proposed the pIRIR protocol with preheating at 180 °C
and pIRIR stimulation at 150 °C (pIRIR1s0) to date young coastal sand deposits. The pIRIR1so protocol
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has been applied successfully for the Holocene aeolian deposits, lacustrine sediments and marine
deposits using coarse-grained feldspar and polymineral fine-grained materials as well (Long et al., 2014,
2015; Yang et al., 2015). However, whether one should correct for small anomalous fading and residual

dose for the pIRIR signal is still under discussion (Li B et al., 2014; Buylaert et al., 2012).

We study a well-preserved sand dune and the underlying marsh sediment situated in the Lower
Liao Plain, the north coastal area of the Bohai Sea. Our aim is two-fold; first, we apply OSL dating to
sand-sized quartz grains extracted from a well-preserved sand dune and marsh sediment to establish
the chronology of these deposits. On the basis of coastline changes in historical documents, the timing
of sand accumulation and the possible forcing mechanisms of the sand deposition are discussed. Our
second aim is to investigate the effects of the residual dose in the pIRIR dating of young sediments.
The pIRIR1s50 protocol is applied on K-feldspar fraction for all samples and the results are compared with

the quartz ages to determine the applicability of the protocol for the young dune sediments.

3.2 Study area, site description, and sampling

3.2.1 Study area

The Lower Liao Plain (LLP) is an alluvial plain located in northeastern China (Fig. 2.1). To the north of
the LLP, the Horgin dune field is located, which is one of the four biggest dune fields in China (Fig. 2.1A).
South of the LLP is the Liaodong Bay, which is the northern part of the Bohai Sea. As a consequence of
continuous subsidence during the Quaternary (Allen et al., 1997), sediments were carried by several
streams and deposited in the LLP and the Liaodong Bay. Two dominant rivers, Liao River and Daling

River, contribute most to the sediment load.

The position of the coastline has changed significantly since the late Pleistocene widely along the
Bohai coast. Several marine layers were found in cores drilled in the LLP; these have been correlated
to transgressions (IOCAS, 1985). The uppermost transgressive phase is widely distributed along the
Bohai coast and constrained to the Holocene climate optimum (IOCAS, 1985). The regional sea-level
highstand in the Liaodong Bay occurred at 5-7 ka and reached to the area of 50 km inland from the
modern coastline (Fu, 1988). Afterwards, the sea level oscillated and fell to the present-day level.
Historical documents and remote sensing were applied to examine the coastline changes in the LLP
over the last hundred years (Chen et al., 2010). The results show that a significant progradation

occurred in the LLP owing to an increased river load (Chen et al., 2010).
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Fig 3.1 (A) The location of the study area in NE China. (B) Map showing the geological setting (Lower Liao River plain, local
drainage streams and adjacent mountain areas) and coastline changes (sea level in Holocene, coastlines in 1905 AD, 1932 AD,
1950 AD and present, Fu, 1988; Chen et al., 2010). The location of the sampling site is also shown. (C)-(E) Typical sand deposits
in the LLP. (C) is a photo of studied PJ sand dune.

At the present surface, fluvial, alluvial, aeolian, and coastal sediments can be recognized in the LLP.
Aeolian sediments in the LLP are mainly reworked sand dunes, which are mobile under strong wind
force (e.g. Fig. 3.1C, IOCAS, 1985). Although the sand deposits are distributed extensively, it is difficult
to map the distribution as most of the comparatively large sand dunes and ridges are disturbed by
human activities (e.g. agricultural movement: residual sand dune in farmland, Fig. 3.1D). The sand
deposits at small scales are covered by vegetation and cannot be identified from satellite images (Fig.

3.1E).

The entire region is affected mainly by the East Asian monsoon. The mean annual temperature is
5-10 °C, with the mean temperature at 27-31 °C in summer and the mean temperature at -5-18 °Cin
winter. The mean annual precipitation is 634 mm, while annual evaporation reaches 1670 mm. During
the winter seasons, the wind direction is north-western, whilst the summer seasons is dominated by

south or southeastern wind from the Pacific (BGMRL, 1989).



Chapter 3 Quartz and K-feldspar OSL dating of sand dune in NE China 77

3.2.2 Site description

The sampling site is located in the Panjin (PJ) forest park within the elapsed marine-terrestrial
interacted area (Fig. 3.1), where the PJ sand dune is well preserved. Four sedimentary sections (S1-54;
Fig. 3.2B) were investigated and sampled. The sediments can be divided into four units (Fig. 3.2): Unit
A contains homogenous yellowish fine sand with a thickness of ca. 4.5 m, covered by vegetation. The
sediments are well to moderately sorted. Several roots were found in this layer. Unit B consists of grey
fine sand with a thickness of 0.5-0.6 m. The grey sands are moderately to poorly sorted with organic
matter. Unit C is a blackish sandy soil layer, consisting of poorly sorted sandy silt and clayey silt with
organic-rich matter and soil aggregates. Clear boundaries can be distinguished between the different
units. Additionally, at S2, a grey silt layer (Unit D) was found under the blackish sand layer which is not
exposed in other sections. Unit A and B are relatively homogenous sands deposited above the sandy
silt layer containing organic matter. The darker colour of unit B represents the anoxic condition due to

the ground water above the impermeable soil layer.

Eight OSL samples (LUM3191 to LUM3198) were taken by hammering steel tubes (10 cm long
cylinders with a diameter of 4 cm) into freshly prepared vertical sections from S1 and S4. The cylinders
were fully filled with sediments to make sure that there is no mixing during transportation. The tubes
were then covered and sealed with black plastic sheets and tapes to prevent light exposure and
moisture loss. Two samples were taken from S1 (LUM3197 and LUM3198) and six samples were taken

from S4 (LUM3191 to LUM3196), covering the three sedimentary units A-C.

3.3 Methods

3.3.1 Sample preparation

The preparation of sand-sized samples was conducted under the subdued red light in the
luminescence laboratory at Leibniz Institute for Applied Geophysics. Materials of the outer 2 cm from
both ends of the tubes were removed and discarded. For the upper six sand samples (LUM3191-3194,
LUM3197-3198), the remaining non-light exposed material was dry-sieved to collect grains of 100-150
um in diameter. With diluted hydrochloric acid (HCI) for two hours, sodium oxalate (Na,C,0,) for one
day and hydrogen peroxide (H,0,) for two hours, the samples were treated to remove carbonate,
mineral aggregates and organic matter, respectively. For the lower two sandy soil samples (LUM3195-
3196), chemical treatment was carried out first because the grains can be hardly dispersed and dry-

sieved.
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Fig. 3.2 (A) Investigated profile and its description. The positions of OSL samples are shown in the profile. (B) Stratigraphy of
the PJ dune showing the positions of four investigated sections and sampling depths.

Subsequently, the remaining material was dry-sieved to extract grains 63-100 um in diameter. Three
steps density separations were performed using heavy liquid to extract quartz grains (2.62<p<2.70
g/cm3) and K-feldspar grains (p<2.58 g/cm3). The quartz extracts were subsequently treated with 40%
hydrofluoric acid (HF) for 1 hour and to remove the remaining feldspar grains and etch quartz grains
to eliminate the effect of the alpha-irradiated outer layer. The etched samples were finally treated
with HCl and re-sieved to ensure the grains smaller than 100 um for sand samples and 63 um for sandy

soil samples were removed.

3.3.2 Experimental details and protocols

The quartz and feldspar grains were mounted on stainless steel discs with a diameter of 6 mm and 2.5
mm respectively using silicone oil as adhesive. Luminescence measurements were carried out with an
automated Risp TL/OSL system (DA-15) equipped with a calibrated %°Y/?°Sr beta source. For quartz
measurements, blue light-emitting diodes (LEDs, 470130 nm) were employed for stimulation, and the
quartz OSL signals were detected through a 7.5mm Hoya U-340 filter. The feldspar signals were
detected through a combined blue filter pack (Schott BG-39 and Corning 7-59) stimulated by infrared
LEDs (870£40 nm).
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A single-aliquot regenerative dose (SAR; Murray and Wintle, 2000, 2003) protocol was applied for
pre-tests and equivalent dose (D.) measurements (Table 3.1). 24 aliquots for each sample were
measured for the D. determination of quartz. To test the purity of the quartz extracts, OSL IR depletion
ratio (Duller, 2003) was employed in the SAR protocol to check feldspar contamination in the measured
quartz. After the standard SAR protocol, an additional recycling dose was given to each aliquot. IR
stimulation of grains for 40 s at room temperature using infrared LEDs was set after preheat and blue
stimulation. The thermal treatment was set as preheat at 180 °C and cutheat at 160 °C with blue
stimulation at 125 °C (Table 3.1). The determination of preheat temperature is described below. The
initial OSL signals integrated over 0.80 s (first 5 channels) were subtracted by ‘Early background’ (6-12
channels, 0.8-1.92 s) to avoid a contribution from medium and slow components (Cunningham and
Wallinga, 2010). Among the measured aliquots, aliquots which exceeded the acceptable range (0.9-
1.1) for the OSL IR depletion ratio or recycling ratio were excluded from the D, determination (Wintle

and Murray, 2006; Rodnight, 2008).

The plRIR1so protocol (Table 3.1) was applied for K-feldspar D. determination, residual dose
measurement and dose recovery test. First 5 s of IR and post-IR IRSL signals is used for calculating the
D. values, by subtracting a background of the last 15 s of respective signals. Nine or ten feldspar

aliquots were measured for the D. determination for each sample.

3.3.3 Dose rate determination

For dose rate determination, additional 50 g of dried sample material were filled in plastic containers
and stored at least four weeks before gamma spectrometry measurements to secure equilibrium
between radon and its daughters. The concentrations of uranium (U), thorium (Th) and potassium (K)
of the surrounding sediment were calculated from the activity of these nuclides measured by high-
resolution gamma spectrometry. Each sample was measured over a period of two to three days. Bulk
samples were weighed before and after drying the samples at 130 °C for one day to determine the
natural water content. The median water content value of six sand samples with an error which can
cover the range of all water contents, 624%, was assumed for the water content of sand sediment in
antiquity. The water content of the two soil samples was estimated to be 13+3% according to the
observed water content. The cosmic dose rate was calculated for each sample as a function of depth,
altitude and geomagnetic latitude according to Prescott and Hutton (1994). The conversion factors of
Guérin et al. (2011) and beta attenuation factors of Mejdahl (1979) were applied for the external beta-
and gamma-dose rate calculation using the radionuclide concentration. The additional internal dose
rate of each feldspar sample was calculated according to a potassium concentration of 12.5+0.5%
(Huntley and Baril 1997) and &Rb concentration of 400 + 100 ppm (Huntley and Hancock 2001). A

mean a-value of 0.15+0.05 was used for dose rate calculation of the feldspar grains as a contribution
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of external alpha radiation (Balescu and Lamothe 1994). The quartz dose rates range from 3.08+0.21

to 3.31 £ 0.24 Gy/ka, and the feldspar dose rates are from 3.92+0.16 to 4.14+0.17 Gy/ka (Table 3.2).

Table 3.1 SAR protocol applied for equivalent dose determination.

Quartz OSL K-feldspar post-IR IRSL1so
Step Treatment Observed Step Treatment Observed
1 Give dose ?, D; 1 Give dose

2 Preheat for 60 s at 180 °C 2 Preheat for 60 s at 180 °C

3 IR stimulation b for 40 s at 0 °C 3 IR stimulation for 100 s at 50 °C

4 Stimulation for 40 s at 125 °C Ln, L 4 IR stimulation for 200 s at 150 °C Ln, L;

5 Give test dose, D¢ 5 Test dose, Dy

6 Heat to 160 °C 6 Preheat for 60 s at 180 °C

7 Stimulate for 40 s at 125 °C To, Ti 7 IR stimulation for 100 s at 50 °C

8 Returnto 1 8 IR stimulation for 200 s at 150 °C Tn, Ti
9 Returnto 1

aFor a natural sample, i=0 and Dy is the natural dose.
b Additional recycling step with IR stimulation was added to calculate OSL IR depletion ratio.

3.4 Results and discussions

3.4.1 Performance tests and ages of quartz OSL

To determine the most appropriate preheat temperature for the D. measurements, the pre-tests
including the preheat plateau, dose recovery and thermal transfer tests were conducted on two
presentative samples LUM3192 and LUM3196 prior to D. measurement. The applicability of preheat
temperatures between 160 °C and 280 °C with an interval of 20 °C using the SAR protocol was tested
with three aliquots for each preheat temperature. The cutheat temperature was fixed at 160 °C
suggested for dating young samples by Madsen and Murray (2009). The preheat plateau test was
applied to observe the conditions of sensitivity change at different preheat temperatures. Aliquots for
the dose recovery and thermal transfer tests were bleached using blue light emitting diodes (LEDs) at
room temperature for 300 s before pausing 10000 s and then stimulated for 300s to bleach the natural
signals prior to the measurements. The bleached aliquots for the dose recovery test were subsequently
given a known beta dose (1.35 Gy for LUM3192 and 16.3Gy for LUM3196) and measured using the SAR
protocol. In the thermal transfer test, D.s of bleached aliquots were measured to find out the
contribution of transfer of charge into the OSL trap due to preheating. Constrained by the acceptable
range (0.9-1.1, Fig. 3.3A and 3.3D) of the dose recovery ratios and the D, preheat plateau between 160
and 260 °C for both two samples (Fig. 3.3B and 3.3E), as well as the negligible thermal transfer for the
preheat temperatures lower than 240 °C (Fig. 3.3C and 3.3F), a preheat temperature of 180 °C was

selected for the quartz D. measurement for all eight samples.

Aliquots out of the acceptable ranges (0.9-1.1) of the recycling ratio, recuperation (Wintle and

Murray, 2006) and OSL IR depletion ratio (Duller, 2003) were rejected prior to the D. determination.
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Recycling ratios of all 192 aliquots have a mean value of 1.00 with standard deviation of 0.06. Nine of
179 employed aliquots have recuperation values larger than 5%. Nevertheless, mean recuperation
values for all samples are below 2%, suggesting that the undesirable transfer of charge was negligible
in quartz measurements. The mean OSL IR depletion ratio of all aliquots is 0.98 with a standard
deviation of 0.06. For most measured aliquots, the OSL IR depletion ratios are satisfactory, which

suggests that the contribution of feldspar OSL signal is negligibly small.

Table 3.2 Dose rate determination.

Sample Depth Grain size U(ppm) Th(ppm) K% Water Dose rate[Gy/ka]

ID (cm)  Interval (um) content (%)? K-feldspar quartz
LUM3197 80 100-150 0.96£0.06 2.63+0.14 2.8510.14 614 (1.7) 4,021£0.17 3.2410.24
LUM3198 149 100-150 1.06£0.06 2.82+0.15 2.91+0.15 64 (2.1) 4.10+£0.17 3.31+0.24
LUM3191 380 100-150 1.00£0.05 2.66+0.14 2.79+0.14 614 (2.6) 3.96+0.17 3.13+0.23
LUM3192 434 100-150 0.91+0.05 2.72+0.14 2.8310.14 614 (4.2) 3.9240.16 3.15+0.24
LUM3193 462 100-150 1.13+0.06 3.27+0.17 2.87+0.14 614 (6.6) 4.05+0.17 3.2610.24
LUM3194 480 100-150 1.31+0.07 4.30%+0.22 2.8210.14 614 (9.5) 4.12+0.17 3.3210.24
LUM3195 511 63-100 1.88+0.10 6.95+0.35 2.61+0.13 1313 (14) 4.14+0.17 3.20+0.22
LUM3196 532 63-100 2.24+0.12 8.01+0.41 2.34%0.12 1343 (15) 4.07+0.17 3.10+0.20

aThe water contents are presented as ‘Estimated water content with uncertainty (Observed water content).
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Fig. 3.3 Results of quartz OSL pre-tests. (A) Measured/given ratio (dose recovery test), (B) equivalent dose and (C) thermal

transfer at different preheat temperatures for sample LUM3192. (D)-(F) show the results of the same set of tests for sample

LUM3196.

Typical decay and dose response curves for both sand sample (LUM3191) and sandy soil sample
(LUM3196) are shown in Fig. 3.4. A clear decay of natural quartz OSL signal for each sample was
observed. All the samples yielded detectable quartz OSL signal. The dose response curves of the upper

six samples were fitted by a linear function, and those of two sandy soil samples were fitted by one
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single saturating exponential function. The distributions of D, values and the overdispersion value (cop)
which were calculated using the central age model (Galbraith et al., 1999) indicate that employed
materials were uniformly bleached owing to the centralized distributions of D. values. The mean D,
values for the six dune samples range between 0.28+0.01 to 0.42+0.01 Gy, and those for the lowermost

two sandy soil samples are 4.69+0.14 Gy and 15.3+0.3 Gy, respectively (Table 3.3).

The quartz ages are calculated by dividing the D. by the dose rate. The quartz ages of the sand
samples range from 85+7 to 126110 a, and are consistent with the relative stratigraphic order of the
sand dune taking the uncertainties into account. The lowermost two sandy soil samples yielded OSL

ages of 1.5+0.1 ka and 5.0+0.4 ka.
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Fig. 3.4 Quartz decay curve, dose response curve and D, distribution for sample LUM3191—(A) and (B); for sample

LUM3196—(C) and (D). D, distributions are presented using abanico plots (Dietze et al., 2016).

3.4.2 Feldspar luminescence characteristics and ages

3.4.2.1 D. measurements and apparent ages

Representative decay curves and dose response curves of two samples are shown in Fig. 2.5. The dose
response curves of the young sand samples are fitted by linear function, and those of the two sandy
soil samples are fitted by single saturating exponential function. Recycling ratios of all aliquots are
satisfactory within the acceptable range (0.9-1.1), and almost all of the recuperation values are below
6%. The IRsg and pIRIR1s0 De distributions of one young sand sample (LUM3191) and one sandy soil
sample (LUM3196) are shown in Fig. 2.5B and Fig. 2.5D. It demonstrates that the overdispersion values
are generally smaller than 20% according to the central age model (Galbraith et al., 1999). The IRsg D.s
change between 0.34+0.01 and 0.4610.03 Gy for sand samples. Two sandy soil samples yield IRso De
values of 4.28+0.18 and 14.1+0.4 Gy respectively. The pIRIR1so Des range from 0.66£0.05 to 22.1+1.7
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Gy, whereas the plIRIR1so D. of sand samples among them are between 0.66+0.05 and 0.88+0.06 Gy.
The feldspar ages were subsequently calculated based on the D. and the feldspar dose rate for each
sample. The apparent IRsg ages of sand samples vary from 8544 to 1118 a, and the pIRIR1s0 ages are
between 145112 and 215+18 a. Two sandy soil samples yield IRso ages of 1.03+0.06 ka and 3.47+0.18
ka, and plIRIR1so ages of 1.39+0.08 ka and 5.42+0.47 ka (Table 3.3).
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Fig. 3.5 K-feldspar IRso and plIRIR1so decay curve, growth curve and D, distribution for sample LUM3191—(A) and (B), for
sample LUM3196—(C) and (D).

The applicability of the pIRIR150 protocol on the samples in this study was checked utilizing dose
recovery and residual dose tests. Six aliquots of each sample were bleached for 4 hours in the Honle
SOL2 solar simulator. Three aliquots were measured using the pIRIR1so protocol after given a beta dose
close to the equivalent dose from D. measurement. The other three aliquots were measured to
determine the residual dose. The dose recovery ratio was calculated by dividing the measured dose by
giving dose after subtraction by the residual dose. The IRsp dose recovery ratios vary from 0.97+0.01
to 1.01+0.01, and those of the pIRIRiso signal are between 0.85+0.13 and 0.9740.05. The IRso and
pIRIR1s0 dose recovery ratios for all samples are satisfactory taking uncertainty into account, whereas
the plIRIRisp dose recovery ratio has a tendency of underestimation for especially two young sand
sediments, i.e. LUM3193 and LUM3198. However, the plRIR1sp protocol can generally recover the
natural dose effectively. The IRs residual doses are generally below 0.05 Gy except that of LUM3196,
in a lower level compared with those of pIRIR1so signal, which vary from 0.05+0.01 to 0.34+0.02 Gy (Fig.

3.6; Table 3.4). It should be noted that these residual doses were measured to calculate the dose
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Table 3.3 Result of OSL dating.
Feldspar
Quartz
Depth pIRIR1s0 IRso
LumNo. Dose rate
(cm) Dose rate De Age Cop (Gy/ka) De g2days Age Corrected De g2days Age Corrected
(Gy/ka) (Gy) (a) (%) Y (Gy)  (%/decade) (a) age (a) (Gy)  (%/decade) (a) age (a)
3197 80 3.241£0.23 0.28+0.01 8717 6.3 4.02+0.17 0.81+0.05 0.9910.38 202115 214121 0.34+0.01 8.38%0.59 8514 145+13
3198 149 3.31£0.24 0.28+0.01 8517 4.4 4.10+0.17 0.88+0.06 1.96%0.41 215118 243126 0.35£0.01 9.23x0.64 8615 159118
3191 380 3.1340.23 0.34+0.01 11049 6.6 3.96+0.17 0.68+0.03 0.38+0.28 173+10 177114 0.38+0.01 9.18%0.52 9615 178117
3192 434 3.15+0.23 0.36+0.01 11549 5.9 3.92+0.16 0.74+0.03 1.11+0.39 189+12 203117 0.3940.01 9.30%0.54 1004 187+17
3193 462 3.2610.24 0.37+0.01 11449 12.5 4.05+0.17 0.66+0.03 0.4410.31 16419 168+13 0.3940.01 9.36%0.74 9615 181121
3194 480 3.31+0.24 0.42+0.01 128+10 6.7 4.12+0.17 0.60+£0.05 0.62+0.42 145+13 151+17 0.46+0.03 7.80%0.74 11148 186125
3195 511 3.19+0.22 4.69+0.14 14704110 12.3 4,14+0.17 5.77+0.24 0.25+0.41 1390+80 1430+120 4.28+0.18 4.99+0.26 1040+60 1500%120
3196 532 3.08+0.21 15.3+0.3 49704350 10.1 4.07+0.17 22.1+1.7 0.80+0.28 5420+470 57601620 14.1+0.4 4.45+0.19 3480+180 4950350

2 gop values were calculated according to Galbraith et al. (1999).
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recovery ratio, because the given dose for the dose recovery test was added on top of the residual
dose, and therefore the recovered dose should be calculated after subtracting the residual dose.
Since we do not know the natural bleaching condition before burial, the measured residual doses

were not subtracted from the D, values.
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3.4.2.2 Fading correction

A fading test following Auclair et al. (2003) was carried out for all eight samples with 3 aliquots of each
sand sample and 6 aliquots of each sandy soil sample (Fig. 3.7). The given dose in the fading experiment
was close to the pIRIR1so equivalent dose. The delay time for pIRIR;so fading vary from a minimum of
0.13 hto amaximum of 24.7 h, whereas that for IRso fading range between 0.06 h and 24.7 h. According
to Huntley and Lamothe (2001), the g2q4ays values were calculated (Table 3.3) and subsequently utilized
for age correction. The gzqays Of IRso signal vary from 4.45+0.19 to 9.36+0.74%/decade. The gzdqys Values
are much larger for the young sand samples (from 7.80+0.74 to 9.36+0.74%/decade) than for the sandy
soil samples (from 4.4510.19 to 4.99+0.26%/decade). The pIRIR1so g2days Values are between 0.25+0.41
and 1.96+0.41%/decade, and most of the plRIRiso gzdays Values are around or below 1%/decade,
significantly lower than those of the IRso signal. Based on the fading rates and the correction model
following Huntley and Lamothe (2001), we thus corrected the apparent ages which are shown in Table
2.3. The corrected IRso ages of 145113 a to 186125 a and the corrected plRIR1s0 ages of 151117 a to
243126 a for sand samples were yielded. We calculated the corrected pIRIR1so ages of 1.431£0.12 ka
and 5.76+0.62 ka, and the corrected IRso ages of 1.50+0.12 ka and 4.95+0.35 ka for two sandy soil

samples.
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3.4.3 Comparison of quartz and feldspar ages

The comparison of ages from quartz OSL, feldspar IRsg and plRIR1so signals are shown in Fig. 3.8A and
B. In Fig. 3.8A, the apparent IRsg ages for the six sand samples are consistent with quartz ages, whereas
the fading corrected IRso ages are much older than the associated quartz ages. However, two sandy
soil samples shown in Fig. 3.8B yielded the opposite results. The fading corrected IRso ages are in
agreement with quartz ages, while the apparent IRsp ages underestimated the quartz ages. The fading
rates obtained from the fading experiment demonstrate that the sand samples (LUM3191-LUM3194,
LUM3197-LUM3198) faded more significantly (gzdays values between 7 and 10%/decade) than the
sandy soil samples (LUM3195-LUM3196; g24ays Values from 4 to 5%/decade). The fading rates of
pIRIR1s0 signal are much smaller than those of IRsg signal, generally around or below 1%/decade. Similar
fading behaviours have been observed in previous studies (e.g. Reimann et al., 2011; Long et al., 2014.
Fig. 3.7). One exception is sample LUM3198, yielding a fading rate of 1.96+0.41%/decade, reveals more
significant fading. The fading corrected plIRIRiso ages for the sand samples following Huntley and
Lamothe (2001) are much older than the corresponding quartz ages, whereas those for sandy soil

samples are consistent with quartz ages.

Compared with the pIRIR signals with high thermal treatment (stimulated at 225 or 290 °C), the
pIRIR1so signal has an advantage of faster bleaching for dating some young deposits during the
Holocene (Reimann et al., 2011; Madsen et al., 2011; Reimann and Tsukamoto, 2012). To determine
the applicability of the residual subtraction by artificial bleaching of natural aliquots using solar
simulator and to understand the bleaching condition before burial, we exploit the quartz OSL ages as

reference, to calculate the predicted feldspar D. following Zhang et al. (in prep.).
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We conducted the reverse derivation to simulate the natural growth of the plIRIRiso and the
associated IRsp signals concerning the anomalous fading using the reference (quartz) age, the feldspar
dose rate and the fading rate (Kars et al., 2008). The fading rate, feldspar dose rate and measured D.
are the input parameters. The reverse derivation was first conducted to simulate the natural growth
of the IR and pIRIR signals (Kars et al., 2008). The natural trap filling was subsequently calculated
according to the reference age and employed for natural D. determination combined with the natural
growth. The predicted residual dose was calculated by subtracting the measured D. by the associated
predicted natural D. (Table 3.4; Fig. 3.8C). The predicted residual dose should be close to the
unbleachable residual if the feldspar the IRso and plIRIR1so signals were completely bleached before
burial. For the sand samples the predicted plIRIR1so residual dose range from 0.09+0.09 to 0.57+0.08
Gy (i.e. 23123 to 140+20 a), whereas the measured plIRIR1so residual doses after 4 h bleaching in the
solar simulator are between 0.05+0.01 and 0.16£0.02 Gy corresponding to 133 to 4015 a, which are

smaller than the predicted values. The predicted IRso residual doses vary from 0.00+0.06 to 0.14+0.06
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Gy (0+15 to 35+15 a), whereas the measured IRsoresidual doses are between 0.02+0.00 and 0.04+0.02
Gy (~5 to 1045 a). The difference between the predicted and measured residual doses for the IRz
signal are smaller than that of the plIRIR1so signal, because the IRso signal bleaches much faster that the
pIRIR1s0 signal. The predicted pIRIR1so residual dose of 2.91+0.09 Gy and IRso residual dose of 0.87+0.05
Gy for sample LUM3196 are much larger than the measured residual doses. However, the apparent
and fading corrected pIRIR1s0 ages and fading corrected IRso age are in agreement with the quartz OSL
age, because the residual dose of ~1-3 Gy for this sample is close to the uncertainty of the D. values.
The sandy soil sample LUM3195 yields negative predicted plIRIR1s0 and IRso residual doses of -0.19+0.06
and -0.18+0.06 Gy, while the corresponding measured residual doses are 0.11+0.01 and 0.03+0.00 Gy.
The negative values of residual doses are not expected, and this was probably caused by the slight
underestimation of the fading rate. But the close-to-zero predicted residual doses of this sample

suggest that this sample should have been completely bleached before burial.

Table 3.4 Summary of predicted residual dose and measured residual dose (4 h SOL2 bleaching).

pIRIR1s0 IRso
Sample Predicted Measured Predicted Measured
residual residual residual residual
3197 0.48+0.07 0.13+0.02 0.00 + 0.06 0.03+0.00
3198 0.57+0.08 0.16 £0.02 0.14 +0.06 0.04 £0.01
3191 0.26 £ 0.06 0.09 £0.01 0.12 £0.05 0.03+0.01
3192 0.32 £ 0.06 0.11£0.01 0.12 £0.04 0.04 £0.00
3193 0.21 £ 0.06 0.07 £0.01 0.11 £0.05 0.04 £ 0.02
3194 0.09 £ 0.09 0.05+0.01 0.12 £ 0.07 0.02 £0.00
3195 -0.19+0.06 0.11+0.01 -0.18 £ 0.06 0.03+0.00
3196 291+0.09 0.34+0.02 0.87 £ 0.05 0.08 +0.01

The measured residual doses are generally smaller than the predicted residual doses except
sample LUM3195, indicating that the natural exposure was less than the equivalent time to 4 h of SOL2
bleaching. The offsets obtained from the difference between the predicted and the measured plRIR1so
residual doses are ~0.04-0.40 Gy (~10-100 a) for sand samples and ~2.57 Gy (~630 a) for the sandy soil
sample LUM3196, which should cause the overestimation of several tens of percent for sand samples
and of ~10% for the old sandy soil sample, if the measured residual dose is subtracted from the D.
value. We conclude that the use of the measured residual subtraction is not appropriate. Furthermore,
it demonstrates that the effect of residual component, which is several tens of percent of the
measured dose is significant for sand samples younger than 1000 a, whilst the offset of ~10% for the
sandy sample becomes insignificant which is roughly equal to the uncertainty of the measured

equivalent dose.
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3.4.4 Chronology and cause of sand dune accumulation

All OSL ages were calculated in years (a) before 2015 (Table 3.2). All ages derived from the OSL samples
are stratigraphically consistent taking uncertainty into account. In the profile a clear boundary
between yellowish and grey sand can be identified, but two samples above and below the boundary,
LUM3192 and LUM3193, gave almost identical ages (11519 a and 11449 a, respectively), indicating the
PJ sand dune accumulated successively in a short time interval. The high sedimentation rate for sand
deposits and low sedimentary rate for sandy soil layer are observed (Fig. 3.9). Our results are consistent
with the mid-Holocene chronostratigraphy presented by Li P et al. (2014) based on radiocarbon and

OSL dates of samples from a 24.5 m-long core drilled in modern Liaodong coastal landward.
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Fig. 3.9 Depth-age relationship of the PJ sand dune and sandy soil layer with a graphic log and all sample codes.

The possible depositional ages for the top and bottom of the sand dune were assumed by
extrapolating the fitted age-depth relationship shown in Fig. 3.10. The results after the extrapolation
show that the PJ sand dune accumulated from ca.120 a (1890 AD) to ca. 70 a (1940 AD). Although there
are only two data points available, the age of the top of sandy soil was also estimated by an
extrapolation, resulting in c¢. 150 a. It indicates that no major hiatus occurred during the transition of

sandy soil to the sand dune.
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The Holocene transgression in the Liaodong coastal area was recorded by marine sediments with
buried thicknesses of 6-15 m (Fu, 1988) and 7.85 m (Bing et al., 2013) in the modern Liao River and
Daling River estuaries and c. 4.5 m (Ma, 2014; Li P et al., 2014) in this coastal lowland near the modern
Liao River estuary. The Holocene transgression range has been distinguished based on 11 cores drilled
in the LLP according to Fu (1988). Three paleo-coastlines since the late Pleistocene have been
reconstructed by IOCAS (1985). The timing of the sea level rise in the LLP was determined by buried
shells and peat using **C (Fu, 1988; Ma, 2014) and OSL dating (Bing et al., 2013; Li P et al., 2014). These
previous studies suggest that the location of the PJ sand dune was at the northern edge of the
Holocene transgression and was covered by sea water at the sea level high-stand (Fig. 3.1), which
occurred at 5-6 ka in the LLP (Fu, 1988). As a consequence of the sea level change during the Holocene,
three main depositional units, lacustrine, marine and salt-fresh marsh deposits from early to late
Holocene, can be distinguished based on stratigraphic characteristics and down-core distributions of
benthic foraminifera, pollen, diatom and grain size from tens of cores drilled in the LLP (Fu, 1988; Ma,
2014; Li P et al., 2014). Using our new data we can compare the timing of sandy soil sedimentation and
the sea level high-stand yielded from these previous work. The lowermost sample (LUM3196) provides
an OSL age of 5.040.4 ka, and the site is located in the northern edge of the postulated Holocene
transgression. We infer that the sandy soil section in the studied site deposited after the sea-level
highstand. Furthermore, the sediments in this section consist of organic-rich material, soil aggregates
and fine grains, constrained to the depositional unit of salt-fresh marsh as a consequence of sea level
fluctuation during the sea-level highstand. XRD analysis of soil aggregates larger than 250 um from
LUM3196 gave an approximate mineral composition of quartz (30%), feldspar (15%), vermiculite (30%)
and amorphous component (25%). The rich vermiculite component is possibly related to a moderate
weathering process and warm environment (Lu, 1997). Evidence from historical documents and
archaeological records which were summarized by Lin (1980) and Xiao (2010) also proved that a paleo
'Liao marsh' had widely existed in the LLP since the beginning of the Hongshan Culture (5-6 ka) and
perished at the end of Qing dynasty (1860-1912 AD).

More direct evidence is available from historical records of coastline migration (Lin, 1991) and
research on recent coastline evolution over the past hundred years conducted by Chen et al. (2010).
Three historical military maps were made in 1909 AD, 1932 AD and 1950 AD, demonstrating the
coastline change of the Liaodong Bay shown in Fig. 3.1 (Chen et al., 2010). During this period, significant
progradational process occurred in the LLP. The PJ sand dune accumulated rapidly at the same time

(since c. 1890 AD), but it was c. 30 km far away from the coastal area.

Previous studies on the Little Ice Age (LIA) in China showed that the last sub-cooling period of the

LIA occurred during 1840-1870 AD according to Zhu (1973) and 1830-1890 AD according to Wang and
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Wang (1990). Several sand deposits worldwide were correlated to the cold period in the last
millennium based on accurate OSL chronology (e.g. Tamura et al., 2016, 2011; Hu et al., 2013). The
mean annual temperature variation in northeastern China constructed by Wang et al. (1998) and
temperature change in the Liaoning Province presented by Sun and Zhao (2002) indicate that the
temperature was steadily increasing between 1880 AD and 1940 AD, indicating that the PJ sand dune
accumulated during a warm period after the LIA. The oxygen isotopic record from speleothems for the
last 500 years in Li et al. (1998) in northern China (Fig. 3.10) and the tree-ring record of the precipitation
in the southern Liao Plain indicate an overall increasing trend with several wet and dry cycles for the
precipitation. According to pollen data and historical documents, land types in the LLP were meadow,
marsh (wetlands) and river prior to sand deposition (Ma, 2014). From 1860 AD, the Qing government
started to open northeastern China gradually, which had been blocked for almost 200 years before
1860 AD and only a few people from central China were allowed to move into this region. The amount
of population increased gradually since 1860 AD, and dramatically increased after 1890s, as a result of
Immigrant and Reclamation Policy. With the leap of population and traditional cultivation, the natural
vegetation in the LLP was largely destroyed. It is most likely that this caused the significant changes in
the landscape, resulting in and sand dune formation. Yang et al. (2012) presented a similar sand
activation around 1800 AD in Horqin dunefield which was influenced by the Immigrant and
Reclamation Policy. Three phases of land cultivation during the last 2300 years in the Mu Us desert
were recognized by Sun (2000). Because the sand accumulated in the relatively warm and humid
period after the Little Ice Age, we conclude that the accumulation of the PJ sand dune was mostly likely
to be influenced by the Immigrant and Reclamation Policy carried out by the Qing government, not

due to the climate change.
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3.5 Conclusions

A well-preserved sand dune in elapsed marine-terrestrial interacted area in northeastern China is

studied in this paper. Based on the results, we conclude:

e Using OSL ages of quartz, the chronology of the PJ sand dune and underlying sandy soil layer
based on quartz ages was established: The sandy soil sediments deposited after 5.0 £ 0.4 ka at
an extremely low sedimentary rate. The PJ sand dune accumulated from ¢.120 a (1890 AD) to
€.70 a (1940 AD) at a high sediment accumulation rate. There is no major hiatus between sand
dune and sand soil layer.

e The quartz OSL chronology shows that the sandy soil layer formed after the sea-level highstand
in the Holocene. The sandy soil layer is recognized as a marsh deposition based on the
characteristics of the containing organic-rich matter and soil aggregate. Combined with
historical coastline change, the PJ sand dune is an inland sand dune instead of a coastal sand
dune. Under a humid and warm climate period, the PJ sand dune was very likely impacted by
human activity at the end of Qing dynasty but not due to the climate change.

e The IRs fading rates for six sand samples are between ~5 - 10%/decade, whilst he pIRIR;so
fading rates are generally negligible. The fading corrected IRso and plRIRisp ages are
overestimated for six sand samples, and consistent with the quartz ages for two sandy soil
samples.

e The predicted residual doses obtained from the quartz OSL ages are generally larger than the
measured residual doses for our samples. The use of the measured residual dose for correction
is not appropriate, because the true residual dose is highly dependent on the natural bleaching
condition. The plRIR1so dating is generally applicable for samples older than ~1000 a when the

effect of residual dose becomes insignificant.
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Abstract

Three major Quaternary transgressions documented in the sediment record of the modern Bohai Coast
have been widely recognised. However, there is no consensus of the timing of these transgressions.
Optically Stimulated Luminescence (OSL) dating using multiple luminescence signals was carried out
on a sediment core to figure out the chronological framework of the three major transgressions in the
Bohai Coast. Reliabilities of the luminescence ages were firstly investigated in terms of 1) signal
bleaching and 2) anomalous fading for the feldspar infrared stimulated luminescence signals. Our
results show that the quartz OSL and K-feldspar pIRIR22s signals were generally well bleached. The
laboratory determined fading rates of ca. 1-1.5 %/decade for the K-feldspar pIRIR,q0 signal reflect an
actual fading process instead of the previous statement of laboratory artefact. The quartz OSL dating
is applicable within ca. 50 ka, and dating upper limits for the K-feldspar pIRIR22s and pIRIR290 could
reach to ca. 300 ka. The fine-grained polymineral pIRIR dating yields lower upper dating limit than that
for the coarse-grained K-feldspar. The reliable quartz OSL and K-feldspar pIRIR2;s ages were used to
reconstruct the accumulation history in the Bohai Coast. The earliest transgression correlates to the
Marine Isotope Stage (MIS) 7, and the second transgression probably started from MIS 5. The latest
transgression was triggered by the Holocene sea-level rise. According to the Bacon age-depth model,
a sedimentation rate (SR) of ca. 0.2-0.3 m/ka is estimated for the duration between 250 and 30 ka. The

sedimentation rate increased dramatically during the last deglaciation.

Keywords: transgression, luminescence dating, K-feldspar post-IR IRSL, anomalous fading, Bohai Coast

5.1 Introduction

The semi-enclosed Bohai Sea, located in northeastern China and at the west margin of the Pacific
Ocean, is sensitive to the marine-terrestrial interaction due to the shallow water depth of ca. 20 m (Fig.
5.1). The thick sediments deposited in the Bohai sediment basin have been widely studied in respect
of Quaternary sedimentary processes and climate changes (e.g. IOCAS, 1985, Liu et al., 2009, 2016; Shi
et al,, 2016; Yao et al., 2014; Yi et al., 2012, 2015). Three major transgressive layers were identified in
a wealth of onshore cores using micro- or macro-fossils (IOCAS, 1985; Yi et al., 2012). The cyclical
transgression-regression sequences were triggered by the glacio-eustatic sea-level fluctuations over
the last 1 Ma (Shi et al., 2016) postdating the subsidence of the Miaodao Archipelago (Yi et al., 2015,
2016). The maximum range for each transgression has been determined by stratigraphic correlation of
buried transgressive strata (Fig. 5.1. IOCAS, 1985; Liaoning Geology Bureau, 1983; Wang et al., 1986;
Zhao et al., 1986).

It is crucial to determine the timing of each transgression for further climatological and geological

interpretations. Several dating approaches have been exploited to date the transgression-regression
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cycles in the Bohai Coast. The palaeomagnetic dating results show that the three transgressions
postdated the Brunches-Matuyama reversal (Yi et al., 2015; Liu et al., 2016). Radiocarbon chronology
restricted the three transgressions to Marine Isotope Stages 5, 3 and 1, respectively. However,
radiocarbon dates for the earlier two transgressions are doubtful, as they are in general at the dating
limit (~40 cal ka BP. Long et al.,, 2015; Pigati et al., 2007; Yi et al.,, 2013). Optically Stimulated
Luminescence (OSL) was applied to determine the timing of transgressions largely in the South and
West Bohai Coast using quartz and K-feldspar. The quartz OSL ages are consistent with radiocarbon
dates for the latest transgression (T-1), and timing of the second transgression (T-2) was modified to
MIS 5-3 by quartz OSL dating (Chen et al., 2008; Yi et al., 2013. Fig. 5.2). Nevertheless, the quartz OSL
ages for the earliest transgression (T-3) are underestimated (Chen et al., 2008; Liu et al., 2016; Yan et
al., 2006), as indicated by the dating upper limit at a maximum of ca. 50-100 ka for quartz, yielded
using the saturation dose of ca. 200 Gy with typical dose rate of ca. 2-4 Gy/ka in Bohai (Chen et al.,
2008; Liu et al., 2016; Timor-Gabor et al., 2010; Yi et al., 2013). Alternatively, the K-feldspar infrared
stimulated luminescence (IRSL) signal could extend dating range. However, the published K-feldspar
luminescence ages for a coastal core in Chen et al., (2012) are regarded unreliable owing to the
problems of partial bleaching and anomalous fading. Therefore, the onset timing of the transgressions

since middle Pleistocene has not been well constrained by numerical dating.

Although K-feldspar IRSL signal is a promising method to extend dating range, it is hampered by
anomalous fading which results in age underestimation. To overcome anomalous fading for K-feldspar
IRSL, the novel two-step and multi-elevated temperature (MET) post-IR IRSL (pIRIR) signals are
regarded more athermally stable and have less fading with the increase of stimulation temperature
(Buylaert et al., 2009; Li and Li, 2011; Thomsen et al., 2008; Zhang et al., 2015). The two-step pIRIR
signals stimulated at 290 °C (pIRIR250) and MET-pIRIR signal stimulated at 250 °C (MET-pIRIR2s0) show
negligible fading (Thiel et al., 2011; Li and Li, 2011). However, the pIRIR signal appears to be more
difficult to bleach with the increase of the stimulation temperature (e.g. Colarossi et al., 2015; Kars et
al., 2014), which could result in age overestimation. In addition, to the contrary of the former
observation (Thiel et al., 2011), significant fading for the pIRIR29 signal was measured in the laboratory
(e.g. Li et al., 2014 and reference therein; Li et al., in press). It thus requires further investigations to
understand fading for the pIRIR signal at very high stimulation temperature. An alternative way is to
date the sediments using the lower-temperature stimulated pIRIR signals with proper fading correction
models (Huntley and Lamothe, 2001; Lamothe et al., 2003; Kars et al., 2008). It seems to be more
reasonable, especially for sediments with potential bleaching problem (e.g. water-lain sediments). The
fading correction method following Huntley and Lamothe (2001) is theoretically applicable for ages

not older than 20-50 ka. The recent Kars et al. (2008) model, on the basis of quantum-mechanical
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tunnelling model (Huntley, 2006), is applicable to correct ages close to field saturation (Kars et al., 2009;

Li et al., in press; Li et al., in prep.).

In this study, we exploit luminescence dating on a 100-m core (LZK06) to determine the timing of
the three transgressions in the Bohai Coast after validations of the K-feldspar pIRIR dating for the Bohai
sediments using materials from the upper 20 m of core LZKO06 in Li et al. (in press). Samples collected
from the interval of 20-100 m in core LZKO6 are carefully dated in this study. The degree of signal
bleaching for the three young ‘T-2’ samples is assessed by comparison of the quartz OSL, K-feldspar
pIRIR1s0 and plIRIR22s ages. K-feldspar samples below the second transgression layer were measured
using the plRIR22s and plRIR290 protocols. The degree of bleaching and fading for the pIRIR signals are
fully investigated. The luminescence age-based age-depth model is subsequently built to determine

the timing of the transgressions and to reconstruct the accumulation history in the Bohai Coast.

5.2 Study area and materials

5.2.1 Geological settings

The Bohai Sea consists of the Central basin, Bohai strait and three bays: the Liaodong Bay (north), Bohai
Bay (west) and Laizhou Bay (south). The entire Bohai sediment basin, comprising the Bohai Sea and
the adjacent coastal plains, is surrounded by the Yanshan Orogen, Jiao-Liao Uplift and Luzhong
Mountain (Fig. 5.1). Large amount of sediments were transported by the local streams and deposited
in the Bohai sediment basin as a consequence of subsidence since the late Cenozoic (Allen et al., 1997).
The North Bohai Coast is part of the Lower Liaohe Plain, receiving sediments from the local streams,
such as the Liaohe, Dalinghe, Daliaohe and Xiaolinghe Rivers. The upper succession with a thickness of
300-400 m comprises a wealth of information to understand the Quaternary climate change and

environmental evolution (IOCAS, 1985).

5.2.2 Core LZK06 and sampling strategy

The borehole LZK06 is located in the west Lower Liao Plain. It is situated on the east bank of the modern
channel of the Dalinghe River, 10 km north to the estuary. The core was drilled in June 2015. The length
of the core is 100 m and the recovery rate is approximately 92%. The upper 60 m of core LZK06 is

studied in this thesis and described below.
0-0.7 m, artificially filled layer.
0.7-3.8 m, yellowish silt with high moisture, including vegetation fragments at 1.6 m.

3.8-4.7 m, horizontally bedded grey clayey silt with a thin organic-rich layer, containing vegetation and

mollusc fragments in millimetre scale throughout the layer.
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Fig. 5.1 The Bohai Sea and location of borehole. The three transgression ranges (T-1, T-2 and T-3) in the Bohai Coast are
modified from Wang et al. (1986) and Zhao et al. (1986). The main local streams and OSL dated cores are shown. The studied
core LZKO6 is located in the North Bohai Coast, fed mainly by the Dalinghe River. The inset shows the location of Bohai Sea,
as the transition area between the Eurasia and Pacific. ). The OSL dated coastal cores are from Chen et al. (2008) (BZ1 and
BZ2), Chen et al. (2012) (BT113 and BT114), Liu et al. (2016) (YRD-1101), Yan et al. (2006) (BQ1 and BQ2), Yi et al. (2013)
(L2908, BH1 and BH2), Zhao et al. (2002) (zZH2).

4.7-8.4 m, grey silty fine sand to fine sand (coarsening-upwards) with high moisture. It contains

Umbonium thomasi, Potamocorbula laevis shells and mollusc fragments in millimetre scale.

8.4-9.7 m, grey lenticular bedded clay and silt with several high-moist sand intercalations, containing

mollusc fragments.

9.7-10.7 m, high-moist grey fine sand with vegetation fragments at the bottom. It contains Mactra

veneriformis and Umbonium thomasi shells and numerous mollusc fragments in millimetre scale.

10.7-12.2 m, this layer contains high-moist sand layer with mollusc fragments (12.1-12.2 m), fining-
upwards silt-clay with thin sand intercalations and one Potamocorbula laevis shell (11.5-12.1 m), clayey
silt-sand interlayers with ripples (11.2-11.5 m), parallel clay-silt layer with lenticulars sands (10.9-11.2

m), and silty clay with rich organic matters (11.7-11.9 m).

12.1-13.6 m, grey silty sand with high moisture and rich in mollusc fragments, including lens-like

intercalations of silt from 12.4 to 13.0 m.

13.6-15.5 m, grey clayey silt and silt. The uppermost 20 cm is blackish grey organic-rich silty clay layer.
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15.5-20.0 m, light grey silt to fine sand (fining-upwards) with high moisture, containing organic rich
matters at the bottom.
20.0-20.8 m, core absence.
20.8-21.1 m, grey silt with clay aggregates and mollusc shells.
21.1-23.5 m, high-moist fine sand without bedding, containing shell fragments.
23.5-24.3 m, silty clay with silt pellets and shell fragments.
24.3-27.0 m, high-moist fine sand with Genus Potamocorbula shell and shell fragments. No bedding.
27.0-27.7 m, core absence.

27.7-28.7 m, blackish-grey clayey silt layer (fining-upwards). It is rich in mollusc shells and the basal
well-rounded carbonate concretions (diameter of ca. 4 cm). It overlies the lower sand layer with an

erosional surface.

28.7-29.0 m, light grey sand layer. No bedding.

29.0-30.1 m, core absence.

30.1-34.5 m, massive fine sand with high-moisture.

34.5-35.0 m, medium-fine sand (fining-upwards) with carbonate concretions.

35.0-39.0 m, medium-find sand with high moisture. A well-rounded carbonate concretion (2 cm) is

found at depth of 35.8 m.

39.0-40.0 m, dark-grey clay with small carbonate concretions, fining-upwards.

40.0-42.1 m, brownish-grey silt-clay with silt pellets and interlayers.

42.1-43.2 m, grey clay with carbonate concretions.

43.2-47.0 m, fining upwards medium-fine sand with small carbonate concretions in the upper 40 cm.
47.0-48.6 m, massive fine-medium sand.

48.6-49.0 m, core absence.

49.0-49.6 m, blackish-grey coarse sand layer with mollusc shells and gravels, highly moist.

49.6-50.4 m, medium sand with gravel and shell fragments in millimetre size.

50.4-56.0 m, grey medium sand, including a dark-grey clay interlayer occurring at 51.6-51.8 m. No
bedding.
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56.6-59.6 m, grey fine-medium sand from 56.6 to 59.2 m, overlying a coarse sand bedded layer with

gravels. This layer is unconformably contacted with the underlying layer.

59.6-60.0 m, light grey clay layer. No bedding.
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Fig. 5.2 Lithology of core LZK06. a) shows the lithological
variations, OSL sample positions and definition of
transgression or regression layers. Radiocarbon dates for
the lower two transgression layers are shown (Shang et al.,
in prep.). b) shows pictures of the representative
transgressive deposits. The position of OSL samples, mollusc
shells and boundary between R-2 and T-2 are sketched.

All the OSL samples were collected using stainless steel cylinders. The cylinders fully filled with

sediments were covered and sealed with black plastic sheets and tapes to prevent light exposure. 24

OSL samples were collected between 20 and 100 m of core LZK06 (Fig. 5.2). It is not possible to collect

OSL samples from the losse lower T-2, and only three samples were taken from the upper T-2. 18 OSL

samples were collected with high resolution from 28.9 to 60.0 m, including R-2 (28.9-49.0 m), T-3 (49.0-

50.1 m) and the upper R-3 (50.1-60.0 m). The three lowermost samples, LUM3417, LUM3425 and

LUM3435, were taken at depths of 74.73 m, 83.52 m and 97.64 m, respectively, to investigate the

upper limits of luminescence dating.
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5.3 Methods

5.3.1 Sample preparation

The OSL samples were prepared in the subdued red light-equipped luminescence laboratory at the
Leibniz Institute for Applied Geophysics (Hannover, Germany). The quartz and K-feldspar fractions with
grain size intervals of 100-150, 100-200, 150-200 or 150-250 um were separated from the coarse-
grained samples. The inner non-light exposed material in the cylinder was collected for luminescence
dating (Table 5.1). The fine silt fraction (4-11 um) in the FG samples was separated by Stokes’ settling.
Detailed preparation procedures can be found in Li et al. (in press). We exploited large aliquots with
diameters of 6 and 2.5 mm for CG quartz and K-feldspar measurement, respectively, by mounting the
grains on stainless steel discs using silicone oil as adhesive. FG quartz and polymineral fractions were

settled from distilled water onto aluminium discs for measurement.

Table 5.1 Dose rate determination.

Sample Depth (m) Grainsize (um) U (ppm)  Th(ppm) K (%) Water content Dose rate (Gy/ka)
(%) K-feldspar  quartz
LUM3377 22.93 150-200 1.28+0.09 5.25%#0.31 2.93+0.17 30+10 3.39+0.18 2.63+0.22
LUM3378 23.50 4-11 2.47+0.16 10.16+0.58 2.41+0.14 205 3.80+0.19 3.45%0.19
LUM3379 24.06 4-11 2.54+0.16 10.33#0.60 2.32+0.14 205 3.76+0.19 3.40+0.19
LUM3380 28.95 150-200 1.7940.12 3.71+0.25 2.62+0.15 20+10 3.40+0.20
LUM3381  30.59 150-200 1.94+0.12 3.05+£0.20 2.55%0.15 20+10 3.5040.20
LUM3382 32.90 100-200 1.84+0.12 4.48+0.29 2.80+0.16 20+10 3.92+0.21
LUM3383 33.68 150-200 2.05+0.13 6.09+0.37 2.06%0.12 20+10 3.14+0.19
LUM3384 36.14 150-200 1.02+0.07 4.02+0.24 2.92+0.16 20+10 3.50+0.20
LUM3385 38.84 150-200 1.75+0.12 4.63+0.29 3.22+0.18 20+10 4.18+0.22
LUM3386 39.32 4-11 2.74+0.16 10.90+0.62 2.32+0.14 15+5 4.07+0.21
LUM3388 41.80 4-11 1.85+0.12 9.39+0.54 2.30+0.14 1545 3.61+0.19
LUM3390 43.22 4-11 1.93+0.13 8.63+0.51 2.39+0.14 1545 3.64+0.19
LUM3391 44.82 150-200 0.86+£0.07 3.09+0.21 2.64%0.15 2010 3.1940.20
LUM3392 46.90 150-200 1.28+0.10 3.91+0.26 2.79+0.17 20+10 3.44+0.20
LUM3393 48.52 150-200 1.03+0.07 3.30+0.23 2.76%0.16 20+10 3.33+0.20
LUM3394 49.64 100-200 1.67+0.11 8.23+0.49 2.44+0.14 30+10 3.81+0.22
LUM3395 50.72 150-250 1.18+0.08 5.03+0.32 2.44+0.14 20+10 3.18+0.22
LUM3398 54.90 150-200 0.78+0.06 3.44+0.23 3.08+0.17 20+10 3.55+0.20
LUM3399 57.32 150-200 1.05+0.07 4.41+0.27 3.00+0.17 20+10 3.59+0.20
LUM3400  59.50 100-200 1.00+0.07 4.75%0.30 2.60%0.15 20+10 3.31+0.20
LUM3401 59.90 4-11 1.49+0.11 7.30+0.46 2.00+0.13 1545 3.01+0.17
LUM3417 74.75 150-200 1.27+0.10 5.23+0.33 2.73%#0.16 20+10 3.46+0.19
LUM3425 83.54 150-200 0.82+0.07 3.54+0.24 2.58%0.15 20+10 3.16+0.20
LUM3435 97.66 150-200 1.21+0.08 5.87+0.34 3.03+0.17 20+10 3.73+0.20

5.3.2 Equipment and protocols
The measurements were carried out on an automated Risg TL/OSL system (DA-15) equipped with a
90y /%0Sr beta source with a dose rate of ca. 0.1 Gy/s. The quartz grains were stimulated using blue light-

emitting diodes (LEDs, 470+30 nm), and the OSL signal was detected through a 7.5 mm Hoya U-340
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filter. The emitted signals of CG K-feldspar and FG polymineral grains were detected through a
combined blue filter pack (Schott BG-39 and Corning 7-59) after stimulation using infrared (870+£40 nm)
LEDs.

The single-aliquot regenerative dose (SAR) protocol was applied for quartz OSL dating (Table 5.2;
Murray and Wintle, 2000, 2003). The quartz equivalent dose (D.) was calculated by subtracting the
initial OSL signal integrated over 0.80 s (first 5 channels) by the ‘early background’ (6-20 channels, 0.8-
3.2 s) (Cunningham and Wallinga, 2010). We exploited the pIRIR measurements with three different
preheat and pIRIR stimulation temperature combinations on the CG feldspar and FG polymineral
samples. The feldspar aliquots were firstly preheated for 60 s, followed by the pIRIR stimulation for
200 s after the IR stimulation at 50 °C for 100 s (Table 5.2). The preheat and pIRIR stimulation
temperatures were set to 180 and 150 °C in the plIRIRiso protocol, 250 and 225 °C in the plIRIR22s
protocol, and 320 and 290 °C in the pIRIR290 protocol, respectively. The initial 5 s of both the IR and

pIRIR signals were subtracted by the last 15 s of respective signals for D, calculation.

Table 5.2 SAR protocols @ for D, measurements of quartz and K-feldspar.

Quartz blue OSL K-feldspar post-IR IRSL®
Step Treatment Observed Step Treatment Observed
1 N, betadose 1 N, betadose

Preheat at 180 °C for 10s Preheat for 60 s at 180/250/320 °C

IR stimulation for 110 s at 50 °C

IR stimulation for 210 s at 150/225/290 °C Ln, Li
Beta dose (Test dose)

Preheat for 60 s at 180/250/320 °C
IR stimulation for 110 s at 50 °C

IR stimulation for 210 s at 150/225/290 °C T Ti
9 Returntol
a:Repeated dose was given at last in each protocol to monitor sensitivity change.

IR stimulation for 40 °CP®

Blue stimulation for 40 s at 125 °C L, Li
Beta dose (Test dose)
Cutheat at 160 °C

Blue stimulation for 40 s at 125 °C Tn Ti

00 N OB~ W N
00 N O U~ W N

Returnto 1

b:IR stimulation is conducted before blue stimulation in the last recycling step at room temperature.

&Three post-IR IRSL protocols are applied in this study. Preheat temperatures and the corresponding stimulation
temperatures are shown.

The three T-2 samples (LUM3377-3379) were measured using the quartz OSL, K-feldspar pIRIR1so
and plIRIR2zs protocols. The degree of signal bleaching was evaluated by comparisons of the multiple
luminescence ages. For the samples under T-2, we first exploited the quartz OSL measurement on
three samples (LUM3380, LUM3382 and LUM3384) to assess signal saturation. CG K-feldspar or FG
polymineral samples were measured using the pIRIR22s and pIRIR;g0 protocols, and the dose response

curves were fully constructed with regenerative dose up to ca. 3300 Gy.

5.3.3 Fading correction for the IRSL signals
To evaluate the extent of signal loss, the fading experiment was conducted following Auclair et al.

(2003). Three to six aliquots were used for each pIRIR protocol. The IRSL intensities were measured
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repeatedly after different delay times from tens of minutes to several tens of hours. The fading rate
(referred to as gadys [%/decade]) and the recombination-centre-density (referred to as p’) were
determined by fitting IRSL intensities against the arbitrary delay time with logarithmic function (Eq. 4-
Huntley and Lamothe, 2001) and power-law function (Huntley, 2006), respectively. The Huntley and
Lamothe (2001) model was theoretically applicable for the linear growth part of dose response and
thus utilised only for the three samples from upper T-2 using gzq4ays Values. The Kars et al. (2008) model
has an extended correction range up to field saturation and used for the samples collected below T-2

employing p’. The g.4ays Values were calculated for all the samples for further discussion.

5.3.4 Dosimetry

The radioactivity of the surrounding sediments for each sample was measured using additional 50 g of
dried material. Prior to gamma measurement, these materials were filled in plastic containers and
stored at least four weeks to secure equilibrium between radon and its daughters. The concentrations
of uranium (U), thorium (Th) and potassium (K) of the surrounding sediments were subsequently
calculated from the activity of these nuclides measured by high-resolution gamma spectrometry. The
parameters used for determination of environmental dose rate for the Bohai samples can be found in
Li et al. (in press). Specifically, according to the alternation of water content in the sequence, the
observed water contents were used for dose rate determination with uncertainties of 10 and 5% for
CG and FG samples, respectively, representing the variation of water content in antiquity. The results

of dose rate are shown in Table 5.1.

5.4 Luminescence characteristics and ages for the T-2 samples

5.4.1 Quartz OSL characteristics and ages

A preheat temperature at 180 °C was employed for the quartz OSL measurement (Li et al., in press).
Its reliability was examined by the dose recovery test (Fig. 5.3). 43 of 72 measured aliquots, assessed
by criteria of the recycling and depletion ratios with the acceptable ranges of 0.9-1.1, were used to
determine D. for CG sample LUM3377. Six aliquots were measured for FG quartz samples LUM3378
and LUM3379. All the dose response curves (DRC) were fitted with a single saturating exponential
function. D, distributions, decay and growth curves are shown in Fig. 5.4. The quartz OSL mean D.s are

between 11316 and 136+1 Gy, and the quartz ages vary from 39.1+2.2 to 43.0+4.2 ka by dividing the
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mean D. value by the environmental dose rate.
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Fig. 5.4 a) and b) show the decay and dose response curves for two young ‘T-2’ samples LUM3377 and LUM3379. C) and d)
show the De distributions for CG sample LUM3377 and FG sample LUM3379.

5.4.2 K-feldspar luminescence characteristics and ages

12 aliquots were measured using each pIRIR protocol for CG feldspar sample LUM3377, while 4
aliquots were used for two FG polymineral samples. The DRCs were fitted with a single saturating
exponential function. The apparent ages were determined by dividing the mean D, value by the
feldspar dose rate (Table 5.3). The apparent plRIR1so ages are between 26.4+1.4 and 37.2+3.6 ka, while
the corresponding IRso ages are between 20.2+1.0 and 22.1+1.5 ka. The apparent pIRIR,2s ages are
between 30.9+1.8 and 44.9+3.6 ka, and the corresponding IRso ages range from 25.1+1.4 to 27.1+1.7
ka. Dose recovery and residual tests were carried out to assess the reliability of two pIRIR protocols.
Three aliquots were used for each test after four-hour bleaching in the Honle SOL 2 solar simulator. In
the dose recovery test, the bleached aliquots were given a known dose close to the measured D, prior
to the measurement. The obtained recovered D. was first residual dose subtracted and then divided
by the given dose to calculate the dose recovery ratio. The dose recovery ratios of both the plIRIR1so
and plRIR2;s signals are within the acceptable range (0.9-1.1) (Fig. 5.3), showing that both the pIRIR

protocols are applicable for the T-2 samples.
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Fig. 5.3 a) Dose recovery ratios for quartz OSL, feldspar pIRIR1so, pIRIR225 and the associated IRso signals. b) Residual doses
after 4h SOL2 bleaching for feldspar pIRIR1so, pIRIR225 and the associated IRsg signals.

Fading correction was subsequently performed according to Huntley and Lamothe (2001). The
pIRIR fading rates are generally between 1-2%, while the IRso fading rates are larger than the associated
pIRIR signals (Table 5.3). The fading corrected plRIRiso ages are between 29.3+1.7 and 43.7+4.3 ka,
while the fading corrected plRIR22s ages vary from 33.842.0 to 52.4+4.5 ka.

5.4.3 Degree of signal bleaching

Dissimilar bleaching rates of different luminescence signals have been observed in previous studies
(e.g. Colarossi et al., 2015; Godfrey-smith et al., 1988). Based on this recognition, ages derived from
different luminescence signals were compared to evaluate the degree of bleaching of the OSL samples
(Murray et al., 2012; Reimann et al., 2015; Yang et al., 2015; Li et al., in press). Bleaching rates for the
signals used in this study are quartz OSL > IRso > pIRIR1s0 > pIRIR225. We thus compared the quartz OSL,
fading corrected feldspar IRso, pIRIR1s0 and pIRIR2s ages using the feldspar/quartz (F/Q) age ratio to
assess the bleaching characteristics for these signals and to figure out the most reliable luminescence
ages. The F/Q age ratios for sample LUM3377 are in general close to 1, while the pIRIRs and the
associated IRsp ages slightly overestimate the quartz age. The overestimation for pIRIR2zs is probably
due to slightly insufficient bleaching, while the associated IRsq age is likely fading over-corrected. In
general, the F/Q age ratios for the two FG samples are slightly underestimated as derived from fading
under-correction, while the plIRIR225 ages are broadly consistent with the quartz OSL ages. The results

of F/Q ratios indicate that the quartz OSL signal was likely well bleached.
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5.5 Luminescence characteristics and ages for samples below T-2

5.5.1 Quartz OSL measurement

Sample LUM3382 was measured using the SAR protocol to examine applicability of the quartz OSL
signal. The preheat plateau test was conducted with seven preheat temperatures (180-300 °C with an
interval of 20 °C for 10 s) followed by the tracked cutheat temperatures 20 °C lower (Roberts, 2006).
Three aliquots were measured for each temperature. The dose response curve for each preheat
temperature was fitted using a single saturating exponential function (Fig. 5.5). It shows that the quartz
OSL signals after preheating at 180-300 °C are generally in or very close to saturation. The dose
recovery ratios for all the temperatures are rejected as they are out of the acceptable range (0.9-1.1)
(Fig. 5.6). The unsatisfactory dose recovery results and the limited dating range indicates that the
quartz OSL signal is not applicable for the older samples. The 2D, values are generally ca. 200-250 Gy,
which is in agreement with the former observation from FG quartz (Timar-Gabor et al., 2010). The K-

feldspar plIRIR225 and pIRIR290 protocols were thus used to date the R-2, T-3 and R-3 samples.
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Table 5.3 Results of quartz OSL and K-feldspar/polymineral pIRIR dating for the upper T-2.
a) Result of quartz D, and age.

Sample Depth (m) Equivalent dose (Gy) Age (ka)
LUM3377 22.93 11316 43.014.2
LUM3378 23.50 135+1 39.1+2.2
LUM3379 24.06 13613 40.0+2.4

b) D.s and fading uncorrected ages for the K-feldspar IRso, pIRIR1sp and pIRIR2;5 signals.

Equivalent dose (Gy)

Depth Fading uncorrected age (ka)
Sample (e p) IRso (pre- IRso (pre- IRso (pre- IRso (pre-
m IRIR IRIR IRIR IRIR
pIRIR150) pIHaso PIRIR225) P azs pIRIR1s0) pTHaso PIRIR22s) P aas
LUM3377 22.93 74.7+3.1 126+10 87.714.1 15249 22.1+1.5 37.213.6 25.9+1.8 44.913.6
LUM3378 23.50 76.910.4 1033 1034 122+2 20.3£1.0 27.1+1.6 27.1+1.7 32.1+1.7
LUM3379 24.06 75.9+0.5 99.1+1.8 94.3+1.6 11613 20.2+1.0 26.4+1.4 25.1+1.4 30.9+1.8
c) Results of gdays value and fading corrected age for the K-feldspar IRso, pIRIR1s0 and pIRIR;25 signals.
Depth G2days (%/decade) Fading corrected age (ka)
Sample IRso (pre- IRso (pre- IRso (pre- IRso (pre-
(m) 50 1P IRIR 50 1P IRIR 50 1P IRIR 50 1P IRIR
PRIRso) P plRIRgs) P PRIRso) P plRIRzs) P
LUM3377 22.93 5.3940.01 1.76+0.07 6.24+0.39 1.66+0.26 38.1+2.6 43.7+4.3 50.315.3 52.4+4.5
LUM3378 23.50 2.7440.26 1.36+0.27 1.92+0.58 1.16+0.28 26.1+1.6 30.6+2.0 32.3+2.9 35.6+2.1
LUM3379 24.06 2.47+0.04 1.17+0.13 2.304£0.30 1.01+£0.13 25.2+1.3 29.3+1.7 29.3+1.5 33.8+2.0

5.5.2 K-feldspar luminescence characteristics and ages

5.5.2.1 Apparent age

Six aliquots were measured for each pIRIR protocol. The recycling ratio for each measured DRC is close

to 1, and all the recuperation is below 5%. The standardised dose response curve (sDRC) of the pIRIR

and the associated IRso signals was fitted with a single saturating exponential function using the L,/Tx

values from all measured aliquots for each sample. After projecting the natural luminescence

intensities onto the sDRC, the measured D. was determined for each signal (D.1 in Fig. 5.7). The

apparent age was calculated by dividing the measured D, by the environmental dose rate. The pIRIR22s

ages vary from 90+7 to 229+18 ka (Table 5.4), and the associated IRso ages are between 7017 and

181+15 ka. While the IRsp (pre-plRIR290) ages of 7147 to 242+19 ka are all finite, the finite pIRIR290 ages

are between 117410 and 239420 ka, and two infinite ages of >274+17 and >355+37 ka were calculated

for LUM3401 and LUM3425, respectively (Table 5.4), for which the D.s are above the threshold of the

associated 2D.
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5.5.2.2 Dose recovery

The 4h-bleached aliquots were used for dose recovery and residual dose measurements. For the
samples holding finite equivalent doses, a beta dose close to the equivalent dose was given to three
aliquots per sample to measure the recovered doses. In contrast, the given dose of ca. 400 Gy was set
for samples holding infinite equivalent dose. The residual dose after four hour SOL2 bleaching was
measured using three aliquots. It shows that the residual doses for pIRIR;2s are between 4.8 and 9.0
Gy, while those for the associated IRso signal are between 1.1 and 3.2 Gy. The residual doses for the
pIRIR290 and the corresponding IRso signals are 14.1-31.9 and 2.3-10.9 Gy, respectively. The dose
recovery ratio per signal was calculated after the residual dose subtraction. It shows that the dose
recovery ratios for the plRIR22s signal are broadly around 0.9-1.0, and the corresponding IRso signal
mostly yielded acceptable dose recovery ratios (0.9-1.1) (Fig. 5.8). While the dose recovery ratios for
the pIRIRs signal are within the acceptable range, the associated IRso signal are generally
underestimated due to the trapping sensitivity change after relatively high-temperature preheat (Kars

et al., 2014).
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5.5.2.3 Fading correction

The pIRIR2s p” are between 9.40%2.20x107 and 2.10£0.28x10°%, whilst the pIRIR.0 signal yielded
generally smaller p’ values between 3.90+4.40x107 and 1.64+0.27x10°®. The pIRIR225 g2days Values range
from 1.35+0.32 to 3.15+0.25%/decade, while those for pIRIRyo range from 0.60+0.55 to
2.4110.41%/decade (Table 5.4). The unfaded DRC was subsequently constructed to eliminate fading
during D. measurement (Fig. 5.9). Do and saturation value (/;) of the unfaded DRC, the environmental
dose rate, probability distribution of traps and p’, are the input parameters utilized for construction of
the simulated natural DRC (see details in Kars et al., 2008). The natural intensity was plotted onto the
simulated natural DRC to determine the fading corrected D. (D2 in Fig. 5.9) according to the simulated
Is and Do. It is noticed that several fading corrected D. values are above the threshold for field
saturation, thus, minimum ages were presented using 2D, of the simulated natural DRC ((Do)ss in Table
5.4). The pIRIR2zs fading corrected ages for the upper 17 samples are finite, ranging from 130+13 to
241425 ka, while the minimum ages were calculated for the lowermost four samples. Six of twenty-
one plRIR29 ages after fading correction are infinite (Table 5.4). The finite pIRIR,90 ages are between

175+47 and 278+38 ka. The simulated /s/unfaded /s ratio, referred to as (n/N)ss, is used to predict the
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field saturation level. The field saturation levels between 0.70£0.07 and 0.91+0.09 for plIRIR,9 are

generally higher than those of 0.57+0.10 to 0.78+0.06 for pIRIR2s.

LUM3384 (pIRIR,,5)
£ 3 '
= Unfaded DRC
T | o
% Measured DRC
|
22—
= Simulated natural DRC
e]
2 10* 10°
&) — 23 11 Illllll 11 lllllll 11
8 Lrh s = Delay time (s)
2 : 2 7] (9= 1:66+0.38%/decade
= : £ o1 g3
2 : - e PR ~3§ _t Fig. 5.9 Fading correction results for plRIR;2s for sample
$ . 2= ~:ﬁ: J LUM3384. Three dose response curves (measured, unfaded
! —  [p'=1.19£0.26x10° and' simulate natural) following Kars et al. (2008) anc! the
0 10,2 1.9 fading uncorrected and corrected D.s are shown. The inset
I | I I I | I I shows the results of fading experiment, including gzdays value
0 1000 2000 3000 4000 5000 following Huntley and Lamothe (2001), and p’ value
Dose (Gy) following Huntley (2006).

5.5.3 Comparison of the pIRIR22s and pIRIR290 ages

The satisfactory dose recovery ratios indicate that both the pIRIR2;s and pIRIR29 protocols are
applicable for the Bohai samples. The fading corrected and uncorrected pIRIR29 ages are compared
with the associated fading corrected plIRIR2;s ages to evaluate the degree of bleaching for the two pIRIR
signals and to understand the laboratory determined fading for the high-temperature stimulated pIRIR
signal. The lowermost four samples are excluded for age comparison as all the pIRIR22s and pIRIR2g0
ages are saturated. A tendency of slight age underestimation is demonstrated for the fading
uncorrected plRIR290 ages, while the fading corrected plRIR290 ages are generally consistent with the
corresponding plIRIR2s ages (Fig. 5.10). It is noticed that six fading uncorrected plRIR,50 ages are
consistent with the fading corrected plIRIR.25 ages for samples, whilst the corresponding pIRIR290 ages
after fading correction, including two infinite ages, are overestimated. The dissimilarity appears not to
derive from fading over-correction, since both the significant and negligible pIRIR,9 fading rates are
observed for these overestimated ages (Fig. 5.10). On the other hand, age overestimation arises
probably due to partial bleaching for the pIRIR2s0 signal (Colarossi et al., 2015), while the pIRIR22s signal
could be more sufficiently bleached during the same exposure duration. The general consistency

between the fading corrected plRIR2:s and plRIR,9 ages indicates that the plIRIRz;s signal was well
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bleached, which is in agreement with the conclusion in Li et al. (in press), revealing that the pIRIR22s

dating is applicable in terms of signal bleaching for the pre-Holocene deposits.
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For the samples under study, fading rates for the plIRIR,90 signal is commonly smaller than those
for the associated plIRIR2;s signal. While the lower samples generally yield the pIRIR,9 fading rate of ca.
1%/decade, significant fading is determined in laboratory for the sand samples in the upper R-2 (Fig.
5.10). Similarly significant fading rates for pIRIR250 have been presented (e.g. Li et al., 2014 and the
references therein; Li et al., in press), indicating that the pIRIR50 signal could also fade. Negligible
fading for the plIRIR2g signal with gadeys values of smaller than 1-1.5%/decade was regarded as an
artefact of the measurement procedure (Buylaert et al., 2012), and the apparent pIRIR,50 ages were
thus not corrected for fading. It was suggested that insignificant fading could induce very limited age
underestimation, the statement of artefact for the laboratory determined plIRIR;5 fading rate,
however, is still controversial, as the relations between anomalous fading, laboratory and field
saturation levels, are not clear. Here, the (n/N)ss after Kars et al. (2008) were plotted against the
corresponding gzdays Values for all the signals. It shows that the field saturation level is higher when less
fading occurs. After fitting the plots using a single decaying exponential function with the confidence
level of 95% (Fig. 5.11), we notice that the (n/N)ss is close to the threshold of 86% for field saturation,
when the associated fading rate is around 1%/decade. It indicates that the approaching or reaching to
the laboratory saturation for the plIRIR,90 signal could derive from indistinguishable field and laboratory

saturation levels. Thus, the fading rate of ca. 1%/decade represents a real fading process for the
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pIRIR290 signal rather than a laboratory artefact, although the fading process results in insignificant

signal loss.
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5.6 Dating capabilities for the K-feldspar pIRIR protocols

Twice the characteristic dose (Do) value for the single saturating exponential fitted DRC, representing
86% of the laboratory saturation value, is used to quantify the dating limit of the luminescence signals
(Wintle and Murray, 2006). D, values for the measured (M), unfaded (UF) and simulated natural (SN)
DRCs in Kars et al. (2008) are first compared to investigate whether the upper dating limit changes
before and after fading correction. It shows that the UF Dy is in general larger than the associated SN
Do. Both the UF and Sn Dgs slightly overestimate the corresponding measured Dy. It is also noticed that
this overestimation differs between the IRsg and pIRIR signals, which is commonly more significant for
the IRsp signals than those for the corresponding pIRIR signals, reflected by the slopes of linear fitting
(Fig. 5.12 a-d). To investigate the derivation of this discrepancy, the UF/M and SN/M D, ratios were
calculated and plotted against the recombination-centre-density (p’). In Fig. 5.12f, it shows a clear
tendency that the increment for UF Dy is accompanied by the increased fading. The tendency for SN
Do is relatively negligible, suggesting that Do is consistent before and after fading correction. Therefore,
we conclude that fading correction is unessential to evaluate minimum ages for the field saturated
samples using 2D, value of the simulated natural DRC, which could be substituted by that of the

measured DRC.
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Table 5.4 Results of pIRIR2;5 and pIRIR,90 dating for the samples below the second transgressive layer (T-2).  Measured (fading uncorrected) D.. 2 Characteristic dose for the simulated natural DRC.

Dose rate
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The Do values differ about which grain size fraction is used for dating. It is shown in Fig. 5.12a-d
that the FG samples yield much smaller Dgs of ca. 400-500 Gy for all the signals than the CG samples.
2Do values for the pIRIR signals are less than ca. 900 Gy, which is equivalent to a maximum dating limit
less than ca. 200 ka when the assumed K-feldspar dose rate is ca. 4 Gy/ka. In contrast, 2D, values for
the pIRIR225 and plIRIR,g0 signals for CG samples are generally between ca. 1100 and 1200 Gy, suggesting
that the upper dating limit could reach to ca. 300 ka. This discrepancy of dating capability requires
further investigation, as it could be induced by different luminescence properties for feldspar in
different grain size intervals. It could also be explained by variations of the source, since the fine grains

can move distally, while the coarse grains are generally indicative of proximal transportation.
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Fig. 5.12 Do comparison of measured, unfaded and simulated natural DRCs. a) — d) show the Dy relations for the pIRIR2zs,
pIRIR290 and the associated IRsg signals. f) shows Dy variations for the three DRCs with the increase of fading.

5.7 Timing of the Middle Pleistocene transgressions in the Bohai Coast and sedimentation
rate variations

After the investigation of signal bleaching and anomalous fading, the luminescence ages in this study
and in Li et al. (in press) for core LZK06 are used to establish the chronology. It shows that the quartz
OSL signal for the upper 26 m of core LZK06 was well bleached to yield reliable ages (T-1, R-1 and the
upper T-2). For the rest core, the quartz OSL signal is in saturation. The pIRIR2s signal was generally
well bleached after the comparison between the plIRIR2s and plRIR,9 ages (R-2, T-2 and T-3). The

Bacon age-depth model was subsequently used to construct the accumulation history for the last 250
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using the most reliable luminescence ages, and to minimise the sample dependent age uncertainties
(Blaauw and Christen, 2011). Hiatus occurring at 28.7 m, between T-2 and R-2, was set in the age-depth

model with an estimated time gap of 10 ka in the model.

Our new results in this study show that T-3 transgression occurred at ca. 200 ka. In sea-level aspect,
the global mean sea-level (GMSL) was between ca. -40 and 10 m a.s.| during this period (Spratt and
Lisiecki, 2016), while the thin T-3 transgressive layer was buried at ca. -45 m a.s.l. Therefore, the T-3
layer likely correlate to the period of MIS 7 sea-level highstand. Our results largely extend the timing
of T-3 transgression in the literature, which were determined using the saturated quartz ages (Chen et
al., 2008; Liu et al., 2016). The timing of T-2 is not very well confirmed by the limited OSL samples. The
luminescence age below T-2 shows that this transgression occurred after ca. 130 ka, and the
radiocarbon age for the shell-rich bottom layer is saturated (>43.5 cal ka BP. Shang et al., in revision.),
whereas no OSL age is available to restrict the period of the observed hiatus between T-2 and R-2. The
age-depth model shows that the onset timing of the T-2 transgression is ca. 120 ka, which is reasonable
compared with the GMSL in MIS 5. The three OSL ages are available to restrict the timing of the upper
T-2. While the quartz OSL ages are related to early-middle MIS 3 (ca. 40 ka), the radiocarbon ages in
the uppermost T-2 are generally saturated, and one radiocarbon age is ~30 cal ka BP (Fig. 5.2. Shang
et al., in prep.). The upper T-2 is buried at ca. -18 m a.s.l., whilst the GMSL in the early-middle MIS 3
range from ca. -80 to ca. -60 m a.s.l. (Spratt and Lisiecki, 2016), showing a much lower sea-level which
is impossible for transgressive deposition in the Bohai Coast. Although the peak sea-level of ca. -38+7
m during 50-37 ka in the Bohai and South Yellow Seas, estimated by Pico et al. (2016), is higher than
the GMSL, it is apparently lower than the upper T-2. The discrepancies for the radiocarbon dates, and
between OSL and radiocarbon ages, show that most of shell fragments in the upper T-2 appear to be
reworked and problematic of old carbon contamination. These shell fragments could be eroded from
the old transgressive strata in upstream of Dalinghe River and redeposited on the site of core LZK06.
The shell fragments in the upper T-2 do not represent in situ deposition and thus not indicative of
marine environment. The former chronology showing transgression in MIS 4 and 3 is likely
misunderstood by the reworked shells. Termination timing and sedimentary processes for T-2 requires
further investigation on the basis of high-resolution chronological constraints. The T-1 transgression
occurred in Holocene, which has been indicated by the quartz OSL and radiocarbon ages (Li et al., in
press). It agrees with the former radiocarbon chronology in the Bohai coastal area (e.g. IOCAS, 1985;

Wang et al., 2004; Wang and Fan, 2005).

The variations of sedimentation rate (SR) is calculated according to the modelled age-depth
relation (Fig. 5.13c). In total of 60 bins divide the deposits in ca. 250 ka with bin size of 1 m. It shows

that the sedimentation rates of 0.2-0.3 m/ka are roughly constant throughout 250-30 ka, while a rapid
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accumulation occurred in the last deglaciation accompanied with a high rate of sea-level rise. The high
rate of sedimentation is observed in the last millennia, related to winter monsoon enhancement and
human activity (Li et al., in press). Similar variation of sedimentation rate in the South Bohai Coast was
revealed by Yi et al. (2015). Our result for the constant sedimentation rate during 250-30 ka is slightly
higher than that in the South Bohai Coast. It could be induced by different discharges of the local
streams. The discrepancy of the sedimentation rates also likely derives from the dominant grain sizes
of the sediments in different locations. The catchment in the North Bohai Coast comprises mainly sand
fractions, while the south and west coast holds finer materials. The silt or clay deposits in the south
and west coast have higher porosity (Guillocheau et al., 2012), resulting in higher compaction than the

common sand deposits in north.

0 50 100 150 200 250
Age (ka)

Fig. 5.13 a) Age-depth model for core LZK06. The purple triangles represent quartz ages, and the green filled circles show the
fading corrected K-feldspar pIRIR225 ages. The radiocarbon dates for T-2 and T-3 transgressions are referred here using red
filled circle. The red circles with arrow represent infinite radiocarbon ages. The red dot line with the shaded area (95%
confidence) reveals the results after Bacon age-depth modelling. b) Variations of sedimentation rate in the last 250 ka. c) The
global mean sea-level changes following Spratt and Lisiecki (2006). The depth in a) is elevation corrected and comparable
with the elevation in c).

5.8 Conclusions

We exploited luminescence dating on a sediment core from the Bohai Coast to explore the timing of
the three-major transgression for the Middle and Upper Pleistocene. Multiple luminescence signals
were first used to investigate the luminescence characteristics and their reliabilities. The most reliable
luminescence ages in this study and in Li et al. (in press) were used to restrict the timing of each
transgression. The Bacon age-depth model was employed to reconstruct the accumulation history. We

draw our conclusions as follows:
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e The quartz OSL signal was well bleached for the sediments since ca. 50 ka. Quartz OSL dating
is not applicable for the samples beyond ca. 130 ka, due to an early saturation with equivalent
dose of 200-250 Gy.

e Both the K-feldspar pIRIR22s and pIRIR290 signals were applicable in term of dose recovery. The
laboratory determined fading rates of ca. 1-1.5%/decade for the plIRIR,q0 signal reflect actual
fading process rather than laboratory artefact. The plRIR2;s signal was well bleached after
comparison between the plRIR22s and plIRIR29 ages.

e Upper dating limits for the two pIRIR signals could reach ca. 300 ka when the dose rate is ca. 4
Gy/ka. In general, the upper dating limit would not change after fading correction. The dating
ranges for the IRsg and pIRIR signals from FG polymineral are much lower than those for CG K-
feldspar.

e The timing of the earliest transgression is constrained to MIS 7 using the fading corrected
pIRIR225 ages. The onset timing of the second transgression is probably triggered by the MIS 5
sea-level highstand. Termination of the second transgression requires further investigations.
The latest transgression is related to the Holocene sea-level rise.

e Sedimentation rate between ca. 250 and 30 ka was 0.2-0.3 m/ka according to the modelled
age-depth relation. It is slightly higher than that in the South Bohai Coast (Yi et al., 2015) due
to differences of the local discharges and sediment compaction. Sedimentation rate increased
dramatically since the last deglaciation, and rapid accumulation in the last millennia is

observed.
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Chapter 6 Conclusions and outlook

6.1 Conclusions

Applicability of optically stimulated luminescence (OSL) techniques to establish a robust chronology
for coastal sediments sequences in the North Bohai Bay, China, has been investigated. In order to
overcome age underestimations due to anomalous fading affecting feldspar luminescence signals,
different fading correction models for natural signal lying beyond the linear part of the dose response
curve were evaluated using fluvial sediments from the Heidelberg Basin, Germany, and aeolian (loess-
palaeosol) deposits from the Chinese Loess Plateau. The Bohai coastal sediments were then dated
based on the findings and improvements to tackle fading issues from the “test site” studies. In addition,
the degree of pre-depositional bleaching for various luminescence signals at different depositional

periods was examined by comparing the luminescence ages.

The luminescence chronology established in this thesis allowed to define a robust chronological
framework for the large scale transgression-regression cycles recorded in the Bohai coastal area since
the Middle Pleistocene. In addition, late Holocene sedimentary processes reflecting the interplay

between climate variation, sea level fluctuation and human activity could be investigated in details.

The conclusions of this thesis can be divided into five parts.

6.1.1 Reliability of fading correction methods for feldspar ages beyond the linear part of the dose

response curve

Fluvial samples collected from core Heidelberg UniNord1 and for which it exists a reference chronology

from palynological and palaeomagnetic analysis were first measured using plIRIR22s and plRIR2g0
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protocols (Chapter 2.1). The fading corrected plIRIR2s ages following Kars et al. (2008) are in agreement
with the results of palynological interpretation. The fading corrected ages following Lamothe et al.
(2003) are underestimated when compared with the biostratigraphy for the Early and Middle
Pleistocene. The pIRIR29 signal yielded overestimated ages due to poor bleaching. In addition, this
study reveals that fading rates of 1-1.5%/decade for pIRIR,9 relate to a natural fading process rather
than a laboratory artefact (Chapter 2.1 and 6). The feldspar pIRIR225 chronology also suggests that the
previous and younger infrared radiofluorescence ages by Lauer et al. (2011) are most likely affected by

anomalous fading.

Analyse carried out on the loess-palaeosol samples from the Chinese Loess Plateau (Chapter 2.2)
show that the simulated dose response curves after fading correction following Kars et al. (2008) and
Lamothe et al. (2003) are both comparable with the reconstructed natural dose response curves. The
fading corrected ages are also broadly consistent with the reference ages derived from high resolution
grain size analysis tuned with orbital cycles. Both the simulated and natural dose response curves yield
an upper dating limit of ca. 200, 250 and 130 ka for plIRIR22s, IRso (pre-plRIR22s) and pulsed IRsq,
respectively. Fading corrected age after Lamothe et al. (2003) broadly agrees with that after Kars et al.
(2008) correction when fading rate is smaller than 4-5%/decade. Overall, the fading corrected method
following Kars et al. (2008) has been validated using both fluvial and aeolian deposits from Heidelberg
Basin and Chinese Loess Plateau, respectively, in aspects of comparisons of age and dose response

curve.

6.1.2 Applicability of quartz OSL dating for the Bohai sediments

Compared with the quartz OSL signal, the dating range is largely extended by the feldspar
luminescence signals (i.e. IRsp and the pIRIR signals stimulated at different temperatures). For young
deposits covering the last millennia, the pIRIR1s0 and pIRIR225 ages are significantly overestimated, if
compared with the associated quartz OSL ages. The apparent IRso ages are broadly consistent with the
quartz OSL ages, whilst the fading corrected ages are systematically overestimated (Chapter 2 and 3).
The age overestimation for the young samples derives from the dominant residual signal for the pIRIR
signals, and from possible fading over-correction (with fading rates of >5%/decade) for the IRso signal.
The residual component for pIRIR becomes negligible with the increase of accumulated signal. Feldspar
ages for the marsh deposits (IRso and pIRIR;s0) underlying the sand dune and for the pre-Holocene
sediments in core LZKO6 (IRso, pIRIR1s0 and plIRIR2;5) ranging from ca. 5-1 ka are generally consistent
with the quartz OSL ages, indicating that the feldspar pIRIR signals stimulated at relatively low
temperatures were well bleached and thus are applicable for dating of the older samples above the

limit of quartz OSL dating.
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The quartz OSL dating method was applied to date the young sand dune in the Lower Liao Plain and
the core samples from the North Bohai Coast, which are presented in Chapter 3, 4 and 5. The relatively
high dose rate of ca. 3 Gy/ka for all the samples enabled the dating of relatively young sand dune,
which rapidly accumulated between 1890 and 1940 AD. The reliable quartz OSL ages for the core
samples range from ca. 0.2 to 40 ka. The quartz OSL signal was well bleached at deposition, as the
quartz OSL ages are consistent with the feldspar luminescence ages for the pre-Holocene sediments
and with the radiocarbon dates for the Holocene samples. In addition, the quartz ages measured using
different aliquot size were in agreement, further supporting that the quartz grains were bleached

homogenously before burial.

6.1.3 Validation of feldspar luminescence dating for the Bohai sediments

Compared with the quartz OSL signal, the feldspar luminescence signal (i.e. IRso and the pIRIR signals
stimulated at different temperatures) allows to largely extend the dating range of sediments when
using luminescence techniques. However, for young deposits covering the last millennia, the pIRIR1so
and pIRIR2s ages significantly overestimate the associated quartz OSL ages. The apparent IRsp ages are
broadly consistent with the quartz OSL ages, whilst the fading corrected ages are systematically
overestimated (Chapter 3 and 4). The age overestimation for the young samples was derived from the
dominant residual signal for the pIRIR signals, and from possible fading over-correction (with fading
rates of >5%/decade) for the IRso signal. The residual component for pIRIR becomes negligible with the
increase of accumulated signal. Feldspar ages from the marsh deposits (IRsg and plIRIR1s0) underlying
the sand dunes) ranging from ca. 5-1 ka and from the pre-Holocene sediments in core LZKO6 (IRso,
pIRIR1s0 and pIRIR2zs are generally consistent with the quartz OSL ages. This indicates that the applied
feldspar pIRIR signals were well bleached for the deposits older than 1 ka and thus are applicable for

dating of the older samples above the limit of quartz OSL dating.

6.1.4 Timing of the three transgressions since the Middle Pleistocene in the Bohai Coast

Timing of the three transgressions in the Bohai Coast was controversial, as the chronologies published
in the literature were proven to be unreliable. In this study, the degree of bleaching for all the
luminescence signals and anomalous fading for feldspar luminescence signals were thoroughly
investigated. Quartz OSL and feldspar plIRIR dating were applied to determine the timing of the three
periods of transgression since the Middle Pleistocene in the Bohai Coast. The luminescence based
chronology was further complemented with the application of the Bacon age-depth model was applied
to reconstruct the accumulation history of the past ca. 250 ka. For the earliest transgression, the
feldspar plIRIR22s signal was well bleached, as indicated by the agreement between most of the fading

corrected plRIR225 and pIRIR290 ages. The feldspar plIRIR,2s ages show that the earliest transgression
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occurred at ca. 200 ka, correlating with the sea-level highstand during Marine Isotope Stage (MIS) 7
(Spratt and Lisiecki, 2016). Based on the age-depth relation, the second transgression very likely
occurred during MIS 5. Both the radiocarbon dates and the quartz OSL ages show that there was no
regional sea-level highstand during MIS 3. The last transgression correlates with the Holocene sea-level
rise. The chronology established using the quartz OSL and radiocarbon dates, in conjunction with
historical records of shoreline migration, reveals that the sea-level stayed at highstand between 6 and

1 ka, and then retreated rapidly with the delta progradation.

6.1.5 Holocene accumulation history in the Bohai Coast

According to the high-resolution quartz OSL chronology, the Holocene sedimentation in the Northern
Bohai Coast was an episodic instead of a gradual process. The sea-level rose rapidly during the early
and middle Holocene and reached to the sea-level highstand at 6 ka, resulting in thin transgressive
deposits in the Northern Bohai Coast due to the flat relief and the limited sediment supply from the
local streams, i.e. the Dalinghe River. In the sea-level highstand system, the quartz OSL and radiocarbon
ages, as well as historical records of shoreline migration show that a rapid progradation occurred
during the last millennia. The annual sediment increment between 6 and 1 ka was 2.7x10* m3-a%, while
it dramatic increased to 9.1x10° m3a? during the last millennia. Furthermore, the quartz OSL
chronology shows a peak in the sediment input at ca. 700 a, filling the accommodation space with 4 m
thick deposits. The sediment structures indicate that this episodic deposition was very likely triggered
by frequent flooding events, which were also documented in the historical records. The rapid
progradation was related to the enhancement of winter monsoon and human activity, resulting to less
vegetation cover and soil erosion. Quartz OSL ages range from ca. 5 to 1 ka for the marsh deposits
underlying the sand dune in the forest park and support a comparable tendency of shoreline migration
in the Liaohe fluvial system. The sand dune accumulated from 1890 to 1940 AD and was out of the
influence from sea-level fluctuation, as the shoreline retreated close to the modern Liaohe estuary.
The sand accumulation was very likely related to the human activity, i.e. the “Immigrant and

Reclamation Policy”’ at the end of Qing Dynasty, and not related to climate change.

6.2 Outlook for further study

In this thesis, the chronology of the three main transgressions in the Bohai Coast since the Middle
Pleistocene was investigated in detail using the improved luminescence dating methods developed
after testing the reliability of the dating approaches, in term of dating ranges and luminescence
properties. Reliability of the fading correction methods for feldspar luminescence signals was assessed
more specifically. Three main questions, however, require further investigations, which are listed

below.
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6.2.1 Sedimentary processes for the second transgression

Although the chronological framework for the three main transgressions in the Bohai Coast has been
established, there were not enough luminescence samples to interpret in detail the sedimentary
processes associated with the second transgression for core LZKO06. For a better understanding on the
sedimentary processes of T-2, a core with high recovery rate, especially for layer T-2, is needed. Further
research should focus on two aspects. First, the age comparison between quartz OSL and feldspar
luminescence signals should be carefully conducted, to evaluate the reliability of both dating
approaches in terms of dating range and signal bleaching. Second, the sedimentary processes should

be well constrained by high-resolution luminescence chronology.

6.2.2 Rapid progradation along the Bohai Coast in the last Holocene

The late Holocene rapid progradation has been widely reported in different coastal areas (e.g. Gao et
al., 2017; Hori et al., 2001; Tamura et al., 2009; Wang et al., 2015; Zhang et al., 2014). Although similar
event was revealed by the luminescence chronology in the North Bohai Coast, the sedimentary process
in association with this rapid progradation should be carefully re-interpreted after establishment of an
integrated chronology for other areas in the Bohai Coast. An integrated study should be conducted in
terms of coastal relief, sediment supply of local streams and sea-level fluctuation in the entire Bohai

Sea.
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