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As one of the most important forcing factors, sea level fluctuations exert a major influence on deep-water
depositional processes, however, it is still not well understood how they control the evolution of the specific
deep-water system over different timescales. For relatively longer (1 My) and shorter (100 Ky) timescales, we
characterize deep-water sedimentary records on the Pearl River margin using seismic and borehole data, and
then compare them with the contemporaneous sea-level curve to exam the varied roles sea levels have played
in impacting the development of the deep-marine system. Results indicate that over both the 1 My-scale and
the 100 Ky-scale, the studied deep-water system shows systematic variations that are strongly suggested to
arise from the modulation of sea levels. Specifically, over the 1 My-scale, facies and depocenters of the deep-
water system all show significant changes. Large fan lobes (consisting of both turbidites and mass-transport de-
posits) with more distal depocenters likely correspond with low-amplitude and high-frequency sea level fluctu-
ations and slightly rising shelf edge trajectories, whereas smaller turbidite fan lobes with more proximal
depocenters likely reflect high-amplitude and low-frequency sea level fluctuations and steeply rising shelf-
edge trajectories. In contrast, within the 100 Ky-scale of a glacial-interglacial cycle, the composition of deep-
water deposits also shows significant variations. Coarser-grained deposits with higher organic carbon (TOC) con-
tent and lower calcium carbonate (CaCO3) content are interpreted to reflect periods of glacial sea-level lowstand,
whereas finer-grained sediments having lower TOC and higher CaCO3 content reflect interglacial sea-level
highstand. Moreover, the spectrum characteristics of these constituent curves are very similar to those of con-
temporaneous sea levels, reflecting Milankovitch climatic forcings and further validating the tight coupling be-
tween sea-level stands and sediment compositions. These correlations between sedimentary records and sea
level behaviors suggest that it was mainly a long-term change in the amplitude and frequency of eustatic cycles
that controlled the overall architecture of the deep-water system, whereas it was shorter term, changing sea-
level stands that played a role and impacted the deep-water sediment composition.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

As the largest sedimentary bodies in the oceans, deep-water
sedimentary systems not only contain relatively complete records of
sediment flux from land to sea, constituting archives of the past conti-
nental and marine environments (Covault et al., 2010; Talling et al.,
2015; Romans et al., 2016), they also have enormous hydrocarbon po-
tential and are frequently surveyed by the hydrocarbon industry
(Mayall et al., 2006; Weimer and Slatt, 2007; Covault et al., 2017).
of Petroleum Resources and
ng 102249, China.
Understanding of the forcings that govern the emplacement and devel-
opment of those systems is therefore a matter of high scientific and
societal interest.

Early sequence stratigraphy models emphasized that during the
periods of falling sea level and lowstands the terrestrial sediments are
delivered to shelf-margin staging areas, giving rise to the formation of
deep-water systems (Vail et al., 1977; Mitchum, 1985; Van Wagoner
et al., 1990). However, recent works on both ancient (Carvajal and
Steel, 2006; Castelltort et al., 2017) and modern systems (Romans
et al., 2009;Normark et al., 2009; Covault andGraham, 2010) have dem-
onstrated that shelf bypass and the associated formation of sediment
gravity-flow systems can also occur during rising and highstand of sea
level when facilitated by a steep and narrow shelf, high sediment
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supply, and/or the presence of shelf-penetrating canyons (Khripounoff
et al., 2009; Vangriesheim et al., 2009; Covault et al., 2010; Jorry et al.,
2011; Sweet and Blum, 2016; Picot et al., 2019; Peng et al., 2021;
Peng, 2021). Nevertheless, sea level fluctuations are still considered to
be a primary driving mechanism for the formation of deep-water sys-
tems along passive and other types of margins (Galloway, 1989;
Sydow and Roberts, 1994; Porębski and Steel, 2003, 2006), especially
during icehouse periods dominated by high eustasy amplitude and
frequency, such as the Quaternary (Sømme et al., 2009; Gong et al.,
2016a, 2016b).

In general, previous studies have outlined the importance of sea-
level controls on deep-water systems at different timescales. For
example, for long timescale of millions of years, apart from the con-
ventional discussions on the occurrence time of deep-water systems
within sea-level cycles (Posamentier et al., 1992; Clift et al., 2008;
Piper and Normark, 2009; Catuneanu, 2020), the sea-level influence
on architecture evolution of submarine systems has also been paid
much attention (Lopez, 2001; Picot et al., 2016; Zhang et al., 2018).
Over the relatively short timescale of tens of thousands of years, core-
based characterization of deep-water deposits and the analysis of sedi-
ment partitioning to deep water by sea-level forcings have also been
discussed by an increasing number of works (Fauquembergue et al.,
2019; Jiwarungrueangkul et al., 2019; Li et al., 2019). However, we
note that those works only emphasis the development of deep-water
systems and their sea-level control within a specific timescale. The em-
placement of deep-marine deposits at both long and short timescales
for the same system still needs much work, especially considering
sea-level changes at different timescales may play varied roles on the
same system.

Taking the Quaternary Pearl River margin at the northern South
China Sea as the study object, we aim to explore the growth of the
deep-water system as a function of sea-level changes at two different
timescales. Firstly, we integrate 3D seismic and borehole data to con-
duct detailed characterization of submarine deposits. These new results
provide details about the evolution of the deep-water system through
time and build upon previous work on the characterization of shelf-
edge deltas and unidirectionally migrating canyons on the Pearl River
margin (Gong et al., 2016b; Gong et al., 2018; Gong et al., 2019). Then,
through relating those deep-water sedimentary records to the contem-
poraneous eustatic sea-level curve, varied roles sea levels have played in
modulating the deposition of the deep-water system are examined.

2. Geological background of the study area

2.1. Pearl River margin

The study area is located in the Pearl River Mouth Basin, which
occupies an area of 1.75 × 105 km2 and belongs to the central part of
the northern South China Sea margin (Fig. 1A). The basin initiated as
an elongated rift at 59 Ma, with two main stages of tectonic evolution,
namely a Paleocene to Oligocene synrift stage and aMiocene to Quater-
nary postrift stage (Ru and Pigott, 1986; Franke et al., 2011; Zhao et al.,
2016). Since 23.8 Ma, that northern continental margin of the South
China Sea has a prominent shelf-slope-basin physiography, into which
the long-term active, Pearl River fluvial system debouched (Gong
et al., 2013; Zhuo et al., 2015; Gong et al., 2018; Lin et al., 2018a,
2018b). Offshore of the Pearl River mouth and on the upper continental
slope, a canyon system, named Shenhu Submarine Canyon Group, con-
nects the continental shelf and deep-sea basins (Fig. 1B) (Zhu et al.,
2010; Ding et al., 2013; Lin et al., 2018a, 2018b; Su et al., 2020). The
present work focuses on the deep-water system deposited within the
last 1 My, which belong to the youngest and uppermost level of the
postrift supersequence. During that period, the “Dongsha Tectonic
Movement” was the most important neotectonic activity in the north-
ern South China Sea (Li et al., 1999; Yao, 1999). Itwas causedby the con-
vergence between the South China Sea and Philippine Sea plates and
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primarily expressed as the uplift of the Dongsha Rise, the formation of
NWW-trending fault systems, and large-scale thermal fluid movement
(Yao and Yang, 2008; Zhao et al., 2012). However, it should be noted
that those tectonic expressions were concentrated around the Dongsha
Island and within the study area that is situated far west only the ther-
mal subsidence of the continental margin is existed (Xie et al., 2017; He
et al., 2019; Wang et al., 2020; Lin et al., 2018a). Therefore, during the
deposition of the study interval, we consider the tectonic background
as overall stable and only the thermal subsidence played a role to create
the accommodation space and accumulate the study succession.

2.2. Terrestrial sediment supply

The terrestrial sediments of the Pearl River margin are mainly from
the Pearl River watershed (Fig. 1A). These tributaries have a main
stem length of 2214 km, annual runoff of 3 × 1011 m3, a mean annual
water discharge of 9600m3/s, and an annual suspended sediment dis-
charge of 90 Mt. (Zhang et al., 2008; Wei and Wu, 2011). Because the
catchment area would tend to be tectonically stable during a timescale
of <1 My, the terrestrial sediment supply is assumed to be controlled
mainly by the watershed climates. As the dominant component of the
Asian climate system, Asia Monsoon, including East Asian Monsoon
(EAM) and South Asian Monsoon (SAM), transports heat and moisture
from the tropical west Pacific Ocean and south Indian Ocean across the
equator and to higher latitudes (Wang et al., 2001;Mohtadi et al., 2016).
It directly determines precipitation in the catchment, controls the
strength of sediment yield and delivery (Zong et al., 2006), and thus,
may have an influence on the development of deep-water systems at
the terminal sink (Wan et al., 2007; Clift et al., 2014; Zhuo et al.,
2015). Moreover, because EAM affects most area of the Pearl River
catchment but SAMonly influences the very-upper segment, the former
is considered as the primary climatic driver for Pearl River source-to-
sink sediment-routing system and its proxies is analyzed in detail in
this study.

3. Datasets and methods

3.1. Seismic data to characterize sedimentary records

The 3D seismic survey used in this study covers the outer shelf and
the slope segment of the Pearl River margin, with an area of 2000 km2

and reaching down far onto an intraslope basin (Fig. 1B). Itwas acquired
byChinaNational OffshoreOil Corporation (CNOOC) andhas a 4msver-
tical sampling rate and dominant frequency of 50 Hz in the study inter-
val, yielding a vertical resolution of 7.5 m. Moreover, a regional 2D
seismic line was also used in this study (Fig. 1A), which has a lower
dominant frequency of 30 Hz in the interval of interest and results in
an estimated vertical resolution of 12.5 m.

In this study, the seismic analysis for Pearl River deep-water
sedimentary records is mainly conducted using the Paleoscan Soft-
ware. The spectral decomposition Red-Green-Blue colour blends
are generated from the 3D seismic volume and used to aid in seismic
geomorphological-sedimentological analysis, which has significantly
enhanced visualization of facies distribution and hence inference of
depositional processes. On the other hand, to aid in calibration and in-
terpretation, the planform geometry and amplitude or frequency varia-
tions on attribute maps are accompanied by cross-sectional seismic
facies analysis. Seismic facies represent the different depositional ele-
ments of sedimentary records and they are recognized and defined
mainly by the configurations of reflectors (reflection continuity and
amplitude), cross-sectional geometries, and strata terminations.

3.2. Borehole data to characterize sedimentary records

Two shallow boreholes of ZQ3 and SH1B, acquired by Guangzhou
Marine Geological Survey, were collected from the study area. ZQ3 is



Fig. 1. (A) Physiography of the studied Pearl River sediment-routing system, from the catchment to the deep-water reach. The study area spans the shelf-edge and slope seg-
ments, as shown by the red rectangle (B). Also shown are the plan-view locations of the regional seismic lines shown in Fig. 2, and the well ZQ3 from Zhuo et al. (2015).
(B) Bathymetric map of the present sea floor of the study area. The plan-view locations of seismic transects presented in Figs. 3, 4 (black solid lines), Fig. 7 (blue solid lines)
and Fig. 8 (white solid lines), attribute maps shown in Figs. 5, 6, and borehole cores of SH1B are all shown. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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located on the shelf segment of the Pearl River margin and the associ-
ated cores were analyzed by Feng et al. (1996). From ZQ3, Feng et al.
(1996) collected samples for thermoluminescence (TL) dating and
those TL ages have provided the basic chronological constraints for
this study (Fig. 2). Based on these TL ages, several basinwide unconfor-
mities were dated through the seismic-well tie (Ludmann et al., 2001;
Zhuo et al., 2015; Gong et al., 2018; Liu et al., 2019; Wang et al., 2020),
which established the overall chronostratigraphic framework of the
Quaternary Pearl River Margin.

Near the lateral boundary of a canyonmouth, core SH1B (ca. 1250m
water depth, 25 m long) was collected and analyzed in this study
(Fig. 1B). Firstly, calcareous nannofossils assemblages were examined
and described from smear slides made from core section samples.
3

According to the astronomical age estimates of calcareous nannofossil
biohorizons of Ruffi et al. (2006), the recognized biostratigraphic events,
mainly the first occurrence (FO) and last occurrence (LO) of diagnostic
species, are tied to geologic timescale of Gradstein et al. (2012). Further-
more, the standard nannofossil zonations of Martini (1971) and Okada
and Bukry (1980) were utilized to evaluate nannofossil age datums.
Secondly, core SH1B was carefully sampled at an interval of 20 cm to
examine the grain size and the contents of organic carbon (TOC) and
calcium carbonate (CaCO3). The grain-size analysis was conducted by
a lase diffraction particle size analyzer (Mastersizer 2000) with a mea-
surement range of 0.02-2000 um; before grain-size analysis, the gravel
fraction was sieved, using sieves of 2000 um and 4000 um for collecting
the gravel-grained particles. The content of TOCwasmeasured using an



Fig. 2. (A) Regional 2D seismic transect that spans the shelf and slope segments and shows the stratigraphic architecture in the study area. Note that two regional unconformities
(named Tp and Tr) have been clearly recognized. (B) Seismic-well tie transects illustrating the calibration between the Tp and Tr unconformities and thermoluminescence dates
for ZQ3 (from Feng et al., 1996). Note that Tp and Tr are respectively constrained as the 795 Ka and 440 Ka, i.e. the dates of lowest sea level within MIS 20 and MIS 12.
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organic element analyzer (EA1110); before the measurement, dry sed-
iments were placed into the tin cup and then hydrochloric acid was
added to remove the carbonate. The content of CaCO3 was measured
using the EDTA volumetric method. The sample was firstly dissolved
and filtrated by the acetic acid and then the filtrate was adjusted to
pH 13 by the potassium hydroxide; utilizing calcein as the indicator,
we titrated the filtrate with EDTA standard solution until the disappear-
ance of the green fluorescence. Lastly, SH1B cores are sampled at the
interval of 10 cm to produce a δ18O curve, which can be very helpful
in establishing the age model of cores through correlating to global
oxygen isotope records (Lisiecki and Raymo, 2005). Values of δ18O
were measured exclusively on the shells of planktonic foraminifera
Globigerinoides ruber; the analysis were performed using MAT 253
mass spectrometer and then converted to PDB values.

In addition, in this study we applied the REDFIT algorithm (Schulz
andMudelsee, 2002), which has been widely used in cyclostratigraphic
analysis of paleoclimatic data (Hodell et al., 2013; Cantalejo and
Pickering, 2014; Husson et al., 2014), to conduct spectral estimation
for above-mentioned stratigraphic-series. It can determine the statisti-
cally significant frequency of them so that we can quantitatively dis-
criminate the sea-level signal within those sedimentary records.
3.3. Sea level curves and monsoon proxies

To reconstruct the fluctuations of sea levels andmonsoonal climates
in Quaternary, a series of previously published sea-level curves and
monsoon proxies are considered in this study. Given the temporal
resolution, continuity, and frequency of those published monsoonal
signals, we decided to use the magnetic susceptibility of Chinese loess
(Guo et al., 2009) as proxy of EAM intensity. It was measured in the
Quaternary loess sections at Xifeng and Changwu in northern China
(Fig. 1A); high values of magnetic susceptibility generally correlate to
warm andwet climate, i.e. the intensifiedmonsoon,whereas low values
usually correspond to cool and dry climate, i.e. the relatively weakmon-
soon. For SAM, we selected the abundance of G. bulloides (a planktonic
foraminifera commonly used as upwelling indicator) from ODP site
722 in Arabian Sea (Huang et al., 2007; Tripathi et al., 2017) to charac-
terize the long-term variation of monsoonal intensity (Fig. 1A). Further-
more, to present the short-term variations of SAM, anothermulti-proxy
Arabian Sea record (SAM stack) from Caley et al. (2011) is also pre-
sented in this study (Fig. 1A).

In addition, we choose the sea level curve of Miller et al. (2020) as
the record of sea-level fluctuations in Pearl River margin. Miller et al.
4

(2020) reviewed many Phanerozoic sea-level changes and then pre-
sented a new and representative eustatic sea-level curve. Due to the tec-
tonic stability of the study area as noted above and that the timescale of
this study is <1 My, the amount of thermal subsidence is unlikely to
have a significant impact on the sea level change (Blum et al., 2013;
Romans et al., 2016). Therefore, Miller's global sea-level curve could
be considered as representative of sea-level changes in Pearl River mar-
gin to somedegree.Moreover, to obtain the variation lawof eustasy and
EAM, REDFIT spectral analysis for the curves of sea level and loess mag-
netic susceptibility were also performed.
4. Seismic stratigraphy and seismic facies

4.1. Unconformities and corresponding stratigraphic framework

4.1.1. Description of unconformities
Within the shelf and slope succession of the Quaternary Pearl River

margin, there are two basinwide unconformities: Tp and Tr as shown
in Figs. 3 and 4. They were recognized and named in our previous
studies (Gong et al., 2018; Gong et al., 2019) and identified by some
other works as well (SB2 and SB4 of Zhuo et al., 2015; SB2 and SB1 of
Liu et al., 2019; H2 and H3 of Wang et al., 2020). Those two
unconformities commonly show stratal toplap below and stratal
downlap above in their proximal segments, but display onlap
terminations in the distal reaches (Figs. 3 and 4). Furthermore, both Tp
and Tr were tied to the shallow borehole ZQ3 through regional 2D
seismic lines and the seismic-well tie points suggest Tp roughly
correlates to the Matuyama paleomagnetic reversal boundary dated as
0.78 Ma, and that Tr is slightly younger than the TL age of 469,011 ±
23,451 yr B.P. (Fig. 2).

4.1.2. Interpretation of unconformities
Based on the above-mentioned correlation results and the assump-

tion that basinwide unconformities represent significant periods of sea-
level fall, we interpret the Tp and Tr unconformities to have formed
during the most pronounced eustatic sea-level fall of Marine Isotope
Stages 20 (MIS 20) and MIS 12. Those sea-level falls led to the regional
regression and the subaerial exposure of the shelf and ultimately gave
rise to the formation of Tp and Tr. According to Lisiecki and Raymo
(2005), the lowest points of sea levels duringMIS 20 andMIS 12 are re-
spectively dated as 795 Ka and 440 Ka (Figs. 2B–4). Such chronological
constraints are consistent with the works of Liu et al., 2019 and Wang
et al., 2020, who also recognized and dated those two unconformities.



Fig. 3. Two dip-oriented seismic sections (A and B) with zoomed insets of shelf-edge and outlying deep-water segments (line locations shown in Fig. 1B) illustrating the stratigraphic ar-
chitecture of the study area,where Tr and Tp are unconformities and respectively dated as 795 ka and 440 ka. Noted that in the proximal reaches, prograding shelf-edge deltaswith slightly
rising shelf-edge trajectories (red arrows) transformed to aggrading shelf-edge deltas with steeply rising shelf-edge trajectories (blue arrows). At the outlying deep-water reaches, mixed
fan lobes that are thickening distally gaveway to turbidite fan lobes that are gradually thinning. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Another two seismic sections along the depositional dip (A and B), which have reinforced the finds from Fig. 3: both of fan lobes and shelf-edge deltas have shown systematically
variations. Line locations shown in Fig. 1B.
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In this study, we consider the stratigraphic interval bounded by Tp and
the present sea floor as the sedimentary record deposited over a longer
timescale. Because the time interval (795 Ky) is near 1 My, we herein
define that longer timescale as the 1 My-scale. On the other hand, the
interval bounded by Tr and the present sea floor is the study
succession containing multiple glacial-interglacial cycles, which are
considered as the shorter timescale of this study. Due to those glacial-
interglacial cycles in late Pleistocene correspond to a time interval of
roughly 100 Ky, we herein define that shorter timescale as the 100
Ky-scale.
4.2. Seismic facies and corresponding depositional systems

4.2.1. Description of seismic facies
We totally definefive dominant seismic facies based on the integration

of cross-sections and seismic attribute maps (Table 1). Seismic facies 1
commonly occurs at the shelf-margin staging area. In cross sections, it is
composed of sigmoid-oblique reflections that show toplap and erosional
truncations upwards and downlap terminations at the base (Figs. 3 and
4, Table 1); in plain view, they aremanifested as high-amplitude accumu-
lations with a lobate shape downdip (Figs. 5, 6, Table 1). Seismic facies 2
collectively occur at the shelf edge and the upper slope, immediately
downstream of the seismic facies 1. In cross sections, it is characterized
by small V-shaped channel form with distinct basal surface (Fig. 7A;
Table 1); in map view, it is expressed as low-sinuosity threads showing
a tributary pattern (Figs. 5, 6, Table 1).

Seismic facies 3 shows distinct defining characteristics, such as
cross-sectional V-shaped or U-shaped confinement and planform
straight bands (Figs. 5–7B, Table 1). Occurring on the Pearl River slope,
they do not incise the shelf edge but are characterized with eastwards
migration along slope under the influence of bottom currents (Zhu
et al., 2010; Gong et al., 2013; Gong et al., 2016b) (Figs. 5–7B). As for
seismic facies 4 and seismic facies 5, they both occur in the intraslope
basin (Figs. 1, 5 and 6); they accumulated at themouth of seismic facies
Table 1
Tabulation of defined five kinds of seismic facies in the study interval as observed in cross sect

Seismic facies and interpretation Reflection descriptions Typi

① Seismic facies 1: shelf-edge deltas
(Sylvester et al., 2012; Bourget et al.,
2014)

Cross section: Sigmoid-oblique
reflections showing toplap and erosional
truncations upward and downlap
terminations at the base
Map view: High-amplitude sheets with
an apron shape downdip

② Seismic facies 2: tributary channels
(Mulder et al., 1998; Posamentier
and Kolla, 2003)

Cross section: Small V-shaped channel
form with distinct basal surface
Map view: Low-sinuosity threads
showing a tributary pattern and serving
as the bridge between ① and ③

③ Seismic facies 3: canyons (Deptuck
et al., 2007; Hansen et al., 2017)

Cross section: U- to V-shaped deposits
consisting of multiple stacked channel
forms
Map view: High-amplitude straight
bands

④ Seismic facies 4: mixed fan lobes; ⑤
Seismic facies 5: turbidite fan lobes
(Gamberi and Rovere, 2011; Gamberi
et al., 2014, 2015)

Cross section: Chaotic, transparent, and
continuous reflections all show up in ④;
high-amplitude and continuous
reflections dominate ⑤
Map view: ④ and ⑤ both show
fan-shaped, high-amplitude
accumulations at the ends of ③

6

3 and present fan or tongue shapes in map view (Figs. 5, 6, Table 1).
However, in cross sections, these two facies show significant differ-
ences. Seismic facies 5 is completely composed of high-amplitude, con-
tinuous reflections; Seismic facies 4, however, shows additional chaotic
and transparent reflections besides the continuous reflection packages
(Figs. 3, 4, Table 1).
4.2.2. Interpretation of seismic facies
Because of the absence of well data and therefore of lithology infor-

mation within the study area, the interpretation of seismic facies in
terms of depositional elements is based on the comparison with pub-
lished seismic-based studies on deep-water sedimentology. Firstly,
seismic facies 1 in a shelf-edge position are commonly interpreted as
shelf-edge deltas (Sylvester et al., 2012; Bourget et al., 2014); similar
observations have also been made at the Pearl River margin by Lin
et al. (2018b), Liu et al. (2019) and our previous studies (Gong et al.,
2018; Gong et al., 2019). Secondly, seismic facies 2 showing a distinct
tributary pattern immediately downdip of shelf-edge deltas is
considered as tributary slope channels or gullies (Mulder et al., 1998;
Posamentier and Kolla, 2003); in the offshore Ganges-Brahmaputra
delta, similar seismic facies of deep-water tributary channels have also
been documented by Rogers et al. (2015).

Lastly, in deep-marine environments, V- to U-shaped scours (i.e.
seismic facies 3) and the splay deposits at their mouths (i.e. seismic
facies 4 and 5) have been recognized globally as canyons (Deptuck
et al., 2007; Hansen et al., 2017) and fan lobes (Posamentier and Kolla,
2003; Saller et al., 2008). Furthermore, because seismic facies 4 and 5
have apparently different reflection characteristics in cross sections,
they are interpreted as different kinds of fan lobes. Facies 5 entirely com-
posed of high-amplitude, continuous reflections are interpreted as tradi-
tional turbidite fan lobes. However, Facies 4 that have additional chaotic
and transparent reflections are interpreted asmixed fan lobes, which re-
fers to the depositional bodies that show evidence of both turbidites and
mass-transport deposits (Gamberi and Rovere, 2011; Gamberi et al.,
ions and on attribute (spectral decomposition-RGB blend) maps.

cal seismic cross-section Typical RGB blend map



Fig. 5. (A–B) Representative spectral decomposition attributemap for the stratigraphic interval bounded by Tp and Tr and the associated interpretations. Noted that themixed fan lobes at
the outlying deep-water reaches have relatively larger scales compared with the counterparts occurred later, as shown in Fig. 6. Also, noted that for this stage of delta progradation, deltas
around the shelf edge still kept a certain distance from the slope canyons and terrigenous sediments were mainly fed into canyons through the process of mass wasting. (C) Conceptual
diagram of shelf-margin clinoforms associated with the accumulation of shelf-edge deltas from 795 ka to 440 ka. Noted that during this phase, shelf edges were slightly rising and that
bottomsets of clinoforms were still detached from the heads of canyons. A = Aggradation; P = Progradation; D = Downward; R = Retrogradation.
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2014, 2015). Canyons documented herein are the main conduits for the
delivery of terrigenous sediments from the shelf to the deep water, and
the fan lobes represent the accumulation area of gravity-flow deposits.
Those depositional elements constitute the deep-water sedimentary
system on the Pearl River margin, i.e. the focus of the present study.
7

5. Characterization of the deep-water sedimentary records

In this study, the characterization of the deep-water sedimentary
record has been done in terms of two different timescales: the 1 My-
scale and the 100 Ky-scale. Over the 1 My-scale, we mainly use the



Fig. 6. (A–B) Representative spectral decomposition attribute map for the stratigraphic interval bounded by Tr and the present seafloor and the associated interpretations. Turbidite fan
lobes at that time are apparently smaller than those occurred early, as shown in Fig. 5. Noted that through the substantial progradation, deltas had connectedwith slope canyons through a
series of tributary channels. (C) Conceptual diagram of shelf-margin clinoforms associated with the accumulation of shelf-edge deltas since 440 ka. Noted that shelf edges show steeply
rising trajectories and that bottomsets of clinoforms were connected with canyons.
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Fig. 7. (A) A strike-oriented seismic section with zoomed inset showing the details of cross-sectional expression of tributary channels (i.e. seismic facies 2) that are occurred immediately
downstream of shelf-edge deltas. (B) Another strike-oriented seismic section along the slope segment showing the reflection characteristics of canyons (i.e. seismic facies 3).
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seismic data to depict the change in architectural style of the deep-
water system. However, in the case of the 100 Ky-scale theme, focus
is on glacial-interglacial cycles since MIS 12, where borehole data are
used to investigate the composition variations of deep-water deposits.
5.1. Architectural variations of the deep-water system at the 1 My-scale

In the stratigraphic interval bounded fromTp to the present seafloor,
there are two discrete phases of stratigraphic record above and below
horizon Tr, each of which has a given style of deep-water deposition
(Figs. 3–6). Specifically, those two phases are an underlying series of
mixed fan lobes (with large scale and more distal depocenters) and an
overlying series of turbidite fan lobes (with smaller scales and more
proximal depocenters) (Figs. 3–6).

5.1.1. Large mixed fan lobes and more distal depocenters
In the interval bounded by Tp and Tr, fan lobes in the outlying

deep-water reaches show both chaotic, transparent, and continuous
reflections in cross sections, matching the characteristics of seismic
facies 4, i.e. mixed fan lobes (Figs. 3 and 4). Those mixed fan lobes
are characterized by a gradually thickening trend in dip-oriented
cross sections (Figs. 3, 4) and are spatially extensive in map view
(Fig. 5), suggesting they have more distal depocenters and larger
scales. Specifically, they have average thicknesses of 80-100 m and
are 20-40 km in length, 20-30 km in width, 3-5 × 103 km2 in area,
and 2-5 × 105 km3 in volume (Figs. 3–6). On the other hand, while
mixed fan lobes developed in the distal deep water, shelf-edge deltas
(Seismic facies 1) also occurred on the outer shelf segment of the
Pearl River margin (Figs. 3–6). They were described in detail by our
9

previous studies (Gong et al., 2018; Gong et al., 2019) and interpreted
as deltas with a progradation-dominated stacking pattern, correspond-
ing to slightly rising shelf-edge trajectories (red arrows in Figs. 3 and 4).

5.1.2. Smaller turbidite fan lobes and more proximal depocenters
In the interval above Tr unconformity, sediment accumulation in

the intraslope depocenter exhibit high-amplitude and continuous
reflections and thus, are interpreted as turbidite fan lobes (Seismic
facies 5) (Figs. 3, 4). Those turbidite fan lobes show gradually thin-
ning trends in cross sections (Figs. 3, 4) and have relatively limited
extension areas in plain view (Fig. 6), suggesting they have more
proximal depocenters and smaller scales. Specifically, they are only
20-40 m in thickness, 15-30 km in fan length, 10-20 km in fan
width, 1-3 × 103 km2 in area, and 2–10 × 104 km3 in volume
(Figs. 3–6). Also, those turbidite fan lobes are linked to coeval
shelf-edge deltas, which are strongly aggradational and correspond
with steeply rising shelf-edge trajectories (blue arrows in Figs. 3
and 4) (Gong et al., 2018; Gong et al., 2019).
5.2. Composition variations of deep-water deposits at the 100 Ky-scale

At the 100 Ky-scale, i.e. within the glacial-interglacial cycles,marine-
core analysis from borehole SH1B suggests that there are significant dif-
ferences in composition between glacial and interglacial deposits
(Figs. 8–10).

5.2.1. Age model of sediment cores
Borehole SH1B is near the lateral boundary of a canyon mouth, im-

mediately out of the 3D seismic survey (Fig. 1B). Although it is not viable



Fig. 8. (A) SH1B stratigraphic column showing the Gamma Ray curve, sediment contents, lithological characteristics, and the occurrences of biostratigraphic events. (B) Several strati-
graphic-series of core SH1B, including the mean grain size and the contents of organic carbon (TOC) and calcium carbonate (CaCO3).
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to conduct a detailed seismic-well tie, the abovementioned seismic
characterization for the deep-water system strongly indicates that the
SH1B cores are dominated by fan-lobe sediments bypassed through
the upslope canyon. Furthermore, because the core is near the lateral
boundary of the canyon mouth and is at a certain distance from the
main axis of the fan lobes, it has a stable depositional setting, corre-
sponds to generally fine grain sizes, probably low sedimentation rates,
and thus likely reflects a relatively large time window.

To exam variations of deep-water system accumulation within the
100 Ky-scale of glacial-interglacial cycles, we need to establish an age
model of core SH1B. Firstly, through a careful study of calcareous nanno-
fossil biostratigraphy, four biostratigraphic events, named LOP. lacunose,
FOE. huxleyi, LOGs. ruber, and FOE. huxleyiAcme from oldest to youngest
age, are recognized, and they are respectively dated as 436 Ka, 291 Ka,
120 Ka and 63 Ka according to the astronomical age estimates of calcar-
eous nannofossil biohorizons of Ruffi et al. (2006) (Fig. 8). Then, taking
these four biostratigraphic-event chronologies as the reference, we
tuned the δ18O time series of core SH1B to the oxygen isotope records
of Lisiecki and Raymo (2005) using QAnalySeries Software (Kotov and
Pälike, 2018). As shown in Fig. 9 and Table 2, four biostratigraphic-
event ages vary little through that tuning procedure, which means the
chronological correlation is well within the biostratigraphic dating
error. Finally, we plotted the tuned δ18O G. ruber pointers that represent
the start and end dates of several recent glacial periods, i.e. the bound-
aries between blue and white bars in Fig. 9C, on the depth scale of
core SH1B to establish a high-resolution age model. As shown in
Table 3, the chronostratigraphic framework of SH1B since MIS 12 in-
cludes five main glacial-interglacial cycles and was well developed
down to 25.05 m.

5.2.2. Composition variations through the sediment cores in glacial-
interglacial cycles

To investigate the variations in the composition of fan deposits,
SH1B cores were carefully sampled to measure the lithofacies, grain-
sizes, and the content of organic carbon (TOC) and calcium carbonate
(CaCO3), all of which present cyclic variations (Fig. 8). Based on the
established age model (Fig. 9; Table 3), we can put these data into the
glacial-interglacial cycles to exam their detailed variations (Fig. 10).
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Though SH1B cores are dominated by a silt component (Fig. 8), there
are slight variations from the bottom to the top and thus, the lithological
facies could be further divided into silt (with silt contents >75 %) and
clayey silt (with silt contents <75 %) (Fig. 8). According to the age
model, two layers of silt recognized at borehole depths of 530-340 cm
and 1564–1310 cm (Fig. 8) occur respectively in time intervals of
31–15 Ka and 178–138 Ka, both of which represent the glacial-
maximum phase of glacial periods, i.e. the Last Glacial Period (LGP)
and the Penultimate Glacial Period (PGP) (Fig. 10). Moreover, the
mean grain sizes of samples were also calculated after the method of
Folk and Ward (1957) to produce a continuous mean grain size curve
(Fig. 8). As shown in Fig. 10, when putting that grain size curve into
the context of age model, its temporal evolution is clearly shown:
coarser-grained sediments, with relatively smaller θ values, occurred
in the glacial periods (grey bars in Fig. 10) whereas finer-grained de-
posits, with relatively larger θ values, correspond to the interglacial pe-
riods (white bars in Fig. 10). In addition, apart from the lithological and
grain-size characteristics, SH1B cores also show significant variations in
chemical constituents. As shown in Fig. 10, TOC and CaCO3 curves
respectively have similar and opposite variation trends with respect to
the curve of mean grain size. Compared with sediments deposited in
interglacial periods, glacial coarser-grained deposits have relatively
larger TOC contents and relatively smaller CaCO3 fractions.

6. Sea-level control on the development of the deep-water system

As stated above, deep-water sedimentary records within both the 1
My-scale and the 100 Ky-scale have shown systematic variations. We
then related those variations to the contemporaneous eustatic sea-
level changes to investigate the coupling relationships between them.

6.1. Sea-level fluctuation causes time change in the overall architecture of
the deep-water system at the 1 My-scale

As stated above, at the 1 My-scale, the studied deep-water system
shows clearly a transitional change in overall architecture at 440 Ka:
mixed fan lobes with larger scales and more distal depocenters gave



Fig. 9. (A) The oxygen isotope records of Lisiecki and Raymo (2005) since the start date ofMIS 12. (B) The oxygen isotope records of SH1B cores on the depth scale. (C) The result of tuning
SH1B δ18O records (the red line) to the oxygen isotope records of Lisiecki and Raymo (2005) using QAnalySeries Software (the black line). Noted that through the tuning process, all four
biostratigraphic-event ages only have slight changes, where positive values are times when tuned ages are more than the biostratigraphic ages and negative values are times when the
tuned ages are less than the biostratigraphic ages. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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way to turbidite fan lobes with smaller scales andmore proximal depo-
centers. If sea-level forcings caused this change in architecture, perhaps
the most convincing test would be a demonstration that the changes of
sea-level behavior occurred concurrently with the depositional varia-
tion. We therefore analyzed the fluctuation characteristics of the sea
level during the time interval of 795–440Ka and440Ka-present. The re-
sults suggest that during 795–440 Ka mean level was −70.3 m with a
relatively smaller standard deviation of ±23.9 m, suggesting low-
amplitude sea-level fluctuations (Fig. 11). By contrast, after 440 Ka
11
mean level was −59.9 m, with a relatively larger standard deviation
of ±35.0 m, suggesting high-amplitude sea level changes (Fig. 11). In
addition, REDFIT spectrum analysis for the sea level curve indicates
that the dominant frequency of sea-level oscillations also changed,
from 42 Ky in 795-440 Ka to 100 Ky in 440 Ka-present, i.e. from obliq-
uity cycles to short-eccentricity cycles (Fig. 11). As shown in Fig. 11B,
sea level oscillations within those two intervals are respectively well
correlated with obliquity and eccentricity curves calculated by Berger
(1978). This abrupt variation in sea-level fluctuation characteristics



Fig. 10. Temporal evolution of the composition characteristics of SH1B cores in comparison with sea-level curve and the monsoon fluctuations (including EAM proxied by the magnetic
susceptibility of Chinese loess and SAMproxied by theArabian Sea stacked records). Noted that the composition characteristics of fan sediments vary in linewith orbital forcedfluctuations
in sea level. The sea level curve, the loess magnetic susceptibility, and the SAM stack are respectively referred from Miller et al. (2020), Guo et al. (2009), and Caley et al. (2011).
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seems to be related to the occurrence of Mid-Brunhes Event (MBE), rec-
ognized as evidence of a climatic change in a number of marine sedi-
ments and Antarctic ice cores and characterized by a further increase
Table 2
SH1B biostratigraphic-event chronologies and the adjusted results when tuning the δ18O
time series of core SH1B to the oxygen isotope records of Lisiecki and Raymo (2005) using
QAnalySeries Software (Kotov and Pälike, 2018).

Depths (cm) Biostratigraphic events Ages (Ka) Tuned ages (Ka) Error (Ky)

790 FOE. huxleyiAcme 63 73 +10
1230 LOGs. ruber 120 125 +5
1960 FOE. huxleyi 291 279 −12
2490 LOP. lacunosa 436 443 +7
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of ice-volume variations with, from then to the present day, four
large-amplitude 100-Kyr-dominated glacial-interglacial cycles (EPICA
community members, 2004) (Fig. 11B).

Above all, it is concluded that 795–440 Ka and 440 Ka-present are
two independent intervals, between which the overall architecture of
the deep-water system and the fluctuations characteristics of sea levels
are significantly different. More specifically, mixed fan lobes with larger
scales and more distal depocenters in the older phase are seen to be
contemporaneous with low-amplitude and high-frequency sea-level
fluctuations, whereas turbidite fan lobes with smaller scales and more
proximal depocenters in the younger phase are shown to be coeval
with high-amplitude and low-frequency sea-level oscillations
(Fig. 11). Therefore, it is reasonable to believe that the amplitude and



Table 3
Results of plotting tuned δ18O G. ruber pointers that represent the start and end dates of several most recent glacial periods on the depth scale of core SH1B. LGP = Last Glacial
Period; PGP = Penultimate Glacial Period; MIS = Marine Isotope Stage.

Glacial sea-level lowstand LGP (MIS 4-MIS 2) PGP (MIS 6) MIS 8 MIS 10 MIS 12

Time interval (ka) 70-14 191-130 300-243 374-337 478-424
SH1B core interval (cm) 715-285 1630-1253 1996-1897 2337-2085 2505-2445
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frequency characteristics of eustatic sea level have controlled the over-
all architecture of the deep-water system.

Within 795–440 Ka time interval, low-amplitude and high-frequency
sea-level fluctuations, on one handwould allow the shoreline to prograde
rapidly across the shelf; on the other hand, it would also have caused the
delta to reside more frequently in a position close to the shelf edge,
thereby enhancing the progradation of shelf edge deltas and the sediment
transfer to deep water (Porębski and Steel, 2003; Sømme et al., 2009;
Zhang et al., 2017). Therefore, during this older phase, shelf-edge deltas
have slightly rising trajectories, and outlying fan lobes have relatively
larger scales andmoredistal depocenters (Fig. 11). That coupling relation-
ship between fan lobes and shelf-edge trajectories is consistent with the
studies of Carvajal et al. (2009) and Gong et al. (2015), who argued that
rates of shelf-edge progradation are roughly proportional to the total vol-
umes of sediments partitioned into deep-water setting. However, it must
be noted that formost of the time of that older phase, the sea-level-forced
progradation of shelf edge deltaswas not enough to achieve their connec-
tionwith downslope canyons. The canyon feeding at that time, therefore,
may be dominated by delta-front failures, as shown by the representative
seismic geomorphology for the lower stratigraphic interval (Fig. 5). As a
result, those fan lobes with larger scales and more distal depocenters
tend to be deposited frommass-wasting flows and their transformed tur-
bidity flows, resulting in complex facies consisting of bothmass-transport
deposits and turbidites.

Within 440 Ka-present, high-amplitude and low-frequency fluctua-
tions of eustatic sea levels served to decrease the efficiency of shoreline
regression across the shelf and reduce the proportion of time that the
deltas were able to stay close enough to the shelf edge, thereby
disfavoring the sediment partitioning to deep water (Porębski and
Steel, 2003; Sømme et al., 2009; Zhang et al., 2017). Consequently, dur-
ing this younger phase, shelf deltas storedmore of the sediment budget
on the shelf, and strongly aggraded, in turn bypassingmeagre sediment
volumes to the slope, causing fan lobes to have relatively smaller scales
andmore proximal depocenters (Fig. 11). In addition, due to the contin-
uous progradation of shelf-edge deltas, they were able to overreach the
shelf break far enough at that time and attachedwith the heads of slope
canyons through a series of tributary channels, as shown in Fig. 6. These
tributary channels acted as a bridge between deltas and canyons, within
which sediment bypassing was one of the mechanisms of sediment
transport from widely separated river mouths to canyon heads. There-
fore, the canyon feeding during this younger phase may be dominated
by river-born sediments. As a result, the fan lobes with smaller scales
andmore proximal depocenters tended to originate from pure turbidity
flows, giving rise to the formation of turbidite fan lobes.

6.2. Sea-level stands determined the sediment composition of the deep-water
system at the 100 Ky-scale

Over the 100 Ky-scale, i.e. within the glacial-interglacial cycles, our
data suggest there are significant compositional differences between
deep-water sediments that were deposited in glacial and interglacial
periods respectively. Coarser-grained deposits, with higher TOC content
and lower CaCO3 content and sometimes expressed as silts, occurred
preferentially in the glacial periods, i.e. during the sea level lowstands
(Fig. 10). However,finer-grained sediments having lowerOC andhigher
CaCO3 contents and expressed as clayey silts were deposited in the
interglacial periods, i.e. the sea-level highstands (Fig. 10). Therefore, it
clear that periodic changes of sea-level stands driven by Milankovitch
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(short-eccentricity) cycles have controlled the composition of the
deep-water system.

To further validate sea-level control on the composition of sedi-
ments, we conducted REDFIT spectrum analysis for the stratigraphic-
series of deep-water deposits. The results suggest a spectrum of curves
for oxygen isotope, grain-size, OC content, and CaCO3 content. All have
three main significant frequencies above the 90 % confidence level
(Fig. 12A–D) among which the first one is dominant, just like the
spectrums of contemporaneous curves of sea levels (Fig. 11A) and
loess magnetic susceptibility (Fig. 12E). Statistically, these three
significant frequencies are respectively positioned at 0.156–0.182,
0.479–0.603, 0.877–1.045 cycles/m (Table 4). To convert these
frequencies to temporal durations, a reliable average sedimentation
rate for the whole core SH1B is needed. Thus, we establish an age-
depth curve based on the start and end dates of last five glacial periods
(Table 3) and the linear fitting formula gives a value of average
sediment accumulation rate of 4.72 cm/Ky (Fig. 12F). Applying the
4.72 cm/Ky to estimate the REDFIT significant frequencies suggests the
presence of 116–135 Ky, 35–44 Ky, and 20–24 Ky temporal periods
(Table 4), which are very close to the significant frequencies of sea-
level series (i.e. 100 Ky, 40 Ky and 24 Ky shown in Fig. 11A) and
corresponding to the orbital parameters of eccentricity, obliquity, and
precession respectively (Table 4). To conclude, stratigraphic-series of
deep-water deposits and the time series of sea levels all faithfully respond
to Milankovitch climatic forcings and have very similar spectrum charac-
teristics, further validating the tight coupling relationship between the
compositions of deep-water deposits and the stands of sea levels.

During interglacial sea-level highstands, the high sea levels result in
anomalously large shelf accommodation, long shoreline transit times,
and sediment entrapment on the inner shelf (Burgess and Hovius,
1998; Muto and Steel, 2002). Thus, interglacial terrigenous sediments
are relatively hard to be partitioned into deep water, giving rise to
finer-grained sediments. However, during glacial sea-level lowstands,
regression of shorelines brought the Pearl River mouth to the outer-
shelf or shelf-margin staging area, promoting the delivery of terrigenous
sediments to deep water; in the meantime, the profound exposure of
the shelf caused the early deposits to be eroded and reworked offshore,
reinforcing the terrigenous sediment supply (Liu et al., 2010, 2016; Zhao
et al., 2017). As a result, during sea-level lowstands, terrigenous sedi-
ments are much more easily delivered into deep water, forming rela-
tively coarser sediments. Moreover, these explanations of increased
terrigenous input during glacial sea-level lowstands versus decreased
sediment input within interglacial sea-level highstands are consistent
with the variations of chemical constituents of deep-water sediments.
For example, during glacial sea-level lowstands, the strong terrigenous
input brings abundant nutrients for biological activity, which result in
a bloom of marine primary productivity and thus enhance the contents
of organic carbon (Fig. 10) (Ning et al., 2004; Zhao et al., 2017; Peng
et al., 2021). On the contrary, such increased terrigenous inputs tend
to dilute the deep-sea carbonate, thus producing relatively low content
of calcium carbonate (Fig. 10) (Scotchman et al., 2015; Zhao et al.,
2017).

6.3. Further discussion about the role of eustatic sea level in driving the
growth of deep-water systems

Strictly speaking, the growth of deep-water systems can be governed
by numerous forcing factors, autogenic (sea-floor topographic, avulsions



Fig. 11. (A) Results of REDFIT spectrum analysis for the sea level curve of Miller et al. (2020) during the time interval of 795 to 440 Ka (left panel) and 440 Ka to present (right panel).
(B) Temporal evolution of the overall architecture of deep-water sedimentary records in comparison with the sea-level curve (Miller et al., 2020) and the strength of EAM proxied by
themagnetic susceptibility of Chinese loess (Guo et al., 2009) and of SAM proxied by the abundance of Globigerina bulloides from ODP site 722 in Arabian Sea (Huang et al., 2007; Tripathi
et al., 2017). In addition, the correlation between the sea-level curve and orbital parameters (Berger, 1978) is also performed; sea-level fluctuations during 795-440 Ka arewell correlated
with obliquity cycles, whereas oscillations since 440 Ka are matched with the eccentricity cycles. MBE = Mid-Brunhes Event.

K. Qi, C. Gong, K. Fauquembergue et al. Sedimentary Geology 439 (2022) 106217

14



Fig. 12. (A–E) REDFIT spectrum determined from each SH1B stratigraphic-series and the time series of loess magnetic susceptibility. (F) An age-depth curve of the SH1B cores (solid line)
and the associated linear regression trendline (dashed line). The “time nodes” represent the start and end dates of last five glacial periods (Table 3) and the linear fitting formula gives a
value of average sediment accumulation rate of 4.72 cm/ky. In each REDFIT spectrum result, three significant frequencies are identified above the 90 % confidence level and using the
average sediment accumulation rate of 4.72 cm/ky, the temporal duration of each frequency can be estimated, as shown in Table 4. Furthermore, frequencies corresponding to orbital
eccentricity (E) time periods are labelled.
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of channels, dynamic of current) and allogenic (tectonic, eustasy, terrige-
nous sediment supply). However, on the Quaternary Pearl River margin,
eustatic sea-level forcings did play the first-order control, which is be-
cause the obscuration of other forcing factors can be ruled out to some
Table 4
Spectrum results and temporal duration estimate for the stratigraphic-series of borehole
SH1B.

Stratigraphic-series Significant frequencies
(cycles/m)

Temporal period
(kyr)

Orbital
parameters

Oxygen isotope 0.158 134.1 Eccentricity
0.519 40.8 Obliquity
0.957 22.1 Precession

Grain size 0.161 131.6 Eccentricity
0.603 35.1 Obliquity
1.045 20.3 Precession

Organic carbon content 0.156 135.8 Eccentricity
0.558 38.0 Obliquity
0.877 24.2 Precession

GaCO3 content 0.182 116.4 Eccentricity
0.479 44.2 Obliquity
0.957 22.1 Precession
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degree. Firstly, given the fact that our studied deep-water system consists
of stable canyons and associated fan lobes, it is unlikely that autogenic
process caused significant changes in sediment dispersal. Therefore, auto-
genic factors would not have great influence on the overall evolution of
the deep-water system. Secondly, for tectonic forcings, both of tectonic
activities and thermal subsidence can play a role on the development
of deep-water systems. On the Quaternary northern South China Sea
margin, because the only neotectonic activity (Dongsha tectonism) is
concentrated on the Dongsha Island, our study area is considered as
tectonically stable (Xie et al., 2017; He et al., 2019; Wang et al., 2020).
There is very low possibility of having large-scale sediment gravity
flows triggered by earthquakes related to tectonic activities. Furthermore,
within a timescale of <1 My, the amount of thermal subsidence tends to
be limited (Blum et al., 2013; Romans et al., 2016), which minimize its
impact on the growth of deep-water systems. Therefore, tectonic controls
are not discussed further in this study andwe suggest that onlymonsoon-
controlled sediment supplymay have important impacts on the develop-
ment of the deep-water system on the Pearl River margin.

However, that speculation on monsoonal climates is not consistent
with the correlation results between the observed sedimentary records
and the strength of EAM and SAM. Within both the shorter and longer
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timescales, relatively strong EAM (proxied by high loess magnetic sus-
ceptibility) and SAM (proxied by high Arabian stack records and high
abundance of Globigerina bulloides from ODP site 722) that occurred in
interglacial periods (Fig. 10) and the time interval of 440 Ka-present
(Fig. 11B) respectively correspond to deep-water sediments with sur-
prisingly fine grain sizes and fan lobes with small scales and proximal
depocenters. In other words, high sediment discharges caused by
heavy precipitation during warm and wet (strong) monsoon climates
did not produce efficient sediment delivery to deep-water areas, nor
did it cause significant growth of the deep-water system. Therefore, it
is strongly suggested that the monsoonal climates in drainage basins
did not play a dominant role in the development of the deep-water sys-
tem.On the contrary, sea level forcingswas likely the first-order control.
Such argument is also consistent with previous studies (Feng et al.,
1996; Liu et al., 2010; Zhuo et al., 2015; Liu et al., 2016), all of which
highlight due to the shelf characteristics of great width (>200 km)
and gentle gradient (0.03°–0.05°), sedimentation in the Pearl River
shelf and the outlying deep-water area is very sensitive to sea-level
fluctuations.

In addition, through the correlation between sedimentary records
and sea-level behaviors, we find that sea-level forcings have played var-
ied roles in driving the growth of the deep-water system at the 1 My-
scale and the 100 Ky-scale. This may be associated with the duration
of the shoreline being close to the shelf edge. According to traditional
sequence stratigraphy, sea-level forcing of sediment delivery relies on
regression of shorelines to bring terrestrial sediments to the shelf-
margin staging area and then to deep water. Over a relatively short
time period, even though the shoreline system is close to the shelf
edge at a given time, it will tend to recede back to the inner shelf with
the subsequent rise of sea level, especially for late Quaternary when
only 10 % of the cycle duration is occupied by maximum lowstand
phase during the glacial acme (Lobo and Ridente, 2014). That short res-
idence time is unfavorable for stable sediment export from rivermouths
or the profound remobilization of shelf-margin sediments. Therefore,
glacial sea-level lowstand periods are less efficient in driving the terrig-
enous sediments into deepwater though they do drive the composition
variation of deep-water deposits. However, over a relatively long time-
scale, even though high-frequency sea level fluctuations still cause
repeated cross-shelf transits of the shoreline, there is nevertheless
long-enough cumulative time when the shoreline system is close to
the shelf edge. This totally longer residence time at the shelf edge can
guarantee sediment being stably fed into deep water. Thus, the change
in sea-level fluctuation characteristics within the 1 My-scale manage
to exert great influence on the terrigenous inputs and ultimately impact
the overall architecture of the deep-water system.

7. Conclusions

(1) Within both the 1 My-scale and the 100 Ky-scale, the changing
character of deep-water sedimentary records on the Quaternary
Pearl River margin is related to the eustatic sea-level changes,
which acted as the first-order control on the development of
the deep-water system.

(2) During the 1 My-scale, the facies, size, and depocenters of the
deep-water system all showed significant changes through
time. Mixed fan lobes with larger scales and more distal depo-
centers correlate to low-amplitude and high-frequency sea-
level fluctuations. However, turbidite fan lobes with smaller
scales and more proximal depocenters correspond to high-
amplitude and low-frequency sea-level fluctuations. Such corre-
lations suggest that at even the 1 My-scale, it was mainly sea
level that controlled the overall architecture of the deep-water
system.

(3) At the 100 Ky-scale, the composition of deep-water deposits was
significantly different between glacial sea-level lowstands and
interglacial sea-level highstands. Coarse-grained deposits
16
with higher organic carbon contents and lower calcium car-
bonate contents characteristically deposited during glacial
sea-level lowstands, while finer-grained deposits with lower
organic carbon contents and higher calcium carbonate contents
corresponded to the interglacial sea-level highstands. Thus, also
at 100 Ky-scale, sea-level stands exerted an influence and con-
trolled the sediment composition of the deep-water system.
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