Sedimentary
Geology

k!
ELSEVIE

R Sedimentary Geology 152 (2002) 133-158

www.elsevier.com/locate/sedgeo

Late Quaternary incised-valley fill of the Yangtze delta (China):
its stratigraphic framework and evolution

Congxian Li? Ping Wang ™*, Heping Sun®, Jiagiang Zhang®, Daidu Fan?, Bing Deng®

*Marine Geology Laboratory, Tongji University, Shanghai 200092, People’s Republic of China
®Department of Geology, University of South Florida, 4202 East Flower Avenue, SCA 528, Tampa, FL 33620, USA

Received 30 July 2001; accepted 26 November 2001

Abstract

A Late Quaternary stratigraphic framework of the Yangtze delta, China, has been established based on the analysis and
correlation of over 600 cores. Thirty cores were drilled and analyzed during this study, and the rest were collected from
numerous publications. The Late Quaternary stratigraphic framework of the Yangtze delta consists of incised-valley fill and two
interfluvial sequences. The incised valley roughly coincides with the modern Yangtze delta. From bottom to top, the incised-
valley fill sequence is typically composed of channel, floodplain—estuary, estuary—shallow marine, and modern deltaic facies.
The interfluvial sequences occur along the two flanks of the incised-valley fill. On the southern flank, seaward of the maximum-
transgression line, the interfluvial sequence is typically composed of marsh—nearshore, shallow marine, and tidal flat facies
with predominantly muddy deposits. On the northern flank, the interfluvial sequence is typically composed of barrier—lagoon,
tidal sand ridge, and littoral—tidal flat facies with predominantly sandy deposits. The interfluvial sequence landward of the
maximum-transgression line on both flanks is composed mainly of lacustrine muddy deposits. The post-glacial fining-upward
incised-valley fill sequence was formed by retrogressive aggradation in the lower reach of the Yangtze River, induced by sea-
level rise. The upstream extent of the retrogressive aggradation exceeds the reach of flood tidal currents, which explains the lack
of marine fossil and tidal sedimentary structures in the channel sand deposits. A huge estuary was formed in the present Yangtze
delta area when the post-glacial transgression reached maximum at about 7500 years BP. The shallow marine mud was
deposited broadly in the estuary and the maximum flooding surface, which separates the underlying transgressive sequence
from overlying regressive sequence, located within the muddy stratum. An erosional surface between the channel sand unit and
deltaic sand unit exists at the apical area of the Yangtze delta. The modern Yangtze delta developed after the post-glacial
transgression maximum was reached. The delta development was dominated by the abundant fluvial sediment supply. Six sub-
deltas with a southward migrating trend have developed. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Yangtze (Changjiang) delta, China, is one of the
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Quaternary stratigraphy, is relatively scarce in the
scientific literature as compared to some of the well-
documented large deltas, such as the Mississippi delta
(Russell and Russell, 1939; Wright and Coleman,
1972; 1988; Roberts, 1997; Coleman et al., 1998)
and the Nile delta (Said, 1981; Stanley, 1996; Stanley
and Bernasconi, 1998; Stanley and Warne, 1998).
One of the original descriptions of an incised-
valley system was established by Fisk (1944) and
Fisk and McFarlan (1955) in the Mississippi River.
Fisk and McFarlan (1955) were also among the first to
describe the relationship between the incision and
filling of the Mississippi trench (valley) with the
falling and rising of sea level. Incised-valley systems
have been studied in various places, e.g., along the
Texas and Louisiana coasts (Wilkinson and Byrne,
1977; Suter et al., 1987; Nichol et al., 1996), along the
Delaware coasts (Belknap and Kraft, 1985), and along
the Australian New South Wales coast (Roy, 1984,
1994; Roy et al., 1995). Incised-valley systems have
been interpreted throughout geological history, from
Precambrian to the Quaternary (Fisk, 1944; Fisk and
McFarlan, 1955; Oomkens, 1970, 1974; Wilkinson
and Byrne, 1977; Li 1985; Li et al., 1988; Allen and
Posamentier, 1993; Dalrymple et al., 1994; Zhang and
Li, 1996; Gupta, 1997, 1999). Incised valleys may be
developed in both loose sediment and bedrock (Fisk,
1944; Roy 1994; Nichol et al., 1996, 1997; Gupta
1997, 1999). It has been realized during the develop-
ment of sequence stratigraphy that recognition of
incised-valley system provides an important criterion
for the identification of sequence boundaries (e.g.,
Posamentier and Vail, 1988; Van Wagoner et al.,
1988, 1990). As a consequence, there have been
numerous studies recently on incised-valley systems
(e.g., Allen and Posamentier, 1993; Dalrymple and
Zaitlin, 1994; Dalrymple et al,, 1992, 1994). Two
types of incised-valley system have been identified:
piedmont incised-valley system and coastal plain
incised-valley system (Zaitlin et al., 1994). Three
longitudinal segments describing the different degrees
of marine and fluvial influences, and the associated
stratigraphic sequences in each segment in response to
the rise and fall of base level were distinguished
(Dalrymple et al., 1994; Zaitlin et al., 1994). Estuar-
ine deposits are key components of incised-valley fill
and are typically subdivided into bay head, central
basin and bay-mouth (wave-dominated or tide-domi-

nated) facies (Dalrymple et al., 1992, 1994; Roy,
1994; Roy et al., 1995; Nichol et al., 1996, 1997). It
is generally comprehended that paleo-valley incision
is controlled by sea-level fall, while sea-level rise and
abundant sediment supply lead to the fill of incised
valleys (Fisk and McFarlan, 1955; Zaitlin et al., 1994;
Li et al., 2000). Backstepping aggradation is empha-
sized as a key process in the fill of incised valleys
(Gupta, 1997, 1999).

Numerous cores were drilled in the Yangtze delta
area during the last four decades, providing a solid
database for understanding its stratigraphic framework
(Fig. 1). More than 600 cores, including 30 drilled and
analyzed during this study, were examined. Samples
from the 30 cores were examined in detail, including
sedimentological, lithological, and paleontological
analyses. These 30 cores served as regional controls
for the stratigraphic correlation. Four types of facies
assemblages were classified in the cores. Six sections,
including three roughly perpendicular to the coastline
(latitudinal) and three parallel to the coastline (longi-
tudinal), were described. A Late Quaternary stratigra-
phic framework for the Yangtze delta was established
based on the analyses of cores and transects.

The geomorphology, hydrology, and sedimentary
characteristics of the Yangtze delta have been docu-
mented (e.g., Chen and Stanley 1993, 1995; Stanley
and Chen, 1993; Chen and Chen, 1997; Chen, 1998).
However, a Late Quaternary stratigraphic framework
of the entire subaerial Yangtze delta has not been
established. The objectives of this study were: (1) to
develop a Late Quaternary stratigraphic framework
for the Yangtze delta; (2) to discuss the Late Pleisto-
cene evolution of Yangtze delta; and (3) to identify
distinctive features in the development of the Yangtze
delta.

2. Study area

Yangtze River, the longest river in China, origi-
nates from the Qinhai—Tibet Plateau and discharges
into the East China Sea in a tectonic subsidence belt
(Li et al., 1991). The 1.8 X 10° km? drainage basin
spans an elevation difference of over 4000 m, and is
strongly influenced by the monsoons. The tremendous
elevation drop, being one of the major high-mountain
rivers, and abundant precipitation result in enormous
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Fig. 1. Locations of key cores and stratigraphic sections. Bold labels indicate the cores that are illustrated in this paper.
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water and sediment discharges, which average 5.0 X
10" kg and 924 km® annually (Milliman and Meade,
1983; Li et al., 1991; Milliman and Syvitski, 1992).
The great elevation drop and tremendous water dis-
charge provide strong driving forces for the valley
incision, while the rich sediment supply provides the
potential for rapid valley fill.

The Yangtze River enters the eastern plain from the
hilly area in the vicinity of Zhejiang—Yangzhou area,
forming the Holocene delta (Fig. 2). The Holocene
Yangtze delta covers an area of approximately 52,000
km?, with 23,000 km? subaerial and 29,000 km”
subaqueous. The ratio of the subaerial and subaqueous
portions is 0.79 (Li et al., 1979; Li and Li, 1983; Li,
1986). The Yangtze River mouth is influenced by
semidiurnal tide with an average range of 2.6 m. The
spring tidal range can reach as high as 4.5 m, gen-
erating tidal currents of up to 1.0-1.5 m/s in the
distributaries (Chen, 1998). Water-level fluctuations
attributable to tides are measured up to 624 km up-
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stream from the river mouth. The flood tidal current
was measured up to the Yangzhong area, east of the
delta apex, some 230 km upstream from the river
mouth during dry season spring tides (Fig. 1). During
the rainy season, flood tidal current was measured
roughly 150 km upstream from the river mouth,
around the Jiangyin area (Li et al., 1983). The tidal
range along the northern flank of the modern Yangtze
delta is generally greater than that along the southern
flank (Qian et al., 1964; Ren, 1986; Chen, 1998).

There have been six stages of mouth-bar develop-
ment in the Holocene Yangtze delta (Fig. 2), identified
on the basis of core analysis (Li and Li, 1983; Li,
1984). The main distributary of each delta-develop-
ment stage has tended to migrate southward during
the last 7500 years (Li, 1984, 1986; Chen and Stanley,
1995). The present Yangtze River mouth is divided by
three active mouth bars into four distributaries, con-
tinuing the same trend since the post-glacial maxi-
mum.
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Fig. 2. Six stages of mouth bar development in the Yangtze delta, with stage 6 enlarged. See Fig. 1 for regional location. I: Mouth sand bar; II:
marine sand body; II;: chenier and longshore bar; II,: tidal sand ridge; III: fluvial sand body (after Li and Li, 1983).
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The apex of the Holocene Yangtze delta is located
in Zhenjiang— Yangzhou area, approximately 250 km
west of the modern river mouth. The Yangtze delta
was divided into three major units: the main delta
body (I), the southern (IT) and the northern (II) flanks
(Fig. 3). The two flanks were further divided into two
zones (11, II, and III;, III,), respectively, along the
line of post-glacial transgression maximum. The en-
tire Yangtze delta is located in the coastal subsidence
zone (Li et al.,, 1991). The subsidence rate ranges
from 1 to 3 mm/year (Stanley and Chen, 1993; Chen
and Stanley, 1993, 1995; Chen, 1998) and decreases
toward the west. The hilly region (IV) west of the

delta area is a tectonic uplift zone, and is separated
from the coastal subsidence zones by the approxi-
mately north—south hinge line located along Zhen-
jiang area.

Sea level in the East China Sea was at 110—130 m
below present mean level from 18-21 ky BP (1 ky =
1000 years) (Saito, 1998). Rapid sea-level rise, with
an average rate of 1.0—1.2 cm/year, was measured
until approximately 7 ky BP (Fig. 4). Since 7 ky BP,
the rate of sea-level rise has decelerated considerably,
with an average rate ranging from 0.28 to 0.52 cm/
year in the Yangtze delta area (Li and Ming, 1981). It
is worth noting that since 7 ky BP, sea level has

121 122
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Fig. 3. Delta main body and the two flanks. MT: Limit of post-glacier maximum transgression. See Fig. 1 for regional location. I: Delta main
body; II: southern flank; II;: seaward of MT; II,: landward of MT (Taihu Lake area) with some separated hills; III: northern flank; III;: seaward

of MT; IIl,: landward of MT; IV: hilly area.
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Fig. 4. Schematic Late Quaternary sea-level change curve in the
East China Sea; 1 ky=1000 years (after Saito, 1998).

reached the study area. The 0.28—-0.52 cm/year rate
was obtained from the study area, and is different
from that of the East China Sea rate shown in Fig.
4.

3. Methodology

The present study is based primarily on facies
analysis and stratigraphic correlation of over 600
cores. An example of the comprehensive core analy-
ses is illustrated in Fig. 5. Most of the cores were
drilled and sampled with a rotational device with a
diameter of either 56 or 108 mm. The cores were
typically drilled to a depth of 30—50 m, with approx-
imately 15% reaching 200—300 m deep. The recovery
rate in the sand and mud layers ranged from 50% to
60% and 60 to 70%, respectively. A piston drill with a
recovery rate of approximately 80% to even 90% was
used for the remainder of the cores. Thirty cores at
key locations were drilled and analyzed specifically
for this study. The cores were split in half, and
following core description, sediment samples were
collected from one half, while the other half was
stored as repository.

Core description includes color, texture, lithology,
macrofossil assemblages, bioturbation features, and
sedimentary structures. Grain-size analysis was con-
ducted based on Folk (1974) method using a combi-
nation of sieving (for sand and coarser fractions) and

pipette (for silt and clay fractions). Heavy-minerals
were identified under a microscope and their compo-
sition was obtained based on the counting of more
than 300 grains. Microfossil assemblages were exam-
ined from 50 g of dry sediment samples using the
method described by Wang (1985).

Interpretations of depositional environments were
based on a combination of field observation at the
drilling site and core sample analyses outlined above.
Depositional energy was estimated based primarily on
grain size, sedimentary structure, and heavy-mineral
composition. Degrees of marine influence were deter-
mined based largely on microfossil assemblages,
especially those of foraminifers. Micro-morphological
analyses were applied to identify and characterize the
paleosol (Li et al., 1996, 2000; Chen, 1997; Deng et
al., 1999). Limited geophysical well-logs, mostly
resistivity logs, were used to distinguish some facies,
mostly toward the upstream where saltwater influence
is minimal.

The concept of sequence stratigraphy, particularly
pertaining to the understanding of the origin and fill
of incised-valley systems (Posamentier et al., 1988;
Posamentier and Vail, 1988; Van Wagoner et al., 1988,
1990), was applied to establish the Late Quaternary
stratigraphic framework. The stratigraphic correlation
was based primarily on the sequence boundary, max-
imum flooding surface, and transgressive and regres-
sive successions, instead of lithology or depositional
environments.

4. Facies description and interpretation

Eleven sedimentary facies were distinguished and
described based on the core sample analyses (Table 1).
The sequence in which each of these facies is
described and interpreted does not reflect their order
of occurrence in the stratigraphic record. The lateral
and vertical distributions of these facies are discussed
in the following section.

4.1. River channel facies

This facies, the coarsest in the entire area, is com-
posed of medium to fine sands with cross-bedding.
Gravels, of typically 0.3—0.5 cm in diameter, were
found near the bottom, although they generally ac-
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Fig. 5. Type 1 facies assemblage illustrated by core T23. Column 6 indicates number of individual foraminifer (V) and number of species (S) in
50 g of dry sample. STD is the abbreviation of standard deviation.
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Table 1
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Facies assemblages and characteristics in various parts of the Yangtze delta

Lithology

Location Text section Genetic unit
Incised valley Section 4.1 River channel
Section 4.2 Floodplain—estuary
Section 4.3 Estuary—prodelta
Section 4.4 Delta
Southern flank
1L Section 4.5 Terrestrial (floodplain
facies, basement)
Section 4.6 Marsh—nearshore
Section 4.7 Shallow marine
Section 4.8 Tidal flat
11, Section 4.9 Lacustrine
Northern flank
11, Section 4.5 Terrestrial (floodplain
facies, basement)
Section 4.10 Barrier—lagoon
Section 4.11 Tidal sand ridge
Section 4.8 Tidal flat
111, Section 4.9 Lacustrine

Sand and sand with gravel
Sandy clay with sand lenses
Soft mud

Clayey sand and sandy clay

Stiff clay

Silty clay

Soft mud

Silty clay and clayey silt
Mud with peat and
freshwater fossils

Stiff clay

Sandy clay with sand lenses

Silty sand with clay

Clayey silt and clayey sand

Mud with peat and freshwater fossils

counted for less than 10% of the sediment. Mud gra-
vel was found in some cores. This facies is characte-
rized by a fining-upward succession with an erosional
surface at the bottom. No marine fossils or tidal sedi-
mentary structures were found. The river channel en-
vironment was interpreted on the basis of the bottom
erosional surface, the fining-upward succession, and
the lack of marine fossils. The thickness of this facies
ranges from 12 to 31 m, with an average of 19.3 m (Li
et al., 2000).

4.2. Floodplain—estuary facies

This facies is composed of gray sandy clay. Sand
lens, plant debris, and peat layers were often found in
the lower part of the facies. A typical decreasing
upward resistivity was logged in some of the cores. A
few marine fossils were found, and where present,
they exhibited indications of being transported (Li
and Wang, 1998). In the upper part of the facies, tidal
laminae and reactivation surfaces were well devel-
oped. In some cores at the present river mouth area,
tidal laminae were developed in the entire section of
the facies. The sedimentary environment of this fa-
cies was interpreted as floodplain—estuary based on
its gradational contact with the underlying channel
sand and the occurrence of well-developed tidal lami-

nae. The thickness of this facies ranges from 10 to
30 m. The '*C dating ranges from 9 to 14 ky BP
(Table 2).

4.3. Estuary—prodelta facies

This facies is composed mainly of dark gray soft
mud with thin silty laminae. The silty laminae are
typically 1-2 mm thick, while the muddy laminae
between them range from several cm to tens of cm.

Table 2
14C dating in the floodplain—estuary facies overlying the channel-
fill sand

Core  Depth 4C date years Sample type Reference
ID (m) BP

T16 329 9100 £ 110 Peat This study
T16 344 9920 + 110 Peat This study
T16 48.4 12,000 £+ 170 Organic mud  This study

T16 52.5 12,790 = 310 Organic mud  This study

T16 54.6 14,640 + 640 Organic mud  This study

C38 60.1 10,700 & 125 Organic mud  Qin et al.
(1987)

C4 54.7 12,630 + 320 Peat Qin et al.
(1987)

T17 35.5 9900 + 300 Organic mud  This study

T17 38.8 11,030 + 123 Organic mud  This study

Core locations are shown in Fig. 1.
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Vertical borrows were occasionally found. This facies
is rich in foraminifers. The foraminifer assemblage,
Epistominella naraensis—Globigelinads—Elphidium
magellanicum, is typically interpreted as estuary—
prodelta environment (Wang, 1985; Li and Wang,
1998). The thickness of this facies ranges from 2.0
to 24.5 m, with an average of 11.4 m (Li et al., 2000).
The 'C dating ranges from 4 to 8 ky BP (Li and
Wang, 1998).

4.4. Deltaic facies

The deltaic facies comprises mouth-bar and dis-
tributary subfacies with a river mouth foraminifer
assemblage (Li and Wang, 1998). The mouth-bar sub-
facies is composed of fine sand with thin muddy
laminae and demonstrates a typical coarsening-upward
succession. Sedimentary structures include cross-bed-
ding, bi-directional cross-bedding, and planar bedding,
indicating influences of tidal currents. Regionally, this
facies appears as large sand lens, 10—15 km long and
10—30 m thick. The distributary subfacies is composed
primarily of gray to yellowish gray clayey sand to
sandy clay with an apparent fining-upward succession.
An erosional surface, as indicated by a sharp contact,
was often observed at the bottom. Tidal-related bi-
directional sedimentary structures are common. Later-
ally, this facies is usually distributed along the sides of
a river mouth bar.

4.5. Terrestrial stiff mud

The regionally distributed stiff mud is generally
composed of 40—45% clay, 40—60% silt, and less than

5% sand. Plant roots and debris, and phytoliths occur in
the upper portion. Vertical cracks are common. Micro-
morphologic analyses indicate typical soil character-
istics, such as algillan, desiccation cracks, pedogenetic
voids, plant roots and debris, and ferrugeneous and
manganous nodules (Li and Sun, 1991; Li et al., 1995,
1996; Chen and Li, 1997; Deng et al., 1999). These fea-
tures indicate that the stiff mud layer has been exposed
extensively and has experienced pedogenesis. Based on
the above characteristics, this regionally distributed stiff
mud was interpreted as paleosol. Foraminifers, most of
which are small, broken, and oxidized, were found in
most of the analyzed cores, indicating that the foramini-
fers have been transported, possibly by storm surge or
wind. Generally, fewer than five foraminifers were
found in 50 g of dry samples. The lithology and
abundant plant debris indicate terrestrial depositional
environment, most likely floodplain (Liu, 1993; Chen,
1997). The '*C dating of this layer ranges from 15 to 35
ky BP (Table 3). Compared to the other facies, this layer
is easily distinguished due to its stiffness and abrupt
contact with overlaying strata.

4.6. Marsh—nearshore facies

This facies is characterized by gray mud with 40—
60% silt, 40—45% clay, and less than 5% sand. The
lower portion contains abundant plant roots and debris
with peat layers of up to several tens of cm. This portion
was interpreted as coastal marsh due to its severe
bioturbation, absence of sedimentary structures, abun-
dant plant debris, and existence of peat layers. The
upper portion of this facies contains a fair number of
foraminifers, while the occurrence of plant debris is

Table 3
14C dating at the top of the terrestrial stiff mud
Core ID Depth (m) 14C date years BP Sample type Reference
T28 28.30—28.50 14,196 + 220 Organic mud This study
T28 30.18-30.35 18,520 &+ 520 Organic mud This study
T5 23.50-23.80 15,005 + 625 Organic mud This study
C103 24.0 14,750 + 150 Organic mud Wu and Liu
(1989)
C128 2.37 15,885 + 170 Organic mud Chang
(1996)
T13 19.64—19.84 14,830 & 390 Organic mud This study
C150 333 >35,000 Shell Wang et al.
(1998)

Core locations are shown in Fig. 1.
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rare. The upper portion was interpreted as nearshore
environment (Wang, 1985; Li and Wang, 1998). The
general absence of wave- and/or tide-induced sedimen-
tary structures might indicate a rapid deposition of
mud, probably caused by abundant sediment supply.
The "C dating ranges from 8 to 12 ky BP (Li and
Wang, 1998).

4.7. Shallow marine facies

This mud facies is characterized by a high water
content of up to 70%, resulting in apparent softness.
The dark gray soft mud contains 35—-50% clay, 40—
60% silt, and 3—5% sand. Thin sandy silt laminations
were found in most cores. In addition to its softness,
another distinctive characteristic of this facies is its
high content of foraminifers, up to several-hundred in-
dividuals in 50 g of dry sample. The foraminifer assem-
blage, E. naraensis—Ammonia beccarii vars, is usually
interpreted as shallow marine environment. This facies
represents the maximum flooding in the Yangtze delta
area (Wang, 1985; Li and Wang, 1998). Contacts with
overlying and underlying strata are gradual.

4.8. Tidal flat facies

This facies is generally gray to yellowish gray mud
and muddy sand with 30—60% fine sand, 20—50% silt,
and 10—20% clay. A fining-upward trend is typical of
this facies. Higher clay content was generally measured
in the southern flank, while higher silt and sand contents
were measured in the northern flank. Iron and manga-
nese nodules and plant debris are common near the top
of this facies. A sequence of sedimentary structures,
including cross-bedding and flaser bedding in the lower
portion, lenticular and wavy bedding in the middle, and
horizontal bedding toward the top, was often identified.
The combination of sedimentary structures indicates a
tidal flat depositional environment, similar to those
described by Reineck and Singh (1980).

4.9. Lacustrine facies

This facies is composed of gray mud containing
freshwater algae, phytolith, and calcareous- or ferro-
concretions. As many as three to four peat layers were
found in some ores. This facies is characteristic of
abundant plant roots and organic debris. Horizontal

bedding and ripple marks, well developed in some
cores, were observed, indicating the influence of cur-
rents. Mud layers, 10—20 cm thick, with whole oyster
and brackish water shells occur in some cores, indicat-
ing local saltwater influence from tides. This facies
was interpreted as freshwater-dominated lacustrine—
marsh environment with local, limited tide influences
(Li and Wang, 1998). The facies typically lies above
the regional stiff mud, separated by a sharp contact.

4.10. Barrier—lagoon facies

This facies is composed largely of gray sandy mud
with generally 20—-30% sand, 20—40% silt, and 20—
40% clay. Large sand lenses of 2—3 m thick were
identified when correlating neighboring cores. Low-
angle cross-bedding and mixtures of marine, brackish,
and fresh water mollusk shells are common in the sand
layers. The shells in the sand layers were typically
broken, indicating a relatively high-energy coastal
environment. The sand lenses were therefore inter-
preted as barrier island deposits. The adjacent mud
deposits are rich in plant debris with occasional peat
layers, indicating a back-barrier environment. The
entire facies is interpreted as a transgressive barrier—
lagoon system (Li and Wang, 1991).

4.11. Tidal sand ridge facies

This facies is of gray color with 40—80% sand, 15—
40% silt, and 5—-15% clay. Bi-directional cross-bed-
ding and graded bedding are common in this sandy
layer. The graded bedding is typically 10—20 cm thick
and often superimposed forming rhythmics. Mollusk
and foraminifer shells, both whole and broken, are
common, indicating a relatively high-energy marine
environment. The foraminifer assemblage, E. naraen-
sis—A. convexidorsa, represents a typical shallow
marine environment. An erosional surface was often
observed at the bottom of this facies. The paleo-
currents, obtained in the cores using environmental
magnetic method, were bi-directional (Zhang et al.,
1998), indicating apparent influence of tidal currents.
This facies was interpreted as subaqueous tidal sand
ridge (Li et al., 1999). The '*C dating at the middle to
lower portions of this facies indicates a time of depo-
sition of 4—6 ky BP (Wang, 1993; Wang et al., 1997),
after the maximum transgression at approximately 7 ky
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BP (Ren, 1986). The "C dating below the bottom
erosional surface is typically more than 10,000 ky BP,
which suggests that the erosional surface represents a
sedimentary hiatus of several thousand years.

5. Stratigraphic framework

The stratigraphic framework was established based
on the vertical and horizontal distribution of the in-
dividual facies described above. For the convenience
of description, four types of vertical facies-assemblage
pattern were classified. Six transects, three longitudi-
nal (roughly parallel to the coastline) and three la-
titudinal (perpendicular to the coastline), were exam-
ined (Fig. 1). Due to the nearly east—west dip of the

delta, the longitudinal transect is roughly perpendic-
ular to the axis of the delta, and the latitudinal is
parallel to the delta axis.

5.1. Vertical facies assemblage

Four vertical facies patterns, referred to as types 1
through 4, were distinguished. The four types of facies
assemblage reflect the stratigraphic characteristics
induced by the transgression and regression in differ-
ent regions of the delta.

Type 1 facies assemblage was generally found on
the southern flank (II;), primarily seaward of the post-
glacial transgression maximum (Fig. 3). A typical
example of a type | facies assemblage is demonstrated
in core T23 (Fig. 5). The base layer of type 1 facies
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assemblage is the distinctive terrestrial stiff mud. Three
facies overlie the stiff mud, including, from bottom to
top, marsh—nearshore facies, shallow marine facies,
and tidal flat facies. Maximum transgression was
reached during the deposition of the shallow marine
soft mud and the maximum flooding surface is located
in the soft mud layer, below and above which, trans-
gressive and regressive successions were developed,
respectively.

Type 2 facies assemblage was generally found on
the northern flank (IIl,), primarily seaward of the
post-glacial transgression maximum. A typical exam-
ple of type 2 facies assemblage is illustrated in core
T8 (Fig. 6). Overlying the terrestrial stiff mud base
layer, barrier—lagoon facies, tidal sand ridge facies,
and tidal flat facies occur upward. An apparent ero-
sional surface was often found at the bottom of the
tidal sand. The erosional surface represents the max-
imum flooding surface and was therefore considered
to be the boundary separating the transgressive and
regressive successions.

Type 3 facies assemblage was generally found
landward of the post-glacial transgression maximum
(I1,, IIT,), but the marine influence can still be identi-
fied (Fig. 7). The thickness of the type 3 facies as-
semblage typically ranges from 3 to 12 m. The
lacustrine facies was identified overlying the terrestrial
stiff mud. The '*C dating at the bottom of the lacus-

trine facies ranges from 5 to 6 ky BP (Li and Wang,
1998).

Type 4 facies assemblage was generally found in
the delta main body (I). This facies assemblage demon-
strates a characteristic decreasing upward resistivity
log (Fig. 8). An example of the type 4 facies assem-
blage is illustrated in core T16 (Fig. 9). A distinctive
erosional surface lies at the bottom of this facies
assemblage. From bottom to top, the type 4 assemblage
typically includes river channel facies, floodplain—
estuary facies, estuary—prodelta facies, and tidal flat
facies. The post-glacial transgression maximum was
reached during the deposition of the estuary—prodelta
soft mud. In some cores, e.g., T16, the estuary—
prodelta soft mud was eroded by the distributary
channel, and the erosional surface serves as the boun-
dary separating the transgressive succession beneath
and the regressive succession above (Fig. 9). Type 4
facies assemblage represents the post-glacial sequence
of incised-valley fill.

5.2. Stratigraphic framework

Three longitudinal and three latitudinal cross-sec-
tions were examined to depict the stratigraphic frame-
work of the Late Quaternary Yangtze delta (Fig. 1).
The seaward-most longitudinal cross-section B—B’,
composed of 18 cores, cuts across the modern river

I (@]
-3
co
©

i
(I IR I
Illlllllliillw

|
III

2.0{— s
1_);_1 5140 P2
I e

ol 2

4.0

m

I

] |
|
|Iil
11
Illl
("
1]

|

|

|

|

g

|

|

i
o
~
v
2

I
|

i
Illl
|

=i

==+ 1l 3
Mud Peat Shell

[T+ [3y33]s

Stiff mud Vertical calcareous concretions

Fig. 7. Type 3 facies assemblage illustrated by a series of trenches in the vicinity of core T2.



C. Li et al. / Sedimentary Geology 152 (2002) 133—158 145

(w) ydeq@
ABojoyy
saloe

aouanbag

0 40 80 ohm

Bloq WSpOoN

UoISS82ONSG oAISSaIbay

bo.30] -

NI PR -
v

[
"

T
"

500]

|auueyd 1oAY Kienjse-uleldpoold  Ws-3 |
uoIssadong BI\ISSBJBSUEJ_L

~ - e -

Sand with gravel Sand Sandy mud  Soft mud

Fig. 8. Resistivity log of core C20, demonstrating the decreasing-
upward floodplain—estuary facies. E-SM: Estuary—shallow marine
facies.

mouth area. Eight cores were located on the delta main
body. These relatively deep cores have an apparent
erosional surface at the bottom, overlying which type
4 facies assemblage (incised-valley fill) was identi-
fied (Fig. 10). The terrestrial stiff mud layer underlies
the cores on the two flanks. The four cores on the

southern flank were composed of type 1 facies assem-
blage. The six cores on the northern flank demonstra-
ted typical type 2 facies assemblage. The erosional
surface at the bottom of the middle eight cores and the
paleosol (stiff mud) in the cores on the flanks con-
stitute the regional sequence boundary, on top of
which the post-glacial sedimentary cycle developed.
The sequence boundary (erosional surface) in the
middle eight cores is substantially deeper than that
(paleosol) in the cores on the flanks. This demon-
strates a paleo-morphology with an incised valley in
the middle and interfluve on the two flanks. The post-
glacial transgression maximum was reached during
the deposition of the estuary—prodelta facies in the
middle cores and the shallow marine soft mud in the
cores on the southern flank. While on the northern
flank, evidence of a transgression maximum was
largely erased by the erosional surface at the bottom
of the tidal sand ridges. The post-glacial transgression
maximum was dated at 7.5 ky BP in the estuary—
prodelta facies in the incised-valley, slightly older than
the 5—7 ky BP dated in the shallow marine soft mud
on the southern flank (Liu et al., 1985; Ren, 1986; Li
and Wang, 1998).

The shore-parallel section C—C'is located landward
of B—B'. Type 4 facies assemblage (incised-valley fill)
was identified in the middle four cores (Fig. 11). The
thickness and the characteristics of the incised-valley
fill succession are comparable to that along section B—
B'. However, the interfluvial sequence identified on the
two flanks is thinner than that along section B—B/,
ranging from 3 to 12 m thick. Type 3 facies assem-
blage dominated on both the northern and southern
flanks.

The third shore-parallel section D—D'is located fur-
ther landward. Similar to sections B—B’and C—-C/, the
incised-valley fill sequence (type 4 facies assemblage)
was found in the middle cores and interfluvial sequence
with type 3 facies assemblage identified on the two
flanks (Fig. 12). The interfluvial sequence is even
thinner than that along transect C—C’, ranging from
only 1 to 2 m thick.

The first latitudinal (shore-perpendicular) section,
A—A/, cut through the middle of the modern delta.
The lower boundary of the post-glacial depositional
cycle characterized by the type 4 facies assemblage is
an erosional surface, which was found in all the deep
cores. The thickness of the incised-valley fill sequence
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tends to increase seaward (Fig. 13). The post-glacial
transgression maximum was reached during the depo-
sition of the estuary—prodelta mud in most of the cores,
while toward the apical area of the delta, the strati-
graphic record was erased by an erosional surface.
Beneath the maximum flooding surface, a transgressive
succession consisting of, from bottom to top, river
channel facies, floodplain—estuary facies and a portion
of the estuary—prodelta facies, was identified. Above
the maximum flooding surface, a regressive succession
consisting of a portion of the estuary—prodelta facies,
deltaic facies, and tidal flat facies was developed. The

thickness of the transgressive succession is on average
approximately 54% of the total thickness of the post-
glacial depositional cycle (Li et al., 2000).
Cross-section E—F'extends approximately parallel
to the Yangtze River across the southern flank of the
delta. The terrestrial stiff mud (paleosol) marks the
lower boundary of the post-glacial depositional cycle
(Fig. 14). The post-glacial transgression maximum
was reached during the deposition of the shallow
marine facies. The thickness of the shallow marine
facies decreases landward and pinches out. The ma-
rine-influenced facies was replaced by lacustrine
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facies landward of the post-glacial transgression max-
imum (Fig. 14). The thickness of the post-glacial
cycle decreases landward from nearly 25 m in the vi-
cinity of the present shoreline to less than 3 m in the
Taihu Lake area.

Similar to E—F/, cross-section F—Fon the northern
flank of the delta demonstrates a landward-decreasing
trend of the post-glacial strata thickness, indicated by
the decreasing burial depth of the lower boundary
(paleosol). Two distinctive differences were identified
when comparing the stratigraphy of the northern and
the southern flanks (Figs. 14 and 15). Firstly, the
sediment is generally coarser, dominated by sandy
deposits on the northern flank, as compared to that on
the mud-dominated southern flank. Secondly, on the
northern flank, the evidence of transgression maxi-
mum was usually erased by the strong tidal currents,
leaving an erosional surface as an indicator of the
maximum flooding (Zhao et al., 1997; Li et al.,
1999). The tidal ridge facies overlying the erosional
surface was deposited during the Holocene regres-
sion.

6. Origin and fill of the incised-valley system

The cross-sections discussed above revealed an
incised-valley system in the Yangtze delta area. The
incised valley is approximately 60—100 m deep and
60—70 km wide near the river mouth, and decreases to
20—30 km wide toward the delta apex. The incised-
valley extends roughly 250 km across the studied
area. Paleosol, as represented by the terrestrial stiff
mud, is distributed broadly along the valley banks. In
areas with dense core coverage, e.g., in Shanghai and
Haian areas, secondary incised valleys representing
tributaries can be identified (Fig. 16). The Yangtze
incised-valley system is therefore composed of the
main valley, the interfluve, and the tributary channels
(Fig. 16).

6.1. Origin of the incised-valley system
Although incised valleys may be formed under the

combined controls of tectonic uplift and sea-level fall
(Fisk and McFarlan, 1955; Dalrymple et al., 1994;
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Gupta, 1997, 1999), the Yangtze valley was incised
largely due to sea-level fall, probably rapid fall,
because it is located in a tectonic subsidence zone.
The incision likely originated during the falling sea
level during the 6'%0 stage 3 (Martinson et al., 1987).
During the latest glacial maximum, sea level fell
approximately 130 m below the present level (Zhu
et al., 1979). The great hydraulic drop and tremendous
water discharge of the Yangtze River were the driving
forces for the 60—100 m valley incision in the study
area. Rapid valley incision probably occurred during
the fast sea-level fall through §'*0 stage 3 (Fig. 17,
period A). During the early part of §'*0 stage 2 (sea
level at low stand), the valley incision continued (Fig.
17, period B,), although possibly at a slower rate, as a

result of the slower rate of sea-level fall approaching
the pivot point. Normally, coarse lag deposits are
found at the bottom of ‘incised valleys’ (Zailin et
al., 1994); however, no layered lag deposits with
significant thickness were identified in the study area,
although gravel grains (typically less than 10%) were
identified in many cores. In other words, lag deposi-
tion was not significant in the study area, and when it
occurred, it was treated as part of the transgressive
succession (Li and Wang, 1998; Li et al., 2000).

6.2. Fill of the incised-valley system

Since the studied Yangtze valley is located in a
tectonic subsidence zone, the valley fill probably
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originated when the sea-level fall ceased. The post-
glacial transgression-induced valley fill can be sub-
divided into two stages. The early stage is character-
ized by incised-valley fill without the direct influence
of tidal currents (Fig. 17, period B,), while the late
stage is characterized by estuary formation with strong
influence from tidal currents (Fig. 17, period C,).

6.2.1. Early stage of transgression and deposition of
the channel sand

The incised-valley channel sand facies, which was
deposited immediately on top of the sequence boun-

dary, is generally 20—30 m thick, or roughly 20-35%
of the total thickness of the post-glacial depositional
cycle (Li et al., 2000). No marine microfossils and
tidal sedimentary structures were found in the channel
sand facies. The general lack of marine fossils and
tidal sedimentary structures was explained by the
process of retrogressive aggradation coping with the
post-glacial sea-level rise. Sediment aggradation
induced by base-level rise has been described and
studied by river and water-reservoir engineers for
decades (e.g., Gessler, 1971; Simons and Senturk,
1977; Qian et al., 1989). Aggradation induced by
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construction of reservoirs and associated river dams
has been measured a considerable distance upstream
(Borland, 1971). The highest elevation influenced by

the aggradation can be substantially higher, e.g., tens
of meters, than the maximum water level in the
reservoir (Qian et al., 1989). The aggradation was in-
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terpreted as the result of equilibrium-profile justifi-
cation corresponding to the rise of the base level
(Gessler, 1971). As described in Posamentier and Vail
(1988), base-level rise creates new accommodation
space. Given the abundant sediment supply, as the
equilibrium profile adjusts relative to the new base
level and the river mouth shifts landward, upstream
accumulation occurs. A continuous rise of base level,
therefore, results in a continuous onlap succession of
aggradation. Variations of the sea-level rise rate and
sediment supply may complicate the process of retro-
gressive aggradation. The fining-upward succession
and the absence of marine fossils, as observed in the
Yangtze incised-valley fill, are the results of retro-
gressive aggradation (Li, 1984, 1986; Li et al., 1988,
2000).

During the spring tide in the dry season, the flood
tidal current was measured in the vicinity of Yangz-
hong area (Fig. 1), approximately 230 km upstream
from the present river mouth (Li et al., 1983). Fora-
minifers were found upstream at similar distance (Li
et al., 1983; Cheng, 1987). The foraminifers found in
the surface sediment landward of the river mouth were
all dead, with an upstream decreasing trend in number
and size (Li et al., 1983; Cheng, 1987). This indicates
that the foraminifers were likely transported by the

flood tidal current to approximately 230 km upstream
from the present river mouth.

The fact that marine microfossils are absent from
the fining-upward channel-sand facies indicates that
the location of its deposition should be further land-
ward of the upper limit of direct flood tidal current
influence, as discussed in the previous paragraph. In
other words, the landward extent of the retrogressive
aggradation caused by the sea-level rise was beyond
the limit of direct tidal current influence, as indicated
by the presence of transported marine fossils and tidal
sedimentary structures. Although marine fossils were
not found in this facies, the deposition of this rela-
tively thick sandy layer was a direct result of sea-level
rise, and therefore, this facies was interpreted as part
of a transgressive succession.

Makkaveev (1960) conducted flume experiments
to examine the extent of backwater and retrogressive
aggradation caused by base level rise, and found that
the extent of retrogressive aggradation could reach
beyond that of the backwater. The average water-
surface gradient in the lower reach of the present
Yangtze River is approximately 1:140 X 10°. There-
fore, the backwater induced by a 3-m rise of tide
should extend roughly 420 km upstream from the
river mouth. In other words, the extent of backwater
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(420 km), which is shorter than that of retrogressive
aggradation, is longer than the reach of the flood tidal
current (230 km). This provides another piece of
evidence that the present study area was at least 230
km landward of the paleo-coastline during the initial
incised-valley fill in the study area. The backstepping
aggradation process has also been used to interpret
channel fill in rock records (Gupta, 1999).

6.2.2. Late stage of transgression and estuary for-
mation

The boundary between the early and late stages of
valley fill is likely gradual as indicated by the gradual
transition between the channel-sand facies and the
overlying floodplain—estuary facies. In other words,
the boundary between periods B, and C; in Fig. 17 is
probably gradual and not necessarily separated by the
680 stages.

Overlying the channel-sand facies, massive mud
with peat layers, which is characteristic of floodplain
deposits, was often identified. Due to limited core
coverage, regional distribution of the floodplain de-

posits could not be correlated consistently, and it will
therefore be discussed together as the floodplain—
estuary facies, as it has been in the previous sections.
As sea-level rise continued, the incised valley was
inundated, and the development of an estuary started
sometime during period C; in Fig. 17. The estuary
widened and extended landward with continued sea-
level rise, and finally achieved its maximum size with
its apex reaching Zhenjiang—Yangzhou area during
the post-glacial transgression maximum, at around 7.5
ky BP. The present, neighboring Qiantanjiang Estuary
(Figs. 1 and 18) may provide a modern analog of this
paleo-estuary (Li and Li, 1983; Li, 1984; Zhang and
Li, 1996). With the development of the estuary, flood
and ebb tidal currents became important factors, lead-
ing to the formation of tidal lamination and the redis-
tribution of foraminifers. This floodplain—estuary
facies with well-developed tidal laminae and trans-
ported foraminifers lies between the estuary—prodelta
facies and channel-sand facies, and can reach a thick-
ness of nearly 30 m in cores located near modern river
mouth area. Marine influence is apparent due to the
common occurrence of foraminifers and tidal sedi-
mentary structures, although the foraminifers have
shown evidence of being transported. Tidal currents
are believed to be the main mechanism for the fora-
minifer transport.

4 S =
Normal River Bay Mouth

Estuary Funnel
o  Salinity<0.005% 0.005%-1.4% Salinity>1.4%
Lucibao
== 0 km 30

Gravelly  Fine Silty Mud
sand sand sand

Fig. 18. Sediment distribution of the present Qiantangjiang Estuary,
see Fig. 1 for general location (modified after Zhang and Li, 1996).
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Coping with the continued sea-level rise, the coast-
line along the two flanks, i.e., the paleo-interfluve,
retreated. Controlled by the incised-valley morphol-
ogy, the water depth was significantly shallower on the
two flanks than over the valley. On the northern flank,
a wave-dominated environment, characterized by bar-
rier—lagoon systems, developed, while on the southern
flank, a tidal flat environment dominated. The sub-
stantial sedimentary difference between the northern
and southern flanks can be attributed to the following
factors: (1) the original slope was steeper on the north-
ern flank and gentler on the southern flank, and (2) the
southern flank tends to receive much more fine grain
sediment than the northern flank.

6.3. Holocene regression and development of the Ho-
locene delta

As the tremendous sediment supply overcame the
slowing rate of sea-level rise during the late §'%0
stage 1 (Fig. 17, period C,), regression started. Like
many other deltas in the world (Stanley and Warne,
1998), the Holocene Yangtze delta developed in a
regression environment. The regressive succession is
generally thicker with coarser sediment at the apical
area (e.g., Fig. 13, C60, C20, C19, and C42) than at
the river mouth area. A bottom erosional surface was
sometimes identified at the apical area. A large sand
body, which is 2—3 m higher in elevation than the
surrounding deltaic plain, was identified in the vicinity
of the apical area (the sand body surrounding Hon-
gqiao area in Fig. 2). This thick sand unit, with a
relative high elevation and a bottom erosional surface,
similar to that in modern Qiantanjiang Estuary (Qian
et al., 1964; Zhang and Li, 1996), seems to indicate a
greater hydrodynamic energy near the apical area than
other areas in the estuary. Core-correlation in section
A—A’ indicates that the sediments tend to become
finer seaward, similar to that in the modern Qiantan-
jiang Estuary (Fig. 18). This seaward fining trend
differs from the broadly accepted model including,
from land to sea, coarser bay head-delta, finer central
basin and coarser mouth-bar units (Roy, 1984, 1994;
Allen and Posamentier, 1993; Dalrymple et al., 1994;
Zaitlin et al., 1994; Roy et al., 1995; Nichol et al.,
1996, 1997).

As mentioned above, the Yangtze paleo-estuary
demonstrates many similarities to the modern Qian-

tanjiang Estuary. The trumpet-shaped Qiantanjiang
Estuary has a tidal range of 5—6 m with a maximum
of nearly 9 m at the apical area, much greater than the
2-3 m range in the mouth area. Tidal currents of up to
3.0-3.5 m/s were measured at the apical area, also
much larger than the 0.5-1.0 m/s near the mouth
(Qian et al., 1964; Zhang and Li, 1996). It is reason-
able to deduce that the tidal ranges and tidal currents
in the Yangtze paleo-estuary should be close to that in
the modern Qiantanjiang Estuary. Existence of an
ancient Yangtze tidal bore at the apical Zhenjiang
area has been documented by Chen (1989). In other
words, the ancient Yangtze estuary might have been
macro-tidal, probably influenced by its trumpet shape.
As the development of the Holocene delta continued
with further regression, the influence of shape was
reduced and the Yangtze estuary changed from macro-
tidal to meso-tidal.

Six stages of sub-delta development have been
identified, partially based on the evolution of the
mouth bars (Fig. 2). The mouth-bar development
began in the northwest and gradually migrated toward
the southeast, with the southern distributary gradually
becoming the main channel during each stage of sub-
delta development (Li et al., 1979; Li and Li, 1983;
Li, 1984). The distribution patterns of the sand bodies
were discussed in detail in Li (1984, 1986) and are
beyond the scope of this paper. The trend of the
southward migration of the sand-body developments
was also observed at the modern river mouth (Li et al.,
1979; Li, 1986; Chen, 1998).

6.4. Evolution of the two flanks during the Holocene
regression

The Yangtze delta initially developed within the
bounds of the incised valley. As sea-level rise con-
tinued, deposition facilitated by the tremendous sedi-
ment supply began on the two banks started at around
5-6 ky BP. Depositions on the northern and southern
flanks demonstrated quite different characteristics,
probably controlled by different initial slope, riverine
sediment redistribution, and tidal forcing. The north-
ern flank is dominated by the development of tidal
sand bodies (Li et al., 1999, 2001), while the southern
flank was dominated by accumulation of finer tidal
flat deposits. The southward transport of the fine
sediment also provides the main sediment supply for



C. Li et al. / Sedimentary Geology 152 (2002) 133—158 155

the huge silt-sand body in the neighboring Qiantan-
jiang Estuary (Qian et al., 1964; Zhang and Li, 1996).

Studies of paleo-tidal dynamics indicated that there
was a convergent—divergent tidal current system on
the northern flank during 5—6 ky BP, caused by the
interaction between the progressive tidal wave from
the Pacific Ocean and the reflected tidal wave from
Shangdong Peninsula (Shen et al., 1993; Li et al,
2001). This convergent—divergent tidal system pro-
vided a favorable condition for the development of
tidal sand ridges. As the regression continued, these
tidal sand ridges became the main stratigraphic unit on
the northern flank (Li et al., 1999, 2001). A radial
tidal sand ridge system is currently developing in the
offshore portion of the northern flank. The sand ridges
identified in the cores probably reflect a future stage
of the present offshore tidal sand ridges (Li et al., 1999,
2001), if the regression continues. The rate of coastline
propagation on the northern flank was approximately
3—-5 m/year from 5 to 1 ky BP and increased dramat-
ically to 40—70 m/year since 1128 AD when the
Yellow River debouched into the Yellow Sea in north-
ern Jiangsu (Ren, 1986; Li and Zhang, 1997).

Seaward of the post-glacial transgression maxi-
mum on the southern flank, the regressive succession
is predominately composed of muddy deposits. The
sand bodies found in the cores tend to be parallel to
the paleo-coastline and were interpreted as longshore
bars (Li and Li, 1983). Three to five cheniers were
identified along the line of the Holocene transgression
maximum (Liu et al., 1985). The coastline propagated
4-8 km seaward from 6 to 3 ky BP, at a rate of 1-2
m/year. The rate of coastline propagation accelerated
to 20—30 m/year since 3 ky BP, as a result of the
slowing sea-level rise (Liu et al., 1985; Li and Zhang,
1997).

Landward of the post-glacial transgression maxi-
mum on both the northern and southern flanks, fresh-
water lacustrine deposits dominated with limited, local-
ized marine influence. The overall thin strata resulted
from the inadequate sediment supply from the river
and the limited accommodation space. The underlying
stiff mud (paleosol), the localized marine influence,
and the similar '*C dates of 5—6 ky BP provided some
guidance for correlation of strata with the strata sea-
ward of the transgression maximum. These areas were
exposed during low stand of sea level and most of
the post-glacial transgression, and were inundated by

freshwater when the post-glacial transgression reaches
its maximum. Some shallow river channels connected
the otherwise terrestrial environment with the sea, the
Yangtze, or the Qiantanjiang estuaries (Chang, 1996;
Li and Wang, 1998). These channels are probably the
origin of the localized marine influences identified in
the cores.

7. Conclusion

The stratigraphic framework of the Late Quaternary
Yangtze delta demonstrates a large-scale incised-val-
ley fill system. The regional sequence boundary is
composed of the erosional surface at the bottom of the
incised valley and the paleosol in the interfluve along
the two flanks. The Late Quaternary stratigraphic
framework is composed of one transgressive succes-
sion overlying the regional sequence boundary and
one regressive succession, which comprises most of
the Holocene delta. The maximum flooding surface is
located in the distinctive soft marine mud. On the
northern flank, the maximum flooding surface was
represented by an erosional surface that resulted from
the strong tidal currents, with subsequent deposition of
tidal sand ridges. The thickness of both transgressive
and regressive successions decreases landward, with
decreasing marine influence and increasing fluvial
influence.

Two general paleo-morphological units existed dur-
ing the post-glacial low stand of sea level: an incised
valley and interfluve. The incised valley and interfluve
coincide roughly with the Holocene delta main body
and its two flanks, respectively. From bottom to top,
the incised-valley fill sequence is typically composed
of the river channel facies, floodplain—estuary facies,
estuary—prodelta facies, and tidal flat facies. The
interfluvial sequence on the southern flank is typically
composed of, from bottom to top, marsh—nearshore
facies, shallow marine facies, and tidal flat facies,
indicating dominant tidal influence. The interfluvial
sequence on the northern flank is typically composed
of, from bottom to top, the barrier—lagoon facies, tidal
sand ridge facies, and tidal flat facies, indicating
combined influence of both tidal currents and waves.
The northern flank is dominated by relatively sandy
deposits, while the southern flank is dominated by
relatively muddy deposits. The rate of shoreline prop-
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agation, i.e., regression rate, on the flanks is influenced
by the rates of sea-level rise and sediment supply. The
debouching of the Yellow River at around 1 ky BP
dramatically increased the regression rate on the north-
ern flank.

The incision of the Yangtze valley was primarily
caused by sea-level fall because the area is located in a
tectonic subsidence belt. The post-glacial fining-
upward incised-valley fill was controlled by the retro-
gressive aggradation corresponding to the base-level
rise. The upstream extent of the aggradation exceeded
the extent of marine influence carried by tidal currents,
explaining the lack of marine fossils and tidal sedi-
mentary structures in the lower portion of the channel-
fill sand facies. The studied stretch of the incised
valley was likely located at least 230 km landward of
the paleo-river mouth during the low stand of sea level.
The times of marine flooding become progressively
younger landward on the two flanks, and are also
different from the flooding time of the incised valley.
These result in diachronism in the stratigraphy of the
Yangtze incised-valley system.
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