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Abstract — A sequence stratigraphic analysis was conducted
using high-resolution ‘Chirp’ seismic profiles and a long core data
offthe Nakdong River where Holocene deltaic deposition prevails
inthe Korea Strait. The depositional sequence comprises a group of
transgressive and highstand systems tracts, intercalated with their
bounding surfaces of maximum flooding surfaces, above a sequence
boundary. It is formed by an erosional process within an incised
valley, indicating the Nakdong River at the lowstand of sea level.
The transgressive systems tract consists of the lower and upper
depositional units, bounded by a ravinement surface, formed during
the early Holocene when sea-level rose between 12.0 and 6.0 ka
BP. The lower depositional unit mostly occurs in the incised valley
area, comprising fluvio-estuarine sediments, whereas the upper
one nearshore environments consist of sand sheet and ridges. The
overall stacking pattern of these sequences demonstrates retrogradation.
During the late Holocene sea-level highstand of around 6.0 ka BP,
the highstand systems tract overlying the maximum flooding surface
consists of the deltaic sequence, formed as a seaward sigmoid
progradational pattern. The subaqueous Nakdong delta system has
evolved to depositional units of the retrogradational transgressive
and then the progradational highstand systems tract over a sequence
boundary during the Holocene transgression.

Key words — Nakdong delta, sequence stratigraphy, Holocene
transgression, Korea Strait

1. Introduction

The Nakdong subaqueous delta in the inner shelf off the
southeastern corner of the Korean Peninsula is an active
depositional system where river-supplied sediment has been
deposited since the Last Glacial Maximum (LGM) (Fig. 1).

*Corresponding author. E-mail: dlchoi@kiost.ac.kr

Several studies concerning the depositional system of the
Korea Strait shelfregion that is influenced by high sediment
input from the Nakdong and Seomjin rivers have examined
the formation of the post-glacial depositional sequences (Park
etal. 1990, 1999; Lee and Chung 2000; Lee et al. 2005).

The late Quaternary depositional systems established on
modern shelves have successfully been analyzed by application
of sequence stratigraphic techniques to high-resolution seismic
data (Tesson et al. 1993; Bellotti et al. 1994; Trincardi et al.
1994; Somoza et al. 1998; Amorosi and Milli 2001;
Lobo et al. 2004). The sequence stratigraphic concept has
also been applied to the late Quaternary sediments on the
Korea Strait by means of high-resolution seismic profiles
and sediment data (Yoo and Park 2000; Yoo et al. 2014).

However, the details of the Nakdong delta architecture in
response to the Holocene sea-level rise remain poorly understood.
In association with stratal geometry and sedimentation pattern,
the overall development features of the Nakdong delta have
been identified in detail through high-resolution ‘Chirp’ seismic
profiles that range from the mouth of the river to offshore,
and by using a long core data presented by the studies (Kim
etal.1999; Nam et al. 2000). The data provide us with useful
information and reveal the formation of the Nakdong delta
sequences which consisted of successively underlying
transgressive estuarine valley-filled sediments and nearshore
sand deposits, and overlying highstand deltaic wedges. The
purposes of this study are to identify the sequence stratigraphic
framework and to propose a generalized depositional model
of the subaqueous Nakdong Delta related to the Holocene
transgression.
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Fig. 1. Map of (a) bathymetry of the study area and its surroundings (depth in meter) and (b) locations of high-resolution 'Chirp' seismic
tracklines and a long core (SSDP-102). Heavy lines with numbers denote the locations of seismic profiles shown in corresponding

figures

Geologic and oceanographic setting

The Nakdong delta just offshore of the Nakdong River
extends from Gadeok Island on the west to Young Island on
the east, and from the coastal area (about 5 m isobath) to
water depths of 60 m, approximately 20 km offshore. The
seafloor feature shows a gradually deepening trend toward
the open sea, with a relatively coastal-parallel bathymetric
contour line trending NE-SW. The study area is connected to
Jinhae Bay to the west and extends to the East Sea (Sea of Japan)
in the northeast (Fig. 1a). The geology of the hinterland is
characterized by the Cretaceous igneous and sedimentary rocks
(KIER 1983), which constitute the basement of the Nakdong
delta system (Fig. 1b).

The Nakdong estuary has dominantly semidiurnal tides,
with mean tidal range varying from 1.2 m during neap tides
to 1.7 m during spring tides (Yoon and Lee 2008). Tidal currents
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in the coastal area move in a west-to-southwestward direction
during flood tide and in an east-to-northeastward direction
during ebb tide parallel to the coastal line (Kim et al. 1986;
KHO 1982). The northeasterly littoral drift prevails along
the southeastern Korea coast. Hydrological circulation analyses
indicate that the Korea Strait including the study area is
significantly affected by the northeastward-flowing Tsushima
Current, a part of the Kuroshio Warm Current. An early
study showed that about ten million tons of fluvial sand and
mud from the Nakdong River are annually supplied into the
shelf (KMC 1974). Approximately 14% of the annual fluvial-
source discharge of suspended sediments from the Nakdong
River is deposited the inner shelf off the southeastern coast
of Korea; the rest is dumped onto the shelf (Park and Chu
1991).
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Fig. 2. Morphologic map of the Nakdong delta system. (a) Present morphology of the Nakdong delta (depth in meters) (Bathymetric
data is from KHO chart 202 and 224A). Boxed outline denotes approximate area covered on Fig. 2b. (b) The Nakdong delta
plain morphology in 1916 and 1957 (KORDI 1978). (c) Bottom profiles of the submerged Nakdong delta. Locations of profiles

are indicated on Fig. 2a

Seafloor morphology

The Nakdong delta system can be divided into three
subsections according to morphologic features, delta plain,
delta front, and prodelta (Fig. 2a). The upper delta plain consists
mainly of distributary channels (east and west channel),
which has been highly modified by reclamation, man-made
structures (dams, bridges, etc.) and dredging activities (Fig.
2b). The east channel has become the major source of the
sediment for the shelf, whereas the west channel has rapidly
reduced the sediment discharges since a dam was constructed
in 1934 (Kim and Park 1980). The lower delta plain is
characterized by tidal flats enclosed by shoreline-parallel
barrier sand ridges. These ridges are dissected by active and
abandoned distributary channels. Given the development pattern
of the shoreline-parallel barrier islands in front of the delta,
the Nakdong delta system could be categorized as a microtidal
wave-dominated delta (Reading and Collinson 1996).

The delta front, stretching out up to 15 m deep, shows an
even seafloor with a slope gradient ranging from 0.13° in the
west to 0.33° in the east (Fig. 2¢). Off the eastern channel
mouth, a lobe-like morphology develops, reflecting relatively
high sedimentation rates. The prodelta is subdivided into
upper (15-30 m deep) and lower part (deeper than 30 m) based
on the seafloor gradient. The upper prodelta is characterized
by arather steep profile with a dip ranging between 0.6° and
0.3°; the lower one forming a very flat seafloor with a dip
less than 0.18° extends out toward the outer shelf.

2. Materials and Methods

The data base for this study includes ‘Chirp’ seismic profiles
and long core data (Fig. 1). A seismic survey (Model CAP-
6000A, Datasonics) was conducted aboard R/V Olympic V
at about the 7 knots of average ship speed in June 2000.
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Fig. 3. Correlation between the seismic profile and the stratigraphic section of core SSDP-102. Lithology and age data are from Kim et
al. (1999) and Nam et al. (2000). Refer to Fig. 4b for the location of profile

During the survey, triggering was made at an interval of 250
msec with pulse length of 10 msec, and the frequency range
was between 1 and 10 kHz. The seismic profiles were printed
in an EPC 1086 graphic recorder. The seismic survey grid
consists mainly of seven N-S lines at an interval of about
2.3 km apart and four E-W lines at an interval of 3.7 km
apart. A few supplementary lines are included. In total, about
240 km of seismic data were collected over an area of 320 kn’.
DGPS (differential Global Positioning System) was used
for navigation. A sound velocity of 1500 m/s was assumed
for depth conversion. Sedimentary information was also
obtained from SSDP 102 core (about 31 m long) analyses
(Kim et al. 1999; Nam et al. 2000). The correlation of seismic
profiles and long core data were correlated to infer the lithologic
nature of bounding surfaces and systems tracts and to constrain
their ages (Figs. 1 and 3). The seismic data analysis was
conducted based on the interpretation of seismic reflection
patterns that include seismic reflection terminations, reflection
configurations, and external form (Mitchum et al. 1977).

3. Results

The Nakdong delta sequence (NDS) lies on a Type I
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sequence boundary of a highly reflective erosional surface that
represents the basal unconformity of a post-glacial depositional
sequence. The NDS consists of the transgressive (TST) and
highstand systems tracts (HST), resting on the sequence
boundary (SB). They are separated by bounding surfaces: the
ravinement surface (RS) and the maximum flooding surface
(MFS). The lowstand systems tract (LST) is not discernible
in the seismic profiles from the study area.

Sequence boundary

The SB is marked by erosional truncation of underlying
strata within an incised valley, and may indicate a possible
former location of the Nakdong River (Fig. 4a). The sea-level of
the Korea Strait shelf was as low as -130 m during the LGM
(Last Glacial Maximum) (Park and Yoo 1988). A contour map
of the SB shows an incised-valley type of erosional unconformity
formed during the LGM period (Fig. Sa). Because the maximum
depth of the SB is about 70 m below the present sea-level,
the SB is thought to have resulted from subaerial exposure
during the LGM. The axis of the incised-valley area is
oriented NNE to SSW in the western part of the study area.
A basement high with trending N to S exists in the eastern
part. The basement high seems to have played an important
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Fig. 4. Uninterpreted and interpreted high-resolution 'Chirp'
seismic profiles. (a) Incised-valley and associated sediments
of unit T1 in the transgressive system tract (TST). (b) Area
of T1 unit around the core penetration highlights channel-
fill facies (CH). Bold bracket above core SSDP-102 indicates
location of the seismic profile shown in Fig. 3. (c¢) Transgressive
sand sheet (T2) bounded by the ravinement surface (RS)
below and the maximum flooding surface (MFS) above.
The unit has transparent reflections and pinches out
seaward. The RS erodes underlying T2 unit. The highstand
systems tract (HST) lies on the MFS

role in blocking the overflow of sediment eastward across
the eastern bank of the incised valley. The total sediment
thickness of the delta above the SB exceeds 35 m offshore of
Gadeok Island (Fig. 5b).

Transgressive systems tract

The TST consists of two major units (T1 and T2 in ascending
order) with an intervening boundary of the RS. The top of
the TST is bounded by the MFS. Unit T1 rests directly on the
SB and its upper boundary is truncated by the overlying RS
(Fig. 4b). Unit T1 is as thick as 15 m with a downlapping
pattern on the SB in an elongated SW-NE trending incised-
valley. However, the unit decreases in thickness eastward to
the basement high and landward (Fig. 6a). The seismic
facies is characterized by complex channel-fill reflection
patterns showing mostly NNE-SSW trending reflectors and
many paleo-channels (Fig. 6a). The core data show that unit
T1 is composed of sandy mud with occasional laminations,
peats and shells (KORDI 2002).

As the RS is the key surface produced by the gradual landward
migration of an erosional shoreface during transgression
(Suter etal. 1987; Demarest and Kraft 1987), it separates the
TST into two units, T1 in the lower part and T2 in the upper
part (Fig. 4). To the east, the RS merges with SB near the
basement high. Locally, the RS occurs as deep as about 50 m
below the present sea-level. Core data indicate an upward
lithologic change from lower sandy mud to upper muddy
sand is characteristic at the RS (Fig. 3).

Unit T2 onlaps onto the RS and its upper boundary is
marked by the MFS. The unit is acoustically transparent and
has a wedge form, which attains a maximum thickness of4 m at
the river mouth and thins in a seaward direction (Fig. 6a).
The sand ridges remain aligned sub-parallel to the shore and
have a maximum thickness in the range of2—12 m (Figs. 6a,
7a and b). A wedge-like morphology and sand-rich texture
of T2 indicate that T2 originated from the sand ridges that
overlie erosional steps or step-like terraces (Fig. 7a). Similar
features are documented on the Adriatic shelf (Trincardi et al.
1994). The sediments of unit T2 consist of massive muddy
sand with abundant shell fragments (Kim et al. 1999).

Maximum flooding surface

The MFS refers to the surface of deposition at the time the
shoreline was at its maximum landward position (Posamentier
and Allen 1999). It is the key surface that divided the NDS
into the lower TST and upper HST. The MFS is an extensive
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Fig. 5. Maps showing (a) the depth to sequence boundary (SB) interpreted from seismic data and (b) total isopach over the SB.

Contours are in meters

and smooth surface with high amplitude, continuous reflections
(Fig. 4c). It occurs as deep as -80 m in the southeastern-
most part of the study area and as shallow as -35 m at the
river mouth (Fig. 6b). The sediment core shows that the
MFS marks an abrupt lithologic change between massive
muddy sand and overlying homogeneous mud (Kim et al.
1999).

Highstand systems tract

The HST is widely recognized over the study area, which
rests on the MFS. The basal depth of the HST varies from
-35 m in the river mouth to -80 m in the southeastern end of
the study area (Fig. 6b). The NE-SW trending trough, deeper
than 50 m at the deepest location, is found in the central part
of the study area. The HST has a wedge-shaped external form
that is about 23 m thick in the river mouth, and thins gradually
out seaward (Fig. 6b).
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The HST shows spatially different seismic facies: a very
prolonged bottom echo with continuous or intermittent
subbottom reflections in the delta front near the river mouth,
and continuous, parallel to subparallel reflections in the
delta front through the upper prodelta (Figs. 7a and ¢). This
reflection pattern indicates that the HST consists mainly of
alternating sand and mud. Two different seismic reflection
configurations are identified: the sigmoid progradational
stacking pattern that outbuilds seaward at the west channel
mouth of the Nakdong River (Fig. 7a), and the wedge-shape
external form at the east channel mouth (Fig. 7¢). The lower
prodelta exhibits a transparent reflection, indicating the
occurrence of homogeneous mud (Fig. 7¢). The acoustically
turbid reflections probably associated with gas-charged
sediments are locally distributed in front of the west channel
and the south of Gadeok Island (Fig. 7c).
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Fig. 7. Uninterpreted and interpreted high-resolution 'Chirp' seismic profiles. (a) Submerged deltaic wedge in front of the west Nakdong
channel. This profile illustrates seaward sigmoid progradational pattern of the highstand systems tract (HST). The ravinement
surface (RS) covered with the transgressive sand-ridge forms step-like erosional terraces landward. (b) Transgressive sand-ridge
bounded by the RS below and the maximum flooding surface (MFS) above. (c) Submerged deltaic wedge in front of the east
Nakdong channel. The HST shows a wedge-shaped form and includes the AT (acoustic turbid zone). The base of the HST is

defined by the MFS
4. Discussion Nakdong delta. The transgressive deposits overlying the SB
are confined to the western part of the study area where the
Sedimentary environments incised valley occurred. In general, the incised valley is filled

Three sedimentary units are identified in the Nakdong with fluvial and estuarine deposits during sea-level rise
depositional sequence; the transgressive estuarine deposits, (Zaitlin et al. 1994). Sediments in the incised valley of this
the transgressive nearshore sand sheet, and the highstand study consist predominantly of sandy mud with shell fragments,
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indicated by depositions in the coastal environment (Kim et
al. 1999). It is also suggested that these fine grained sediments
originated from the paleo-Nakdong River (Nam et al. 2000).
The transgressive estuarine-deltaic complex in the inner
shelf near the eastern part of Geoje Island was identified in a
previous study (Yoo and Park 2000). It is suggested that
incised valley was transformed into a drowned river mouth
estuary during transgression and then filled with the estuarine
sand and mud (Allen and Posamentier 1994). '*C dates on
shells reveal that the basal transgressive deposits were
deposited about 11 ka BP (Fig. 3).

The transgressive estuarine deposits are covered by the
transgressive nearshore sand sheet. The bounding surface
between them is the RS, illustrating erosional truncation
with a flat surface. With the landward migration of shoreline,
eroded materials transported by wave or current action were
blanketed over the RS (Thorne and Swift 1991; Nummedal
et al. 1993), thus forming a transgressive sand sheet over a
wide area. The overall external form of the sand sheet shows
a thinly wedge-shaped body which thickens landward near
the river mouth and tapers out seaward, away from the river
mouth area. The core data indicates that the sediments
consist of muddy very fine sand, which has been interpreted
as nearshore deposits (Kim et al. 1999). These sediments
also constitute sand ridges. Similar sand ridges have been
reported in studies on the shelf of Korea Strait studies (Min
1994; Yoo and Park 2000) as well as on the shelf of other
epicontinental seas (Saito 1994; Trincard et al. 1994; Berne
etal. 2002). A radiocarbon date of sand-ridge forming deposits is
estimated at 8.0 ka BP (Fig. 3).

The Nakdong delta sequence represents the highstand systems
tract, which consists of sand and mud with occasional shell
fragments. According to the '*C dating (Fig. 3), the highstand
sediments appear to have accumulated on the shelf since
about 5.3 ka BP, downlapping onto the maximum flooding
surface. Sandy sediments are dominant in the delta front,
whereas fine-grained sediments are deposited in the prodelta
including the Jinhae Bay in the west and inner shelf along the
southeastern coastline of Korea (Park et al. 1995, 1999; Lee et
al. 20006).

Evolution of the Nakdong delta sequence

During the LGM period, the continental shelf would have
been subaerially exposed, and an incised valley was formed
by the paleo-Nakdong River inflow passages which may have
extended to the shelf. As sea-level began to rise, the incised

Trangressive phase:
(12.0 - 6.0 kyr)

RS—
GV

Highstand phase:
(6.0 kyr - the present)

0 5 10 15 Age (kyr]
T T

HST TST

Fig. 8. Schematic diagram for the evolution of the Nakdong delta
sequence during the Holocene transgression since 12.0 ka
BP. The Holocene sea-level rise curve is adopted from
Fairbanks’s (1987) curve. SB: sequence boundary; TST:
transgressive systems tract; RS: ravinement surface; MFS:
maximum flooding surface; HST: highstand systems tract

valley was initially flooded and then filled with estuarine
deposits. The onset of flooding in the incised valley is inferred to
be 12.0 ka BP. A rapid marine transgression occurred after
sedimentation had slowed down within the incised valley
during around 8.0 ka BP. While the shoreline retreated
landward, the shoreface erosion of underlying sediments
contributed to the formation of the transgressive sands over
the RS. The TST shows a landward retrogradational stacking
pattern as a whole, which is consistent with the scheme of
Thorne and Swift (1991). The highstand Nakdong subaqueous
delta deposits with a sigmoidal progradation pattern have
been accumulating in front of the Nakdong River since the
last 6.0 ka BP. A summary diagram to illustrate the evolution
of'the sequence architecture of the Nakdong delta deposits is
shown in Fig. 8.

5. Conclusions

The NDS consists of the TST and HST, resting on the SB
during the Holocene transgression. The TST formed in an
incised valley over the inner-shelf during the early Holocene
transgression between 12.0 and 6.0 ka BP. The TST includes
two depositional units separated by the RS. The lower depositional
unit is composed of fluvial and estuarine sediments, whereas
the upper one consists of transgressive fine sands. These
depositional units show a landward retrogradational stacking
pattern. The MFS separates the TST and the overlying HST
that comprises a deltaic system during the late Holocene
highstand. The architectural stacking patterns of the deltaic
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wedges show a seaward sigmoid progradation off the Nakdong
River.
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