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Abstract Two surveys were conducted in December, 2008,
and August, 2009, in the mud depo-center off the Zhejiang-
Fujian coast (MDZFC) in the inner shelf of East China Sea to
depict the seasonal variation of the water column structure and
analyze the factors responsible for the variation. The results
were also used to discuss the sediment transport process and
formation mechanism of the MDZFC. The water column
structures varied significantly between the two surveys, with
respect to the temperature, salinity, and turbidity. The summer
water body, with relatively high temperatures and salinities,
was evidently stratified with respect to the temperature,
whereas the salinity remained constant throughout the water
column. The stratification restricts sediment resuspension and
transport. From the north to the south, the temperature in the
middle-bottom water layer slightly increased, whereas the
salinity remained mostly constant. In winter, the water body,
with relatively low temperatures and salinities, was well
mixed vertically. The temperature and salinity both increased
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from the surface to the bottom toward the east (deep water)
and the south. A wedge-shaped water mass, which appears as
a coastal upwelling, with relatively low temperature and high
salinity in summer and relatively high temperature and high
salinity in winter, spread landward along the sea floor, from
the sea deeper than 50 m, whereas the extension was relatively
stronger in winter. The water turbidity in winter was clearly
higher than in summer. In the surface layer, the turbidity was
generally greater than 5 FTU in winter and less than 1 FTU in
summer. In the bottom layer, the turbidity was much greater
than 200 FTU in winter and slightly greater than 50 FTU in
summer. Moreover, the turbid water layer close to the sea floor
in winter can reach into an area deeper than 50 m with a
thickness of over 10 m; however, it was only limited to only
30-m-deep water with a thickness of 5 m in summer. The
differences of marine sedimentary environment in the
MDZFC were attributed to the seasonal variations of hydro-
dynamics environment, weather conditions, sediment sup-
plies, and seasonal circulations. The results suggest that
winter is the key season for particle transportation and depo-
sition. The bottom turbid layer is the primarily channel of
sediment transport, and the upwelling currents and the oceanic
front systems play an important role in the sediment deposit
processes and the formation of the MDZFC.

Keywords Seasonal variation - Sedimentary environment -
The East China Sea - Sediment transport

1 Introduction

Most major rivers (rivers with high sediment and/or water
discharge rates) typically develop massive delta depositional

systems (such as the delta plain, subaqueous delta, and along-
shore clinoform, among others) at their estuaries and along

@ Springer



680

Ocean Dynamics (2013) 63:679-690

coast areas, which plays a disproportionately important role in
the transportation of dissolved and particulate materials from
the terrestrial environments to the coastal ocean. These depo-
sitional systems store an abundance of geological information
(e.g., the materials flux, the depositional cycles, and their
variability, which are influenced by the marine dynamics
and climatic changes as well as intense human activities),
which act as important media for the study of land—ocean
interaction, oceanic mass flux, and biogeochemical cycles
(including the global carbon cycle). The sediment supplies
and marine dynamic conditions are the two key environmental
factors in the formation of these depositional systems (see,
e.g., DeMaster et al. 1986; Kuehl et al. 1986, 1997; Allison et
al. 2000; Su and Huh 2002; Cattaneo et al. 2003; McKee et al.
2004; Liu et al. 2006, 2007, 2009; Xu et al. 2009, 2012).
The East China Sea (ECS) is a typical river-dominated
marginal sea with abundant terrestrial particles supplied by
the Yangtze and Yellow Rivers (including the abandoned old
Yellow River). The Yangtze River, which is the largest Asian
river and third longest river in the world, has provided an
annual supply of 240x 10° t of sediments into the ECS since
the high sea-level era (7,000 year BP), of which 47 % are
deposited in estuarine subaqueous deltas, 21 % are deposited
in near-shore subaqueous deltas, and the remaining 32 % are
deposited in the Zhejiang-Fujian coast, forming a mud depo-
center off the Zhejiang-Fujian coast (MDZFC; Fig. 1a) (Liu et
al. 2006). As a sediment sink, the MDZFC is significantly
influenced by the sediment supplies from the Yangtze River
and the ECS circulations, both of which display seasonal
characteristics. First, the sediment supplies and deposition
rates vary seasonally. The sediment discharge in the flood
season (May—October) account, for approximately 87 % of
the total annual discharge (Xu and Milliman 2009), and the
monthly rate of deposition in the Yangtze River estuary is
4.4 cm between June and September. This rate is much larger
than the annual average rate of 1.6 cm (McKee et al. 1983;
DeMaster et al. 1985), which indicates that a significant
fraction of the deposited sediments must be resuspended and
transported in the dry season (winter). Second, the flow direc-
tion of the ECS coastal current shifts from northward in
summer to southward in winter due to the East Asian mon-
soon (Su 2005), which controls the sediment transport and
deposition in the ECS margin. Due to the obstruction of the
northward summer monsoon and the related circulations, the
sediment discharged from the Yangtze River is generally
rapidly deposited in the estuary area in summer. The deposited
sediments can be resuspended by extreme storm events and
transported southward along the coast in winter (Milliman et
al. 1985; Yang et al. 1992; Hu and Yang 2001; Guo et al.
2003; Liu et al. 2006; Xu and Milliman 2009; Xu et al. 2009).
The study of the sediment flux in the East China Sea has been
widespread, and some consensuses have been reached over
the past few decades. Additionally, abundant sedimentary
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indexes (such as grain size, sedimentary stratum, geochemical
elements, and minerals) were successfully applied to reveal
the climatic changes, sediment sources, and sedimentary en-
vironment in the MDZFC and its surrounding area (see, e.g.,
Huh and Su 1999; Xu and Milliman 2009; Dong et al. 2011;
Lietal 2010; Liu et al. 2010, 2011). However, the dynamics
of the sedimentary processes and their seasonal variations,
which form the background for the study the environmental
and geological records in the ECS shelf, are rarely mentioned
in the previous studies.

Recently, Liu et al. (2006, 2007), Xu (2009) and Xu et al.
(2009, 2012) used high-resolution stratigraphic profiles,
geochronology records, lithology, and sediment size analy-
sis to study the spatial distribution, temporal evolution, and
sediment flux of the ECS inner-shelf mud zone. A primary
conceptual model was constructed based on the study results
to reveal the hydrodynamic mechanism and the formation of
the mud depo-center (Liu et al. 2006, 2007). However, the
model was limited and inaccurate due to the absence of
seasonal in situ hydrographic observations. In two marine
hydrodynamic studies, Lv et al. (2006) and Qiao et al.
(2006) combined field observations, SST satellite images
and numerical simulations to study the distribution, forma-
tion, and variation of the upwelling in the ECS shelf, both in
summer and winter. The studies demonstrated that the up-
welling, which exists all year round in the ECS shelf, is a
fallout of multiple mechanisms, including the circulations,
tide, topography, and winds in the region. The upwelling
studies acquired significantly innovative realizations and
could provide important constraints on the dynamic nature
of the MDZFC, even though the sediment transport and
deposit effects were not included.

The aims of this study are the following: (1) to depict the
seasonal variation of the water column structure in terms of
temperature, salinity, and turbidity distributions in the
MDZFC based on field data obtained during two surveys
conducted during winter and summer, (2) to analyze the
factors responsible for the seasonal variations of the water
column and geological records, and (3) to discuss the sed-
iment transport process and the formation mechanism of the
MDZFC.

2 Surveys and method
2.1 Surveys

Two surveys were conducted on the MDZFC (Fig. 1b).
The first survey was conducted from December 5 to 7,
2008, and the second survey was conducted from August
1 to 3, 2009. In the first survey, the measurements were
recorded at 25 stations divided into five sections from
south to north. The weather was unfavorable because of
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Fig. 1 a Isopach map (in meters) of the Yangtze-derived sediment de-
posited over the last 7,000 years in the inner shelf of the ECS (after Liu et
al. 2006). b Station and survey sections; note that the Min-Zhe Coastal
Current flows southward in summer (yellow dotted line) and northward in
winter (blue dotted line) controlled by the Asian Monsoons, while the
Taiwan Warm Current flows northward all year round (red solid line)

the winter cold storm affect, with wave heights of 2.3-3.5 m
and the north wind speed remained higher than 13.0 m/s (data
from the Ocean Monitoring and Forecasting Center of the

Zhejiang Providence, www.zjhy.net.cn). In the second survey,
the measurements were recorded at 29 stations divided into
five sections (same as in the first survey). The weather
was calm with the south wind speed less than 10.7 m/s,
and wave heights less than 1.6 m (data from the Ocean
Monitoring and Forecasting Center of the Zhejiang
Providence, www.zjhy.net.cn).

2.2 Method

An SD204 CTD was used to record the water temperature,
salinity, depth, and turbidity throughout the water column.
Water samples were collected at six different depths during
the CTD cast at selected stations. The sampled water layers
were at the surface and bottom depths as well as at 0.2, 0.4,
0.6, and 0.8 fraction of the total water depth. The surface
water samples were taken using a plastic bucket. The sample
volumes ranged from 1,200 to 2,000 ml, depending on the
observed turbidity of the water. The water samples were
filtered in the laboratory by pumping through pre-weighed
double filters with a diameter of 47 mm and a pore diameter
of 0.45 mm. The filters were rinsed with distilled water to
remove the salt, dried at 40.0 °C, and then weighed using an
electronic balance with a precision of 107 g. The weight of
the sediment on the upper part of the two filters was
corrected by the weight of the lower, empty filter. The units
used for the total suspended matter (TSM) were milligrams
per liter.

A clear linear correlation was found upon the regression
of the TSM data from the 101 water samples with the water
turbidity at the same depths (Fig. 2). This results show that
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Fig. 2 Relationship between the water turbidity and TSM
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the water turbidity can largely account for the continuous
variations in the TSM of the water column, as demonstrated
in previous studies (Hoshika et al. 2003).

3 Results
3.1 Water temperature, salinity, and turbidity in summer

The spatial pattern of the physical properties of the surface
water layer (5 m below the sea surface) and bottom water
layer (5 m above the sea floor) during summer are shown in
Fig. 3. Toward the deep water, a gradual decrease of the
temperature and turbidity and an increase in the salinity
demonstrate the standard summer pattern. The physical
properties of the surface water, namely, high temperatures

(greater than 28.0 °C), high salinity (greater than 33.5 psu),
and low turbidity (less than 1 FTU), are relatively consistent
and have minor spatial variations. However, the spatial
patterns in the bottom layer show significant seaward
change, in which the temperature and turbidity decrease
from 25.0 to 18.0 °C and from 50 FTU to 10 FTU, respec-
tively, whereas the salinity increases from 34.0 to 34.5 psu.
The maximum gradients occur at the 40—50 m isobath for
both the temperature and salinity.

The cross-shelf sections of A, B, and C show a general
decrease in the temperature and increases in the salinity and
turbidity from the surface to the bottom (Fig. 4). The ther-
mocline occurs at a depth of approximately 10 m, above
which the temperature is higher than 27.0 °C and below
which the temperature is between 23.0 and 26.0 °C. The
water below 50 m is much cooler with temperatures less

285 28.5 28.5
N | L N | N |

28 Foo2s / F 28 / 3

’ N 1 /
33 37) — L
S J ( / (
~33. (D 337
3 8 //\\
34 05
275 A r 2754 CJ r 2751 N r
05
// 0
33, o
) )i
)\
274 Foo274 ( r 274 $ ( - r
% (_
b ¢
26.5 T 26.5 T T T T T T 26.5 T T T T T T
1205 E 1205 E 121 121.5 122 1205 E 121 121.5 122

285 28.5 285
N N N

28 r 28 + 28 L

N
3% /
2754 = 2754 r 27.5 4 r
A
/
NV gl ‘
27 Fooo7 3 274 F
d e f
26.5 T T T T T T T T T 26.5 T T T T T 26.5 T T T T T
1205 E 121 121.5 122 1205 E 121 121.5 122 1205 E 121 121.5 122
18 19 20 21 22 23 24 25 26 27 28 29 30 29 30 31 3 33 34 35 0 5 10 15 20 25 30 35 40 45 50
Temperature(°C) Salinity(psu) Turbidity(FTU)

Fig. 3 a Temperature, b salinity, and ¢ turbidity distributions in the
surface layer and d temperature, e salinity, and f turbidity distributions
in the bottom layer in summer. The bottom turbid layer distributed in
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the coastal area and the maximum gradients occur at the 40-50 m
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than 20.0 °C, which demonstrates a decreasing trend from
the north to south. The salinities in the three sections do not
vary significantly, and range from 33.5 to 34.5 psu. The cold
water that is deeper than 50 m also has a relatively higher
salinity (greater than 34.3 psu). The water turbidity in-
creases rapidly when close to the seafloor, which forms the
bottom turbid layer. The turbidity in the bottom turbid layer
is generally greater than 5 FTU and can reach up to 50 FTU in
some place, decreasing toward the deep sea with a shrinking-
upward tendency that extends from the north to south. The
turbidity is higher in the northern section because it is closer to
the estuary of the Yangtze River.
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distribution in section A; c-2 turbidity distribution in section B; and
¢-3 turbidity distribution in section C. The water column is stratified
and the thermocline occurs at a depth of approximately 10 m. Upwell-
ing exists below a water depth of 50 m

As shown above, the study area is dominated by coastal
water with high temperatures, high salinity, and low turbid-
ity, during the summer. The water column is stratified with a
thermocline formed at a water depth of 10 m. The salinity is
relatively uniform throughout the column without any evi-
dence of stratification. The water mass that is deeper than
50 m is outsourced from the deep-sea, and upwells as a
wedge with high salinity and low temperature, with the
extension of the deep-sea water increasing from the south
to the north. The water turbidity is very low in the upper
layer but high enough at the bottom to form the bottom
turbid layer. From the north to the south, the water body has
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significant variations in temperature, salinity, and turbidity.
The upwelling of the deep water, intruded from the Taiwan
Warm Current, was toward the north, a location that agrees
well with previous studies (Zhu 2003; Lv et al. 2006).

3.2 Water temperature, salinity, and turbidity in winter

The winter spatial pattern of the physical properties of the
surface water layer (5 m below the sea surface) and bottom
water layer (5 m above the sea floor) are shown in Fig. 5.
Toward the deep water, a gradual increase of temperature
and salinity and a rapid decrease of turbidity typify the
standard winter pattern. In the surface water, the relatively
low temperature and low salinity increase toward the east,
from less than 14.0 °C to slightly greater than 18.0 °C, and

from less than 27.0 psu to greater than 33.0 psu, respective-
ly. The turbidity decreases toward the southwest, from great-
er than 50 FTU to less than 2 FTU. In addition to the
eastward increase, the temperature and salinity also show
southward increases of 0.5-2.0 °C and 1.0-2.0 psu, respec-
tively. The variations in the variables of the bottom water
layer are similar to those in the surface layer but with values
that are increased by 0.5-1.0 °C, 1.0 psu, and three- to
fourfold for the temperature, salinity, and turbidity, respec-
tively. The turbidity, which is generally greater than 20 FTU
and can reach a maximum value of 200 FTU, spreads
eastwardly to water depths of 40-50 m. The wedge-shaped
high-temperature and high-salinity water mass diffuses to-
ward the near-shore environment at water depths greater
than 50 m.
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Fig. 5 a Temperature, b salinity, and ¢ turbidity distributions in the
surface layer and d temperature, e salinity, and f turbidity distributions
in the bottom layer in winter. The bottom turbid layer distributed in the
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coastal area and the maximum gradients occur at the 40-50 m isobath
for the temperature and salinity
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During winter, the sections A, B, and C (Fig. 6) largely
show a vertical uniformity in the temperature and salinity due
to mixing. The temperature and salinity increase from 14.0 to

20.0 °C and 28.0 to 33.0 psu, respectively, toward the deep
water. The turbidity is generally higher than 5 FTU, and the
bottom turbid layer is formed below the intermediate water
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b-3 salinity distribution in section C; c-1 turbidity distribution in
section A4; c-2 turbidity distribution in section B; c-3 turbidity distribu-
tion in section C. The water column was well mixed without a ther-
mocline and upwelling existed below a water depth of 50 m
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body, the intensity and depth of which gradually decrease with
increasing water depths. From the north to the south, the rise
in temperature (by 1.0-3.0 °C) and salinity (by 0.5-2.0 psu)
accompany the decrease in the turbidity, both in magnitude
and extent, across the three sections. The diffusion of the high-
temperature and high-salinity water wedge toward shallow
water also decreases southwardly.

The water column in the study area in the winter is
primarily controlled by the low-temperature, low-salinity,
and high-turbidity coastal currents, and it is vertical well-
mixed. The bottom turbid layer spreads upward and be-
comes less turbid with increasing water depth, despite the
fact that the water turbidity of the whole water layer
remained very high in the coastal area. From the north to
the south, minor increases in the temperature and salinity are
seen, along with a gradual decrease in the turbidity because
of the settling of the sediments. Relatively warm and salty
water upwelled into the shallow water along the sea floor.
The upwelling was primarily towards the north, which
agrees with observations made in previous studies (Gong
et al. 2003; Qiao et al. 2006).

4 Discussions

4.1 Seasonal variations of the water column structure
and the factors influencing them

As shown above, the water column structure (temperature and
salinity distributions) and suspended particle contents (turbid-
ity distribution) were markedly different in the two surveys
(Figs. 3, 4, 5, and 6). In summer, the water structure was
stratified, and a thermocline formed approximately 10 m, with
high temperatures and salinities, which varied between 20.0
and 28.0 °C and 33.0 and 34.4 psu, respectively (Figs. 3, 4,
and 7). In winter, the water body was highly mixed vertically,
without any thermo-halocline, with relatively low tempera-
tures and salinities, which varied from 14.0 to 19.0 °C and
28.0 to 33.0 psu, respectively (Figs. 5, 6, and 7). The study
area is dominated by coastal water, with the Taiwan Warm
Current (TWC) located near the eastern boundary, both in
summer and winter. The high temperature and uniform salin-
ity observed during summer indicated that the coastal water
and the deeper TWC had originated from the same source
(Fig. 7), namely, the Taiwan Strait, as was shown in the
previous study (Chen 2009). However, during winter, the
coastal water and the deeper TWC originated separately with
markedly different characteristics (Fig. 7). The coastal current
originated in the north, and carried abundant relatively fresher
waters, while the TWC was from the Taiwan Strait in the
south, with higher salinities (Su 2005).

The water turbidity in summer, with regards to the con-
tent of the suspended particles, is less than 1 FTU and is
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slightly greater than 50 FTU in the surface and bottom layer,
respectively. In winter, the turbidities are greater than 5 FTU
and 200 FTU in the same layers. Water with turbidities
greater than 20 FTU, the turbid water layer, can have a layer
depth of up to a maximum value of 10 m. The water can
diffuse eastwardly to a water depth of 40 m in winter.
However, the same water body is only 5 m deep in summer,
reaching a water depth of 30 m. Upwelling water, with
relatively low temperatures and high salinities in summer,
and high temperatures and high salinities in winter, was
observed in the deep water toward the northeast of the study
area, which agreed well with the locations observed in the
previous studies (Gong et al. 2003; Zhu 2003; Lv et al.
2006; Qiao et al. 2006).

The seasonal variations of the water structures can be
largely attributed to the hydrodynamic conditions, weather,
and seasonal circulations. The MDZFC is controlled primar-
ily by the coastal currents, which flows from the south to the
north during summer, just as the TWC flows to the east. The
trend is reversed in winter, the coastal currents flows from
the north to the south and opposite to the TWC (Su 2005). In
summer, the water body was clearly stratified, with high
temperatures due to the warm and calm weather (south
wind) and intense solar radiation. The coastal current and
the deeper TWC both originated from the Taiwan Strait and
displayed similar temperatures and salinities (Su 2005; Chen
2009). In winter, however, the water body was well mixed
vertically, with relatively low temperatures due to the cold
and stormy weather (north wind). The coastal currents that
originate in the north carry abundant fresh water, while the
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TWC with relatively high salinity originates from the
Taiwan Strait (Su 2005).

The cogenetic coastal waters and the TWC were relative-
ly clean due to lack of runoff input during summer (Su
2005). Moreover, the weak winds and the strong stratifica-
tion greatly restricted the sediment resuspension. The tur-
bidity was relatively low in the entire water column (Figs. 3
and 4). In contrast, the coastal water, flowing from the north
in winter, carried abundant sediments that were discharged
and resuspended from the Yangtze River and its ambient
estuary. Additionally, the severe winter winds stirred up the
water column substantially and induced complete mixing
and considerable sediment resuspension. Therefore, the tur-
bidity increased abruptly in the coastal area and was in sharp
contrast with the TWC (Figs. 5 and 6). An oceanic front was
therefore established between the coastal water and the
TWC water due to the significantly different physical prop-
erties and flow directions (Chen 2009), especially during
winter (Figs. 3 and 5). The perennially northward directed
TWC, which restricts the across-shelf transport of
suspended particles from the coastal area, intrudes into the
coastal water due to the topography and the baroclinic
pressure gradient, and forms the upwelling current (Lv et
al. 2006; Qiao et al. 2006).

Figure 8 summarized the seasonal variations of the water
structure and the responsible factors in a conceptual diagram.

4.2 The seasonal sedimentary processes
and their sedimentary records in the MDZFC

The study area, with water depths of less than 60 m, covers the
inner mud deposition center of the ECS. The sediments main-
ly consist of clay silts and are up to 40 m deep in the center of
deposition (Fig. 1a) (Liu et al. 2006). Previous studies have
suggested that the Yangtze River is the primarily source of the
sediments. In summer, the discharged particles, which are
dominated by the monsoons and northwardly flowing coastal
currents, are seldom transported to the outer shelf and are
mostly deposited in the estuary (Liu et al. 2006; Xu et al.
2012). In winter, the monsoon-driven coastal currents flow
southward and cause downwelling of the nearshore waters,
whereas the northward-flowing TWC causes upwelling (Su
2005). With these two vertical circulation cells in place, the
resuspended sediments can then be transported southward
again along the coast during extreme storm events (Liu et al.
2006). The oceanic front between the coastal water and the
TWC acts as a water barrier to obstruct the sediment transport
from the coast to the outer shelf (Hu and Yang 2001; Chen
2009). Therefore, the particle-rich bottom turbid layer be-
comes the primary route for particle transport within the water
column (Hu and Yang 2001).

As discussed above, the average turbidity in the summer is
lower than 20 FTU, and the relatively high-turbidity water

exists only near the shore at the bottom as a thin layer, less
than 10 m thick (Figs. 3 and 4). Most of the particles in the
bottom turbid layer were derived from the weak resuspension
of surface sediments and achieved a neutral buoyancy state.
The northward coastal current was relatively weak but the
TWC was strong in summer. The distribution pattern of the
particles and the hydrodynamic conditions suggested that
particle transport was not significant in the summer, especially
in the cross-shelf direction, as indicated in previous studies as
well (Hu and Yang 2001; Liu et al. 2006). In winter, however,
the water turbidities generally increased by several times to
more than tenfold, and the expansion of the high-turbidity
water was significantly intensified, especially in the cross-
shelf direction. Consequently, the particles were partly
transported from the northern turbid coastal water and partly
originated from the re-suspension of the surface sediments due
to the strong winds.

The sediment concentration in the stratum was influenced
by the sediment supply and by the dynamical nature of the
sedimentary environment. According to the dynamic sedi-
mentary differentiation principle, the deposited sediment
might have a substantial difference in grain size, material
composition, and geochemical and mineralogical characteris-
tics. The studies on short time scale processes (such as sea-
sonal, annual, and event processes) have important bearings to
the geological records in the MDZFC. However, due to the
limitations in the observation and sampling techniques, few
studies have been conducted so far. The first challenge was to
accurately distinguish the differences in the source and dy-
namic signals. We have attempted to study the seasonal grain
size characteristics of the sediment in the MDZFC, and we
have interpreted their differences in terms of sedimentary
dynamics processes. A significant seasonal variability is
found as indicated by the large differences between the surface
sediments parameters collected in the two surveys. The ranges
of the four main grain size parameters, namely, the median
grain size (Mz), standard deviation (SD), skewness (Sk), and
kurtosis (Kg), in the samples collected during winter are
higher than those collected during summer. However, the ®
values of Mz in the winter samples are generally smaller than
those observed in the summer samples. And the gradients of
the Sk and Kg are larger than those of the summer samples, for
the same station. The variations of the parameters of the
surface sediments in this area are mostly attributed to sediment
sources and the seasonal differences in the marine environ-
ment. The details pertaining to the seasonal variations of the
grain size of the surface sediments have been discussed else-
where (Li et al. 2010).

4.3 Formation mechanism of the MDZFC

Due to the interactions of the coastal water and the TWC,
wind, and topography, upwelling occurs at a water depth of
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Fig. 8 A conceptual model of the seasonal variations of the water structure and the responsible factors

50 m in the northern MDZFC throughout the year, which
appears as a low-temperature and high-salinity water in
summer and a high-temperature and high-salinity water in
winter (Lv et al. 2006; Qiao et al. 2006). Therefore, an
oceanic front develops between the coastal water and the
TWC water due to the significant differences in the physical
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characteristics and flow directions (Chen 2009), especially
during winter (Figs. 3 and 5). Both the upwellings, as well
as the oceanic front have significant effects on the formation
of the MDZFC. The characteristics of the hydrodynamics
and the material supplies suggest that winter is the key
season for particle transportation and deposition (Fig. 8).
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The water temperature, salinity, and turbidity distributions
in winter suggest that the landward diffusion of the high-
temperature and high-salinity water occurs in the deep regions
at the south and north sides of the study area, whereas the
middle part experiences a seaward diffusion of low-
temperature and low-salinity coastal water (Fig. 5). In Fig. 5,
the sections A and C clearly show the landward diffusion of
high-temperature and high-salinity water near the sea bottom,
which is absent in section B. The maximum gradients of the
temperature and salinity appear between the deep-sea water
and coastal water, indicating significant upwelling and front
development at the northern and southern parts of the study
area, while downwelling occurs in the central area. The high-
turbidity water gets distributed primarily in the coastal area,
especially in the northern region close to the river estuary.
Although the most turbid water is seen in section A, it is
limited to only shallow waters without getting diffused into
the deep sea. The farthest diffusion front of the turbid water is
shown in section B (Fig. 6).

On one hand, the upwelling and oceanic front at the
northern and southern regions of the study area prevent the
high-turbidity coastal water from diffusing into the deep sea,
while on the other hand, it limits the southward flow of the
offshore water. The suspended matter does not get deposited
in the presence of the strengthened coastal current during
winter. Away from the front, the flow gets decelerated and
allows most of the particles to be deposited. The
downwelling in the middle part of the study area also
improves the particle deposition and promotes further diffu-
sion into the deep sea.

5 Conclusions

This study depicts the seasonal variation of the water
column structure in terms of temperature, salinity, and
turbidity distributions based on field data obtained dur-
ing the two surveys in the MDZFC. The study analyzes
the factors responsible for the seasonal variations in the
water column and geological records, and it discusses
the sediment transport process and formation mechanism
of the MDZFC.

It was found that the water structures in the study
area altered significantly with the seasons. In summer,
the temperature and salinity of the whole water body
were relatively high and markedly stratified with the
development of an evident thermocline. In winter, the
water body had a relatively low temperature and low
salinity and was well mixed from the surface to the
bottom. And the water turbidity in winter was much
higher in both intensity and extension than in summer.
The intruding water crept landward along the sea floor
from regions in the sea deeper than 50 m. This water

was more active and stronger in winter, and it exhibited
low temperature and high salinity in summer and high
temperature and high salinity in winter. The differences
in the marine sedimentary environments in the MDZFC
were due to the seasonal variations of the hydrodynamic
environment, sediment supplies, and circulations. These
results suggest that winter is the key season for particle
transportation and deposition in the mud depo-center,
which is controlled by the upwelling currents and oce-
anic frontals.

Being devoid of hydrodynamic data, the sediment flux
and their seasonal variations could not be calculated in this
study. In situ observations gathered using mooring stations
are necessary to understand the complete processes of sed-
iment transport and deposition.
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