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Humans have been sailing across seas and oceans for thousands of years. However,
the story of large ships capable of affecting coastal ecology and shelf sedimentary
processes is only about 100 years old. Modern large seagoing vessels with a draft of
10–20 m can cause resuspension of seabed sediment, erosion of the channel slope
and shoal, enhancement of seafloor sediment activity and thickening of the active
layer, thereby having a significant impact on seabed topography and sedimentation
processes. However, little is known about the effects of this anthropogenic agent on
shelf sedimentation due to limited observational data. Here, two sediment cores were
collected from a shipping lane used by vessels of 5,000- to 50,000-ton off the coast
of China to analyze their sedimentary properties, with focus on both the grain size
and elements. It was found that ship disturbance selectively modified the sedimentary
record, with the fine-grained sediment becoming increasingly unstable. In addition,
there was a reduction in grain size of sediment finer than 6.25 8, which decreased
by 11% after the disturbance by ship. Biogenic elements that were closely related to
the ecological environment were significantly altered, with Br/Cl, Si/Ti, and Ca/Ti ratios
all becoming significantly smaller. This indicated that frequent disturbance caused by
ships had reduced the productivity in the waters near the shipping lane. In terms of
sensitivity to the effects of ship navigation, the sedimentation response was relatively
rapid and began to emerge from the commencement of ship navigation, whereas the
ecological response became evident later than the sedimentation response and only
appeared after a significant growth in the maritime transportation of China. Following
the comparison of the two sediment cores, we propose that the constant rate of
supply (CRS- with ship disturbance)–constant initial concentration (CIC- without ship
disturbance) dual dating model be used to establish a dating framework in waters
frequently disturbed by ship. This type of anthropogenic sedimentary dynamic process
and its sedimentary–ecological effects deserve attention on this era where there is a
surge in shipping globally. Shipping lanes present an excellent area for quantitative
studies on the impacts of human activity and defining the Anthropocene in the context
of shipping.
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INTRODUCTION

Humans and the natural environment interact with each other
(Ye et al., 2009; Syvitski and Kettner, 2011), and humans
have been influencing the natural environment significantly for
thousands of years (Ren, 1989; Debret et al., 2009; Jenny et al.,
2019). Since the Industrial Revolution, humans have become the
main agents of environmental change, and the concept of the
Anthropocene was born in 2000 (Crutzen and Stoermer, 2000).
The fact that humans act as an important force in nature brings a
new scientific challenge to earth scientists, that is, the impacts of
various human activities should be quantified and integrated into
the existing earth science system (Ye et al., 2009).

Estuaries and offshore waters are places where the imprints of
human activity are particularly prominent. For example, coastal
and ocean engineering can alter the original dynamic field,
leading to changes in the morphological structure and ecological
function of the modern delta and decreased sustainability of the
modern delta (Powell et al., 2006; De Vriend et al., 2011; Day
et al., 2016; Luan et al., 2016). The impact of shelf trawling on the
resuspension of fine sediment on the seabed is comparable with
that of large storms (Ferré et al., 2008).

Marine vessels are undoubtedly one of the most prominent
symbols of human activities in the ocean. Large ships cause
significant disturbances in sediment dynamic processes mainly
in three ways: (i) the jet flow generated by ships’ propellers
causes resuspension of sediment on the bed of shipping lanes
(Soon and Lam, 2014; Hong et al., 2016); (ii) the propagation
of ship-induced waves may cause erosion of the channel
slope and shoal (Rapaglia et al., 2011); and (iii) prolonged
and frequent ship shuttle services enhance seabed sediment
activity and increase the thickness of the active layer (Hong
et al., 2013). Consequently, suspended sediment concentration
increases significantly during ship navigation, and can be 30 times
higher than the average background concentration (Rapaglia
et al., 2011). More than that, turbid water affects the growth of
phytoplankton, which in turn affects marine productivity (Huang
et al., 1986; Pan and Shen, 2009).

Compared to known ship-related hydrodynamics (e.g.,
propeller-jet, ship wave, ship wakes, etc.), little is known about
the impact of ship traffic on marine sedimentation records
(e.g., the characteristics of shelf sediments), largely due to
the scarcity of studies dedicated to this field. Considering
that maritime transport is responsible for 80% of the total
volume of international trade (Notteboom et al., 2021),
this rising anthropogenic-force induced sedimentary process
deserves more attention, and research related to this will be
important for marine biogeochemistry, sedimentary dynamics,
and geomorphology.

Over the past 70 years, China’s maritime transport has
experienced explosive growth. Shanghai Port and Ningbo-
Zhoushan Port have become the world’s leading ports in terms
of container and cargo throughput. Due to these two ports, the
coastal shipping lanes along Zhejiang Province are particularly
busy. This area represents an ideal place to analyze the effects of
seagoing traffic on the shelf sedimentary record. In this study,
a shipping lane suitable for 5,000 ∼ 50,000 tons ships along

the Zhejiang coast of the East China Sea was selected as the
study site, and two short sediment cores were collected from
the centerline and the periphery of the lane to analyze their
ages and sediment characteristics. We use an improved 210Pb
dating model to establish a more accurate depth-age framework
in regions with frequent ship disturbance. In combination with
development of China’s offshore shipping lanes, we explore
the possible linkage between ship traffic and the changes
in sedimentation.

STUDY AREA

The booming development of China’s coastal and ocean-going
shipping began in the late 20th century, with coastal transport
accounting for 60% of the total domestic transport [China Port
Yearbook (1999–2019)]. After decades of development, Shanghai
Port and Ningbo-Zhoushan Port have become the world’s
leading ports in terms of container and cargo throughput. The
coastal shipping lanes along Zhejiang Province are particularly
busy due to these two ports and the coastal shipping lanes
intersect. The north–south lanes throughout the East China
Sea include four main lanes: the Outer Shipping Lane, the
Eastern Shipping Lane, the Middle Shipping Lane, and the
Western Shipping Lane (Figure 1). The eastern and western
shipping lanes intersect outside Aiwan Bay, where shipping
is well-developed and traffic is frequent in the north–south
direction. The lanes can allow ships of 5,000- to 50,000-ton to
pass through, even up to 100,000 tons on some sections. This
area is close to the Wenzhou Port, where many passenger ship
lanes lead to the surrounding islands (He, 2008). Therefore,
it is an ideal area to study about the disturbance caused by
ships. The tides are regular semidiurnal tides with an average
tidal range of 4 m, and the maximum can be 7 m. The wave
height is approximately 1 m. During typhoons, the wave height
is up to 5 m, and the maximum can reach 10 m (China
Gulf Annals, 1993). The bottom sediment is clayey silt and silt
(Jia et al., 2018).

MATERIALS AND METHODS

We obtained two cores off the coast of Aiwan Bay, Zhejiang
Province, China, to analyze grain size and geochemical elements.
Combined with the dating framework, we analyzed the changes
in sediment characteristics over time. A literature review was
conducted to understand the history of the marine transport
industry and the shipping lanes where the cores have been located
over the past decades, with a view to quantify the sedimentation
effects of ship disturbance.

Coring
Two cores were collected in May 2018 using a gravity coring
tube. Core Z7 (28◦3′0′′N, 121◦33′36′′E), 1.5 m long with
a water depth of 13.2 m, was collected at the intersection
of two main shipping lanes used by vessels of 5,000- to
50,000-ton. Core Z8 (28◦5′21′′N, 121◦32′36′′E), 1.5 m long
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FIGURE 1 | Maps of the shipping lane indicate (A,B) the study area (according to He, 2008) and (C) the sampling site. Core Z7 was located at the intersection of the
eastern and western shipping lane, and a control core (core Z8) was collected outside the shipping lane at a distance of 4.7 km northwest to core Z7.

with a water depth of 12 m, was collected outside the
shipping lane at a distance of 4.7 km from core Z7 in the
northwestern direction. The natural sedimentary environments
in the region of two cores are nearly identical because
of the short distance between the two cores, which will
better ensure an accurate representation of the effects of
disturbance on the sediment due to maritime traffic through
contrast analysis.

XRF Core Scan
The cores were each split into two parts using a GeoTek
Core Splitter. One half of the core was covered with a 4 µm
thick Ultralene film to avoid the contamination of the X-ray
fluorescence (XRF) core scanner (Avaatech 3RD, Netherlands)
measurement unit and the desiccation of the sediment (Richter
et al., 2006). Instrument settings were optimized to minimize
the mean square error (MSE) values, and the step size was
0.5 cm. Count times for XRF analysis ranged from 10 to
30 s (Table 1). Reliable data were obtained for 29 elements.
Four powdered standards were analyzed every day before and
after the analysis of the sediment cores to monitor signal
drift and indicated that the signal remained stable during the
analytical runs. The experiment was completed at the State
Key Laboratory of Marine Environmental Science, Xiamen
University, Xiamen.

Grain Size Analysis
Grain size analysis of 1 cm sub-samples was conducted using
a laser particle analyzer (Mastersizer-2000, United Kingdom),
which has a measurement range of 0.02–2000 µm with a relative
error of <3% for repeated measurements. The experiment
was completed at the Key Laboratory of Coastal and Island
Development, Nanjing University, Nanjing. The matrix formula
of McManus (1988) was used to calculate the sample statistics of
the grain size distribution, that is, mean grain size (Mz), sorting
(S), skewness (Sk), and kurtosis (K). The above four parameters
refer to: the average size, the spread of the sizes around the

average, the symmetry or preferential spread to one side of the
average, and the degree of concentration of the grains relative
to the average, respectively (Blott and Pye, 2001). The grain size
standard deviation at 10 cm intervals was calculated to extract the
sensitive grain size fraction (Sun et al., 2003). The changes in the
sensitive grain size fraction over time can reflect the evolution of
sedimentary dynamic processes and depositional environments.

Age Models
Age models are of critical importance in interpreting sedimentary
records. One of the most important means for dating recent
sediments (0–150 years) is by 210Pb (half-life 22.3 years), a natural
radioactive isotope of lead (Appleby, 2001). The dried sample was
homogeneously pulverized, weighed, and then sealed in a plastic
box (70× 70 mm) for 3 weeks. The activities of 210Pbex and 137Cs
in the sediment samples were measured following the method
described by Du et al. (2010). The radioactivities of the above
nuclides were measured using an HPGe γ-ray detector (Canberra
Be3830, United States) with a relative counting efficiency of
35% and an energy resolution of 1.8 keV (at 1332 keV). The
detector has multilayer shielding (ultralow cryostat and no peak
background in the isotopes of interest). The activity of 210Pbex
was calculated from the activity of total 210Pb (46.5 keV, 4.25%)

TABLE 1 | Range of options to optimize scanning conditions for the sample.

Element
classification

Voltage
(kV)

Current
(mA)

Count time Step size
(cm)(s)

Light elements
(Al, Si, P, S, Cl, K, Ca,
Ti, Cr, Mn, Fe, Rh)

10 0.5 10 0.5

Medium elements
(Cu, Zn, Ga, Br, Rb, Sr,
Y, Zr, Nb, Mo, Pb, Bi)

30 0.5 20 0.5

Heavy elements
(Ag, Cd, Sn, Te, Ba)

50 0.75 30 0.5
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minus the activity of 226Ra, determined using the γ lines at
351.9 keV (37.6%) for 214Pb and 609.3 keV (46.1%) for 214Bi. The
efficiency calibration of the detector systems was conducted using
LabSOCS (Baronson, 2003). The experiments were performed
at the State Key Laboratory of Estuarine and Coastal Research,
East China Normal University, Shanghai. The commonly used
210Pb data processing and computation mainly include the
CIC dating mode and the CRS dating model (Appleby, 2001).
Given the strengths and weaknesses of the two computational
models, the 210Pb chronology of this study was determined
using both models.

Historical Documents
To study the response of sediment characteristics to the
disturbance effects of ships, it is necessary to be familiar with
the shipping lanes near the study area and the frequency
of ship navigation. Compared to bulk cargo ships, container
ships have the characteristics of large loading capacity, fast
speed, and fixed throughput, which are more representative
indicators to better reflect the impacts of ship disturbance on
sedimentation. The China Port Yearbook comprehensively and
accurately recorded the development of China’s port navigation
and shipping industry, and recorded the container throughput
of China’s coastal ports from 1979 to date, which could reflect
the intensity of disturbance by ship movement on the shipping
lanes. Therefore, the container throughput of the whole country
and three ports, namely Qingdao Port, Shanghai Port, and
Guangzhou Port, were calculated for the period 1979–2018.
These three ports are important coastal ports in the Yellow Sea,
East China Sea, and South China Sea, respectively.

RESULTS

Depth-Age Framework
The excess210Pb of Z7 and Z8 remained in the law of radioactive
decay. The linear fitting result of the excess 210Pb of Z7 was
good, with a correlation coefficient of 0.66 by the CIC model
and a sedimentation rate of 1.09 cm/yr. The Z8 was better,
with a correlation coefficient of 0.91 and a sedimentation rate
of 1.54 cm/yr (Figure 2). Considering that the locations of the
two cores were not far from each other, approximately 4 km—
expecting a great difference in sedimentation rate would be
unreasonable. According to sedimentation rate data of the mud
area along the coast of Zhejiang and Fujian (Jia et al., 2018), the
average sedimentation rate here is approximately 1.5 cm/yr. The
entire 150 cm long sedimentation sequence was recorded from
approximately 100 years ago, which was before the emergence of
container ships navigation along the coast of China in the late
1970s. Thus, it would be inaccurate to use uniform sedimentation
rates to infer the age of sediment before and after the emergence
of shipping lanes.

In theory, the CIC model of 210Pb dating is suitable for a
stable sedimentary environment, but for a less stable sedimentary
environment, the CRS model may provide more accurate dating
results (Zhang et al., 2008). It was found that above 70 cm depth
both models gave similar curves for Z8 (Figure 3D), whereas for

Z7, the difference was extremely large, with some layers up to
24 years (Figure 3A).

The CRS dating results of the two cores above a depth of 70 cm
were almost identical, and the sedimentation records were from
1977 to 2018; below a depth of 70 cm, the CRS model algorithm
led to older dating results, and increasing depth (Zhang et al.,
2008), with a small sedimentation rate. Therefore, in this study,
the CRS dating model was used at depths above 70 cm and the
CIC dating model at depths below 70 cm. The sedimentation rate
was assumed to be uniform below 70 cm, and the sedimentation
rate at 70 cm was used as the sedimentation rate for the
70–150 cm section. On this basis, the dating framework was
established for the two cores, and the age of sediment for each
layer at the same depth were almost identical, with a mean time
difference of 0.4 year. The two cores showed the sedimentation
records of 1873–2018 (Figures 3B,E). The sedimentation rates
of Z7 and Z8 were in the ranges of 0.77–2.76 cm/yr and 0.77–
2.53 cm/yr (Figures 3C,F), respectively.

Grain Characteristics of Sediments
The grain size components of Z7 and Z8 were dominated by
silt, followed by clay, with the least amount of sand (Figure 4).
Overall, the content of the grain size component did not fluctuate
significantly with time. The sediment type was mainly clayey silt,
with an occasional silt layer. Through comparative analysis of the
two cores, it was found that the grain size parameters were quite
different below and above 70 cm.

Segment I (150–70 cm) of Z7 fluctuated less in the grain size
parameters, with mean grain size in the range of 6.5–7.25 8,
sorting coefficient fluctuating approximately 1.6, skewness value
approximately 1.2, and kurtosis value between 1.9 and 2.2.

Segment II (70–0 cm) of Z7 fluctuated considerably in the
grain size parameters, with mean grain size in the range of 6–7.5
8, sorting coefficient in the range of 1.4–1.75, skewness value of
approximately 1.2, and kurtosis value between 1.8 and 2.3.

Segment I (150–70 cm) of Z8 had a large fluctuation in the
grain size parameters, with mean grain size in the range of 5–7.5
8, sorting coefficient in the range of 1.3–1.9, skewness value in
the range of 0.75–1.75, and kurtosis value in the range of 1.85–
2. 35.

Segment II (70–0 cm) of Z8 had a small fluctuation in the
grain size parameters, with a mean grain size of approximately
7 8, sorting coefficient in the range of 1.4–1.7, skewness value
approximately 1, and kurtosis value in the range of 1.95–2.15.

The sensitive grain size fraction was calculated at 10 cm
intervals. Both Z7 and Z8 had two sensitive grain size fractions—
the first between 4 and 6 8, and the second between 6 and 9 8.
The peak heights (standard deviation values) of the two sensitive
grain size fractions below and above 70–60 cm were very different
for the two cores, with the 70 cm value corresponding to the year
1977 (Figure 3). Generally, before 1977, the standard deviation of
Z7 was smaller than that of Z8, whereas after 1977, the standard
deviation of Z7 was larger than that of Z8. To better illustrate the
variation in the sensitive grain size fraction over time, the layer at
70–60 cm was selected and two layers below and above 70–60 cm
were shown, such as 150–140 cm, 120–110 cm, 30–20 cm, and
10–0 cm (Figure 5).
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FIGURE 2 | Vertical distribution of 210Pb, 226Ra in core Z7 (A), and Z8 (C). The linear fitting between depth (Y axis: cm) and ln(210pbex ) (X axis: Bq/kg) of core Z7 (B)
and Z8 (D). v=− k· λ, where v is the sedimentation rate, k is the slope of the linear fitting equation, and λ is the decay constant of 210Pb (i.e., 0.0311/yr).

Here we can see the difference below and above 70–60 cm for
the two cores (Table 2), which indicated that the sedimentary
dynamics of the environment had changed considerably since
1977. Before 1977, the standard deviation of Z7 was smaller
than that of Z8, which meant that the sedimentary dynamics
of Z7 were more stable than those of Z8. However, after 1977,
the standard deviation of Z7 was larger than that of Z8, which
meant that the sedimentary dynamics of Z7 were more turbulent
than those of Z8. Moreover, after 1977, both the first and second
sensitive grain sizes of Z7 were finer than those of Z8, which
assumed that the finer particles were more affected by ship
disturbance (Table 2).

The first sensitive grain size fraction of Z7 (4.50–5.75 8)
did not change significantly in the 150–110 cm section, with a
moderate increase in the 110–70 cm section, a sudden increase
in the 70–60 cm section, and a moderate increase above 60 cm
(Figure 6). The second sensitive grain size fraction of Z7 (6.75–
8.25 8) did not change significantly in the 150–110 cm section,
with a moderate decrease in the 110–70 cm section, a sudden
decrease in the 70–60 cm section, and a moderate decrease above
60 cm. The first grain size fraction of Z8 (4.25–5.50 8) showed a
significant change in the 150–70 cm section, a moderate increase
and then a decrease, and it changed very little above 70 cm, with
a moderate decrease. The second grain size fraction of Z8 (6.50–
8.00 8) varied significantly in the 150–70 cm section, with a
moderate decrease and then an increase, and it changed very little
above 70 cm, with a moderate increase.

The measured grain size distribution curve (in the range of
2–12 8) was divided into 40 small cells in units of 0.25 8. The
difference between two cores at the same time in these small
cells was calculated separately. The content of Z8’s grain size
component was subtracted from that of Z7 on the same layer,
with the difference shown on a two-dimensional contour plot
(Figure 7). Here we can see the quantity of coarser or finer
particles difference between two cores at the same time.

The results showed that the sediment can be divided into two
groups—coarse and fine—using 6.25 8 as the boundary, and the

sediment varied considerably over time. In the section of 150–
140 cm, the difference in relative content between the two cores
was approximately zero. In the section of 140–80 cm, the coarser
particles (<6.25 8) of Z7 were significantly less than those
of Z8, whereas the finer particles (>6.25 8) were significantly
more than those of Z8. In the section of 80–0 cm, the opposite
occurred, especially above 70 cm, where the coarser particles of
Z7 were significantly more than those of Z8. This indicates that
the sediment on the shipping lane showed an increase in the
coarse particulate fraction and a decrease in the fine particulate
fraction from 1977.

Elemental Characteristics of Sediment
Elements with specific indicators, including S, Cl, Br, Si, Ti, and
Ca, were selected for comparative analysis. These elements have
steady repeat scanning results and reliable detection, and have
often been used by previous researchers (Thomson et al., 2006;
Marsh et al., 2007; Agnihotri et al., 2008; Croudace and Rothwell,
2015; Grygar and Popelka, 2016). The content of elements is a
relative value, and the data quality is influenced by several factors,
such as grain size and water content variations, core surface
imperfections, and the presence of organic matter (Croudace and
Rothwell, 2015). In order to attenuate above effects, element-to-
element ratios were used, which can allow comparison between
the cores. Ti is a typical reference element used for normalization
(Grygar and Popelka, 2016). The element ratios Br/Cl, S/Ti, Si/Ti,
and Ca/Ti, were selected for the study (Figure 8).

The Br/Cl ratio for Z7 ranged from 0.06 to 0.17, with a mean
value of 0.12, and the element ratio decreased slightly in the 0–
40 cm section, with a mean value of 0.11. The S/Ti ratio ranged
from 0.12 to 0.38, with a mean value of 0.20, and the element
ratio increased significantly in the 0–40 cm section, with a mean
value of 0.24. The Si/Ti ratio ranged from 2.77 to 6.79, with a
mean value of 5.01, and the element ratio decreased significantly
in the 0–40 cm section, with a mean value of 4.87. The Ca/Ti
ratio ranged from 2.86 to 4.32, with a mean value of 3.54, and
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FIGURE 3 | Dating result and sedimentation rate for core Z7 (A–C) and Z8 (D–F). The CRS and CIC dating models were combined to establish a dating framework
for core Z7 (B) and Z8 (E), with the CRS model being used for depths of 0–70 cm and the CIC model for depths of 70–150 cm, to get a more accurate dating
framework. (A,D) Show the difference between CIC and CRS single dating model results for depths of 0–100 cm. The sedimentation rate for core Z7 (C) and Z8 (F).

the element ratio decreased slightly in the 0–40 cm section, with
a mean value of 3.48.

The element ratios shifted at approximately 40 cm. According
to the established dating framework (Figure 3B), the year was
estimated to be approximately 1999.

For Z8, the most significant shift was Si/Ti, which transformed
at 77 cm, with a decrease in the 0–77 cm section. The Br/Cl ratio
for Z8 ranged from 0.08 to 0.21, with a mean value of 0.14. The
S/Ti ratio ranged from 0.14 to 0.34, with a mean value of 0.21.
The Si/Ti ratio ranged from 3.92 to 7.20, with a mean value of
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FIGURE 4 | Vertical distribution of grain size components and parameters of core Z7 (A–E) and Z8 (F–J).

5.50, and the element ratio decreased significantly in the 0–70 cm
section, with a mean value of 5.17. The Ca/Ti ratio ranged from
3.05 to 4.73, with a mean value of 3.63.

DISCUSSION

Development of China’s Offshore
Shipping Lanes
Containerized maritime transport plays an important role
in global trade, accounting for 80% of international cargo
trade and growing at an average annual rate of 4% (Ducruet
and Notteboom, 2012). A country’s container transshipment
capability and accessibility directly reflect its maritime transport

capacity, as well as its level of maritime transport development.
China’s container industry began in 1979, with a container
throughput of 32,900 twenty-foot equivalent unit (TEU). The
late 20th century was in a period of rapid growth (Figure 9).
According to statistics, the average annual container throughput
in 1979–1999 was 2.95 million TEU, and in 1999–2018 it
was 127.18 million TEU, a staggering 42-fold increase. The
Port of Shanghai has held the top position for container
throughput of the world’s largest ports since 2010. The
external and internal feeders of foreign trade from the Port of
Shanghai pass through the outside of Wenzhou Port, where our
cores were collected.

Combining the model with global economic development
scenarios, it is suggested that global maritime traffic will increase
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FIGURE 5 | Sensitive grain size fractions of core Z7 (A) and Z8 (B) of the selected layer were as follows: the sensitive grain size of Z7 was relatively finer than that of
Z8; the sensitive grain size fraction of Z7 tended to be finer after 1977, and Z8 had no obvious tendency. The black horizontal arrows indicate that the sensitive grain
size has become finer after 1977.

by 240–1,209% by 2050 (Sardain et al., 2019). In addition, the
shipping industry entered the so-called megaship era in 2007
when a leading container shipping company deployed a fleet
of mega-containerships with a carrying capacity of more than
10,000 TEUs (Imai et al., 2013). The development of megaships
requires deeper draft depths and the sea areas affected by ship
disturbance is expanding into deeper water accordingly, thus the
disturbance effect of megaships will have an increasing impact on
relatively deep waters.

China’s coastal shipping lanes are traversed in dense networks,
with frequent passenger and cargo lanes. Vessels with a container
load of more than 5,000 TEU, bulk cargo of more than 100,000
tons, and tankers of more than 100,000 tons meet our definition
of a megaship. The southeast coast of China, the Bohai Bay,
the Changjiang Estuary, the Taiwan Strait, and the eastern
side of Taiwan Island are all areas affected by the disturbance
of megaships (Figure 10). The study of modern sedimentary

TABLE 2 | Grain size and peak heights of the sensitive grain size fraction of
the selected layer.

Layer Grain size (8) Standard deviation (σ)

First Second First Second

Z7 Z8 Z7 Z8 Z7 Z8 Z7 Z8

10–0 cm 5.38 4.63 7.63 7.13 0.83 0.62 0.59 0.46

30–20 cm 5.38 5.13 7.38 7.38 1.11 0.81 0.81 0.56

70–60 cm 5.13 5.88 7.38 7.63 3.32 0.33 2.23 0.24

120–110 cm 5.13 4.88 7.38 7.13 1.61 2.63 1.15 1.46

150–140 cm 5.13 4.88 7.38 7.38 1.27 2.07 0.81 1.31

After 1977, there was a tendency toward finer sensitive grain size fractions in Z7,
whereas there was no clear trend in Z8. The sensitive grain size fraction of Z7 has
always been finer than that of Z8, with a more pronounced refinement after 1977.

dynamics and its products in these areas should consider the
influence of megaships on shipping lanes.

Differential Performance of Grain Size
and Elements
The element content in the sediment is mainly controlled by
its mineral composition. In addition, hydrodynamic conditions,
adsorption and flocculation of fine particles, redox conditions,
and human activities all have an influence on the variation of
element content (Dong et al., 2009; Singh, 2009; Ye et al., 2013;
Grygar and Popelka, 2016). The grain size of marine sediment
is closely related to geochemical elements, both of which are in
accordance with the “law of elements controlled by grain size”
(Zhao and Yan, 1994). Fine-grained sediment can be readily
enriched in some chemical elements, either because they are
present in the clay minerals or because of the adsorption effect of
the fine-grained particles. This is due to the correlation between
particle size and elements, which are often used as a proxy for
particle size (Zhou et al., 2019). However, as mentioned above, the
particle size changed significantly approximately 1977, whereas
the elemental ratios of S/Ti, Ba/Ca, Si/Ti, and Br/Cl did not
change significantly until approximately 1999. The behavior of
particle size and elements was not identical, and it was therefore
worthwhile to investigate the underlying mechanism.

Correlation analysis was conducted between the element
ratios selected in this study and the sand, silt, and clay contents.
Both were found to be poorly correlated, with the correlation
coefficient almost always less than 0.3 (Table 3). There was
therefore no significant correlation between the grain size
and the elements.

The factors influencing the change in the grain size of marine
sediments can be summarized into two categories: the first is
the change in sediment sources (sources or sediment flux), and
the second is the change of sedimentary dynamics environment,
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FIGURE 6 | Variations in content of two sensitive grain size fractions of cores Z7 (A,B) and Z8 (C,D). FSG, first sensitive grain size; SSG, second sensitive grain size.

which is closely related to the coastal circulation system and
extreme climate events (Liu et al., 2010). The study area is located
in the distal mud of the subaqueous Changjiang River delta, and
the sediment mainly comes from the Changjiang River. Thus,
the annual sediment flux of the Changjiang River Datong Station
was counted during the period 1953–2018 (Figure 11). Before
2000, the annual sediment load was more than 300 Mt. After
2003, due to the influence of the Three Gorges Reservoir, the
annual sediment load was less than 200 Mt. In this study, the
grain size transition occurred early before the drastic change in
sediment flux, so the grain size transition was not influenced by
the change of sediment source. Some studies suggest that the
load, grain size and sediment composition deposited over the
coastal and shelf water adjacent to the estuary have changed in
response to the Three Gorges Dam. However, this phenomenon
occurs mostly downstream of the reservoirs and estuaries, and
after long-distance transport, the signal of changing grain size
in the study area has been difficult to detect (Gao et al.,
2019). Even in the downstream of the reservoir, the median
grain size variation is only about 5 µm (Gao et al., 2015),
which is smaller than the variation caused by the navigation
channel. Therefore, the transition of grain size was caused by
changes in the sedimentary dynamics environment, mainly due
to disturbance by ships.

Marine sediments are mainly composed of terrestrial debris,
biogenic materials, and marine authigenic substances, whose
relative content determines the distribution of elements in the
sediment. The elements, especially the biogenic elements related
to the ecological environment, can reflect the evolution of the
sedimentary environment.

The time of element ratios shift lags behind the time of
grain size shift, which was most likely a response of the
ecological environment to the effects of ship disturbance.
This occurred approximately 1999, when the frequency of
navigation began to increase rapidly (Figure 9). At the
beginning of ship navigation, the effects of ship disturbance
did not cause significant changes in elements, until the
rapid growth in the maritime transportation of China in
1999. There are complex mechanisms behind this response,
involving processes such as the migration and transformation of
marine biological production, biogeochemical cycling of marine
substances and elements, especially redox-driven processes
(Schubert et al., 1998; Duan et al., 2010). All of these processes
were influenced by the environmental characteristics include
suspended sediment concentration, salinity, total dissolved
organic carbon, temperature, depth, pH, Eh, phytoplankton,
and water circulation (Marcussen et al., 2008). Only after
the disturbance frequency reached a certain level, would the
elemental variation manifest. Therefore, grain size variations
were expressed soon after the start of navigation, whereas the
biogenic elements did not change significantly until 1999.

Sedimentary–Ecological Response to
Ship Disturbance
Quantitative studies on the impact of human activities on ecology
are of vital importance. In recent years, global reductions in
riverine sediment fluxes have become widespread (Syvitski et al.,
2005; Milliman and Farnsworth, 2011). Studies to investigate
the impact of human activities, mainly in terms of changes
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FIGURE 7 | Difference in grain size components between two cores at 1-cm-intervals. It was obtained by subtracting the content of the grain size components of Z8
from that of Z7. % is represented the content of special grain size components. So a positive value (+) meant the content of the grain size components of Z7 was
more than that of Z8 in that layer, and a negative value (–) meant the content of the grain size components of Z7 was less than that of Z8. The results showed that
there was a tendency for grains in Z7 to coarsen relative to those in Z8 from 1977 (the depth of 70 cm).

in the fluxes and sediment properties of the sea (Dai et al.,
2008; Gao et al., 2014; Yang et al., 2019), have made good
progress in quantifying these impacts. For example, Dai et al.
(2008) argued that, for the Changjiang River, the contribution
of climate change to the reduction of sediment flux into the sea
was only approximately 3%, with anthropogenic contributions
accounting for 97%.

Ship navigation is an important anthropogenic agent. During
navigation, ships alter the local hydraulic regime, i.e., the
generation of currents and ship-induced waves (Rapaglia et al.,
2011; Fleit et al., 2016). The highest near-bed velocities resulting
from ship generated waves range between 0.1 and 0.4 m/s in
Danube River of Hungary, which was obtained by computational

fluid dynamics (CFD) modeling (Fleit et al., 2016). The average
flow velocity with no ship is 0.02 m/s, which means an increase
of an order of magnitude due to ship (Fleit et al., 2016).
In situ measurement shows that the water velocity increases
to 2.1 m/s when the ship passes by, which is more than an
order of magnitude higher than the typical tide and wind driven
current speed in the channels of Venice (Coraci et al., 2007).
The increased current speed can increase bottom shear stress,
which will cause the resuspension of sediment in shallow water
areas and the erosion of the channel slope and seabed (Rapaglia
et al., 2011; Ji et al., 2014; Fleit et al., 2016). It is found that
the ship-generated waves (including drawdown and surge waves)
have much more effects on sediment resuspension than wind
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FIGURE 8 | Variation of the element ratios over time in core Z7 (A–D) and Z8 (E–H). Element ratios of Z7 shifted significantly after 1999 (the depth of 40 cm), and
element ratios of Z8 did not show a clear shift.

waves (Houser, 2014). Once the shear stress generated by the
ship is larger than the critical shear stress which is further
determined by sedimentary characteristics, the seabed sediment
would move in suspension, saltation, and creep (Liou and
Herbich, 1976; Liao et al., 2015). The bottom shear stress caused
by propeller scour is an important mechanism contributing
to sediment resuspension and subsequent erosion (Liao et al.,
2015). In the same situation, the resuspension of coarser particles
requires a greater incipient velocity (Liou and Herbich, 1976).
Finer particles are easier to resuspend. Ship-generated waves are

capable of resuspending significant quantities of bottom sediment
and suspended sediment concentration increases with increment
of turbulent kinetic energy of the ship wakes (Houser, 2014; Ji
et al., 2014). In situ observation showed that suspended sediment
concentration rose from 12 mg/L to 400 mg/L in Venice Lagoon,
Italy, after the ship had sailed (Rapaglia et al., 2011). The intensity
of sediment disturbance by a ship is related to the speed, propeller
rotation speed, water depth, and draft of the ship (Liou and
Herbich, 1976; Hong et al., 2013). Generally, the faster the speed
of ships, the shallower the water depth, and the deeper the
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FIGURE 9 | Throughput evolution of Chinese containers, 1979–2018. The 21st century began with rapid growth, and in 2008 the volume of seaborne trade declined
as a result of the global financial crisis. The vertical dashed red line indicates the year 1999 and the two horizontal red lines indicate the average annual container
throughput for the periods 1979–1999 and 1999–2018, respectively. Source: China Ports Yearbook (1999–2019).

FIGURE 10 | Thermal map of megaship tracks around China based on more than 5,000 TEU of containers (A), more than 100,000 tons of bulk cargo (B), and more
than 100,000 tons of tankers (C) 1, the Bohai Bay; 2, the Changjiang Estuary; 3, the Taiwan Strait; 4, the Taiwan Island (Source: Shipping News, 2020
http://www.shipxy.com).

draft, the stronger the intensity of the disturbance. Sediment
resuspension caused by ship disturbance has led to a series of
changes in both the sedimentary environment and ecology.

In this study, when establishing the dating framework, it was
found that in a relatively stable sediment environment (such as
the location of core Z8), the dating results obtained by the CIC
and CRS dating models were consistent. However, in an unstable
sediment environment (such as the location of core Z7), the
results of the two dating models differed greatly, and the age
difference of the same layer could be up to 24 years. Because of
the inherent shortcomings of the CRS model, the bottom age
is biased toward aging, whereas the CIC model homogenizes
the sedimentation rate, which is obviously not applicable in an
unstable sediment environment. A single dating model cannot
establish a convincing and comparable dating framework. The
best approach is to combine the two models, using the CRS model
in the layer affected by ships and the CIC model in the lower

part, to establish a CRS–CIC dual dating model. Figure 3 shows
that the CRS–CIC dual dating model can be used with reliable
results to address sedimentation rates in an overall sedimentary
environment, but locally influenced by frequent ship motion.

Since the development of coastal shipping in China in 1977,
the fluctuations of grain size has changed largely. Before 1977,
the fluctuation of grain size of Z8 is wider than that of Z7, which
shows an opposite trend after 1977. Core Z8 is located near
a small bedrock island called “Pishan,” which will cause more
complicated hydrodynamics (tidal and wave) compared to core
Z7 before 1977. In this case, the fluctuation of grain size at Z8 is
wider than that of core Z7. However, the hydrodynamic condition
is more complicated at core Z7 than that of core Z8 after 1977 due
to the disturbance of ships, causing the fluctuation of grain size of
Z7 is wider than that of Z8.

In addition, the sensitive grain size at Z7 has been finer
(Figure 5A). With 6.25 8 as the boundary, the grain fraction
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TABLE 3 | Correlation matrix between grain size component and element ratio.

Correlation
coefficient

Sand Silt Clay Br/Cl S/Ti Si/Ti Ca/Ti

Sand 1.00 0.29 −0.44 −0.08 0.18 0.08 0.02

Silt 0.29 1.00 −0.99 −0.15 −0.05 0.26 0.33

Clay −0.44 −0.99 1.00 0.15 0.02 −0.25 −0.31

Br/Cl −0.08 −0.15 0.15 1.00 −0.17 0.31 −0.26

S/Ti 0.18 −0.05 0.02 −0.17 1.00 −0.28 −0.25

Si/Ti 0.08 0.26 −0.25 0.31 −0.28 1.00 0.60

Ca/Ti 0.02 0.33 −0.31 −0.26 −0.25 0.60 1.00

finer than 6.25 8 decreased (Figure 7). It was calculated that
before 1977, core Z7 had a significantly higher fine grain fraction
(>6.25 8) than core Z8, with a mean value of approximately
6%, but after 1977, core Z7 had a significantly lower fine grain
fraction (>6.25 8), with a mean value of approximately 5%.
This indicated an 11% reduction in the grain fraction finer than
6.25 8 at the shipping lane and a significant coarsening of the
sediment. Ship motion affected the local sedimentary dynamic
environment. Although the total sedimentary flux was the same
as the flux outside the shipping lane, it has a selective modifying
effect on the sedimentary record: in the sediment on the shipping
lane, which was dominated by silt, all grain fractions became
more active under frequent ship disturbance. Due to differences
in sedimentation mechanisms, it was relatively slow for fine
grain to settle, and a significant proportion of the fine grain
fraction may leave the shipping lane, causing a reduction in the
fine grain fraction entering the seabed sediment. It has been
shown that vessel-induced wakes can increase the concentration
of suspended sediment by a factor of 30 above background values,

but this surge only lasts for a few minutes, and then the high
concentration persists for almost an hour before returning to
background values (Rapaglia et al., 2011). The sustained high
concentration is due to the slow settling velocity of fine particles.

Ship disturbance also caused ecological changes. After 1999,
the value of Br/Cl in the Z7 core decreased from 0.12 to
approximately 0.11, the value of S/Ti increased significantly from
0.20 to 0.24, the value of Si/Ti decreased from 5.01 to 4.87, and
the value of Ca/Ti decreased from 3.54 to 3.48. The decrease
in Br/Cl could indicate, to some extent, the decline of primary
productivity in the region (Thomson et al., 2006). High S-levels
tend to indicate a low oxygen zone (Croudace and Rothwell,
2015). Si/Ti is an important indicator of siliceous phytoplankton
productivity. The principle of reduced Ca/Ti is the same as that of
Si/Ti, both of which belong to the response of biogenic elements
to the marine environment (Marsh et al., 2007; Agnihotri et al.,
2008). Specific to the above individual indicator, small changes in
value may not be evidence of significant changes in the ecological
environment. However, the changes in the four indicators
pointed to consistency, which may be related to the disturbance of
ships in the waterway. For example, frequent disturbance by ships
made the shipping lane waters turbid, and light became the most
important factor limiting marine productivity. The turbidity and
high concentration of suspended solids was not conducive to
the growth and reproduction of phytoplankton, and this reduced
primary productivity (Jiang, 1993; Pan et al., 2011). In addition,
the amount of phytoplankton directly affected the dissolved
oxygen content in seawater. The reduction of phytoplankton
decreased the dissolved oxygen content in seawater, leading
to the dissolution of iron oxides and the formation of pyrite
(FeS2), which increased the amount of elemental S in the
sediment (Jiang, 1993; Croudace and Rothwell, 2015). Frequent

FIGURE 11 | Suspended sediment load changes over a 66-year period (1953–2018) at Datong Station.
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disturbance was detrimental to diatom growth and reproduction,
and decreased the biotransformation rate of silicates in seawater
and the “silicon fixation” effect, thus decreasing the Si/Ti value in
sediment (Huang et al., 1986; Pan and Shen, 2009). Calcareous
phytoplankton such as coccolithophores are widely distributed
and abundant in the ocean, are well preserved in the sediment
and are important sources of biogenic Ca in the sediment
(Poulton et al., 2007, 2013). Frequent disturbance was also
detrimental to the growth of coccolithophores, and made it
difficult for biogenic Ca to adhere to the particulate matter,
which can reduce the Ca/Ti ratio in the sediment. Overall,
the quality of habitat conditions along the shipping lane was
significantly different from those outside the shipping lane.
The content of each element in the sediment of the shipping
lane was controlled by a combination of physical, chemical,
and biological interactions. Suspension of fine particles caused
by physical disturbance affected the marine ecosystem and
ultimately changed the elements in the sediment.

Human activity has left a universal and lasting imprint on
Earth. The debate continues over whether the Anthropocene
deserves recognition as a new unit of geological time (Waters
et al., 2016). The Anthropocene Working Group (AWG)
has recommended the recognition of the beginning of the
Anthropocene as the mid–late 20th century. However, some
researchers questioned the time starting point, arguing that
significant human-induced changes to the Earth’s environment
occurred long before the 20th century (Ruddiman, 2018). The
Anthropocene is currently defined from a variety of perspectives,
including paleontology, micropaleontology, stratigraphy, and
archeology (Barnosky, 2013; Wilkinson et al., 2014; Zhuang and
Kidder, 2014), as a time when humans have played an important
role in changing the global environment at an unprecedented
rate. The study of the Anthropocene can bring into focus
the transformation of the natural environment by humans. By
studying the development of the global shipping industry and
its sedimentary–ecological effects since the 20th century, one can
attempt to define the Anthropocene from the new perspective of
ship navigation.

CONCLUSION

China’s container shipping industry originated in 1979 and has
been growing rapidly since 1999. By studying characteristics of
shelf sediments from shipping lane, our study found that over
the past few decades, with the development of China’s maritime
transport industry, significant changes in shelf mud deposition
have occurred. Our conclusions are as follows:

(1) There were significant changes in the sediment grain size
composition after ship disturbance, with the sedimentation
response at the beginning of navigation. Ship disturbance
selectively modified the sedimentary record. The fine-
particle fraction of the sediment became more active and
the particles finer than 6.25 8 were significantly reduced
(by approximately 11%) after being disturbed by the ship.

(2) Ship disturbance caused changes in the ecology of
waterways, which was observed in biogenic elements. As
the frequency of navigation increased, the elemental ratios
of Br/Cl, Si/Ti, and Ca/Ti decreased from 0.12, 5.01, and
3.54 to 0.11, 4.87, and 3.48, respectively, but the S/Ti
ratio increased from 0.20 to 0.24. The ecological response
appeared later than the sedimentation response, when the
growth of Chinese maritime transportation is significant.
Element indicators revealed that the productivity of
the shipping lane waters was reduced due to frequent
ship disturbance.

(3) During their voyage, the ship disturbed the seabed
sediment, thereby affecting the centennial-scale dating
of the sediment record. In regions with frequent ship
disturbance, we propose to use the CRS (with ship
disturbance)–CIC (without ship disturbance) dual
dating model approach to establish a more accurate
chronological framework.
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