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Fingerprinting Sediment Transport in River-Dominated
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Radionuclide Methods

Jinlong Wang"
Hui Wu’

, Weiguo Zhang' (2}, Mark Baskaran? (=), Jinzhou Du' (2, Feng Zhou® ('), and

'State Key Laboratory of Estuarine and Coastal Research, East China Normal University, Shanghai, China, 2Department of
Geology, Wayne State University, Detroit, MI, USA, 3State Key Laboratory of Satellite Ocean Environment Dynamics, Second
Institute of Oceanography, State Oceanic Administration, Hangzhou, China

Abstract Both magnetic properties and radionuclides are widely used to trace sediment transport in
aquatic environments; however, these methods have not been used in combination. In this study, the East
China Sea (ECS), a typical river-dominated margin, was chosen to demonstrate the advantages of combining
these two methods to track sediment movements on a seasonal to annual timescale. The ratios between
saturation isothermal remnant magnetization and anhysteretic remnant magnetization (yarm/SIRM) and
"Be/?'Pb, activity ratios as well as mass balance of “Be provide information on the seasonal transport of
sediment from the Changjiang Estuary to the neighboring shelf. Both 2'°Pb budget and SIRM distribution in
the inner shelf of the ECS show that a small fraction (at most 14% of annual Changjiang sediment discharge)
of particles could be transported offshore. Most of “Be activities in inner shelf sediments of the ECS were
below detection limit due to relatively lower residence times and dilution by the older sediment. The
observation that radionuclide activities exhibit a better correlation with yagm/SIRM ratios than with grain size
suggests that iron oxides are the primary carriers of “Be, 2'°Pb, and 2**Th. The absorption of radionuclides
onto magnetic minerals further reinforces the reliability of this combined approach in tracing sediment
transport. Our study indicates that radionuclides, with different half-lives, can be utilized for quantifying
sediment dynamics, whereas magnetic properties can yield more detailed information on sediment transport
directions. The combined analysis of magnetic parameters and radionuclides offers a better understanding of
sediment transport in river-dominated areas.

1. Introduction

In the river-dominated margins that are impacted by land-derived freshwater and/or sediments (Mckee et al.,
2004), sediment transport and deposition processes not only affect morphological changes but also play a
vital role in the biogeochemical cycle of particulate organic carbon, heavy metals, and organic pollutants
(Aller, 1998; Aller et al., 2004; Bianchi, 2011; Giffin & Corbett, 2003). Recently, fluvial sediment input to the
river-dominated margins has experienced rapid changes due to human activities and climate change
(Syvitski et al., 2009; Wei et al., 2014). Hence, study of sediment dynamics in this environment has received
wide attention (Hoitink et al,, 2017). Particle-reactive radionuclides that have short half-lives (e.g., “Be,
219pp, and 23*Th) have been widely utilized to trace the transport of sediments from rivers to oceans (e.g.,
Allison et al., 2005; Baskaran et al., 1996; Baskaran & Santschi, 2002; Du et al.,, 2016). These radionuclides
adsorb onto particulate matter and thereby can serve as particle tracers, with distribution coefficient (Ky4)
values of 10*-10° ml/g in estuarine and coastal waters (e.g., Baskaran & Santschi, 1993; Feng et al., 1999).
In marine environments, “Be (Ty,»: 53.3 days) and 2'°Pb (T;,»: 22.3 years) are primarily derived from
atmospheric deposition and riverine input as well as boundary scavenging also affecting their sources to
varying extent in different regions (Palinkas et al., 2005; Saari et al,, 2010; Smoak et al., 1996), while 2>*Th
(T1/2: 24.1 days) is mainly derived from the decay of dissolved 23U in seawater. Because the activities of
radionuclides in sediments are influenced by particle size as well as by mineralogy (Singleton et al., 2017),
the activity ratios of radionuclides (e.g., “Be/***Th and "Be/?'°Pb) are commonly used in order to normalize
the effects of particle size on scavenging (e.g., Feng et al., 1999; Laceby et al., 2017).

The advantage of such radionuclide tracers is that they offer timescales of sediment transport and deposition.
Depending on their half-lives, these radionuclides can be used to investigate sediment dynamics on daily,
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monthly, annual, and decadal timescales. However, owing to the influence of mineralogy, half-lives, and
sources, the utilization of such radionuclides as tracers of sediment movement may yield different results
depending on the radionuclides utilized. For example, in a previous study, “Be/?'°Pbey activity ratio was
not expected to decrease from the Gironde estuary to the ocean during low river discharge because of the
primarily oceanic source of dissolved “Be (Saari et al., 2010). Therefore, the use of radionuclides as tracers
of sediment transport requires a detailed examination of the mechanism (e.g., time scales of processes and
constraining boundary conditions) and its suitability, although this method has been utilized to determine
timescales of modern sedimentation in estuarine and coastal settings based on certain assumptions, such
as radionuclides, is irreversibly absorbed onto particles and transported with particles without any desorption
or fractionation (Feng et al., 1999; Huang et al.,, 2013; McKee et al., 1983). Magnetic minerals (mainly iron oxi-
des such as magnetite) are ubiquitous in sediments and are sensitive to their sources of origin and variations
in sorting due to particle size, density, and shape along the transport pathway (e.g., Li et al., 2017; Nguyen
et al., 2016). Therefore, magnetic minerals have been widely used to trace sediment transport processes in
different environmental settings (Evans & Heller, 2003; Hatfield et al.,, 2010; Kim et al., 2013; Thompson &
Oldfield, 1986). Because magnetic measurements are relatively simple and fast, analyses of magnetic
properties could be useful in supplementing the radionuclide method in sediment transport studies.

To the best of our knowledge, no studies have yet focused on the combined use of magnetic properties and
radionuclides as tracers of sediment transport, although each of these methods has been utilized individually
to analyze sediment transport around the world (e.g., Du et al,, 2010; Ge et al., 2015; Horng & Huh, 2011;
Nguyen et al., 2016; Sommerfield et al., 1999; Wang et al,, 2017; Zhang et al., 2012). In this study, we have
chosen the East China Sea (ECS), which is a typical river-dominated marginal sea of the Pacific Ocean (Liu
et al, 2007; Mckee et al., 2004), as a case study area to demonstrate the advantages of the combined use
of radionuclides and magnetic methods. Though a number of studies have discussed the sediment dynamics
in the ECS, the cross-shelf transport flux of sedimentary particles to the middle shelf have not been estimated
(e.g. Liu et al., 2006; Zhu et al,, 2011). It is expected that this combined approach using multitracers offers not
only a better understanding of the transport of sedimentary materials in the ECS but also additional insights
into sediment transport in other river-dominated areas.

2. Materials and Methods

The ECS (Figure 1), with a total area of 7.7 x 10° km?, has a broad (approximately 350-640 km width), shallow
(mean water depth: 72 m), and flat (mean gradient: 0.037%) continental shelf. The ECS receives abundant
terrestrial sediment from the Changjiang (Yangtze River). It is estimated that ~40% of the fluvial sediment
is trapped in the estuary, and the remaining 60% is transported to the neighboring continental shelf of the
ECS (Liu et al., 2006; Milliman et al., 1985). In recent years, Changjiang has exhibited a decrease in its sediment
discharge from 0.43 x 10° ton/year in 2000 to 0.2 x 10° ton/year in 2011 due to construction of
impoundments (e.g., Three Gorges Dam) and soil conservation in the catchment (Dai et al., 2014). Near the
Changjiang mouth, the inner shelf is mainly composed of silts and clayey silts. To the south of
the Changjiang, a mud area that is approximately 800 km long exists parallel to the coast (Liu et al., 2006).
The ECS has a complicated current system, which was described by Su (2001); it includes the northward
flowing Taiwan Warm Current (TWC) and Kuroshio Current (KC). At the mouth of the Changjiang, the
Changjiang Diluted Water (CDW) flows southward in winter but turns northeastward in summer. Along the
coast, the Yellow Sea Coastal Current (YSCC) and the Zhejiang-Fujian Coastal Current (ZFCC), which contain
high concentrations of suspended particles, are strong in winter and weak in summer. Farther offshore, the
Yellow Sea Warm Current (YSWC) flows northward and intersect with the YSCC to form a loop current.

Sampling of surface sediment has been reported in our previous study (Wang et al., 2016). The samples were
collected during the R/V Shiyan 3 cruise in spring, from 15 May to 4 June 2011, as well as during the Beidou
cruise, from 16 to 26 August 2011 using a box core and subsampled using an acrylic core tube with a
diameter of 10 cm. Samples were sealed in plastic bags and stored in a freezer at 4 °C. Sampling depths were
dictated by the thickness of yellow colored sediment, which was inferred to be a mobile mud layer based on
homogeneous grain size and radionuclide activities (Corbett et al, 2004; Wang et al,, 2016). Therefore,
sampling thickness was different at each location and varied between ~1 and 5 cm at most stations except
a few stations closer to Changjiang Estuary (~10 cm). Original data on the thickness, water content, grain
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Figure 1. (a) The regional surface currents in spring, modified from Su (2001): Changjiang Dilute Water (CDW); Zhejiang-
Fujian Coast Current (ZFCC); Yellow Sea Coastal Current (YSCC); Yellow Sea Warm Current (YSWC); Taiwan Warm Current
(TWC); Kuroshio Current (KC). (b) Locations of sampling sites during the spring and summer cruises in 2011. The bathymetry
(m) of the ECS shelf is shown as grey lines, and the muddy area is marked by a yellow color (modified after Liu et al., 2006).
The black line (b) represents the boundary of the two units (A and B) identified using magnetic properties. The closed
areas with blue and red boxes represent the estuary region and inner shelf of the ECS for radionuclides budget estimation,
respectively.

size, and activities of radionuclides in these surface sediments and sampling locations were reported in the
Table 1 and Table S1 of our previous study (Wang et al., 2016). For magnetic measurements, low-frequency
(0.47 kHz) and high-frequency (4.7 kHz) susceptibilities (x) were measured using a magnetic susceptibility
meter (Bartington Instruments MS2B). Anhysteretic remnant magnetization (ARM), which is expressed as
¥arm, Was induced in a Dtech 2000 alternating demagnetizer using a peak AF field of 100 mT imposed
with a DC biasing field of 0.04 mT. Saturation isothermal remnant magnetization (SIRM) was generated
after applying a field of 1 T; then, backfield remanence was obtained at —100 and —300 mT (IRM_;oo and
IRM_300, respectively) using an MMPM10 pulse magnetizer. The remanence was measured using a Molspin
Minispin fluxgate magnetometer. The Hard IRM (HIRM) is defined as (SIRM + IRM_300)/2; S_100 and S_3qo
are defined as 0.5 X (SIRM — IRM_;40)/SIRM and 0.5 x (SIRM — IRM_300)/SIRM, respectively (Bloemendal &
Liu, 2005; Thompson & Oldfield, 1986).

3. Results and Discussion
3.1. Spatial Distribution of Magnetic Properties

The measured values of magnetic parameters (y, SIRM, HIRM, yarm: S— 100, S—300, Xarm/SIRM, and yarm/x) were
listed in Table S1. Values of y and SIRM generally reflect the concentration of ferrimagnetic minerals
(e.g., magnetite) in the sediment, while values of HIRM are measures of the quantities of hard magnetic
minerals, such as hematite and goethite (Thompson & Oldfield, 1986). The values of x, SIRM and HIRM of
surface sediments collected in May had similar magnitude to those samples collected in August. Generally,
the y, SIRM, and HIRM values showed similar spatial distributions (Figure 2), and they decreased offshore.
During May 2011, the maximum y values were found in the northern region of the study area (Figure 2a),
where values were greater than 100 x 108 m3/kg and decreased from west to southeast. Also, this region
showed higher y, SIRM, and HIRM values in May than those in August. Values of yarm are sensitive to the grain
size of ferrimagnetic mineral, and the yarm Values of stable single domain grains were higher than those of
superparamagnetic grains and multidomain grains (Maher, 1988). The decreasing trend of yarm along the
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Figure 2. Spatial distribution of (1078 m3/kg), xARM (107

(e-h) August.

8 m3/kg), SIRM (1075 Am2/kg), and HIRM (1075 Amz/kg) values of surface sediments in (a—d) May and

Zhe-Min coast (Figures 2b and 2f) suggested that the single domain size of magnetic minerals decreased
offshore. This decrease may be due to the offshore sorting of the sediment, which leads to removal of
ferrimagnetic minerals on the transport pathway (Nguyen et al.,, 2016), as well as the dilution by relict sand
with lower yarm Values in the Zhe-Min coast (Liu et al., 2010).

The values of S_199 and S_3gg can be used to estimate the proportion of low- to high-coercivity magnetic
minerals in a sample (Bloemendal & Liu, 2005; Kruiver et al., 2001; Thompson & Oldfield, 1986). The ranges
of S_300 and S_ oo values observed in both May and August were not significantly different from each other
(Figure 3). These high values of S_3g9 (>90% on average) and S_;q¢ (>86% on average) suggest that
magnetic properties of these samples were dominated by ferrimagnetic minerals. Generally, the S-ratios,
especially S_3p0, showed relatively little variation (Figure 3), which demonstrated that their magnetic
mineralogy assemblages are similar. The ratios of xarm/x and xarm/SIRM are indicative of ferrimagnetic
mineral grain size, with higher ratios corresponding to finer ferrimagnetic grain sizes (Banerjee et al., 1981;
Maher, 1988). The minimum values of the yarw/y, ratio were observed in the coastal area, and their maximum
values were observed offshore (Figures 3c and 3f).

3.2. Implications of Magnetic Properties for Sediment Transport

Previous studies have shown that magnetic properties of sediments are influenced by sediment source,
sorting, and diagenesis (Thompson & Oldfield, 1986). In the river-dominated margin, sediments contain
significant fractions of refractory terrestrial organic matter. The terrestrial organic matter can be oxidized
through multiple deposition-resuspension cycles, and degradation through iron and sulfate reduction in
surface sediments can be weak (Blair & Aller, 2012). Ferrimagnetic minerals, which are only a small portion
of iron oxides, dominate magnetic properties of sediments. Reductive dissolution of ferrimagnetic minerals
in surface sediment is not so important in the river-dominated margin (Roberts, 2015). The concentration
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Figure 3. Spatial distribution of S_1q9 (%), S_300 (%), and xarm/x values of surface sediments in (a-c) May and (d-f) August.

and magnetic parameters (e.g., x and SIRM) are stable in the upper several decimeters of sediment cores in
the study area with higher sedimentation rate (Ge et al., 2015). Thus, the influences of diagenetic processes
on magnetic properties of surface sediments are expected to be minor.

Surface sediments to the south of the Changjiang Estuary include modern Changjiang-derived sediments in
the inner shelf (with higher y and SIRM values), relict sands offshore (with lower y and SIRM values), and
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Figure 4. The relationships between y and SIRM of samples collected from
unit A (red circle) and unit B (black dot).

mixed sediments with intermediate values (Liu et al., 2010). In addition,
earlier studies have shown that the study area received sediments from
the southward delivery of eroded former Yellow River delta (old
Huanghe delta; Lin et al, 2002). The plot of y versus SIRM enabled
identification of two groups (Figure 4), which are located in two different
regions (Figure 1b). The spatial distribution of Units A and B are primarily
related to their different sources of sediments. The y and SIRM values
observed at station BO are the same as those that have been reported from
Changjiang sediment (73 + 20] x 10°° m’kg and
[1,090 + 250] x 107> Am?/kg, respectively; Zhang et al, 2008). The
sediments transported to Unit A represent a mixture of
Changjiang-derived minerals with continental shelf relict sands (Liu et al.,
2010). The sediments in the northern part of the ECS appear to be a
mixture of relict sands and materials from the northern Jiangsu coast. A
previous study suggested that materials in the northern Jiangsu coast
were mainly derived from the old Huanghe delta, where
0.5-1.0 x 10° tons/year of sediments were eroded and transported
southward (Zhou et al., 2014).
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It is noted that the maximum y value was observed at the offshore region of the northern Jiangsu coast
(i.e, M2). However, this site has an intermediate SIRM value. Sorting process likely causes higher x value at
this site. The sediments around station M2 were relatively coarser, which was likely due to the frequent
occurrence of sedimentary sorting resulting from strong hydrodynamic conditions (Shi & Wang, 2010; Xing
et al,, 2012). This sorting process could lead to the transport of finer particles farther off the coast, while
the coarser and heavier particles that are retained locally contain a larger paramagnetic mineral fraction,
which contributes to higher x value without increasing the SIRM value (Dong et al., 2014).

Among the magnetic parameters, the yarm/SIRM ratio has been found to increase with increasing distance
from the source on the transport pathway (e.g., Dong et al., 2014; Nguyen et al., 2016). This trend reflects
the fact that ferrimagnetic minerals are sensitive to hydrodynamic sorting, as fine-grained particles can be
transported farther away than coarse-grained particles. The spatial variation of yarm/SIRM ratio varied
seasonally near the estuary. It increased from the river mouth toward the south (from L1 to G2) in May
(Figure 5a) and toward the northeast (from 8D1 to 8C7) in August (Figure 5d). In addition, the yarm/SIRM
ratios increased from the coast to offshore during both seasons in the Zhe-Min mud area, thus suggesting
offshore transport of sediment. SIRM, y, and HIRM values also exhibited similar distribution patterns in both
seasons, which indicates that the offshore transport of sediment is not influenced by the seasonal reversal of
ZFCC. As discussed above, the sources of sediments in the northern region of the ECS included Changjiang
input, Yellow Sea input, and relict sand; hence, we could not use the two end-member model to quantify
the contribution from each source. However, the sources of sediments in the southern region of the ECS
are Chanjiang input and relict sands, and we can use the following equation to estimate their contributions
to the magnetic minerals in this region:
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where S, Sy, and S, represent the SIRM values of Changjiang input
(1,000 x 107> Am?/kg; Zhang et al, 2008), relict sand
(274 x 107> Am?/kg, the minimum value observed in station F2),
and the regional sediments, respectively. The R; and R, are the
proportional contribution of S; and S, to the regional SIRM values.
The calculated results showed that the contributions from the
Changjiang input to SIRM values in surface sediment of F in August
were 13% at 8F4. Apparently, only a small fraction of riverine
ferrimagnetic minerals can be transported to offshore (29°N, 123°E).
It should be noted that such semiquantitation is an upper limit
because in addition to the two end-members mixing other processes
(e.g., mineral sorting) might also result in a decrease of SIRM value.

3.3. Radionucides as Tracers for Sediment Transport

3.3.1. Mass Balance of ’Be and 2'°Pb in the Estuary Region of
the ECS

In the use of radionuclides as tracers for the assessment of sediment
transport in estuary, coast, and shelf region, their source terms
should be first assessed. In our earlier study we reported that the
main sources of “Be and 2'°Pb to the water and sediments in the
ECS are atmospheric fallout, riverine input, and boundary

scavenging (Du et al., 2016). The in situ production of 2'°Pb from dissolved %?°Ra is negligible (Du et al,,
2016; Huang et al., 2013). The sinks of ’Be and 2'"°Pb in the ECS are removal onto suspended particulate
matter and their subsequent sediment deposition and transport to areas adjoining the study area. For a
typical residence time of three months of water in coastal areas of the ECS, the radioactive decay of
210pp js ~0.8% and which is negligible compared to the errors associated with the mass balance estimate.
To use the “Be and 2'°Pb as tracers for quantifying the cross-shelf transport of sediment in the Zhe-Min
coast, the estuary-trapped flux of these nuclides need to be estimated. The boundary of the estuary
and inner shelf of the ECS (i.e., estuary, 35,000 km? and inner shelf, 37,000 km? Figure 1) are defined
by the particle size in sediments and mobile mud thickness (>1.0 cm; Su & Huh, 2002; Wang et al,,
2016). Since this discussion pertains to the seasonal distribution of radionuclides, here we estimate the
budget of "Be and 2'°Pb over time scale of a month.

The atmospheric deposition and riverine input of “Be and 2'°Pb during the previous two months prior to
sampling is also expected to contribute to the sources of these radionuclides in the ECS (which is discussed
blow). Therefore, we have used the mean value of three months. The mean atmospheric deposition fluxes of
’Be and 2'°Pb between March and May of 2011 in Shanghai were reported to be 83.7 + 47.1 and
26.0 + 4.7 Bq-m~2 - month™', respectively (31.3°N, 121.4°E) and those of “Be and 2'°Pb between June and
August of 2011 were reported to be 64.6 + 35.0 and 25.6 + 8.3 Bq - m~2 - month™', respectively (Du et al,,
2015). Then the atmospheric deposition flux of ’Be to the estuary was estimated to be
(2.9 £ 1.6) x 10'% Bg/month in May and (2.3 + 1.3) x 10'? Bg/month in August. The 2'°Pb atmospheric deposi-
tional flux values in May and August were plotted in Figure 6. The riverine input of ’Be and *'°Pb to the ECS is
mainly from Changjiang input, and the contributions from other rivers are negligible as they only discharge
10% of freshwater to the ECS (Du et al.,, 2010, 2016). No data are reported for the Changjiang input of “Be and
219 during 2011, and thus, we have used the data from 2010. The mean activity of total “Be and %'°Pb
(particulate form + dissolved form) in Xuliujing, a gauge station in Changjiang mouth (31.8°N, 121.0°E), were
reported to be 3.4 + 1.2 and 6.8 + 1.3 Bq/m? during March and May 2010, respectively, and those during June
and August were reported to be 1.5 + 0.8 and 5.8 + 1.6 Bq/m?>, respectively (Du et al., 2016). Using the water
discharge of Changjiang during May (17,000 m/s) and August (31,000 m/s) (Wang et al., 2016), we estimated
the riverine input flux from Changjiang River and is given in Figure 6.
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Beryllium-7 delivered by atmospheric deposition and Changjiang would undergo radioactive decay prior to
its removal by absorption onto suspended particulate matter and its eventual deposition as sediment.
Considering the mean residence time of “Be in the water column of the Changjiang Estuary varied and from
less 1 to 55 days (Huang et al,, 2013), and thus, we assume that the atmospheric fallout and riverine input
during two months prior to the sampling time also contributed the “Be to the estuary region. The fraction
of the total “Be undergoing radioactive decay during past three months is estimated to be 67%-71% (total
supply: (3.3 + 1.6) x 102 Bg/month in May and (2.4 £ 1.3) x 10'2 Bg/month, respectively, and removal from
decay: (2.2 = 1.2) x 10'? Bg/month in May and (1.7 + 0.9) x 102 Bg/month in August, respectively) for May
and August, respectively. The annual sedimentary deposition of ‘Be and 2'°Pb (Bq/year) and can be obtained
from the following equation:

By = AxxpxRxS (3)

where A is the mean activity of “Be and 2'°Pb in surface sediment of estuary region (8.1 + 1.9 and
7.0 + 1.0 Ba/kg for “Be in May and August, respectively, and 38 + 16 and 44 + 24 Bq/kg for 21%p in May
and August, respectively; Wang et al.,, 2016), p is mean bulk density of the surface sediment (700 kg m~3;
Jia et al, 2018), R is the mean sedimentation rate in estuary region (0.015 + 0.005 m/year; Deng et al,
2006), and S is the total surface area (m?) of the estuarine region. The amounts of ’Be and 2'°Pb buried in
the sediments in May and August can be estimated as given in Figure 6. From the mass balance, we found
that the dominant source of “Be in the estuary is atmospheric fallout (~95%) in both May and August and
18%-20% of the total ’Be was transported out of the estuary in both May and August. Distribution of Be
inventory (Figure 7 in Wang et al., 2016) and "Be/?1%Pbey activity ratios (Figure 5) suggested that the exported
’Be out of estuary were mainly transported northeastward in summer and southward in spring (more details
in section 3.4). The atmospheric fallout also dominated the source of 2'°Pb in the estuary in both May (74%)
and August (65%). There was a small fraction of 2'°Pb exported out this region, with a value of (0.03-
0.05) x 10'% Bg/month, respectively. These values are small compared to other sinks and are associated with
very large uncertainties, and thus, the 210pp, exported from the estuary is negligible in this study area.
3.3.2. A Particle Transport Model for the Inner Shelf of the ECS

Our recent study showed that the residence time of mobile mud was estimated to be three to six years in the
Zhe-Min coast (Wang et al., 2016), which implies that the mobile mud undergoing settling-resuspension-
transport-setting cycles was in a year time scale prior to its eventually sedimentary burial and cross-shelf
transport, and thus, here we use 2'°Pb to trace the cross-shelf transport of sediment in this region. The inputs
of 2'°Pb to the water column in the inner shelf of the ECS (box) are atmospheric deposition Usgm, Bqg/year) and
cross-front exchange (VACy) from the middle shelf, while the outputs of 2'°Pb from the box are the advective
transport by coastal current (T(Cyq — Cy)), burial flux to bottom sediments (Jseq, Ba/year), and net export to
the shelf by particle transport (Jexp, Bg/year). The 21%pp balance can be written as follows (Bacon et al., 1994):

Jatm + VACs = T(Ed - Eu) + Jsed + -Iexp 4

where V and AC; represent cross-front exchange rate (m>/s) and cross-front 2'°Pb concentration difference
(Ba/m?), respectively; T is mean water volume transport of coastal current, which was reported to be
0.215 x 10° m3/s (Wu et al., 2013); and C4 and C, are mean 2'°Pb concentrations (Bq/m?) before input to
the box and after output of the box, respectively.

The atmospheric deposition flux of 2'°Pb to the inner shelf of the ECS (between 26°N and 30°N) can be esti-
mated by using the previously reported data for the coastal cities of this study area. As it has been discussed
above, the sediments would resuspend, transport, and redeposit for three to six years prior to eventually bur-
ial in the Zhe-Min coast (Wang et al., 2016), and thus, a longer time scale of atmospheric deposition flux of
21%ph is more representatively used to assess the contribution of atmospheric deposition compared to a
one-year time of measured values. Direct measurements over eight-year period at Shanghai yielded a mean
flux of 366 Bq- m~2 - year (Du et al., 2015). Then the atmospheric deposition 2'°Pb to the inner shelf of the ECS
was estimated to be 14 x 10'? Bg/year. As mentioned above, the cross-front exchange would contribute a
fraction of 2'%Pb in to the model-box. The AC; values of three sections (i.e., D, E, and F) from middle shelf
to inner shelf in May of 2013 were 0.05, 0.12, and 0.32 Bq/m3, and we take a mean value of
0.16 + 0.14 Bg/m> to estimate the cross-front exchange 2'°Pb flux. From the climatological simulations of
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these values, a net flux of 2'°Pb (VACy) spread over inner shelf resulted in

114 the shelf (0-100 m) is inward and reported to be 1.65 x 10% m3/s. From

Inner shelf |Export out inner shelf
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Figure 7. 210

37,000 km?

a flux of (8.3 + 7.3) x 10'? Bg/year. Here we adopted a maximum value
of 16 x 10'* Bg/year for estimating the upper limit value of Jeyp.

11+6

As has been discussed above, the total 2'°Pb concentration in seawater of

Pb budget (10'? Bg/year) in the inner shelf of the ECS. The
values of cross-front exchange and net export of inner shelf were upper
limit, and thus, the uncertainties of these two items are not given.

l 19+6 the box varied a little and the mean 2'°Pb concentrations of C4 and C,

were estimated to be 1.71 + 0.29 Bg/m® (n = 6) and 1.47 + 0.27 Bg/m?
(n = 5), respectively (Su, 2015), which gives a difference of
0.24 + 0.40 Bg/m>. Using this value and the advective water volume
0.215 x 10° m3/s, we can get a mean *'°Pb flux of (1.6 + 2.7) x 10" Bq/year
across the inner shelf of the ECS. This value is clearly smaller than the total
value of the atmospheric deposition flux and cross-front exchange flux
(~5%) and is associated with very large uncertainties, and thus, the removal by the advective transport is
negligible for the box. The burial flux to sediments can be estimated to be (19 + 6) x 10'? Bqg/year by using
equation (3), mean sedimentation rate (0.008 + 0.002 m/year; Deng et al., 2006), bulk density (700 g/m3; Jia
et al, 2018), and the surface area of the inner shelf of the ECS (37,000 km?). Then the net export of 2'°Pb was
estimated to be (11 + 6) x 10'% Bg/year by using other input and output items (Figure 7). Though a net export
21%p was obtained, the mass balance estimation produced large uncertainties, which should result from the
spatial variation of the sedimentation rate, 2'°Pb concentration in surface sediments and seawater, and the
complex hydrographic and topographical settings in the ECS.

Then we can determine export of particle mass (Jexp,p, 9/year) by measuring the ratios of suspended
particulate matter concentration to the content of 2'°Pb (Bacon et al., 1994):

-/exp,p = Jexp ><Cp/CPb~ (5)

where C,/Cp, is the mean ratio (9/Bq) of suspended particulate matter concentration (g/L) and the
concentration of 2'°Pb (Bq/L) in the particulate matter. This mean ratio was reported to be 2.7 g/Bq in the
same region (Su, 2015). Here we use a simple model applicable to only refractory suspended matter, and only
considered just the physical transport of the particles, ignoring particle production and consumption (Bacon
et al,, 1994). Then the net export particle from the box was estimated to be (2.8 + 1.5) x 107 ton/year using
equation (5). This upper estimated value is only ~14% of annual sediment discharge (~2 x 108 ton/year) of
Changjiang to the ECS and comparable to the magnetic parameter-based value of (13%) at station 8F4.
Such a small value (14%) is similar to the previous estimation (15%) in the continental shelf of Middle
Atlantic Bight (Bacon et al., 1994).

3.4. Comparison of Radionuclides and Magnetic Tracers

Both “Be and 2'°Pb have similar sources (i.e., direct atmospheric deposition and riverine input) in the estuary
region, and thus, "Be/?'°Pb, ratios are expected to be higher in the estuary followed by gradual decrease
with distance away from the river mouth (Du et al., 2016; Saari et al., 2010). As a result, 7Be/?'Pb,, ratios
can be used to assess the seasonal transport of sediment from land to ocean. Because most of the **Th in
marine environments is produced by the decay of dissolved 238U, particulate 2**Th is commonly utilized to
evaluate oceanic particulate cycling, sediment focusing, and lateral input of particulate matter (Du et al,
2016; Wang et al., 2016); the 23T h s/ °Pbey activity ratio in sediments could reduce the effect of particle
sizes and mineral components and better reflect the oceanic processes. In summer, the “Be/?'°Pbyy ratio
decreased from the Changjiang Estuary to the northeast (Figure 5e), indicating transport of riverine
sediments northeastward. In May, this ratio generally decreased from the estuary to the south along the
Zhe-Min coast (from CO to E1), thus suggesting that the sediment followed a southward transport pathway
in spring (Figure 5b). Du et al. (2016) also found similar trend, and the “Be/?'°Phby, activity ratios of surface
sediments in southern region of Changjiang Estuary were much higher during June 2010 compared to that
in November 2010. These observations agree with our mass balance estimation that a higher fraction of ’Be,
compared to 2'%Pb,,, was transported out of the estuary in both May and August. This is attributed to lower
Kq of “Be compared to 2'°Pb, as ~90% of "Be and 2'°Pb exist in dissolved phase in coastal and shelf regions

WANG ET AL.

5368



AAAAAAAAAAAAAA
'AND SPACE SCiENCE

Journal of Geophysical Research: Oceans 10.1029/2018JC014174

(Baskaran & Santschi, 1993). The distribution of “Be/?'°Pby, activity ratios indicates that part of “Be mainly
was transported southward in May and northeastward in August. This corresponds to the seasonal variations
in suspended sediment transport driven by the CDW (Chen et al., 2006), which flows northeastward in
summer and southward in spring and winter. Such seasonal variations in ’Be inventories were also reported
in the Mississippi River deltaic region (Corbett et al., 2004).

In contrast to the 7Be/szbeX ratio, the xarm/SIRM ratio indicated the occurrence of cross-shelf transport of
sediments, which includes the southeast offshore transport (section C) in May, as well as offshore delivery
along the Zhe-Min coast during both seasons (Figures 5a and 5d). Such a cross-shelf pathway of particulate
matter has been reported in previous hydrodynamic and geochemical studies. For example, some studies
have suggested that cross-shelf delivery occurs in section C (from 31.2°N, 123.1°E to 28.7°N, 127.1°E;
Hoshika et al., 2003; Iseki et al., 2003). Zhu et al. (2011) reported that between 28°N and 29°N, sedimentary
organic carbon in surface sediments was transported offshore (to 124°E); this observation was subsequently
confirmed by physical oceanography studies (Wu, 2015; Yuan et al., 2005). The mechanism of such cross-shelf
transport is complex, and according to previous studies the offshore transport in section C is via near-bottom
sediment transport controlled by the downwelling and seaward bottom flow in inner shelf of the ECS
(Hoshika et al., 2003). In the Zhe-Min coast (28-29°N), the suspended sediments might be transported off-
shore by the processes called penetrating front that occurs in the upper 20 m (Wu, 2015; Yuan et al,,
2005). Wu (2015) suggested that such a cross-shelf transport is due to the ambient pycnocline undulation
caused by tidal wave divergence. Near the bottom, the tidal pumping (Deng et al., 2017) and offshore bottom
Ekman transport under the downwelling-favorable wind and coastal current (Liu et al., 2006; Wu, 2015) might
also be important. The 2'°Pb budget- and SIRM-based estimated results in the inner shelf of the ECS yielded a
quantitative estimate for the cross-shelf sediment transport, accounting for 13%-14% of annual Changjiang
sediment discharge. The differences in the results obtained using ’Be/?'°Pb, ratio; the xarm/SIRM ratio is
likely related to the differences in the behavior of magnetic minerals and radionuclides and life times as well
as source terms of 'Be, which is discussed below.

3.5. Factors Influencing Radionuclide and Magnetic Tracers

Although "Be, 234Th, and 2'°Pb are particle-reactive nuclides, the activities of these nuclides were observed to
exhibit weak linear correlations with the clay fraction in this study (Figure 8), indicating variable affinity of
these nuclides to the clay mineral fraction. The correlation coefficients between magnetic parameter and
activities of radionuclides are given in Table S2. The linear correlations between radionuclide activities and
1arv/SIRM ratios are relatively better than those between the radionuclide activities and the clay fraction.
The stronger relationship between radionuclides and the yarm/SIRM ratio may reflect the fact that fine-
grained iron oxides are good carriers of radionuclides. Previous laboratory studies have also suggested that
Pb and Th can be strongly adsorbed onto magnetic minerals (e.g., hematite and magnetite; Murphy et al.,
1999; Rajput et al., 2016). The relationship between excess 210p}y (219pp,,), excess 224Th (3*The,), and the
xarm/SIRM ratio exhibited no regional differences because 234Thex and 21(’Pbex have stronger affinities for
lithogenic particles and are less affected by organic matter in comparison to other radionuclides (e.g., "Be;
Geibert & Usbeck, 2004; Yang et al., 2015). However, the relationship between ’Be and the %arm/SIRM ratio
differed between the southern and northern regions of the study area (Figure 8). The transfer of atmospheric
7Be to sediments can be influenced by organic matter or lithogenic particles (Yang et al., 2015). The sediment
in the northern region of the study area is dominated by relatively higher fraction of coarser particles with
lower clay fractions (~15%). Thus, these coarser particles showed a less efficient scavenging for ’Be in this
region. However, sediments in the southern region of the study area mainly composed of detrital particulate
matter (with finer grain size), and their ’Be contents exhibited significant positive correlation with the yarw/
SIRM ratio.

In addition to particle size and mineralogy of sediment, sediment age has also been reported to significantly
affect the activities of radionuclides (Singleton et al., 2017). The age of sediment (t) can be estimated based on
7Be/?'%Ph,y activity ratios using the following equation (modified from Matisoff et al., 2005):

t= 1/(}\,1 —7\.2)><(|n (A1/A2)0— In (A]/Az)) (6)

where A, and A, are the decay constants of Be and 2'°Pb, respectively; (A;/A,) is the measured “Be/?'°Pbe,
activity ratio of the sediment; and (A,/A;) is the "Be/?'%Pb activity ratio of initial site delivered to the
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Figure 8. The relationships between radionuclides, yarpm/SIRM values, and clay. The red circle represents unit A, and the
black dot represents unit B. The relationships between /Be activities and xARM/SIRM ratios were separately analyzed for
units A and B and others excluded figure (a) were analyzed together. The sites that were circled were not included for the

correlation analyses.

sampling site. In this age estimate, it is assumed that once sedimentary particles are tagged with this (A;/A5)
ratio, this ratio changes only due to radioactive decay, and the tagged particles remain in a closed system.
Although Matisoff et al. (2005) only considered contributions to (A;/A,), from atmospheric input, in river-
dominated settings, riverine input could also contribute a considerable proportion to the budgets of
radionuclides. Thus, here we modified (A;/A,), to represent the "Be/?'%Ph activity ratio contributed from
both direct atmospheric deposition and riverine contribution. From the mass balance of “Be and 2'°Pb in
the estuary region, the total of Be from riverine and atmospheric input are estimated to be 3.1 x 10'* and
24 x 10'? Bg/month during May and August, respectively, and those of ?'°Pb are estimated to be
1.2 x 10" and 1.4 x 10" Bg/month, respectively. Thus, the input “Be/'°Pb activity ratio can be calculated
to be 2.6 and 1.7 during May and August, respectively, based on the total flux of atmospheric deposition
and input from the Changjiang Estuary. Using equation (4), we can estimate the age of surface sediments
near the estuary to be 10-42 days. For the age to be reliable, the new sediments in the estuary are
expected to be mainly transported from the riverine particles and less from locally older particles. In the
Zhe-Min coast, however, the mass balance of 2'°Pb and our previous work indicated that the offshore
input via boundary scavenging dominated the sources of 2>**Th and 2'°Pb to the coastal areas (Du et al.,
2016; Wang et al., 2016). Thus, we could not directly use equation (1) to evaluate the age of sediment in
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the Zhe-Min coast. The “Be activities below detection limit in offshore sediments were likely caused by the
longer residence time of “Be in offshore water column (with maximum value of 140 days; Huang et al,,
2013) or from the dilution by older particles from offshore. From our estimation presented above, more than
half of 2'°Pb in this region was transported from the outer shelf via boundary scavenging or upwelling
(Figure 6). Therefore, "Be/?'°Pb,, activity ratios failed to trace the transport of these terrigenous sediments
to offshore in the Zhe-Min coast.

In the Changjiang Estuary, the sedimentation rates based on “Be were estimated to be ~4 cm/month,
whereas those based on 2'°Pb,, were 1-5 cm/year in the depocenter (McKee et al., 1983). This difference
suggests that the Changjiang-derived sediments are resuspended on a seasonal basis and transported
farther offshore, which corresponds to the southward longshore transport of sediment as indicated by
"Be/?"°Pbey, 1arm/SIRM ratios and in situ measurement using ADCP (Deng et al., 2017). It should be noted that
lower “Be/2'°Pb, ratios were also observed on the southward longshore pathway of sediment transport in
May (i.e., station D1). This was probably caused by the dilution of older resuspended sediments, which was
likely caused by the upwelling current in this region (Liu et al., 2006). The higher 234Theu/*"%Pbey ratios
observed at this station suggested that an additional input of particles with >>*The, or dilution of 2'°Pbg,-
laden fine particulate matter from the resuspension of bottom sediments (Figure 5b). These observations
suggested that fresh river-loaded sedimentary particles were mixed with resuspended particles during their
transportation southward in May. The older sediments, which were driven from resuspension by strong
hydrodynamic conditions or strong winds, would have diluted the signal of “Be in these regions where strong
resuspension occurred; thus, tracing riverine sediment transport is problematic in regions such as the
Mississippi and Amazon deltas (Allison et al.,, 2005). For magnetic properties, postdepositional degradation
of organic carbon might affect magnetic properties (Roberts, 2015); thus, in these settings the effect of
diagenetic conditions should be considered when magnetic properties are utilized to indicate sediment
transport. However, the impact of organic carbon degradation on magnetic properties in mobile mud in
the river-dominated margin was relatively small due to the dominance of refractory organic matter,
abundant iron oxides, and rapid accumulation rate (Ge et al., 2015; Roberts, 2015).

3.6. Implications of the Combined Radionuclide and Magnetic Tracing Methods

As discussed above, both our results based on magnetic properties and 2'°Pb budget and other studies
(e.g., Wu, 2015; Zhu et al.,, 2011) did not support the viewpoint that the salty and warm TWC completely
blocked the cross-shelf transport of sedimentary particles to the middle shelf (e.g., Liu et al., 2007). Our results
showed that sediments derived from cross-shelf transport in the Zhe-Min coast are only a small fraction of
fine particles. The 7Be/?'°Pb,, can be used to indicate that the seasonal sediment transport pathway and
21%p pudget associated with a particle transport model are useful to quantify the long-term (years to
decades) cross-shelf transport of refractory suspended matter. Overall, radionuclides are preferable
compared to magnetic properties for determining timescales of sediment dynamics (Allison et al., 2005;
Saari et al, 2010; Sommerfield et al., 1999). Unlike radionuclides, xarm/SIRM ratios reflect the internal
properties of sedimentary minerals and can thus offer more detailed information on sediment transport
directions or sorting dynamics. Although each method has been used to study sediment transport in
river-dominated areas, such as the Amazon delta, the Gulf of Mexico, and the ECS (Ellwood et al., 2006; Liu
et al,, 2010; Rowan et al,, 2009; Smoak et al., 1996), their combined use is rare. Once the boundary conditions
on the regions of interest are constrained, from the measured radionuclides and ferrimagnetic minerals data
we can obtain semiquantitative indications of sediment transport. Considering the nondestructive features of
magnetic and radionuclide analyses, we suggest that a combined approach of particle-reactive radionuclides
and magnetic properties in evaluating the temporal and spatial transport of sedimentary materials in
river-dominated estuaries and coastal regions.

4. Conclusions

In the ECS, which is a river-dominated marginal sea in Pacific Ocean, seasonal sediment transport was
examined using magnetic parameters and radionuclides (i.e, “Be, 2**They, and 2'°Pbe,). From the mass
balance of “Be, we estimate that 18% of the total “Be in the estuary is exported southward in May and
northeastward in August. This seasonal transport of sedimentary particulate matter agrees with the
yarm/SIRM-based results. Both 2'°Pb budget and SIRM distribution in the inner shelf of the ECS showed
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that a small fraction of fine particles could be transported out of inner shelf (70 m isobaths), which at most
accounted for 14% of annual Changjiang sediment discharge. Most of “Be activities in inner shelf sediments
of the ECS were below detection limit due to relatively lower residence times of ’Be and dilution by the older
sediment. Resuspension of bottom sediments with higher 2'°Pb,, activities as well as abundant of 2'°Pb
(>50%) transported from the outer shelf via boundary scavenging could explain this observation. The fact
that radionuclides showed better correlation with the yarm/SIRM ratio than with grain size suggests that
magnetic minerals (i.e., iron oxides) are the primary carriers of particle-reactive radionuclides. The absorption
of radionuclides onto magnetic minerals reinforces the reliability of the combined application of two
methods. Our study suggests that radionuclides are preferable for determining timescales of sediment
dynamics, whereas magnetic property data can offer more detailed information about sediment transport
directions or sorting dynamics. The combined analysis of magnetic parameters and radionuclides yields a
better understanding of sediment dynamics in river-dominated margins.
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