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Abstract
Fine particles in seawater commonly form large porous aggregates. Aggregate density and
settling velocity determine the behavior of this suspended particulate matter (SPM) within the water column.
However, few studies of aggregate particles over a continental shelf have been undertaken. In our case
study, properties of aggregate particles, including size and composition, over the continental shelf of the
North Yellow Sea were investigated. During a scientiﬁc cruise in July 2016, in situ eﬀective particle size
distributions of SPM at 10 stations were measured, while temperature and turbidity measurements and
samples of water were obtained from surface, middle, and bottom layers. Dispersed and inorganic particle
size distributions were determined in the laboratory. The in situ SPM was divided into (1) small particles
(<32 μm), (2) medium particles (32–256 μm) and (3) large particles (>256 μm). Large particles and medium
particles dominated the total volume concentrations (VCs) of in situ SPM. After dispersion, the VCs of
medium particles decreased to low values (<0.1 μL/L). The VCs of large particles in the surface and middle
layers also decreased markedly, although they had higher peak values (0.1–1 μL/L). This suggests that
almost all in situ medium particles and some large particles were aggregated, while other large particles
were single particles. Correlation analysis showed that primary particles <32 μm inﬂuenced the formation
of these aggregates. Microscopic examination revealed that these aggregates consisted of both organic and
inorganic ﬁne particles, while large particles were mucus-bound organic aggregates or individual plankton.
The vertical distribution of coarser particles was clearly related to water stratiﬁcation. Generally, medium
aggregate particles were dominant in SPM of the bottom layer. A thermocline blocked resuspension of
ﬁne material into upper layers, yielding low VCs of medium-sized aggregate particles in the surface layer.
Abundant large biogenic particles were present in both surface and middle layers.
Keyword: suspended particulate matter (SPM); coarse particles, aggregates; North Yellow Sea; laser in situ
scattering and transmissometery (LISST)

1 INTRODUCTION
Laser in-situ scattering and transmissometery
(LISST) can be used to measure volume concentrations
(VCs) of marine suspended particulate matter (SPM)
(Agrawal and Pottsmith, 2000) under undisturbed
conditions. In ﬁeld applications, this technique has
been widely used to investigate SPM in studies of
modern sedimentary processes. Such LISST
measurements have revealed a notable phenomenon—

coarse particles ranging from tens to hundreds of
microns are widely found in estuarine, coastal
(Mikkelsen and Pejrup, 2000; Fettweis et al., 2006;
Mikkelsen et al., 2006; Braithwaite et al., 2010;
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Papenmeier et al., 2014; Many et al., 2016) and deepsea waters (Iversen et al., 2010; Karageorgis et al.,
2012).
Previous studies have suggested that these coarse
particles, which are strongly controlled by their
biogenic matter (Karageorgis et al., 2012; Lee et al.,
2016), are aggregates that have coalesced from
individual ﬁne particles (Kiriakoulakis et al., 2009;
Guo et al., 2010; Iversen et al., 2010). The ﬁne
particles are commonly referred to as primary
particles (Mikkelsen and Pejrup, 2000; Fettweis et al.,
2006). The properties of these coarse particles directly
aﬀect sedimentation of SPM, because as ﬁne particles
ﬂocculate into aggregates, their settling velocities
increase by orders of magnitude (Milligan, 1996;
Mikkelsen and Pejrup, 2000). Furthermore, aggregate
size and primary particle composition will aﬀect both
SPM settling velocity (Markussen and Andersen,
2013; Hurley et al., 2016) and the particulate organic
carbon (POC) ﬂux (Ramondenc et al., 2016). In
previous studies, SPM samples have been dispersed
in laboratory settings to reveal assemblages of in situ
SPM (Xia et al., 2004; Williams et al., 2007).
However, such studies have primarily focused on
estuarine and coastal areas; few studies have focused
on waters above continental shelves. In coastal and
estuarine environments, ﬁne cohesive particles that
consist mainly of mineral particles and terrigenous
organic particles (Dupont et al., 1994) form aggregates
(Eisma, 1986; Uncles et al., 2006) based on
electrochemical attraction (Whitehouse et al., 2000).
In contrast, in continental shelf waters, sticky organic
substances, e.g., transparent exopolymer particles
(TEPs) and fecal pellets, could be responsible for
biogenic aggregates (De La Rocha and Passow, 2007).
These types of aggregates are markedly diﬀerent from
SPM of coastal and estuarine waters. Continental
shelf areas are important conduits for transporting
sediments from coastal areas to the open ocean (Dong
et al., 2011).
Therefore, detailed information concerning coarse
particles in continental shelf waters would contribute
to a more thorough understanding of SPM
compositions,
formation
environments,
and
sedimentation processes. As a case study, we focused
on coarse particles within the water column of the
continental shelf of the North Yellow Sea—a typical
inner shelf environment. The particle size distributions
(PSDs) of in situ eﬀective particles, dispersed
particles, and inorganic particles were measured to
analyze coarse particle structure and composition.
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Micrographs of SPM on ﬁlters illustrate the various
types of coarse particles encountered in this study.
Finally, changes in particle properties within the
water column related to thermal stratiﬁcation and
sediment resuspension are discussed.

2 MATERIAL AND METHOD
2.1 Field work and sampling
The research vessel Dongfanghong No. 2 undertook
a scientiﬁc cruise during the period 8–21 July 2016 in
the area of the North Yellow Sea shown in Fig.1a. In
this area, near the Shandong peninsula, water depth is
shallow, varying from ~20 m in the south to ~50 m in
the north. During the cruise, in situ eﬀective particle
size distribution (EPSD) (Williams et al., 2007; Jouon
et al., 2008), water temperature, and turbidity were
proﬁled at 10 stations, with depths varying from 21 to
58 m (Fig.1b). The EPSDs, which are reported in
terms of volume concentration (VC, μL/L), were
measured using a type C LISST-100X—an
autonomous instrument manufactured by Sequoia
Scientiﬁc, Inc. (Bellevue, WA, USA). The particle
size information was derived from laser diﬀraction
measurements, with size-dependent light scatterers
resolved into 32 logarithmically spaced size classes
ranging from 2.5–500 μm (Agrawal and Pottsmith,
2000). Water temperature (°C) and turbidity proﬁles
were measured using an SBE 9plus11 CTD (Sea-bird
Scientiﬁc, Inc., Bellevue, WA, USA), with an attached
WET labs ECO-NTU turbidity sensor (Sea-bird
Scientiﬁc, Inc.). Turbidity is an apparent optical
property that depends on the size, color, and shape of
the scattering particles; it is usually reported in
nephelometric turbidity units (NTU) (Mitchell and
Mersch, 2010). The sampling frequency of the CTD
was 24 Hz, and these data were averaged over each
vertical meter.
Throughout the summer, the North Yellow Sea
Cold Water Mass (NYSCWM) occurs at the bottom
of this area at water depths greater than 50 m (Guan,
1963; Bao et al., 2009). A strong thermocline forms
between the NYSCWM and the upper mixed layer; it
appears in spring and disappears in autumn (Bao et
al., 2009). In the coastal waters of the Shandong
peninsula, the hydrodynamic conditions are enhanced
by coastal (Naimie et al., 2001; Lu et al., 2011; Pang
et al., 2016) and tidal currents (Fang, 1986), which
weaken this stratiﬁcation (Zhao et al., 1994). The
stratiﬁcation has important eﬀects on the vertical
exchange of materials (Qiao et al., 2011) and
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Fig.1 Location of the study area within the North Yellow Sea (a), and detailed seachart of the study area showing sample
positions along two transects (b)

contributes to diﬀerences in SPM properties within
the water column.
To evaluate the eﬀects of stratiﬁcation on the
properties of SPM, water samples and abiotic
measurements were taken simultaneously from
standard layers (the sampling depths of each layer at
each station are shown in Fig.4), including the surface
layer, middle layer (near the thermocline), and bottom
layer. Each water sample was divided into four
subsamples: (1) sample-A (2 000 mL) was used for
mass concentration (MC) analysis and microscopic
observations; (2) sample-B (2 000 mL) was used for
POC analysis; (3) sample-C (100 mL) was used for
dispersed particle size distribution (DPSD) analysis;
and (4) sample-D (100 mL) was used for inorganic
particle size distribution (IPSD) analysis. To prevent
the organic matter from decomposing, sample-C was
ﬁxed with 5 mL of formaldehyde solution aboard the
ship (Guinder et al., 2009; Modéran et al., 2012).
2.2 Laboratory analysis
Sample-A was ﬁltered through pre-weighed
Whatman ﬁlters (with a 0.45-μm nominal pore size
and a 47-mm diameter; GE Healthcare Life Sciences,
Chicago, IL, USA). The dry mass was derived from
the diﬀerence in mass of the ﬁlter with SPM and the
blank ﬁlter. The MC was calculated as the dry mass
per unit volume. Additionally, the SPM collected on
these ﬁlters was inspected using a Phenix XZJ
metallurgical microscope (Phenix Optical Holding

Stock Co. Ltd., China) to identify the types of coarse
particles present within each layer.
Sample-B was ﬁltered through a pre-combusted
(500°C for 4 h) Whatman GF/F ﬁlters (with a 0.7-μm
nominal pore size and a 25-mm diameter; GE
Healthcare Life Sciences) and frozen at -20°C
immediately after collection (Bauer et al., 2002). The
samples collected on these ﬁlters were acidiﬁed with
HCl to remove inorganic carbonates (Le Moigne et
al., 2013). After drying under vacuum, the POC was
measured using a Vario Isotope Cube (Elementar
Analysensysteme GmbH, Germany). Here, POC is
expressed as a mass fraction in the form of a
percentage.
Sample-C was concentrated by centrifugation and
mixed with sodium hexametaphosphate to create
100 mL of solution, with a 0.4% concentration for
chemical dispersion (Mikkelsen and Pejrup, 2000;
Xia et al., 2004; Hodder and Gilbert, 2007; Williams
et al., 2007). It was then further mechanically
dispersed in an ultrasonic bath for 5 min to disperse
particles (or primary particles). We stirred the sample
to mix it thoroughly and placed it into the LISST100X(C) sample chamber to measure the DPSD.
Sample-D was concentrated by centrifugation. The
organic fraction was removed from the sample using
an excess of 30% hydrogen peroxide (George et al.,
2007; Hodder and Gilbert, 2007) in a water bath
(60°C for 8 h). After rinsing three times with distilled
water, the water sample was mixed with sodium
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MCdry=Vorg×ρorg–Vw×ρw+Vin×ρin,

(1)

where V is the volume concentration, ρ is the density,
and the suﬃxes, ‘org’ ‘w’ and ‘in’ denote organic
particles, and the water in organic particles and
dispersed inorganic, respectively. Because the water
content in biogenic organic particles is much higher
(up to 97%) than most other substances (Marzooghi et
al., 2017),
Vw≈Vorg,

(2)

making Eq.1 into:
MCdry≈Vorg×(ρorg–ρw)+Vin×ρin.

(3)

In this instance, ρorg=1 302 kg/m3 (Adams, 1973),
and ρin=2 650 kg/m3. Vin was measured in laboratory
experiments, whereas Vorg was derived by subtracting
Vin from the VC of the dispersed particles. The
agreement between the estimated MCdry and measured
MC for most samples (Fig.2) indicates that the
experimental methods for acquiring the VCs of
dispersed, inorganic and organic particles are valid.
2.3 Parameter calculations
The porosity and volume fractions of inorganic and
organic particles (VCin and VCorg, respectively) were
calculated using:
Porosity=1–(VCd/VC),

(4)

VCin=(VCin/VCd)×100,

(5)

VCorg=(VCorg/VCd)×100,

(6)

MC (mg/L)

4
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hexametaphosphate to create 100 mL of solution,
with a 0.4% concentration. It was mechanically
dispersed in an ultrasonic bath for 5 min. Finally, it
was thoroughly mixed into a homogenous suspension
and placed into the LISST-100X(C) sample chamber
to measure the IPSD. A background correction of the
LISST was performed using distilled water prior to
ﬁeld and laboratory measurements. The VCs of
organic particles were derived from the experimental
data by subtracting the VCs of the inorganic particles
from the VCs of the dispersed particles.
Although dispersion and organic fraction-removing
treatments were carried out in previous studies
(Mikkelsen and Pejrup, 2000; Xia et al. 2004; George
et al., 2007; Hodder and Gilbert, 2007; Williams et
al., 2007), no quantitative evaluations of these
experimental results were undertaken to validate this
method. Thus, we compared the measured MC and
dry mass concentration estimated from the
experimental data (MCdry). The MCdry was determined
using the following equation:
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Fig.2 Estimated dry mass concentration (MCdry) and
measured mass concentration (MC) for all the
samples within the surface layer (a); the middle layer
(b); and the bottom layer (c) of continental waters of
the North Yellow Sea

where VC is the total volume concentration of the in
situ SPM, and VCd is the volume concentration of the
dispersed particles.

3 RESULT
3.1 Characteristics of the various particle size
distributions
The EPSDs, DPSDs and IPSDs in each of the
standard ocean layers at each survey station are
presented in Fig.3. In the surface layer, the samples
acquired from diﬀerent stations exhibit similar
EPSDs, except for station B22. In most of the EPSDs,
the VCs increased gradually as particle size increased,
reaching a relatively high value (~1 μL/L) at ~256 μm.
All the EPSDs had rapidly increasing VC gradients
for the size range >256 μm, reaching high VCs
(~10 μL/L). The tail values on either side of the size
distributions are artifacts, caused by measuring
particles outside the size range of the instrument
(either smaller than or larger than the calibrated range)
(Agrawal and Pottsmith, 2000; Mikkelsen et al.,
2005; Reynolds et al., 2010; Davies et al., 2012).
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Fig.3 Particle size distributions (PSDs) at each survey station for each standard ocean layer
a. eﬀective PSDs (EPSDs); b. dispersed PSDs (DPSDs); c. inorganic PSDs (IPSDs) for the surface layer; d. EPSDs; e. DPSDs; f. IPSDs for the middle layer;
g. EPSDs; h. DPSDs; i. IPSDs for the bottom layer.

Because absolute quantitative analysis is not involved,
these tail values do not aﬀect data analysis. The EPSD
of B22 had much higher VCs in the size range
<256 μm than other stations. In the middle layer, the
EPSDs showed a similar trend for size ranges <32 μm
and >256 μm. The VCs of the SPM <32 μm (mostly
>0.1 μL/L) in the middle layer were higher than those
in the surface layer, in which the high values were
primarily distributed within size ranges of <4 μm and
8–16 μm. In the size range >256 μm, the EPSDs had
coarse “tails” similar to those in the surface layer. The
coarse tails, which typically appear in the surface and
middle layers, indicate the presence of particles larger
than 500 μm. The EPSDs had prominent peaks in the
size range of 32–256 μm at all stations, but the peak
values diﬀered greatly among samples. In this size
range, B22–B24 had much higher VCs (~1 μL/L)
than other stations, while those of B20 and B21
showed a decrease in VC at approximately 64 μm. In
the bottom layer, the samples from diﬀerent stations
had similar EPSDs. Particles in the range <32 μm
exhibited a trend similar to that of the middle layer.
Peaks also occurred in the size range 32–256 μm, but
most of the peak values were >1 μL/L, i.e., higher

than those for the middle layer. Coarse “tails” still
occurred in the size range >256 μm, although they
had much lower VCs in the bottom layer than both
surface and middle layers.
Overall, DPSDs all had relatively high VCs for the
fractions <4 μm and 8–16 μm, especially at station
B22, but much lower VCs (<0.1 μL/L) in the size
range 32–256 μm. In the size range >256 μm, the
peak values were approximately 1 μL/L in surface
and middle layers but were as low as 0 μL/L in the
bottom layer.
IPSDs showed that the inorganic particles were
mainly concentrated in the size fraction <64 μm. The
maximum primary particle size increased from the
surface to the bottom layer. All the IPSDs showed a
similar trend, with modes centered on size ranges
<4 μm and 8–16 μm. VCs increased from the surface
to the bottom layer.
The variations in PSDs of in situ eﬀective particles
versus particles after dispersion are attributed to the
diﬀerent natures of these particles. The in situ eﬀective
particles can be divided into three types, according to
size: (1) small particles (<32 μm), (2) medium
particles (32–256 μm), and (3) large particles

84

J. OCEANOL. LIMNOL., 37(1), 2019

0

B24
Mean size (μm)
0 100 200 300 400

B23
Mean size (μm)
0 100 200 300 400

B25
Mean size (μm)
0 100 200 300 400

Vol. 37

B26
Mean size (μm)
0 100 200 300 400

B27
Mean size (μm)
0 100 200 300 400

10

Depth (m)

20
30
40
50
60
60

70 80 90
VCorg (%)

60

70 80 90
VCorg (%)

60

70 80
VCorg (%)

90

60

70 80 90
VCorg (%)

60

70 80
VCorg (%)

90

0

6

12 18
POC (%)

24

0

6

12 18
POC (%)

24

0

6

12 18
POC (%)

24

0

6

12 18
POC (%)

24

0

6

12 18
POC (%)

24

0.6

0.7

0.8 0.9
Porosity

1

0.6

0.7

0.8 0.9
Porosity

1

0.6

0.7

0.8 0.9
Porosity

1

0.6

0.7

0.8 0.9
Porosity

1

0.6

0.7

0.8 0.9
Porosity

1

0

B22
Mean size (μm)
0 100 200 300 400

B21
Mean size (μm)
0 100 200 300 400

B20
Mean size (μm)
0 100 200 300 400

B18
Mean size (μm)
0 100 200 300 400

B19
Mean size (μm)
0 100 200 300 400

10

Depth (m)

20
30
40
50
60
60

70 80 90
VCorg (%)

60

70 80 90
VCorg (%)

12 18
POC (%)

24

0

6

0.8 0.9
Porosity

1

0.6

0.7

0

6

0.6

0.7

60

70 80 90
VCorg (%)

12 18
POC (%)

24

0

6

0.8 0.9
Porosity

1

0.6

0.7

60

70 80 90
VCorg (%)

12 18
POC (%)

24

0

6

0.8 0.9
Porosity

1

0.6

0.7

60

70 80 90
VCorg (%)

12 18
POC (%)

24

0

6

12 18
POC (%)

24

0.8 0.9
Porosity

1

0.6

0.7

0.8 0.9
Porosity

1

Fig.4 Proﬁles of particulate organic carbon (POC), organic particle fractions (VCorg), mean sizes of eﬀective particles and
primary particles, and average porosities at each sampling station
Upper and lower panels represent stations along the two sampling transects.

(>256 μm). As shown in Fig.3, after dispersion, the
VCs of the small particles increased slightly. However,
the VCs of the medium and large particles decreased
markedly; VCs of the medium particles decreased to
substantially lower values (<0.1 μL/L). Meanwhile,
dispersion reduced the VCs of large particles to nearly
zero in the bottom layer, while those in the surface
and middle layers retained higher peak values (0.1–
1 μL/L).
The ratios of the volumes of in situ small, medium

and large eﬀective particles to the total volume are
reported as percentages, while the averages of these
respective particle sizes within each standard ocean
layer are listed in Table 1. The high incidences of
large and medium particles in the in situ measurements
is readily apparent. Large particles represent most of
the total VC in both surface and middle layers. VCs of
medium particles increase from the surface to the
bottom layer, forming the dominant fraction in the
bottom layer.
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3.2 Vertical changes in suspended particulate
matter composition and structure
To provide a quantitative understanding of particle
composition and structure within the water column,
the mean sizes of the eﬀective particles and primary
particles, fractions of organic particles (VCorg), POC
contents, and average aggregate porosities are shown
in Fig.4.
The compositional parameters at all survey stations
show similar vertical distributions. The POC content
gradually decreased from the surface to the bottom
layer (surface layer: 7.32%–23.13%; middle layer:
3.60%–12.64%; and bottom layer: 2.68%–5.47%).
VCorg had a similar pattern, causing VCin (VCin=100−
VCorg) to have a reciprocal pattern, increasing from
the surface to the bottom layer.
Overall, the mean sizes of both eﬀective and
primary particles were higher in the surface and
middle layers than in the bottom layer. Similarly,
SPM porosities were higher in surface and middle
layers, consistent with previous research that
concluded that larger particles had higher porosities
(Hsu and Liu, 2010). The mean primary particle size
was much smaller than the mean eﬀective particle
size in all layers.
Some
parameters
exhibited
geographical
diﬀerences. The SPM of the bottom layer along
transect B19–B21 was less porous, with a lower POC
content and smaller eﬀective mean size than along
transect B24–B26.

4 DISCUSSION
Medium and large particles dominated the total VC
of in situ SPM (Table 1). Therefore, it became
important to further characterize the assemblages,

Table 1 Mean volume fractions of in situ small, medium
and large particles in each standard ocean layer
Small particles
(%)

Medium particles
(%)

Large particles
(%)

Surface layer

4.38

9.21

86.41

Middle layer

22.43

31.22

46.35

Bottom layer

22.26

58.98

18.76

compositions, and particle types of in situ medium
and large eﬀective particles.
4.1 Assemblages of in situ medium and large
particles
The high SPM porosities (Fig.4) at all stations
indicate that particle aggregation is common within
the water column. Thus, the SPM assemblage can be
characterized by comparing DPSDs and EPSDs
(Biggs and Lant, 2000; Mikkelsen and Pejrup, 2000).
Comparison of these PSDs in Fig.3 suggests that
almost all the in situ medium particles and some of
the large particles were aggregates. Clearly, dispersion
resulted in disaggregation, which led to a reduction in
medium and large particles in DPSDs. This is
supported by a slight increase in VCs of small
particles, suggesting that these aggregates were likely
composed of individual particles with sizes <32 μm.
In contrast to the dramatic decrease in VCs of the
medium and large particles, the increase in small
particle VCs is not obvious. This could reﬂect that:
(1) the coarse particles are composed of primary
particles even smaller than 2.5 μm (beyond the LISST
measurement range), or (2) the coarse particles are
very porous in nature. After dispersion, VCs of the
large particles decreased to nearly zero in the bottom
layer but retained high values in the surface and
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Fig.6 The organic particle size distributions (OPSDs) in the surface layer (a), middle layer (b) and bottom layer (c) at each
survey station

middle layers. Therefore, in the surface and middle
layers, some of the large particles were aggregates,
while others were individual particles. In contrast, the
large particles in the bottom layer were all aggregates.
The DPSDs (Fig.3) demonstrate that primary
particles were mainly within the size ranges <32 μm
and >256 μm. Generally, the size of an aggregate is
orders of magnitude larger than the size of the primary
particles comprising the aggregate (Mikkelsen and
Pejrup, 2000; Milligan, 1996). Therefore, single
particles <32 μm may be an important component of
the aggregates forming in situ medium (32–256 μm)
and large particles (>256 μm). The VCs of in situ
medium particles are well correlated with the VCs of
the primary particles <32 μm (Fig.5), although the
correlation between the VCs of in-situ large particles
and these small primary particles is poor. Hence, the
in situ medium particles are aggregates. Clearly,
single particles <32 μm play a key role in forming
these medium-sized aggregates, although they appear
to have no direct link with in situ large particles.
4.2 Compositions of in-situ medium and large
particles
The VCs of organic particles are derived from our
experimental data by subtracting the VCs of inorganic
particles from the VCs of primary particles. Organic
particle size distributions (OPSDs) are shown in
Fig.6. A bimodal particle size distribution occurs in
both surface and middle layers, with peaks at
approximately 8–16 μm and >256 μm. The existence
of particles exceeding the instrument range results in
an overestimate of particle volume in the largest size
bin (Agrawal and Pottsmith, 2000). Therefore, the
largest particle peak may be caused by particles larger
than 500 μm. Only a single peak at approximately
8–16 μm, is detected in the bottom layer. As shown in
Figs.3 and 6, the primary particles <4 μm in size are
almost all inorganic particles, while the size range of
4–256 μm includes both inorganic and organic

particles, and those >256 μm in size are all organic
particles.
Based on the OPSDs and conclusions drawn in
Section 4.1, we again surmised that almost all the in
situ medium particles were aggregates. The single
particles <32 μm in size of both inorganic and organic
composition (although nearly all single particles
<4 μm in size are inorganic) are fundamental to the
formation of these in situ medium particles. Some of
the in situ large particles are also porous aggregates.
However, in the surface and middle layers, a
considerable proportion of the in situ eﬀective large
particles are individual organic particles.
4.3 Types of in situ medium and large particles
The similar variation in samples from various
survey stations following dispersion suggests that
diﬀerences in the type of SPM were small. Therefore,
a ﬁltered sample from B23 was investigated in detail
as representative of the general types of in situ SPM
in the study area.
The microscopic examination of material obtained
from station B23 (Fig.7) indicates that particles on the
sample ﬁlters can be classiﬁed into three types. The
ﬁrst type comprises individual particles, including
debris and plankton. Most of the debris is a few
microns in size and uniformly distributed on the ﬁlter
(Fig.7g, i). Most of the single particles ~10 μm in size
are phytoplankton (Fig.7g, i), whereas zooplankton
can be as large as 300 μm (Fig.7a, c, d). The second
type of particle is an aggregate, with sizes ranging
from tens to hundreds of microns; these aggregates
are formed via accretion of debris and phytoplankton
(Fig.7f, g, i). The third type of particle is a mucusbound aggregate, with sizes ranging from several
hundreds to thousands of microns. These aggregates
may be composed of TEPs, which are primarily
released by phytoplankton (Myklestad, 1995) and can
aggregate to form gel-like polysaccharide particles
that are tens to hundreds of microns in size (Alldredge
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Fig.7 Selected images of suspended particulate matter (SPM) collected at station B23 under the microscope
a–c: particles from the surface layer; d–g: particles from the middle layer; h, i: particles from the bottom layer. I: debris; II: phytoplankton; III: zooplankton;
IV: aggregate formed from debris; V: mucus aggregate.

et al., 1993). These trap and bind other particles
within the mucus to become thousands of microns in
size. These mucus aggregates (Fig.7b, c) contain
trapped particles exhibiting a wide range of sizes and
forms, including plankton and small aggregates, with
large voids between them.
A few large particles comprising mucus aggregates
and zooplankton were present in samples of the
surface layer. Many ~10-μm phytoplankton and
aggregates comprising single particles ranging from
tens to hundreds of microns in size were also present.
Debris also was abundant on ﬁlters of the surface
layer samples. On ﬁlters from the middle layer
samples, mucus aggregates were abundant, but debris
also was distributed evenly across the ﬁlters. On the
ﬁlters of the bottom layer samples, debris was
abundant and evenly distributed, and aggregates also
were common; however, there were rarely mucus
aggregates or zooplankton.
As stated in Sections 4.1 and 4.2, in situ large
particles (>256 μm) were primarily found in surface
and middle layers, where they exist as porous

aggregates and individual organic particles. This was
conﬁrmed by microscopic examination and
identiﬁcation of particle types. The in situ particles
with sizes of a few hundred microns in the surface and
middle layers were mucus aggregates and plankton.
Thus, the in situ large particles could well be primarily
composed of mucus aggregates and zooplankton.
Obviously, these large particles have an irregular
structure and are mainly composed of particles with
heterogeneous sizes and compositions, which explains
the poor correlation between large particle and
dispersed particle size distributions.
Our laboratory work indicated that the in situ
medium particles (32–256 μm) were aggregates,
composed of single particles with sizes <32 μm.
Microscopic observations also showed that aggregates
of the middle and bottom layers were composed of
varying sizes and types of debris, ranging from a few
microns in size to ~10-μm sized phytoplankton.
However, the size of these aggregates on the ﬁlters
was primarily <100 μm, which is smaller than the in
situ medium particle size range from 32 to 256 μm.
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Fig.8 Cross sections of temperature and turbidity along the two sampling transects of the North Yellow Sea

This is attributed to some disaggregation during
sampling.
4.4 Eﬀects of the hydrodynamic environment on
coarse particle properties
The properties and vertical distributions of in situ
medium and large particles are distinct. Large
particles mainly occur in the surface and middle
layers, where most of them are mucus aggregates and
plankton. Medium particles make up most of the SPM
in the bottom layer; they are mainly aggregates
consisting of ﬁne particles. Coarse particles in the
upper part of the water column are mainly biological
in nature, as distributions of POC and VCorg, as well
as microscopic examination suggest (Fig.4).
The distribution of coarse particles is closely
related to the environmental conditions. Contour
maps of the surveyed transects (Fig.8) show a cold
homogeneous water mass at depth, known as the
NYSCWM. This water mass forms a distinct
hydrological feature in the Yellow Sea in the summer,
marked by a temperature boundary of 8–10°C (Guan,
1963). All the survey stations except for B22–B24 are

aﬀected by the NYSCWM. A strong thermocline
exists at the top of the cold water mass. A region of
high turbidity occurs in the lowest homogeneous
layer, but turbidity rapidly decreases as the distance
from the bottom increases, indicating that is related to
resuspension of the bottom sediment. This is
consistent with previous studies that have shown high
resuspension ratios in the bottom layer of the
NYSCWM (Zhang et al., 2004). Considering that
medium particles decrease markedly in abundance
from the bottom to the surface, the medium particles
are likely closely related to resuspension. However,
the dynamics near the bottom of NYSCWM cannot
generate particles larger than 63 μm (Dong et al.,
1989). Therefore, medium particles are likely not
formed from resuspended particles directly from the
sea ﬂoor. Wang et al. (2017) reported that the size of
the inorganic particles in the study area is mostly ﬁner
than 32 μm, consistent with our observations that the
medium particles are mainly aggregations of <32-μm
primary particles. These resuspended ﬁne particles
tend to ﬂocculate into aggregates (Mikkelsen et al.,
2006). Therefore, the medium particles likely formed
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through further aggregation of this resuspended
material. In addition, the turbidity is extremely low
above the lower boundary of the thermocline, which
blocks the SPM from diﬀusing into the upper water
column. However, at stations B22–B24, there are
strong coastal (Pang et al., 2016) and tidal currents,
with velocities of 10–20 cm/s (Fang, 1986; Lie and
Cho, 2016). These currents cause the high turbidity
zone to spread into the upper water column, lowering
the POC content (Fig.4) as a result of turbulent
mixing, weakening the stratiﬁcation, and transporting
the resuspended material into the upper water layers.
In this case, the resuspended sediments aﬀect the
SPM in the middle layer and even the surface layer,
leading to relatively high VCs of medium particles,
compared with those at other stations (Fig.3). Based
on the sampling depth (Fig.3), the middle layers of
stations inﬂuenced by the NYSCWM are located near
the base of the thermocline, forming a boundary
between the lower homogeneous layer and the upper
water column. The turbidity at such locations changes
sharply in the vertical direction. Therefore, a small
diﬀerence in sampling depth can lead to a large
diﬀerence in SPM composition. Compared with the
other stations, B20 and B21 have lower turbidities for
the middle layer, which translates into lower VCs for
medium particles at these stations.
Turbidity varies within the NYSCWM, likely
related to the diﬀerent turbulence intensities. In the
bottom layer, turbidity was higher along transect
B19–B21 than along transect B24–B26, which
indicates that turbulence-driven resuspension is
stronger in the former region. This is conﬁrmed by a
previous study, which found that the region near
B19–B21 had stronger shear stress at the bottom (Lu
et al., 2011). As a result, the aggregates in the bottom
layer of transect B19–B21 show slightly smaller POC
fractions compared with transect B24–B26, reﬂecting
stronger resuspension of mineral sediment particles
from the bottom. Turbulent shear stress aﬀects
aggregate size (Manning and Dyer, 1999); relatively
strong shear can even break-up of aggregates
(Manning and Dyer, 1999; Van Leussen, 2011) into
smaller ones that are less porous (Eisma, 1986;
Mikkelsen et al., 2007). This may explain why
aggregates in the bottom layer of transect B19–B21
were less porous and had a smaller eﬀective mean
size than those of transect B24–B26.
The maximum inorganic grain size decreased from
the bottom to the surface layer. Resuspension may be
one of the reasons why the largest particle sizes occur
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within the bottom layer. Another reason may be
vertical diﬀerentiation of inorganic particles, whereby
sorting occurs as particles undergo settling. The size
and composition of their primary particles determine
the aggregates settling velocities (Markussen and
Andersen, 2013; Hurley et al., 2016); thus, aggregates
under the same vertical turbulent mixing are likely
sorted according to their settling velocities. Typically,
the settling velocity of such aggregates is calculated
using their size and eﬀective density of the aggregates,
as reﬂected in Stokes’ Law (Kranenburg, 1994;
Winterwerp, 1998; Khelifa and Hill, 2006):
 gD 2
(7)
,
18
where μ is viscosity, D is aggregate size, and Δρ is the
eﬀective density of aggregates. The Δρ can be
expressed as (Kranenburg, 1994; Winterwerp, 1998;
Manning and Dyer, 1999):
W

  (s  w )(

Dp
D

)  nf ,

(8)

in which ρs and Dp are the density and diameter of the
primary particles, ρw is the density of seawater, and
the fractal dimension nf appears to vary between 1.4
for very fragile ﬂocs and 2.2 for strong estuarine ﬂocs,
with an average value of 2 (Winterwerp, 1998). When
an nf is given, Δρ is approximately proportional to the
primary particle size and density. Thus, on average,
aggregates composed of coarser inorganic mineral
particles are likely to sink faster than aggregates
composed of ﬁner inorganic mineral particles and
organic material with low densities. This results in the
size of inorganic mineral particles increasing with
depth.

5 CONCLUSION
Here, the PSDs of the primary particles and
inorganic particles were obtained from a series of
experimental analyses. Using this information, the
PSDs of organic particles were derived. Experimental
methods, involving dispersing aggregates with
sodium hexametaphosphate and ultrasonication, and
removing organic matter with hydrogen peroxide,
have been used in previous studies of SPM and
sediments, but have not been quantitatively evaluated.
In this work, the reliability of these methods was
validated by comparing estimated and experimental
MCs.
LISST measurements of in situ SPM showed that
coarse particles were common in the North Yellow
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Sea during summer. The in situ SPM was divided into
three size fractions having diﬀerent characteristics:
small (<32 μm), medium (32–256 μm) and large
particles (>256 μm). The medium and large particles
dominated the total VC of the in situ SPM. Almost all
the medium particles were porous aggregates formed
via the accretion of debris only a few microns in size.
Large particles included both mucus aggregates and
individual organic particles, e.g., zooplankton.
Given the diﬀerences in origin of the SPM, there
were large diﬀerences between the vertical
distributions of medium and large particles that were
closely related to environmental conditions. The
water column of the study area was strongly stratiﬁed.
A high-turbidity region occurred within the lowest
homogeneous layer, which caused resuspension of
ﬁne sediments that went on to form aggregate medium
particles. A thermocline impeded the diﬀusion of
SPM into the upper layer; thus, the SPM in the upper
layer was mainly biological in nature. SPM
measurements of surface and middle layers were
acquired above the thermocline, whereas those of the
bottom layer were acquired within the lower
homogenous layer. Therefore, large particles were the
majority of the total VC in surface and middle layers,
but medium particles dominated in the bottom layer.
In the bottom layer, aggregate size, structure and
composition varied under diﬀerent shear stress
environments. Under strong shear, aggregates showed
slightly smaller POC fractions related to stronger
resuspension of mineral sediment particles from the
bottom, but were smaller and less porous related to
break-up under the shear stress.
This work could be further reﬁned, if compositions
of the diﬀerent SPM size ranges could be analyzed
separately.
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