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Colloids of natural river water is a key intermediate carrier of lead (Pb). It is
important to monitor the transport—transformation behavior of Pb in the
colloidal phase of seaward water because this behavior is related to the
levels of pollution input and environmental risks posed to the sea, especially
in coastal delta areas. In this study, the fractionation behavior and distribution of
toxic Pb from the truly dissolved phase and the different colloidal phases in
seven seaward rivers in the Yellow River Delta were investigated. The
concentrations of total dissolved Pb, truly dissolved Pb, and colloidal Pb were
0.99-40.09 ug L™ 0.40-8.10 ug L% and 0.60-35.88 ug L™, respectively. In
freshwater rivers, the main component of total dissolved Pb (about > 50%) is
truly dissolved Pb but the main component of total dissolved Pb in the seawater
environment is colloidal Pb (> 80%). A dramatic increase in salinity causes the
deposition (about =94%) of all forms of Pb to sediment from estuarine water in
winter. However, this sedimentation behavior of colloidal Pb gradually
decreases (in the Shenxiangou River) when the river salinity approaches
seawater salinity (S = =29). In the industrial port (Xiaoginghe River) and
mariculture (Yongfenghe River) estuarine areas, which have extensive
seawater, the deposition behavior of colloidal Pb (<15%) is less affected by
the change in salinity. This suggests that human activity contributes to the
spread of Pb in the offshore environment. The concentration of 100 kDa-0.22
um Pb has a postive correlation with total colloidal Pb. Its variation is minimally
affected by salinity compared with other colloidal components. In addition, the
correlation between the molecular weight and aromaticity of chromophoric
dissolved organic matter (CDOM) and colloidal Pb suggests that
macromolecules in seawater will be important transport carriers of Pb. In all,
truly dissolved Pb is the main transport form of dissolved Pb in river freshwater;
however, in brackish water in estuaries, colloidal matter gradually becomes the
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main transport carrier. Surging salinity immobilizes truly dissolved Pb in the
estuarine region, but colloidal matter inhibits this deposition. Colloidal phase is
the important conversion for land—sea transport of Pb by seaward rivers.

KEYWORDS

metal fractionation, colloidal components, salinity deposition, truly dissolved,

migration behavior

1 Introduction

Heavy metals pose a very serious health risk for humans and
wildlife because of their biological toxicity, carcinogenic effects,
and ability to bioaccumulate in food chains (Huang et al., 2011;
Latosinska and Czapik, 2020; Men et al., 2020; Xiang et al.,
2021). These risks are mainly dominated by metal speciation and
existence in the environment (Weng et al., 2014). Previous
studies have shown that free heavy metal ions have
significantly higher toxicity and form deposits more easily
because of their higher redox potential (Dallas et al., 2013).
However, macromolecular organic compounds (>1 kDa,
kilodalton), including natural colloidal organic matter, could
complex the structure of the free metal ions, and their ability to
form deposits (Fytianos, 2001). Natural aqueous environments,
such as rivers, seas, and lakes, could supply abundant natural
macromolecular organic matter (the main components of
natural organic matter) to complex the free metal ions’
structure, and their ability to form deposits (Fytianos, 2001).
Furthermore, colloidal organic matter (COM) rich in hydroxyl
functional groups, tends to make the bound metal more lipid-
soluble, which enhances its bioavailability for metals such as lead
(Pb), mercury (Hgs), and antimony (Sbs;) (Hargreaves et al.,
2018). This could have a profound impact on the migration and
conversion behaviors of heavy metals in river environments (He
et al, 2016). However, emphasizing the diverse effects of these
factors, colloidal organic matter, which is mainly composed of
humic acid, often also plays a role in reducing metal toxicity. In
addition, colloidal organic matter can modify the surface
properties of particles to facilitate or hinder their adsorption of
metal ions (Liu and Gao, 2019). Therefore, it is necessary to
investigate the geochemical behavior between heavy metals with
natural colloidal organic matter in natural water systems.

Lead (Pb), is widely used in natural water environments and,
therefore, is a reliable indicator of human activity in these
environments, and is a compound that has a unique
geochemical behavior (Zhang et al, 2008). Pb ions typically
have high exhibit biotoxicity, they easily form sediments, and are
difficult to release from mineral and particulate states (Savenko
and Savenko, 2019). However, natural organic matter (mainly
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colloidal organic matter) has a strong complexing effect on Pb
ions and facilitates Pb migration and release. It has been
demonstrated that colloidal organic matter can prevent the
formation of low-solubility mineral lead, such as cerussite and
hydrocerussite crystals, and enhance the formation of soluble
lead ions (Abdelrady et al., 2021). The chromophoric dissolved
organic matter (CDOM), which is an important component of
colloidal matter, could be the key factor to influence the
geochemical behavior of Pb (Stolpe and Hassellov, 2010). The
CDOM-complex-Pb could directly contact plasma membranes
of organisms by adsorption and express a higher biological risk
than free ions, ultimately (Nadella et al.,, 2013; Worms et al.,
2015). However, environmental conditions, such as the pH value
of seawater (i.e., seawater acidification), are important factors
that affect the distribution of heavy metals in different phases
(Lao et al., 2019; Ma et al.,, 2019; Lao et al., 2022). Under the
influence of salinity and pH, the binding ability of different
components of CDOM to Pb varies greatly (Wood et al., 2011).
Furthermore, the change of physicochemical factors also affects
the molecular structure of the CDOM (Guzman et al., 2014),
which in turn affects the formation of complex bonds between
CDOM and metal ions (Liu et al., 2019). This biogeochemical
process is key factor to affect the environment risk of Pb in the
environment which salinity and pH changed dramaticly
(Marcinek et al.,, 2022). In all, the transformation to the
colloidal phase is a very important aspect of the geochemical
cycle of Pb in natural water systems.

River water flowing into the sea is the most important
transportation and conversion channel for Pb in the natural
environment, especially in coastal deltas. Pb enters offshore
waters as part of the river flow, in turn having toxicological
effects on marine organisms such as plankton, urchin and fish
(Cao etal., 2018). Meanwhile, these rivers tend to vary drastically
in salinity, which could have a profound effect on the interaction
between CDOM and Pb (Marcinek et al., 2022). It is important
to monitor the concentration, distribution, and sources of Pb in
rivers flowing into sea. The Yellow River Delta is a typical
wetland ecosystem in a warm, temperate zone of the world.
Unlike the Pearl River and the Yangtze River deltas, which have
highly developed industries, there are several unique features
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pertaining to the industrial and economic development in this
region. This region comprises a highly developed chemical
industry in a narrowly confined space, an undeveloped nature
reserve, and regions with primarily agricultural and maricultural
developments (Zhi et al., 2020). These areas are closely linked
through a dense network of rivers in the delta. Some rivers also
serve at the same time as a source of water and a sewage ditch
(Cheng et al., 2021). These rivers are the primary transportation
and conversion channels through which Pb enters Laizhou
Bay. As the fastest hydrodynamic exchange (0.52a) area within
the Bohai Sea, Laizhou Bay could potentially spread Pb to the
Bohai Sea and even to the Yellow Sea (Lin et al., 2019).
Recently, the pollution control required in the Yellow River
Delta and the Bohai Sea has received unprecedented attention
from the Chinese government (Ma et al., 2019). It is essential to
monitor the ecological risk speciation of Pb in the rivers
flowing into sea in these deltas. Analysis of colloidal Pb in
the rivers would provide essential evidence for evaluating the
environmental risks posed by pollution in the Bohai Sea and
the Yellow River Delta.

In this study, the distribution and fractionation of Pb at
different stages of the colloidal phase (<1 kDa, 1-3 kDa, 3-10
kDa, 10-100 kDa and 100 kDa-0.22 pum) in six seaward rivers of
the Yellow River Delta in winter were investigated. The six rivers
pass through urban, industrial, mariculture, and agricultural
areas located in the south and northeast region of the Yellow
River Delta. There are two main rivers (the Yellow River and
Xiaoginghe River), and four canals driven by the Yellow River:
Yongfenghe River, Guangli River, Xiaodaohe River and
Shenxiangou River. We selected winter as the period to study
the fractionation of the toxic metal Pb in the colloids. In this
season, the change of colloidal properties is slow because of the
lower winter temperatures, which could prolong the interaction
time between Pb and colloidal matter (Wu et al, 2020; Mudge
et al., 2021).

2 Materials and methods
2.1 Reagents and labware preparation

In this study, the maximum experimental safe gap must be
minimized because there are trace levels of Pb in the Yellow
River (Gao et al., 2015). All reagents used in this study were
guaranteed reagent (GR) grade. The concentrated form of
nitric acid (HNO3) (Fisher®) used in this study was distilled
by an acid purification system (DST-4000, Savillex ). The
stock solution of 1 mg L™ Pb was prepared in 10% HNO; (v/v)
by multistage dilution. The 1000 mg L' standard solution was
prepared in 500 mL of polytetrafluoroethylene bottles
(Asone®). The Pb standard solution was Cl-forms (+2) and
was supplied by the National Center of Analysis and Testing
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for Nonferrous Metals and Electronic Materials, China.
Ultrapure water (>18 MQ-cm) was obtained by a water
purification system (Milli-Q®).

The labware, including sampling bottles and tubes, had to
be made from Teflon materials (Teﬂon®) and cleaned
according to a strict trace metal cleaning process (Liu et al.,
2018). First, a pre-cleaning process was conducted to wash
away obvious dirt from the labware, with tap water, 10%
cleaning solution (v/v) (Dec0n90®), and ultrapure water (>18
MQ-cm), being used successively. Second, the pre-cleaned
labware was soaked in 10% hydrochloric acid (HCL) (v/v)
(Fisher®) and 3% HNO; (v/v) for 48 h, respectively. Ultrapure
water was used to rinse residual acid off the soaked labware;
this was performed five times. Finally, labware were dried in
the ultra-clean bench (Class 100) at room temperature (i.e., 20-
25°C). After drying, each piece of labware was double-bagged
in polyethylene Ziploc (Ziploc®) bags and stored in a sealed
container at a consistent temperature range of 20-25°C.

2.2 Sampling collection

The study areas were in the Yellow River Delta, which is a
typical wetland ecosystem in a warm, temperate zone of the
world (Figure 1). Sampling stations were selected according to
the locations of cities, villages, farmlands, industrial areas,
breeding areas, and salt fields that the seaward rivers passed
through during January 2020 (Figure 1). Surface water samples
(10-20 cm) were collected and the clean sampling system was
used according to the trace metal rule to avoid contamination at
all stations. The clean sampling system is composed of a desktop
ultra-clean workbench, peristaltic pump, water intake system,
syringe filter, and a sampling bottle (Li et al., 2015; Liu et al,,
2018). All sample components were connected by C-Flex tubes.
The sample process is briefly described below (Figure 2A). First,
the water intake system was washed five times with ultrapure
water before sampling. Second, the pre-washed water intake
system was placed 10-20 cm below the surface at the sample
water station. Third, the peristaltic pump (Masterflex®) was
turned on so that the water sample passed through the syringe
filter (Swinnex®) with the pre-installed membrane (0.22 pum;
Pall®). The first 10 mL of sample was discarded to prevent
interference from the membrane. A total volume of 1 L of the
water sample was collected into the fluorinated high-density
polyethylene sample bottle (Nalgene®), after which 1 mL of
concentrated HNO; was added and the sample stored at room
temperature. The other 1 L of water was collected in the
fluorinated high-density polyethylene sample bottle and metal
was separated by ultrafiltration as soon as possible in the
laboratory (<48 h). A total of 70 mL of water sample was
taken in a brown glass bottle for DOC and CDOM analysis
(<48 h). Further steps were required. The water intake system
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FIGURE 1

Location map of sampling stations in seaward rivers in the Yellow River Delta. The blue dots indicate sampling sites, and the blue line represents

the river.

should be soaked in 3% HNO; (v/v) until just before use. The
filter membrane should be replaced after the filtration of every
sample. The basic hydrological data, such as salinity, pH, and
temperature, were measured by the multiparameter water
quality analyzer (YSI®).

2.3 Colloidal Pb fractionation

The different sizes of colloidal Pb were separated according
to centrifugal ultrafiltration (CUF) units (Amicon® Ultra-15)
using a fixed-rotor centrifuge (Cence®). Four cut-off values (i.e.,
<1 kDa,<3 kDa,<10 kDa,<100 kDa) of CUF units were used. The
ultrafiltration process is as follows (Figure 2B). First, the CUF
units were sequentially washed 6-8 times with 0.1% sodium
hydroxide (NaOH) (g/g), 0.06% HCI (v/v), and ultrapure water
to remove possible contaminants (Lu et al., 2020). Second, 15 mL
of sample was loaded to the obtain the different cut-off values

Outdoor Clean operation box

and centrifuged for 50-70 min at 4800xg in the rotor centrifuge.
Approximately 0.5 mL of ultrafiltrate was obtained from the
inner ultrafiltration tube and transferred to the pre-cleaned 10-
mL polypropylene sample centrifuge tube (Falcon™). After
CUF, 1 mL of 3% HNO; (v/v) was added to the inner tube
and soaked for 2 h to extract the residual colloidal metal. The
extraction was performed three times and mixed in the sample
tube. The volume of colloidal sample was adjusted to 5 mL with
3% HNO; (v/v). Before measuring, colloidal Pb samples were
stored in an ultra-clean bench (Class 100; at 25°C) for more than
1 week to ensure that the colloidal organic matter was fully
decomposed. Finally, 0.2 mL of the decomposed solution was
diluted to 10 mL with 3% HNO; (v/v); this solution was then
used for detecting colloidal Pb.

A method blank and solvent blank of the ultrafiltration were
used simultaneously with samples to assess errors. It should be
noted that the actual cut-off values of the CUF used in this
experiment were generally higher than those stated by the

Lab clean bench
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FIGURE 2

The diagram of clean sampling and metal fractionation. (A) The clean sampling process; and (B) the metal fractionation process
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manufacturer (Xu et al,, 2018; Lu et al,, 2020). This can usually
lead to biased perceptions of the colloidal trace element
concentration in the ultrafiltrate by researchers. We used
standard macromolecules, including vitamin B;, and standard
fluorescent-tagged dextrans, to calibrate the CUF units according
to previous studies (Lu et al., 2019; Lu et al., 2020).

2.4 Fractionation factor

The fractionation factor (F) was defined as the ratio of the
concentration of truly dissolved Pb and colloidal Pb to evaluate
the fractionation behavior of Pb by the colloids present in the
system (Liu et al., 2019):

CPb,c

Fclt =
CPb,t

where Cpyp; . and Cpys, are the concentrations of Pb in colloids,
respectively. F. is the fractionation factor between colloidal Pb
and truly dissolved Pb. When the F., > 1 or< 1, the Pb
preferentially migrated to colloidal matter or the truly
dissolved phase.

2.5 Chromophoric dissolved
organic matter

The UV absorption spectrum of CDOM was measured using
a UV-Vis spectrophotometer (TU-1950, Persee®). Ultrapure
water was used as a blank and for baseline scanning. The samples
were spectrally scanned in the range of 200-800 nm, and the
scanning interval was 1 nm. All absorbance values were
deducted by the mean value of the 680-700 nm range to
eliminate the refractive index differences and baseline drift.

The absorption coefficient a(355) was selected as the
parameter represent the concentration of CDOM and was
calculated from the following equation (Peuravuori and
Pihlaja, 1997; Wu et al., 2022):

a(A) = 2.303xA(A)/L

where a(A) (m™) is the absorption spectrum at the wavelength
of A nm; A(A) is the absorbance at the wavelength of A nm; and L
is the length of cuvette.

The specific ultraviolet absorbance (SUVA,s,) was defined as
the ratio of the absorption coefficient at the wavelength of 254 nm
to the concentration of dissolved organic matter (DOC) of the
sample. This parameter could represent the aromaticity of CDOM
in the aquatic system. It was calculated from the following
equation (Peuravuori and Pihlaja, 1997; Wu et al., 2022):

a(254)

SUVA254 = Ci
DOC
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where SUVA;s, (I (mg m)!) is the specific ultraviolet
absorbance; a(254) is the absorption spectrum at the
wavelength of 254 nm; and Cpoc is the concentration of
dissolved organic matter.

The ratio of the absorption coefficient (E2 : E3) at a specific
wavelength was used to represent the change of the relative
molecular weight of CDOM and was calculated using the
following equation (Peuravuori and Pihlaja, 1997; Wu et al., 2022):

E, _a(250)
E;  a(365)

where E,/E; is the ratio of the absorption coefficient of the water
sample at the wavelength of 250 and 365 nm; a(250) is the
absorption coefficient at the wavelength of 250 nm; and a(365) is
the absorption coefficient at the wavelength of 365 nm.

2.6 Instruments and analysis

In this study, the concentration of different sized colloidal Pb
was determined by using an inductively coupled plasma mass
spectrometer (ICP-MS, iCAP RQ, Thermo Fisher Scientific Inc).
The internal standard [indium (Inye), 10.00 ug’l] was spiked in
every sample. To maintain the stability of the instrument, we
used 1.00 pg L' tune solution [lithium (Lis), cerium (Cesg),
barium (Basg), Ing, and uranium (Uy,)] to monitor the oxide
formation (BaO/Ba< 3%). The isobaric interference on Pb was
corrected by monitoring 200Hg and "'Cd (Cd,g). The data of
198phy 5Cu (Cuyy), ®Zn (Znsg), ¥Sr (Srse), *°Y (Y3e), and *°Mo
(Moy,) were used to monitor the potential polyatomic
interference. ICP-MS analysis was conducted with 99.999%
argon at the optimized plasma gas flow rate (GFR) of 15.0 L
min~!, an auxiliary GFRof 1.2 L min~! and at a nebulizer GFR of
0.88 L min~".

To ensure the accuracy of the method, we measured the
method blanks to verify and control the reliability of the analysis
data. The method blanks were determined by using an ultrapure
water sample. The method blank followed the same process as
sample preparation as follows: 3% HNOj; extraction, 3% HNO;
dilution, and ICP-MS parallel determination (n = 11) (Lu et al,,
2020). The quantification limits [i.e., limit of quantification
(LOQ)] for Pb were 10 times that of the standard deviation
(o) of the blanks, and the detection limits [i.e., limit of detection
(LOD)] were 36 (Table 1). To verify LOQ and LOD, we used the
GBWO08608 and GSB07-1183 reference materials to test the
linear correlations (R?) of the method. The linear ranges were 0.2
ug L™ 05ug L™ 1 ug L™, and 2 ug L™". The performance was
shown in Table 1. 0.50 g L' of Pb standard sample was
determined every 12 samples to measure the stability of the
ICP-MS.

ICP-MS, inductively coupled plasma mass spectrometer;
LOD, limit of detection; LOQ, limit of quantification.
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TABLE 1 Performance of the inductively coupled plasma mass spectrometer (ICP-MS) and the analysis method.

Linear correlations (R?)

Linear ranges (ug L™")

LOD (ug L™ LOQ (ug L™
Analysis method 0.14 ‘ 0.43
GBWO08608 - ‘ -
GSB07-1183 = ‘ -

-, represents no data.

3 Results

3.1 Mass balance, the actual cutoff of
centrifugal ultrafiltration

The fractionation method, solvent used, and detection error
will determine the result of Pb in the different samples. We used
the mass balance (M) to monitor the precision of the result. The
mass balance was defined as the ratio between the dissolved
concentration of Pb of the non-fractionated sample and the
summary of the different fractionation concentrations of Pb.
Once the difference value between M and 100% was less than
10%, we believe that there on loss during the experiment.
Moreover, once the value reached greater than 10%, we
believed that the loss of Pb affects the result of the experiment
(Liu and Gao, 2019). The mass balance ratio results of the
different stations are shown in Figure 3. The mass balance ratio
difference between M and 100% was 9%-10%. This means that
the level of error introduced by the method, solvent and
detection was overlooked in this study. Notably, the recovery
ratio varied with the location of the sample station. Higher
recovery ratios were observed in stations influenced by human
activities. It is shown that there is an inference relationship
between human activities and Pb. Intense human activity often

0.2-2 0.9999

0.2-2 0.9999

leads to a stronger release of Pb into the environment (Zang
et al., 2020). It will lead to the introduction of Pb contamination
during field sampling or pre-treatment, ultimately causing high
recovery rates (Chen et al,, 2022).

The actual cut-off value for CUF was consistent with
previous work because we used the same batch of products in
this study (Liu et al., 2018; Lu et al,, 2019; Lu et al.,, 2020). The
actual MWCO of the 1, 3, 10 and 100 kDa CUF units were
estimated to be 2, 7, 32 and 393 kDa, respectively. This indicated
an overestimation of the colloidal trace element concentration in
the ultrafiltrate of this study. However, the ultrafiltration
performance of the CUF could still precisely fractionate the Pb
into different sized colloids. Therefore, the experimental results
could reflect the migration behavior of Pb from truly dissolved to
colloidal phases in rivers flowing into sea.

3.2 Hydrographic parameters

Hydrographic parameters such as water temperature,
salinity and pH of the rivers are described in Table 2. Water
temperature of all the stations fluctuated in the range of 1.6°C to
7.8°C, with gradual decreases toward the direction of input sea.
In addition, more than 80% stations were lower than 5°C, which

110%

100%

Recovery rate

90%

@é@gﬁ%

-

XQ ™M GL

FIGURE 3

T
YF XD SX YR
Rivers

The mass balance of lead (Pb) in different rivers. XQ represents the Xiaoginghe River; ZM represents the Zhimaihe River; GL represents the
Guanglihe River; YF represents the Yongfenghe River; XD represents the Xiaodaohe River; SX represents the Shenxiangou River; and YR

represents the Yellow River.

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2022.1085142
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Ren et al.

TABLE 2 Hydrographic parameters, such as water temperature, salinity, and pH of the rivers.

10.3389/fmars.2022.1085142

Sample station Temperature (°C) pH Salinity (S)
Yellow River
SY1 2.7 8.71 0.42
SY2 24 8.71 0.42
SY3 1.8 8.84 0.42
Xiaoginghe River
SX1 6.0 8.29 12
SX2 5.8 8.28 121
SX3 7.8 8.17 2.67
SX4 6.8 8.32 2.08
SX5 5.5 8.43 1.88
SX6 5.3 8.36 2.13
SX7 4.8 8.42 2.10
SX8 37 8.30 7.70
Yongfenghe River
SF1 1.6 8.62 9.42
SE2 2.6 8.52 9.09
SF3 22 8.44 15.38
Xiaodaohe River
SD1 2.3 8.49 21.45
SD2 32 8.43 21.86
SD3 2.4 8.47 26.42
Zhimaihe River
SZ1 35 8.32 4.33
S72 3.1 4.18 8.71
SZ3 3.9 7.83 8.57
SZ4 2.5 8.21 14.25
SZ5 2.4 8.29 17.20
Guanglihe River
SG1 39 8.24 2.83
SG2 33 8.96 1.75
SG3 4.1 8.59 4.93
SG4 5.5 8.16 4.86
SG5 3.9 8.81 3.29
SG6 3.7 9.08 2.68
SG7 35 9.08 244
SG8 3.6 9.08 2.51
(Continued)
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TABLE 2 Continued

Sample station Temperature (°C) pH Salinity (S)
SG9 35 9.12 377
SG10 32 851 10.87
SG11 27 8.38 18.33

Shenxiangou River

881 3.7 837 1.48

882 41 8.55 0.99

$83 4.1 8.59 L11

S84 3.7 9.25 5.76

885 2.0 8.70 21.03

$86 15 8.28 29.46
means that the biogeochemical effects between microorganisms pronounced increase of salinity was found along the direction
and the metals were very small and could be negligible (Cao of the seaward river output into the sea. Some sample stations
et al,, 2018; Marcinek et al., 2022). A notable phenomenon was with a salinity greater than 20.00 appeared in the Xiaodaohe
that the water temperature of the Zihe-Xiaoginghe river system River and Shenxiangou River. The salinity changes observed in
was significantly higher (i.e., =1°C) than that of other rivers in the Guanglihe River and Yongfenghe River were relatively slow,
this study. Higher water temperatures (i.e., >5°C) were recorded but the salinity exceeds 15.00 at the stations near the estuary.

at the station near the village and the highway. The pH of most

rivers was above 8.10, and the highest value appeared at the . .
station of Shenxiangou River, with a value of about 9.25 3.3 The concentration of Pb in the

(Table 2). There is an obvious high pH (>9.00) area in the seaward river
Guanglihe River section passing through the urban area of

Dongying City (Figure 3). This higher pH may be related to The seaward rivers could be classified into three categories
the weak flow of the river and the salinization of the land. To according to the discussion in Section 3.1. The Xiaoginghe River
prevent sea tide intrusion, the flow of the Guangli River into the and the Yellow River are natural rivers (NR). Trunk canals of the
sea is controlled by a dam with fixed opening and closing times. Yellow River are divided into two categories according to the
The damming of the river by humans leads to a weaker flow of influence of tidal seawater. The Yongfenghe River and
the Guangli River. A weak Guanglihe River flow is susceptible to Xiaodaohe River are rivers strongly influenced by seawater
saline seepage from salinized sediment, which often increases the (SFR), whereas the Zhimaihe River, Guanglihe River, and
pH of the water (Xie et al., 2019). In addition, in the reach of the Shenxiangou River are weakly influenced by seawater (WFR).
Zihe River (which merges into the Xiaoginghe River), there are

stations with pH lower than 8.00, with values around 7.70-7.90. 3.3.1 Total dissolved Pb

The station with the lowest pH (=4.18) appears in the Zhimaihe Total dissolved Pb is the sum of colloidal and dissolved lead,
River section, close to an industrial area, and the low pH river which reflects the level of transportable Pb in water. It is an
section continues for about 15 kilometers. From the potential important indicator for measuring Pb pollution in the river. The
results, all rivers are reducing environments under alkaline distribution of dissolved Pb in the different rivers was described
conditions, with the river pH >7.00 (Table 2). Significant in Figure 4. The concentration of total dissolved Pb in all rivers
differences were found in the salinity of the rivers. For the ranged from 0.99 to 40.09 ug L™". The concentration gradually
main rivers, such as Yellow River and Xiaoginghe River, changes decreased as the location approached the estuary and did not
of salinity were not detected owing to the impact of the strong exceed the surface water standard for China (i.e., 100.00 ug L™")
supply of upstream fresh water. There is no significant change of for more than 95% of the stations. Only three stations, SZ1, SX1,
the salinity at the stations of the Yellow River, which remained at and SZ5, were observed with values over and above the standard.
0.42. In the Xiaoqing River, whose hydrodynamic force is weaker SZ1 had a concentration of 19.73 ig L™" and was in the upstream
than that of the Yellow River, the salinity only reaches 7.00 at the sample area of the Xiaoqing River. SZ1 and SZ5 were all in the
station near the estuary and did not exceed 3.00 at other stations. Zhimaihe rivers, with the concentrations of 40.09 ug L™ and
For the trunk channels, the salinity changed drastically. A 12.94 ug L', respectively. Among these sites, SX1 and SZ1 are
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The distribution of total dissolved lead (Pb), truly dissolved Pb, and colloidal Pb in different seaward rivers

the highest concentration points regarding concentrations of Pb
and were also the farthest from the estuary along the river where
they are located. However, SZ5 is near the estuary. The
minimum concentration of total dissolved Pb occurred near
the Shenxiangou estuary and was about 0.99 pg L™".

Obvious variations were found in the distribution trend of
total dissolved Pb in different rivers. Among the five trunk canals
of the Yellow River, the concentration of Pb decreased gradually
with the increase of salinity in rivers, which was strongly
influenced by seawater. But in other trunk canals, the
distribution of Pb is relatively complex. A trough-like
distribution trend of Pb was observed along the direction of
the Zhimai River flowing into the sea. The highest fluctuation of
about 35.00 ug L™' Pb and a significant increment of about 10.50
ug L' of Pb was observed at the Zhimaihe estuary. In
Shenxiangou and Guangli River, the distribution of Pb showed
more frequent and smaller fluctuation changes (i.e., 0.20-5.70 g
L™"). Those differences may be related to the river basin. The
sampling areas of the Yongfenghe River and Xiaodaohe River are
mostly surrounded by mariculture and salt-drying farms, the
Guangli River and Shenxiangou flow through urban areas and
townships, and the Zhimaihe River flows through farmland,
industrial areas, and salt farms. The concentration of Pb in
urban areas was higher than areas of farmland and salt farms. It
should be noted that the hydrodynamic forces of these rivers are
weaker than natural rivers. For the natural rivers, the
distribution of Pb was also different. The concentration of Pb
in the Xiaoqing River was significantly higher than that of the
Yellow River, and with an average concentration difference of
about 5.00 ug L!. In the Yellow River, the concentration
variations in the different stations are lower, with a range of
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0.50-1.5 ug LY. However, it could reach 16 concentration units
in the stations of the Xiaoqinghe River. A gradual decrease of Pb
concentration was observed as the location approached the
estuary in the Yellow River. However, the Pb concentration
increased significantly at the SY3. In the Xiaoqing River, the
distribution trend of Pb was a mechanical wave like that
observed in the Guangli River. A sharp decrease in Pb
concentration was recorded at the upstream position of the
sampling area (SX1—SX2). In addition, the Pb concentration
increased at the junction area of the Zihe River with the
Xiaoqinghe River. After the mixture, Pb concentration
increased to 7.28 pg L™" at SX3 station.

3.3.2 Truly dissolved Pb

Metal ions in true solution are very mobile and bioavailable
Therefore, it is necessary to give a further explanation for the
investigation of the geochemical behavior of Pb in the river.
Truly dissolved Pb concentrations in the rivers varied with the
location of the sample station (Figure 4). For all rivers, the
concentration of truly dissolved Pb ranged from 0.25 to 7.37 ug
L™". The highest concentration of truly dissolved Pb appeared at
SF1 in the Yongfenghe River and the lowest appeared at SX1 in
the Xiaoqing River. In the two natural rivers, truly dissolved Pb
was the dominant fractionation (i.e., >60%) of the total dissolved
Pb and ranged from 1.57 to 2.99 ug L™'. For both rivers,
following a downstream, seaward direction, truly dissolved Pb
of the samples increased then declined. The average
concentration of truly dissolved Pb in the Xiaoging River was
significantly higher than that in the Yellow River. In some river
reaches of the Xiaoqing River, the truly dissolved Pb increased
significantly to about 2.22 ug L™, especially for those sample
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stations located in urban or farmland areas. The distribution
trend of truly dissolved Pb varied across the trunk canals. A
decrease of truly dissolved Pb was found in the SFR river as
stations neared the estuary, with a sharp decline to about 4.68 g
L™" observed in the Yongfenghe River. However, truly dissolved
Pb demonstrated significant fluctuations in the TFR river. A
pronounced increase in truly dissolved Pb was found in the
Zhimai River estuary, which was a different pattern from that
observed for most other rivers. In the Guangli River, the
distribution fluctuation was stronger than that in other TFR
rivers. Reaches that flowed through urban areas had significantly
higher truly dissolved Pb than reaches in the estuary and canal
source. Low levels of truly dissolved Pb (less than 1.00 pg L™)
were observed in the Shenxiangou River, except for SS5 (about
5.98 ug L") at the estuary area. However, a sharp decrease (of
about 5.60 pg L") of truly dissolved Pb occurred with a salinity
increase from =21.00 to =~30.00. In general, truly dissolved Pb
followed an obvious input and migration process in some areas.
Furthermore, these processes are greatly disturbed by
human activity.

3.3.3 Colloidal Pb

Colloidal Pb (>1 kDa) is Pb ions complexed with or
adsorbed to colloidal matter, which has a relatively stronger
bioavailability and chemical activity than other forms of
dissolved lead. It is an important reservoir for Pb in natural
water. The data of different sizes of colloidal Pb are detailed in
Figure 5. As illustrated in the figure, colloidal Pb (>1 kDa) is the
major constituent of the total dissolved Pb in the seaward rivers
in the Yellow River Delta. A total of 46% of sample stations
recorded high percentages (=50.00%) of colloidal Pb. At the SX1
(on the Xiaoginghe River), the percentage of the colloidal Pb
even accounted for more than 95.00% of the total dissolved
metal. Furthermore, there were only three stations that recorded
low colloidal fractions below or around 10%: SX6, SG6, and SS5.
In the sample stations near the estuary, colloidal Pb was higher,
ranging from 41.52% to 86.94%.

In the natural river, the percentage of colloidal lead expressed a
different distribution trend. In the Yellow River, most colloidal Pb
was close to 40%. As shown in Figure 5A, the metal was mainly
bound by the 1-3 kDa and 100 kDa-0.22pum colloidal matter, with
values of =30.00% and ~50.00%, in most of stations, respectively.
Obvious changes occurred in low MWCO (1-100 kDa). At SY1, 1-
3 kDa Pb (=25.00% decrease) migrated into the 10-100kDa
colloidal matter (=23.00% increase). But at SY3, the percentage of
10-100 kDa Pb decreased to 0% and 3-10 kDa Pb increased from
0.74% to 23.78%, respectively. In the Xiaoqing River, those changes
are much more complicated with the input of another river and
salinity. As shown in Figure 5B, 1-3 kDa Pb was the main
component (> 70.00%) before the input from the Zihe River in
the Xiaoqing River. At the mixture station (SX4), the percentage of
1-3kDa Pb decreased to 5.74%, but 100 kDa-0.22 um Pb and 3-10
kDa Pb increased from 9.71% to 40.16% and 14.39% to 36.07%,
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respectively. After the mixture, 10-100 kDa Pb was found in a low
percentage (of about< 10.00%) and the distribution of colloidal Pb
mainly occurred in 3 kDa-0.22 um colloidal matter. Furthermore,
Pb ions prefer to distribute to 3-10 kDa and 100 kDa-0.22 pum
colloidal matter near the estuary.

An opposite distribution characteristic of colloidal lead was
found in the trunk canals strongly influenced by seawater (SFR).
The percentage of colloidal Pb in the Yongfenghe River increased
continuously from 39.34% to 80.99% with the increase of salinity,
but it gradually decreases from 71.85% to 52.45% in the Xiaodaohe
River. There was no obvious relationship between the distribution
of Pb in the different sizes of colloidal matter and salinity. Pb ions
were still mainly bound by the 1-100 kDa colloidal matter, similar
to its distribution characteristic in natural rivers (Figure 5C). In the
Xiaodaohe River, which is more affected by seawater, colloidal Pb
with a size of 100 kDa-0.22 um was stable at about 41.00% + 1.30%
(Figure 5D). However, the percentage of 100 kDa-0.22 um Pb
changed significantly in the Yongfenghe River, which is weakly
affected by seawater. This shows the obvious migration behaviors of
Pb ions in different sizes of colloidal matter.

In the trunk canals weakly influenced by seawater (WFR),
colloidal Pb presents various distribution characteristics with
different rivers reaches. In the Zhimaihe River, the percentage of
colloidal Pb exhibited a fluctuating reduction trend from 89.50% to
56.18% as the stations approached the estuary. A sharp decrease in
concentration (from 35.88 ig L™ to 1.28 ug L") and the percentage
(from 89.50% to 26.83%) of colloidal Pb was observed at the station
where the seawater began to interact with freshwater (Figure 5E).
The distribution of Pb in different sizes of colloidal matter changed
from the 3-10 kDa fraction to the 10-100 kDa and 100k-0.22 um
fractions. Never the less, a significant increase in concentration (i.e.,
from 1.25 pug L™ to 7.27 ug L") and percentage (from 47.71% to
56.18%) of colloidal Pb occurred near the estuary (SZ5). The
colloidal Pb mainly was in the 1-3 kDa fractionation at about
47.04% for this station. Differing from the Zhimai River, the
Guangli River has a longer section that is not affected by salinity
and that also passes through an urban area. The hydrodynamic
force of this part of the river is relatively slow, and the interaction
between colloidal matter and Pb is more sufficient. The
concentration and percentage of colloidal Pb ranged from 0.68
ug L' t0 5.46 ug L' and from 10.63% to 88.86%, respectively. The
distribution of colloidal Pb changed from the 3-100 kDa fraction to
the 100 kDa-0.22 um fraction. Notably, in the station near the
estuary, the salinity makes the distribution of Pb more uniform in
the different sizes of colloidal matter (Figure 5F). Similar to the
Guangli River, the Shenxiangou River also has a reach (SS1—S554)
less affected by seawater (Figure 5G). The concentration and
percentage of colloidal Pb ranged from 0.99 ug L™ to 5.88 ug L™
and from 20.77% to 88.99%, respectively, in this area. In this area,
colloidal Pb was also mainly distributed in fractions of 3-100 kDa to
100 kDa-0.22 um. However, the percentage of colloidal Pb
decreased to =10.00% with a significant increase in salinity. It
should be noted that the percentage of colloidal Pb in the total
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dissolved metal increased significantly, but the actual concentration
decreased. In all, salinity is an important factor that promotes the
partitioning of Pb ions into 1-3 kDa and 100 kDa-0.22
Wwm fractions.

4 Discussion
4.1 The migration behavior of Pb
In this study, the migration behavior of Pb in the Yellow

River was used as a reference location. This sample reach is not
affected by industrial and domestic wastewater outfalls and
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agricultural activities in the winter. In addition, the
concentration parameters showed that colloidal Pb (1.27 +
0.06 pg L") is basically stable in the Yellow River. This means
that the Pb migration mainly occurs between the truly dissolved
and particulate or sediment phase related to the weakened
hydrodynamics. As the Yellow River flows into the sea, the
main channel gradually becomes wider with a reduction in flow
(Du et al., 2022). Low hydrodynamic action increases the chance
of truly dissolved Pb entering the sediment with particle
settlement (Moore et al., 1996). However, anthropogenic
activities significantly influenced the Pb concentration
behavior regarding partition patterns between colloid and truly
dissolved Pb in other rivers. The change trend of the
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fractionation factor (F) of Pb in the different phases is shown in
Figure 6. The Xiaoging River sampling area consisted of three
reaches, the upper reach (SX1), the middle reach (SX2—SX6)
and the estuary (SX7—S5X8) (Figure 1). The upper reach and the
estuary are greatly affected by chemical industry, salt industry,
and port activities, whereas the middle reach is less affected by
human activities because there is little agricultural activity in
winter. Sewage discharge from the refining and chemical
industry likely led to the surge of colloidal Pb (to 19.60 pg
L’l) at the SX1 station. Downstream in SX2, the colloidal Pb
decreased sharply and truly dissolved Pb was stable. This
phenomenon might be due to the unstable upstream chemical
source of colloidal Pb, and input sources disappeared in this
region (Teien et al., 2004). In addition, the colloidal Pb and truly
dissolved Pb in the Xiaoqing River increased significantly after
passing through some large residential areas (SX4). This
phenomenon is related to the direct discharge of sewage from
this area (Gu et al,, 2022). Domestic wastewater produced by
residential areas often contains large amounts of Pb and organic
matter (Deng et al., 2020; Silva et al.,, 2020). In addition, this
residential area is also home to petrochemical factories. The
factories could produce wastewater containing high levels of Pb
and organic matter (Wang et al., 2017; Dong et al., 2022). Hence,
the domestic mixed factory discharge is likely to be an important
source and disturbance factor of Pb in the Xiaoging River.
Notably, total dissolved Pb changed little after flowing through
the area with less human influence (SX4—SX6). Furthermore,
the dissolved Pb mainly migrated from the colloid phase to the
truly dissolved phase (Figures 5, 6). This phenomenon is the
opposite of the behavior of dissolved Pb in the Yellow River. It
may be related to a difference of types of colloidal organic matter
that are present in the Yellow River and the Xiaoqing River (Lu
et al,, 2021). An increase in colloidal Pb was observed after

10.3389/fmars.2022.1085142

passing through the Yangkou port with its intensive human
activities (SX8). The significant reduction of truly dissolved Pb in
this region may be related to the rapid increase in salinity.
Similar phenomena as were observed in the Xiaoging River was
also observed in the Zhimaihe River, the Yongfenghe River, and
the Xiaodaohe River. Both the concentration and the
fractionation of colloidal Pb significantly increased after those
rivers passed through ports or residential areas (Figure 5).
However, the migration of Pb was more complex in the
Guanglihe River and Shenxiangou River because of the lower
hydrodynamic force combined with the higher flow through
urban areas. Previous studies have shown higher levels of Pb and
more variable biogeochemical parameters, such as DOC and
CDOM, in rivers flowing through urban areas (Liang et al., 2018;
Liu et al,, 2022). Overall, domestic and industrial sewage were
the dominant factor regarding partitioning between truly
dissolved Pb and colloidal Pb in the rivers flowing into the sea
in the Yellow River Delta in the winter.

4.2 The roles of salinity, pH,
and temperature

As shown in Figure 7, total dissolved Pb sharply decreased
with salinity gradient, expect for the Zhimaihe River. It
previously demonstrated that salinity could induce the
flocculation of Pb in river water and this behavior was non-
conservative (Wu et al., 2015). However, Pb in different phase
express different behavior. Truly dissolved Pb gradually
decreased with the salinity gradient and expresses a non-
conservative behavior (Figure 7). But for colloidal Pb, both
non-conservative and conservative behavior can be observed.
The removal behavior of Pb mainly occurs in the truly dissolved

9.00

i

Fraction factor

3.00

ﬂ 4 HN Al

[ fraction factor (F)

=

*’{JLM/UJ t

VRVATIZLNS

Al I
ol

0.
S

FIGURE 6

PP FF T O TP NP o\g&%&%@:@\:@\ PSPPI SNl ePePes®

sample station

The fractionation factor (F) of lead (Pbs) between the colloidal and truly dissolved phases. SY represents the Yellow River; SX represents the
Xiaoginghe River; SF represents the Yongfenghe River; SD represents the Xiaodaohe River; SZ represents the Zhimaihe River; SG represents the

Guanglihe River; and SS represents the Shenxiangou River

Frontiers in Marine Science

12

frontiersin.org


https://doi.org/10.3389/fmars.2022.1085142
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Ren et al. 10.3389/fmars.2022.1085142
30,0 Yellow River Xiaoginghe River Yongfenghe River Xiaodaohe River Guanglihe River Zhimaihe River Shenxiangou River
[ salinity
24.0
2
2180
=
"
12,0
6.0 I
0.0
15.04 )
[ -=-colloidal Pb ] = truly dissolved Pb
=120 Z e
=]
2
I
9.0
3 “
=
2
2 ol 7
= v/
8 -
g
O ﬁ:ﬁ:ﬁ
oot L.t 1.ttt e L LR
SY1 SY2 SY3 SX6 SX7 SX8 SF1 SF2 SF3 SDI SD2 SD3 SG9 SG10SG11 S73 S74 SZ5 SS4 S5 SS6
Station
FIGURE 7

Changes in the trend of total dissolved lead (Pb) with the increase of salinity in different rivers.

state. This phenomenon may be the result of the combined effect
of the speciation of Pb ions and the flocculation eftect of salinity
on low molecular organic matter (Xu et al., 2020; Nghiem et al.,
2022). At elevated pH (>8.00), Pb ions easily transform to
PbCO; precipitate with increasing of salinity (Powell et al,
2009). Some studies had demonstrated that organic Pb
chelates was the dominate species in the truly dissolved Pb in
natural water (Raudina et al., 2021). Therefore, the gradual
increase in salinity and higher pH promotes the precipitation
of truly dissolved Pb (Table 2). To clarify this combined effect,
we performed principal component analysis of the pH and
salinity variables with different state Pb and shown in Figure 8.
From the figure we could found, pH values and salinity of the
river water have similar negative correction with the dissolved
Pb, especially for the truly dissolved Pb. But for colloidal Pb, pH
expresses a positive correlation (Figure 8B). Meanwhile, pH had
more intense effect than salinity for all state Pb (Figure 8). This
behavior may dominate by the interaction between salinity, pH,
and the accumulation of colloid matter (Cantwell and Burgess,
2001). Salt may induce organic matter to aggregate with each
other for flocculation (Lasareva et al., 2019), but not completely
flocculate the large sized colloidal matter (Herzog et al., 2019).
The colloidal material can be stable under high pH and high
salinity such as humic acid (Liu and Gao, 2019; Furukawa et al.,
2014). The coagulation of inorganic colloids would reduce while
above a certain salinity range, especially in presence of organic
matter (Wang et al., 2015; Zhang et al., 2015). Therefore,
temperature might another factor to affect the migration of Pb.
It had demonstrated that temperature tended maintain the
stabilization COC in the winter river (Gong et al.,, 2022). The
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principal component analysis between the temperature with
different dissolved state Pb also performance (Figure 8). Low
temperature had a positive correction with the state of dissolved
Pb (Figure 8). It means temperature might an important factor
to maintain the dissolve state of Pb. However, pH had a
significant negative correction with the truly dissolved Pb
(Figure 8C). It means truly dissolved Pb removal from the
water in the estuary area where the salinity increasing rapidly,
higher pH values, and especially in the low temperature. These
results suggested that low temperature, high pH, and increased
salinity have a combined or together effect on the removal of Pb
form river water. These three biogeochemical factors associated
reduced 33.3%=95.4% of Pb entering to the sea with the
seaward river.

4.3 The role of colloidal matter

Colloidal Pb was stable, and the colloidal organic carbon
(COC, represented by the concentration of DOC) decreased
with the direction toward the sea in the Yellow River (Figure
S1). However, 10-100kDa colloidal Pb demonstrates a
significant correlation with the change of COC (Table SI;
Figure S1). This phenomenon might be related to the
components of colloidal matter. It has demonstrated that
different colloidal components could strongly bind the Pb;
ions in water, and this binding ability varies with the character
of the colloidal matter (Stolpe and Hassellov, 2010; Feng et al.,
2022). However, it is difficult to clarify this effect because of
the lack of analysis techniques that exactly separate and
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quantify colloidal matter components (Klun et al., 2019).
Fortunately, some studies have discovered a significant
relationship between CDOM of colloidal matter and Pb ions
(Javed et al., 2017). Hence, we discussed the correlation
between the molecular weight and components of CDOM
and the colloidal Pb to explore this effect (Stolpe and
Hassellov, 2010). The CDOM-UV parameter in different
stations was shown in Table 3. We used the absorption
constant at 355 nm to represent the concentration of
CDOM, SUVA,s, represents the aromaticity of CDOM, and
a250/a365 represents the molecular of CDOM.

In the Yellow River, the concentration of CDOM and COC
was decreased but SUVA,s, was enhanced. Meanwhile, the
a250/a365 value (10.09-14.45) showed that the molecular
weight of CDOM was higher (Table 2). However, the
concentration and the aromaticity of CDOM had a poor
correlation with the different sizes of colloidal Pb (Figure S2).
This shows that non-aromatic organic matter exhibited obvious
aggregation or elimination, and inert soluble organic matter
increased in concentration (Lu et al., 2019). In addition, Pb ions
tend to partition in high-molecular-weight colloidal organic
matter (Figure 5). Hence, the stable colloidal Pb in the Yellow
River indicates a likely close relationship with this metal to the
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high-molecular-weight aromatic-like matter. Therefore, results
suggest that the migration of colloidal Pb may be related to
aromatic CDOM in areas with less disturbance from human
activities and freshwater areas. In the Xiaoging River, which is
also a natural river, the changes of CDOM and colloidal Pb were
more complicated. Except for the Zihe input station (SX4), the
aromaticity and molecular weight of CDOM in the Xiaoqing
River were lower (Table 2 and Figure S3). This illustrates that the
distribution of Pb; in different sizes of colloidal matter have a
close relationship with the high-molecular-weight aromatic
matter. However, in the trunk channels which are greatly
affected by the tide, the salinity induced the aromatic
components of CDOM to gradually aggregate and promote
agglomeration of colloidal Pb. Meanwhile, the trend in change
of the CDOM abundance was conformation for all sizes of
colloidal Pb (Figures S4-S8). Human activity mainly causes
input of low-molecular-weight CDOM, which is also an
important migration destination of Pb ions (Figure 5).
The CDOMs are not stable and have relative ease of
decomposition, inducing a complex distribution of Pb in
different sizes of colloidal matter (Table 2). Overall, the
highest concentration of colloidal Pb; was observed in the
station that has stronger aromaticity of present CDOM
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TABLE 3 The chromophoric dissolved organic matter (CDOM)-UV parameter in different sample stations.

Sample station a(355) (m™) SUVA,54 a(250)/a(365)
Yellow River
SY1 0.47 3.11 10.09
SY2 0.52 4.04 14.45
SY3 0.23 8.46 10.32

Xiaoginghe River

SX1 0.93 0.3 3.98
SX2 3.47 0.25 1.43
SX3 5.41 3.13 3.37
SX4 1.9 3.82 9.45
SX5 4.67 1.2 2.51
SX6 4.06 1.42 0.78
SX7 2 2.38 1.6
SX8 3.95 1.36 4.75

Yongfenghe River

SF1 3.77 0.92 5.12
SF2 1.72 5.28 9.66
SF3 0.86 3.87 2.89

Xiaodaohe River

SD1 2.67 2.33 1.42
SD2 3.35 6 0.84
SD3 1.12 33.28 16.1

Zhimaihe River

SZ1 4.35 10.01 0.79
SZ2 4.42 1.72 421
SZ3 3.89 1.88 0.93
SZ4 2.84 13.01 1.19
SZ5 4.67 15.29 0.63

Guanglihe River

SG1 4.9 6.94 0.62
SG2 7.99 0.21 1
SG3 4.13 3.67 0.78
SG4 5.34 3.42 0.69
SG5 3.01 2.9 1.1
SG6 3.53 1.92 521
SG7 2.95 34 0.91
SG8 3.34 5.27 1.09

(Continued)
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TABLE 3 Continued

10.3389/fmars.2022.1085142

Sample station a(355) (m™) SUVA,54 a(250)/a(365)
SG9 33 6.65 0.76
SG10 3.06 3.28 0.91
SG11 0.62 4.45 22.03

Shenxiangou River
SS1 1.98 2.31 1.76
SS2 2.35 14.42 7.68
SS3 233 6.76 6.13
SS4 5.06 10.49 3.1
S5 2.67 1.39 0.27
$S6 0.43 59 6.79

(Table 2 and Figure 5). Furthermore, Pb was also more inclined
to be found in the large-sized colloidal matter. However, in
winter, the distribution of Pb in large-sized colloids is relatively
stable because of the low decomposition effect of the
low temperature.

To further verify those findings, we compared the
fractionation behavior between Pb in the truly dissolved
phase and colloidal organic matter phase in other rivers into
the sea. Table 4 shows the concentration of Pb in the truly
dissolved phase and colloidal phase in different areas. It can be
observed from Table 4 that the truly dissolved Pb was the main
components in the freshwater (Javed et al., 2017; Gandois et al.,
2020; Lu et al., 2020; Zhang et al., 2022). However, with the
enhancement of salinity, the colloidal Pb became the main
components of the dissolved Pb in the brackish water
environment (Illuminati et al.,, 2019; Lu et al., 2020; Pavoni

et al., 2020; Feng et al., 2022; Nasrabadi et al., 2022). Many
studies have demonstrated that Pb is prone to sedimentation in
estuary where salt water and freshwater are mixed (Pavoni et al,
2020; Nasrabadi et al., 2022). This phenomenon of migration
distribution is more pronounced in the estuarine area. For
example, colloidal Pb exceeded 50% of the total dissolved Pb in
most estuarine areas (Illuminati et al., 2019; Lu et al., 2020;
Pavoni et al., 2020; Feng et al., 2022; Nasrabadi et al., 2022). In
the Krka River estuary, this fractionation behavior was close to
100% (Nasrabadi et al., 2022). Combined with the
phenomenon of this study, the sedimentation of Pb mainly
occurred in the small molecule organic phase (Figure 5). In
addition, the increase in salinity promoted the migration of Pb
to macromolecular colloids (Figures 5, 6). This suggests that
macromolecular colloids matter will be the main dissolution
state of Pb from rivers to the ocean.

TABLE 4 The concentration of lead (Pbs) in the truly dissolved and colloidal phases in different river flows into the sea.

River or estuary Colloidal Pb Truly dissolved Pb References
Freshwater Guandang River estuary 13% 87% Lu et al., 2020
Athabasca River =~40% ~60% Javed et al., 2017
Taihu Lake ~34% ~76% Zhang et al., 2022
Blackwater river 22% 78% Gandois et al., 2020
In this study 31-40% 60-69%
Brackish water Po River Estuary =70% =30% Mluminati et al., 2019
Guandang River estuary 58% 42% Lu et al., 2020
Pearl River Estuary 82% 18% Fang et al., 2021
Isonzo/Soca River mouth 84-95% 6%-15% Pavoni et al., 2020
Krka River estuary 99.00% 1.00% Nasrabadi et al., 2022
In this study 50-80% 20-50%
Frontiers in Marine Science 16 frontiersin.org
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4.4 Potential ecological effects of Pb

From the concentration change of Pb observed in this study,
we could find that, excluding the influence of industrial pollution
input, most Pb was precipitated in the estuary (Figure 7). This
indicates that the ecological risk of Pb in the river water was
relatively low. However, the disturbance by anthropogenic
factors increases the risk of Pb migrating to the sea (Wang
etal, 2022). As the winter passes, the strong hydrodynamic force
caused by Yellow River flows will induce scouring of the trunk
channel riverbed (Mistri et al., 2019). Pb deposited in surface
sediments in winter will be carried into the sea by later floods.
Furthermore, the water body replacement of the urban water
system and river dredging works will periodically bring urban
sedimentary Pb into the offshore environments. Meanwhile,
these rivers do not have a strong hydrodynamic force and vast
estuary areas like the natural Xiaoqing River and the Yellow
River. Hence, trunk canals (Yongfenghe River and Xiaodaohe
River) and urban water systems (Guanglihe River and
Shenxiangou River) may be more likely to transport
sedimentary Pb to the sea.

There will still a large amount of Pb transported into the sea
with the river in the Yellow River Delta. Free Pb ions were easily
precipitated in the water with multiple geochemical factors.
However, the colloidal Pb after salinity selection at the estuary
was more stable in seawater (Chambari et al., 2018). Colloidal Pb
is also more easily taken up by organisms in the water because of
its organic characteristics. The ecological risk of colloidal Pb was
higher than Pb ions because of the easier enrichment of this
speciation in the food chain (Lintner et al.,, 2019). In addition,
mariculture, ports, and coastal factories have become the main
sources of colloidal Pb. The wastewater discharged from these
areas has high salinity. Colloidal Pb in that wastewater will go
through a long time of salinity selection. For this, the
sedimentation of colloidal Pb will become reduced at the
estuary (Lee et al, 2014). A large amount of active Pb will
directly input into the seawater, increasing ecological risks.
Hence, the pollution by mariculture, ports, and coastal factories
should require further attention to reduce ecological impacts.

5 Conclusions

Distribution and migration behavior of toxic metal Pb in the
seaward river in the Yellow River Delta in winter was studied.
The results showed that the discharge from factories and
residential locations are important sources of Pb because the
higher concentration of Pb in the reaches crossing urban areas.
The migration of Pb in the river water phase was mainly
dominated by the biogeochemical factors and the
characteristics of COC. The rapidly increasing salinity and
higher pH values, especially the low temperature, dominated
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the removal of Pb from the river water. Increasing salinity and
pH induced the removal of truly dissolved Pb from the river. By
the combined effect, 80% of Pb present precipitated and settled
into the estuary, making this area a sink for Pb in winter. The
fractionation results indicated that the specific components of
colloidal organic matter were the key factor to driver the
migration of Pb in colloidal phase. The drastic migration of Pb
in different sizes of colloidal matter accompanied by obvious
fluorescence and UV absorption intensity of CDOM increases
and decreases. It is worth noting that colloidal Pb inputs from
ports and mariculture are not prone to precipitate in the estuary
area, which will enhance the ecological risks of this metal in
near-shore environments.

In summary, the study results suggest that the change of pH
and salinity stores a large amount of Pb in the trunk channel and
estuary sediments in winter. Colloidal matter prevented this
removal behavior and different sizes of colloids play different
inhibitory roles. However, unfortunately, there is still a
significant amount of information lacking. Further studies are
needed to examine the interaction between Pb and the different
sizes or chemical composition of COC.
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