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The colloidal phase is an important metal storage form in the aquatic system.

However, its biogeochemical behavior in the estuarine environment has been

seldom studied. In this study, spatial variations, sources and correlations with

seawater environmental factors of the dissolved Fe, Mn, Cu, Zn, Cd and Pb in the

surface water of the Yellow River Estuary in China were investigated. The clean

sampling system, centrifugal ultrafiltration technique, and ICP-MS were

combined and used for the determination of the colloidal distribution of six

metals in this region. Two stations of Zn in autumn had contamination factor

values >1, which indicates lower contaminant levels of Cu, Zn, Cd and Pb.

Dissolved target metal was divided into five fractions, i.e. <1 kDa, 1-3 kDa, 3-10

kDa, 10-100 kDa and 100 kDa-0.45 mm, while the average concentrations of

each fraction were 60.17, 46.54, 47.73, 251.03, 1.44 and 1.08 nmol L-1 in spring

and 62.30, 48.18, 15.35, 203.05, 1.20 and 1.70 nmol L-1 in autumn, respectively.

The results showed that colloidal Mn, Cu, Zn, Cd and Pb might be dominated by

high-molecular-weight fraction (100 kDa-0.45 mm). Additionally, the

contribution of low-molecular-weight colloidal Fe (1-10 kDa) in this aquatic

system was obvious. The addition in the colloidal and total dissolved fraction

might be mainly related to particle-desorbed ligand, which was usually occurred

in the middle salinity area. Dissolved organic carbon (DOC) and colloidal organic

carbon (COC) concentration could not correlate with the behavior of Mn, Zn and

Cd, which proved that the influence of inorganic ligands was higher than that of

organic ligands or biological contributions, but the influence of salinity, dissolved

oxygen (DO), pH and temperature should not be ignored. Overall, the results

suggested that the occurrence of dynamic behaviors of colloidalmetal in the YRE

was highly associated with the salinity transition and formation of the organic

matter-particle mixture system under complex hydrodynamic processes.

KEYWORDS

Yellow River Estuary, colloidal trace metal, centrifugal ultrafiltration, molecular size-
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1 Introduction

The studies of the basic morphology of metals in the aquatic

system are usually carried out by filtration through a 0.2 mm,

0.45 mm or 1 mm pore size filter, and the trace elements are

simply divided into two parts, i.e. dissolved and particulate

phases (Zhou et al., 2016; Lu et al., 2022). However, the part

considered to be dissolved contains many colloidal particles that

are easily overlooked, and it plays a significant biogeochemical

role in the aquatic environment (Guo and Santschi, 2007; Xu

et al., 2018a; Xu et al., 2018b; Xu et al., 2018c). In recent years,

with the application of cross-flow ultrafiltration, centrifugal

ultrafiltration (CFU) and other technologies, the research on

the determination of colloidal trace elements in aquatic systems

has been developed rapidly (Liu et al., 2013; Lu et al., 2019).

Similarly, these studies found that most of the dissolved metals

exist in the form of small-sized inorganic particles or

macromolecular organic matter (ie, colloidal phase) in the

aquatic environment, which largely participates in the

operation of the water environment ecosystem (Cornu et al.,

2018). For example, as the common and essential metal

micronutrients, Fe, Cu and Zn play a significant role in plant

metabolism by participating in electron transport, nitrate

reduction, photosynthesis, respiration, chlorophyll synthesis,

and so on (Han et al., 2021). Among them, Cu plays an

important role in marine ecosystems (Peers and Price, 2006).

For example, most phytoplankton requires Cu to perform some

key redox effects, which has attracted more and more attention

to its research (Illuminati et al., 2017; González-Álvarez et al.,

2020). As an important biologically active metal, Cu has been

proved in many studies to be easily adsorbed on inorganic/

organic ligands in the water environment, thereby increasing its

bioavailability, and maybe the important environmental factor

for causing red tides, green tides and algal blooms in the

nearshore area (Lu et al., 2021). Typical toxic heavy metals

such as Cd and Pb may accumulate along the food chain, thereby

threatening aquatic organisms and human health (Lu et al.,

2019; Liang et al., 2022). Therefore, the study of the morphology

of trace metals, especially the colloidal phase, is of great

significance for understanding the morphological distribution

and geochemical behavior of metals in the aquatic systems (Wen

et al., 2011; Statham et al., 2012; Lu et al., 2020).

The Yellow River is the second-longest river in China with a

basin area of ~ 7915 km2 (Wang et al., 2016). It runs through

northern China and brings a large number of pollutants from

urban, agriculture and industrial pollutants into the Bohai Sea

(Tang et al., 2010). The Yellow River Estuary (YRE) is an

important fishing area in China and provides spawning sites

for many aquatic organisms in the Bohai Sea and the Yellow Sea

(Liu et al., 2018). In addition, it is adjacent to Shengli Oilfield

(the second-largest oilfield of China) and the Yellow River Delta

National Nature Reserve (Wang et al., 2011). The Yellow River
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flows through the world’s largest loess deposit area, the Loess

Plateau in north-central China, and carries a large number of

suspended particulate matter (SPM) and freshwater, making it

register as the world’s most turbid river and the dominant land-

based factor in the Bohai Sea (Zhang and Huang, 1993; Milliman

and Ren, 1995; Bi et al., 2014). Therefore, great concern has been

attracted in this area due to its unique environmental

significance, ecological sensitivity and environmental

conditions (Liu et al., 2016a and Liu et al., 2016b; Wang et al.,

2018; Lu et al., 2021).

Previous studies of the YRE focused on the concentration,

distribution, and environmental impact of trace elements in

water and particulate matter (Qiao et al., 2007; Tang et al., 2010;

Lin et al., 2016; Wang et al., 2018). However, minimal researches

are available about the fate, migration and environmental

behavior of the trace elements in this region, especially

colloidal phases. Therefore, the dissolved metals in the YRE

surface water were investigated through two sampling surveys in

March and November 2021. The major objectives of our present

research work were to: (1) introduce a self-made clean sampling

technique and a fully enclosed pre-filtration system; (2) study the

abundance and compositional variations of Fe, Mn, Cu, Zn, Cd

and Pb in five molecular weight size ranges of dissolved phase in

the river-sea mixing area; (3) reveal the specific molecular weight

(MW) colloids that can regulate the behavior of colloidal Fe, Mn,

Cu, Zn, Cd and Pb environmental conditions in this region; (4)

explore the relationship between the dynamic behavior of target

element and environmental factors in the five fraction of the

dissolved phase. The basis for selecting these five dissolved

fractions is that they cover the truly dissolved phase (<1 kDa),

the low-molecular-weight (LMW) colloidal phase and the high-

molecular-weight (HMW) colloidal phase, so as to facilitate the

subsequent detailed evaluation of metal migration between each

fraction. The results are the original report of colloidal Fe, Mn,

Cu, Zn, Cd and Pb of the YRE and can provide some new

insights into the geochemical feature and heterogeneity of

micronutrient elements in the river-sea continuum and the

aquatic system.
2 Material and methods

2.1 Sampling and pre-filtration

The internal-fluorinated high-density polyethylene (HDPE)

bottles for sampling were pre-cleaned using a method reported

by Lu et al. (2020 and Lu et al., 2021). Briefly, after being rinsed

with Decon 90™ detergent (10%, v/v) 3 times, each bottle was

stored in 1.5 M nitric acid (HNO3) and 1.2 M hydrochloric acid

(HCl) for 48 h, respectively, and finally rinsed with ultra-pure

water (R = 18.2 MW-cm) which was produced by a Purelab

Classic water purification system (ELGA Labwater, UK). The
frontiersin.org

https://doi.org/10.3389/fmars.2022.1074829
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Luan et al. 10.3389/fmars.2022.1074829
HNO3 and HCl used in the experiment were prepared by

diluting high concentration, purchased from the Sinopharm

Chemical Reagent Co., Ltd., China and processed by the sub-

boiling distillation equipment before use. All labware in contact

with samples or sub-samples must also be pre-cleaned using the

above method and dried in a clean bench, and then double-

packed until sampling.

The samples and field data used in this study were obtained

through two cruises which were conducted in March (spring

flood at peach-blossom time) and November (autumn, dry

season of the Yellow River) 2021. 1 L of the surface water

samples (1 m deep) were collected manually on a boat from 9

sites (Figure 1). The standard of water depth in this study

referred to the study of Yang et al. (2020). The main body of

the home-made pole-sampling equipment was equipped with a

Teflon rod main body and the internal-fluorinated HDPE bottle

was bound with disposable Nylon cable ties. The salinity,

dissolved oxygen (DO), temperature and pH of the samples

were measured by using the portable multi-parameter water

quality analyzer (YSI ProPlus, USA). After the water sample was

collected, put the sampling bottle in a polyethylene bag

immediately and store it in a cooler box at about 4°C. After

returning to the laboratory, the samples were pre-filtered

immediately using a homemade fully enclosed filtration

system. The system consists of a peristaltic pump, a

diaphragm vacuum pump, pipes and a filter cover. The main

working principle was as follows: first, unfiltered water samples

were pumped along the C-flex® tubing into the upper part of the

polysulfone vacuum filtration device by using a Masterflex® L/S

peristaltic pump; secondly, the vacuum pump was turned on to

perform fully enclosed real-time filtration of the sample; finally,

the filtered water samples could be collected in another pre-
Frontiers in Marine Science 03
cleaned HDPE bottles for further processing. The storage

method of filtered samples was the same as that of

unfiltered samples.
2.2 Centrifugal ultrafiltration

Four kinds of Macrosep® centrifugal ultrafiltration units (Pall

Laboratory) with respective molecular weight cutoffs (MWCOs)

of 1, 3, 10 and 100 kDa (Model: MAP010C38) were used with a

Velocity 14R centrifuge (Dynamica Corporation, Australia).

Before ultrafiltration, each unit was sequentially washed with 10

mL 0.05MNaOH, 10 mL 0.02MHCl and 10 mL ultra-pure water

for 5-10 times to remove possible background (Lu et al., 2020).

Each unit was then loaded with 15 mL of <0.45 mm pre-filtered

samples, and centrifuged (4°C, 4200 × g, 50-70 min) to ≤0.5 mL to

separate the ultrafiltrate (<1 kDa, <3 kDa, <10 kDa and <100 kDa)

for the characterization of colloids with different molecular weight

sizes (Lu et al., 2020). After CFU, 0.2 mL ultrafiltrate was pipetted

and diluted to 10 mL with 0.5 M HNO3. <0.45 mm total dissolved

(TD) phase was treated in the same process. As for the

concentrate, 3 mL 0.5 M HNO3 was added in parallel for

extracting metals. Then, 3 parallel extracts were well mixed and

volume adjusted to 5 mL with 0.5 M HNO3. All sub-samples were

stable at room temperature (~25°C) for ≥48 h and then measured

using an inductively coupled plasma mass spectrometer (ICP-

MS). According to the concentration difference between the initial

filtered sub-samples and the ultrafiltrate, the concentrations of

colloidal metals in different size ranges were calculated (Lu et al.,

2020). Finally, size fractions of colloidal metal can be defined as 1-

3 kDa, 3-10 kDa, 10-100 kDa and 100 kDa-0.45 mm, and <1 kDa

fraction was defined as the truly dissolved phase.
FIGURE 1

Location of sampling sites in the study area.
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2.3 Analytical methods

2.3.1 Metal determination
For the water samples, metals in prefiltered waters,

ultrafiltrate and concentrate were acid-extracted (using 0.5 M

HNO3) and directly determined by ELAN DRC II ICP-MS

(USA), as described by Lu et al. (2020). The instrument was

equipped with nickel sampler and skimmer cones, and internal

standard (0.19 mM rhodium) was added to each sample. The

plasma used in the ICP-MS analysis was 99.999% argon, and the

optimized plasma gas flow rate (GFR), nebulizer GFR and

auxiliary GFR were 15.0 L, 0.88 and 1.2 L min-1, respectively.

All calibration curves were obtained before analysis and each

sample was measured in parallel 3 times. The baseline drift

caused by instrument operation was eliminated by correcting the

curves every 30 samples. The method blanks, parallel samples

and spiked samples were sequentially analyzed, and the relative

standard deviation (RSD) of parallel samples (n = 3) should <

10% (Wang et al., 2018).

2.3.2 Dissolved organic carbon determination
After pre-processing, saturated mercury chloride (HgCl2)

was added to the subsamples and then stored in pre-combusted

borosilicate glass bottles (500°C, 5 h) for DOC analysis. Then,

they were acidified with concentrated phosphoric acid (H3PO4)

to pH ≤ 2 to remove all the dissolved inorganic carbon. Finally,

all processed samples were analyzed using a total organic carbon

analyzer (vario TOC select, Elementar, Germany) (Lu et al.,

2021). The calibration curve was obtained before analysis and 3

parallel subsamples were measured for each CFU unit. As quality

control, the entire detection system was checked after 7

consecutive sample injections using a reference material

according to GSB07-1967-2005 developed by Institute for

Environmental Reference Materials of Ministry of

Environmental Protection (China), and the coefficient of

variation on 5 repeated injections should be guaranteed to <

2% (Yang and Gao, 2019). The colloidal organic carbon (COC)
Frontiers in Marine Science 04
data was obtained from the above-mentioned detection method

after the water sample was processed by CFU.
2.4 Contamination factor of
heavy metals

The CF was applied for the evaluation of water quality in our

recent study (Lu et al., 2021). The corresponding value reflects

the pollution level of a single heavy metal and overall trace

metals in the matrix.

CF =
CHM

Cback   ground

where Cbackground is the quality standard background value of

the corresponding metal in seawater, CHM is total dissolved (TD)

concentration of the corresponding metal. Due to the lack of

background data on all the Heavy metals studied in YRE, the

background concentrations were used the grade-one seawater

quality standard issued by Administration of Quality

Supervision, Inspection and Quarantine of China instead (i.e.,

78.68 nmol L-1 Cu, 305.90 nmol L-1 Zn, 8.90 nmol L-1 Cd, 4.83

nmol L-1 Pb; GB 3097-1997) (AQSIQ, 1997). The CFs of

seawater standards and the samples were summarized in Table 1.
2.5 Data and figure analysis

In this paper, the sampling site bitmap was drawn using

CorelDRAW 12, Surfer, and Ocean Data View software, and the

data map was drawn using Origin 2021 software. The statistical

analysis of the data was carried out using Microsoft Excel 2010

and SPSS 19.0 software to determine the relationship between

the relevant parameters. The statistical methods used in this

paper mainly include linear regression and Pearson correlation

analysis. Among them, Pearson correlation analysis was mainly

used to determine the relationship between various
TABLE 1 The summary of the CF values of the sampling sites and seawater standard. Standard values were interpreted as recommended by
Hakanson (1980) and Lü et al. (2015).

Value Contaminant level
Cu Zn Cd Pb

Grade-one seawater quality standard (AQSIQ, 1997) (nmol L-1) 78.68 305.90 8.90 4.83 –

Grade-two seawater quality standard (AQSIQ, 1997) (nmol L-1) 157.37 764.76 44.48 24.13 –

Concentrations of YRE/(Average) (nmol L-1) 1.75-51.32 (31.54) 71.89-501.60(227.04) 0.89-1.87 (1.32) 0.85-2.29 (1.39) –

CFs of YRE/(Average) 0.02-0.65(0.41) 0.24-1.64 (0.74) 0.10-0.21 (0.15) 0.18-0.47 (0.29) –

CF standard CF < 1 – – – Low

1 ≤ CF < 3 – – – Moderate

3 ≤ CF < 6 – – – Considerable

CF ≥ 6 – – – Very high
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environmental parameters involved. In the process of statistical

analysis, when p > 0.05, the two sets of data were significantly

correlated, on the contrary, if p < 0.05, the correlation was

not significant.
3 Results

3.1 General environmental features

For the spatiotemporal characteristics of salinity,

temperature, DO, pH and DOC during the investigations in

the study area, their partial information has been previously

reported (Lu et al., 2021). Overall, the water pH was relatively

stable with the values from 7.52 to 8.41, while the salinity ranged

widely from 0.52 to 33.04 (Table S1). It is evident that salinity

reduction caused by strong mixing behavior occurred at most

stations in autumn, while the mixing decreased from sea to land

in spring (Table S1).

The DO values of surface water in the YRE ranged from 5.63

to 17.94 mg L-1, and the temperature ranged from 3.3 to 15.8°C.

In autumn, DO values dropped below 8.17 mg L-1 (Table S1),

while DO concentration was > 15.26 mg L-1 in spring. Notably,
Frontiers in Marine Science 05
the relatively lower DO concentration occurred in the mixing

zone in autumn, indicating the important influence of mixing

behavior on the DO dynamics.
3.2 Spatiotemporal variations in DOC

As for each dissolved fraction of DOC, the <1 kDa, 1-3 kDa,

3-10 kDa, 10-100 kDa and 100 kDa-0.45 mm fraction were

116.80-269.78, 0.04-162.59, 0.29-23.51, 0-30.87 and 3.96-94.03

mmol L-1 in spring, respectively, with averages of 200.16, 61.86,

8.45, 11.37 and 23.93 mmol L-1, respectively (Figure 2A). In

autumn, the corresponding values of DOC were 106.89-253.75

mmol L-1 in the <1 kDa fraction, 0.11-10.15 mmol L-11 in the 1-3

kDa fraction, 0.31-40.12 mmol L-1 in the 3-10 kDa fraction, 0.03-

31.24 mmol L-1 in the 10-100 kDa fraction, and 0.39-6.18 mmol L-

1 in the 100 kDa-0.45 mm fraction (Figure 2B). As for the

percentages (Figure 3), truly dissolved DOC (<1 kDa) in

spring was 35%-92% of their respective total dissolved pools

(<0.45 mm), the 1-3 kDa fraction was 0.01%-49%, the 3-10 kDa

fractions was 0.1%-7%, the 10-100 kDa fractions was 0%-9%,

and the 100 kDa-0.45 mm fractions was 2%-23%; in autumn, the

corresponding values of DOC in the five dissolved fractions were
A

B

FIGURE 2

Concentration distribution of DOC at different sites in surface waters of the Yellow River Estuary in spring (A) and autumn (B).
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81%-98%, 0.1%-5%, 0.3%-13%, 0.03%-10% and 0.3%-2%,

respectively. Obviously, the high values of DOC fractions were

mainly distributed in the <1 kDa of both investigations in the

surface water. As for 1 kDa-0.45 mm colloidal DOC, the high

DOC values were mainly observed in the 1-3 kDa LMW fraction

except for the autumn (Figures 2 and 3). In the autumntime,

the colloidal DOC values were significantly lower than those in

the <1 kDa fraction of the study area in the surface water,

especially HMW (100 kDa-0.45 mm).
3.3 Dissolved metal concentrations

The distribution and CF of the heavy metals (Cu, Zn, Cd

and Pb) in the YRE is presented in Figure 4. The concentrations

of <0.45 mm TD fraction Fe, Mn, Cu, Zn, Cd and Pb during the

two different seasons are presented in Table 2. In spring, six

dissolved metal concentrations occurred in the following order:

Zn > Fe > Cu > Mn > Cd > Pb. The TD Fe, Mn, Cu, Zn, Cd and

Pb concentrations have ranges of 55.85-64.73 (60.17), 33.35-

92.40 (46.54), 43.02-51.32 (47.73), 198.84-296.08 (251.03), 1.24-

1.87 (1.44) and 0.85-1.43 (1.08) nmol L-1, respectively (Table 2).

The highest TD Fe concentration was found at site Y1, followed

by that found in sites Y5 and Y4. The spatial pattern of

nearshore concentration was higher than that of off shore

concentration, reflecting the influence of river input in spring.

The highest TD Mn concentration was found at Y1, followed by

Y3 and Y6. Higher TD Zn concentrations were found in the

eastern parts of the YRE. Similar distribution patterns were

found in TD Cd and TD Pb. High concentrations of TD Cu and

TD Zn were found in the middle parts of the study area,

indicating the addition phenomenon in the middle salinity

zone (or mixing zone) (Waeles et al., 2008). As for the

autumn, the corresponding metal concentrations occurred in

the following order: Zn > Fe > Mn > Cu > Pb > Cd. The

concentrations of TD Fe, Mn, Cu, Zn, Cd and Pb ranged from
Frontiers in Marine Science 06
18.83 to 104.61, 23.18 to 83.30, 1.75 to 29.22, 71.89 to 501.6,

0.89 to 1.59 and 1.15 to 2.29 nmol L-1, respectively, with

averages of 62.30, 48.18, 15.35, 203.05, 1.20 and 1.70 nmol

L-1, respectively (Table 2). Significantly different from the

spring, the highest concentration of TD Fe was found at Y3,

followed by that found in Y5 and Y8. Similar distribution

patterns were found in TD Mn, TD Cu and TD Zn,

suggesting a clear contribution from the Yellow River input.

Different from the above four elements, the higher

concentrations of TD Pb appeared at Y1 and Y8 and showed

dynamic fluctuations in the mixing area, which was similar to

the distribution of TD Cd. In summary, the concentrations of

TD Fe and Pb are elevated in autumn and have the lower values

in spring, and the concentrations of TD Mn, Cu, Zn and Cd are

elevated in spring and have the lower values in autumn.

We compared the corresponding results with other aquatic

systems (Table 2) and found that the concentrations of TD Fe in

the YRE were lower that of the Venice Lagoon (7.69-1124.92

nmol L-1) in Martin and Dai (1995); TDMn concentrations were

higher than that of Venice Lagoon (11.12-44.26 nmol L-1)

(Martin and Dai, 1995), but lower than that of Port Jackson

(5.95-1838.44 nmol L-1) (Hatje et al., 2003); TD Cu levels were

comparable with the similar area in Tang et al. (2010) (1.57-

70.19 nmol L-1) but higher than that in Pearl River Estuary

(5.35-51.30 nmol L-1) (Zhang et al., 2012), Venice Lagoon (3.15-

8.85 nmol L-1) (Martin and Dai, 1995) and Port Jackson (14.64-

40.13 nmol L-1) (Hatje et al., 2003); the concentrations of TD Zn,

Cd and Pb were lower than that of the study by Tang et al. (2010)

in similar area (183.54-1251.76 nmol L-1, 0.89-28.64 nmol L-1

and 1.06-48.90 nmol L-1, respectively); due to the application of

the clean sampling method and the filter device, the TD Cd and

TD Pb concentrations were relatively lower than the study of

Wang et al. (2018) in the similar area (0.89-16.90 nmol L-1 Cd

and 2.02-64.19 nmol L-1 Pb), but higher than Venice Lagoon

(0.01-0.13 nmol L-1 Cd and 0.05-1.08 nmol L-1 Pb) and Port

Jackson (0.03-0.50 nmol L-1 Pb).
A B

FIGURE 3

Percentage distribution of DOC at different sites in surface waters of the Yellow River Estuary in spring (A) and autumn (B).
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3.4 CF values of Cu, Zn, Cd and Pb
The concentrations of dissolved heavy metals (Cu, Zn, Cd

and Pb) in YRE were assessed in accordance to the seawater

quality standards of China (Table 1). The contamination levels
Frontiers in Marine Science 07
were assessed according to the CF value standards (Table 1). The

concentrations of TD Cu, Cd, and Pb at each site of the two

voyages in spring and autumn were lower than the GB 3097-

1997 (the grade-one standard), and the CFs ranged from 0.02-

0.65 of Cu (average ~0.41), 0.10-0.21 of Cd (~0.15) and 0.18-0.47

of Pb (~0.29), respectively, which indicated low contaminant
A B

D

E F

G H

C

FIGURE 4

Concentration distribution and CF of Cu, Zn, Cd and Pb in the TD phase of the samples of the Yellow River Estuary in spring (A, C, E and G);
autumn (B, D, F and H).
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level. For TD Zn, the CF value of site 5 and 6 in autumn

exceeded moderate contaminant levels, while the CFs of the

remaining sites were all < 1. In spring, the CF values of all sites

showed low pollution levels. In fact, using the grade-one

seawater quality standard as contamination background may

rank the results differently, so realistic contamination levels may

be higher than in our study.
3.5 Dissolved metals in various molecular
weight fractions

The concentration and percentage results of the dissolved Fe,

Mn, Cu, Zn, Cd and Pb for each fraction are shown in Figures 5

and Figure 6, respectively. A comparison of concentrations and

percentages of each dissolved metal in Yellow River samples and

other aquatic systems is shown in Table 3.
3.5.1 Concentration distribution
The results showed that the <1 kDa fraction of Fe, Mn, Cu,

Zn, Cd and Pb in spring (Figures 5A, C, E, G, I and K) were

38.41-59.14, 23.34-76.13, 23.35-31.81, 140.15-200.73, 0.86-1.24

and 0.05-0.45 nmol L-1, respectively, the 1-3 kDa fraction were

0.08-2.51, 0-2.76, 0.01-4.24, 1.97-55.02, 0-0.19 and 0-0.14 nmol

L-1, respectively, the 3-10 kDa fraction were 0.05-3.23, 0-1.77,

0.08-1.16, 0.76-63.48, 0-0.16 and 0-0.19 nmol L-1, respectively,

the 10-100 kDa fraction were 0.04-4.60, 0.05-3.27, 0.01-2.80,

0.40-83.12, 0-0.16 and 0-0.51 nmol L-1, respectively, and the 100

kDa-0.45 mm fraction were 0.55-15.63, 7.49-14.99, 12.06-22.57,

4.23-84.61, 0.03-0.60 and 0.06-1.24 nmol L-1, respectively. In

autumn (Figures 5B, D, F, H, J and L5), the concentrations of Fe,

Mn, Cu, Zn, Cd and Pb were 18.56-94.98 13.44-63.71, 0.77-

15.32, 68.75-384.71, 0.64-1.24 and 0.66-1.51 nmol L-1 in the <1
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kDa fraction, 0.04-5.72, 0.54-7.08, 0.03-2.64, 0.28-29.83, 0-0.22

and 0.03-0.32 nmol L-1 in the 1-3 kDa fraction, 0.03-4.45, 0-7.87,

0-2.09, 0.28-26.89, 0-0.22 and 0-0.50 nmol L-1 in the 3-10 kDa

fraction, 0.04-0.80, 0-2.78, 0.03-1.52, 0.60-19.80, 0-0.13 and 0-

0.23 nmol L-1 in the 10-100 kDa fraction, and 0.04-3.52, 0.43-

53.27,0.87-14.46, 0.40-189.14, 0-0.38 and 0.03-1.01 nmol L-1 in

the 100 kDa-0.45 mm fraction.
3.5.2 Percentage distribution
As for the percentages (Figure 6), truly dissolved Fe, Mn, Cu,

Zn, Cd and Pb in spring (<1 kDa) in spring were 68%-97%, 59%-

82%, 46%-65%, 47%-86%, 54%-95% and 5%-37% of their

respective <0.45 mm total dissolved pools, respectively, the 1-3

kDa fraction were 0.1%-4%, 0%-7%, 0.01%-10%, 1%-24%, 0%-

13% and 0%-14%, respectively, the 3-10 kDa fractions were

0.1%-5%, 0%-2%, 0.2%-2%, 0.3%-22%, 0%-8% and 0%-15%,

respectively, the 10-100 kDa fractions were 0.1%-7%, 0.2%-9%,

0.03%-5%, 0.2%-30%, 0%-13% and 0%-60%, respectively, and

the 100 kDa-0.45 mm fractions were 1%-27%, 14%-38%, 28%-

45%, 2%-29%, 2%-37% and 8%-87%, respectively. In autumn,

the corresponding values of Fe in the five fractions were 70%-

99%, 0.2%-12%, 0.1%-10%, 0.2%-2% and 0.2%-9%, respectively,

the percentages of Mn in the Five fractions were 17%-86%, 1%-

31%, 0%-12%, 0%-4% and 1%-66%, respectively, the percentages

of Cu were 31%-54%, 0.2%-9%, 0%-7%, 0.2%-5% and 46%-51%,

respectively, the percentages of Zn were 42%-97%, 0.1%-6%,

0.4%-9%, 1%-16% and 1%-56%, respectively, the percentages of

Cd were 65%-89%, 0%-23%, 0%-18%, 0%-13% and 0%-30%,

respectively, and the percentages of Pb were 44%-84%, 2%-18%,

0%-32%, 0%-10% and 2%-46%, respectively.

Obviously, for the four colloidal fractions (1-3 kDa, 3-10

kDa, 10-100 kDa and 100 kDa-0.45 mm fraction), six target

metals were more likely to bind to the colloid with a molecular
TABLE 2 The summary of Fe, Mn, Cu, Zn, Cd and Pb) concentrations in the water of the Yellow River Estuary (YRE) and other estuarine systems in
the world (nmol L-1).

Region Sample Fe data Mn data Cu data Zn data Cd data Pb data Reference

YRE, China (spring) Estuarine
water

Range/
Mean

55.85-64.73
(60.17)

33.35-92.40
(46.54)

43.02-51.32
(47.73)

198.84-296.08
(251.03)

1.24-1.87
(1.44)

0.85-1.43
(1.08)

This study

YRE, China
(autumn)

Estuarine
water

Range/
Mean

18.83-104.61
(62.30)

23.18-80.30
(46.18)

1.75-29.22
(15.35)

71.89-501.60
(203.05)

0.89-1.59
(1.20)

1.15-2.29
(1.70)

This study

YRE, China Estuarine
water

Range/
Mean

- a – 1.57-70.19
(41.70)

183.54-1251.76
(576.63)

0.89-28.64
(6.05)

1.06-48.90
(2.46)

Tang et al.
(2010)

YRE, China Estuarine
water

Range/
Mean

– – 0.63-487.84
(182.54)

30.13-645.46
(227.90)

0.89-16.90
(5.87)

2.02-64.19
(27.08)

Wang et al.
(2018)

Pearl River Estuary,
China

Estuarine
water

Range/
Mean

– – 5.35-51.30
(25.81)

207.10 0.01-2.67
(1.07)

0.92-22.10
(7.77)

Zhang et al.
(2012)

Venice Lagoon,
Italy

Coastal
water

Range 7.69-1124.92 11.12-44.26 3.15-8.85 – 0.01-0.13 0.05-1.08 Martin and Dai
(1995)

Port Jackson,
Australia

Estuarine
water

Range – 5.95–1838.44 14.64-40.13 50.02-147.75 – 0.03-0.50 Hatje et al.
(2003)
a“-” represents no relevant reference data.
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weight of 100 kDa-0.45 mm in spring, indicating that the

colloidal matter of this size range may play a significant role in

its biogeochemical cycle in this season, which is similar to the

previous report data by Wen et al. (1999). In autumn, the

difference was that Fe was more inclined to combine with
Frontiers in Marine Science 09
small molecular colloids (1-3 and 3-10 kDa), while other

metals were still dominated by HMW (100 kDa-0.45 mm)

colloids. In general, the proportion of colloidal metals in their

respective total dissolved pools was significantly higher in spring

than in autumn.
A B

D

E F

G

I

H

J

K L

C

FIGURE 5

Concentration distribution of Mn, Fe, Cu, Zn, Cd and Pb at different sites in surface waters of the Yellow River Estuary in spring (A, C, E, G, I and
K); autumn (B, D, F, H, J and L).
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FIGURE 6

Percentage distribution of Mn, Fe, Cu, Zn, Cd and Pb at different sites in surface waters of the Yellow River Estuary in spring (A, C, E, G, I and K);
autumn (B, D, F, H, J and L).
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4 Discussion

4.1 Effect of salinity on the
metal dynamics

Changes in the concentration of chloride irons may

significantly affect the behaviors of many trace metals in the

aquatic environment (Colombo et al., 2008; Sanders et al., 2015).

This phenomenon has been found in many previous studies,

which is particularly obvious in the river-sea continuum (or

estuary area) (Byrne and Yao, 2000). In this study, limited

significant correlations were found in spring for six metals,

with only colloid Pb with >10 kDa size fraction showing

significant relationships with salinity (Figure 7). Among them,

10-100 kDa was negatively correlated with salinity (P < 0.05),

while 100 kDa -0.45 mm showed a significant positive correlation

(P < 0.05), indicating that colloidal Pb tended to form a stable

HMW state in this season (Lu et al., 2020). In autumn, however,

intriguing correlations between salinity and metal dynamics

were discovered. For each dissolved fraction, <1 kDa truly

dissolved Fe, Mn, Cu and Cd concentrations positively

correlated with salinity, and the 1-3 kDa Pb concentrations

negatively correlated with the salinity (P < 0.05) (Figure 7). The

positive relations between each corresponding concentration

suggest that they may have a common origin (Duan et al.,

2010), while the negative correlation may be attributed to the

coagulation/flocculation of LMW colloids to the HMW forms

(Lu et al., 2021). It is noteworthy that TD Fe, Cu and Cd all

showed significant positive correlations with salinity, and there

was no significant correlation for TD Mn, Zn and Pb. The data

reported by Sanders et al. (2015) in the Korogoro Creek of New

SouthWales (Australia) proved that the behavior of TD Fe in the

estuary with a wide range of salinity (5-35) conformed to the

characteristic of gradually decreasing with increasing salinity,
TABLE 3 A comparison of the colloidal metal data in this study and the other literature. CC and CTrepresent the concentrations of the colloidal
phase and TD phase, respectively.

Region CC (nmol L-1) CC/CT (%) Reference

Fe Mn Cu Zn Cd Pb Fe Mn Cu Zn Cd Pb

YRE, China 0.16-
18.47

3.37-
66.86

0.98-
26.97

2.17-
223.43

0.06-0.86 0.28-1.30 1-32 15-
83

35-69 3-
58

5-46 16-95 This study

Venice Lagoon, Italy 5.21-
1121.67

4.50-
26.42

1.18-8.34 - a 0.001-
0.04

0.002-
0.98

68-
100

24-
77

21-59 – 1-63 3-95 Martin and Dai
(1995)

Lake Taihu, China 62.72-
444.09

5.64-
29.49

7.24-
13.53

31.51-
126.03

0.06-0.16 12.64-
17.86

32-
81

16-
75

13-32 7-
54

38-86 11-27 Lu et al. 2020, Lu
et al. 2021

Penzé estuary, France – – 2.14-2.86 – 0.07-0.30 0.03-0.27 – – 93-95 – 82 91 Waeles et al. (2008)

North Yellow Sea, China – – 5.35 and
5.19

– 0.04 and
0.10

2.75 and
8.20

– – 31 and
51

– 47 and
50

31 and
50

Lu et al. (2019)

Urban riverine and estuarine
waters, China

– – 0.24-6.88 – 0.02-0.05 0.23-1.11 – – 17-24 – 10-20 10-42 Lu et al. (2020)
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a“-” represents no relevant reference data.
FIGURE 7

Pearson correlation matrix for the concentrations of dissolved
Mn, Fe, Cu, Zn, Cd and Pb and the physicochemical parameters
in different seasons of YRE. * represents significant (P < 0.05).
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but results herein indicate that the dominant total dissolved Fe,

Cu and Cd in the mixing zone may not be input from the river

but the organic colloid addition on the particle surface, which is

similar to the report by Waeles et al. (2008) in the France

riverine water. For other colloidal fractions, only 100 kDa-0.45

mm Cu and the whole colloidal Cu were significantly positively

correlated with salinity. Since the medium salinity region

(salinity 20-30) of the estuarine area often has the

phenomenon of metal desorption from the surface of the

particulate matter into the water body, although Lu et al.

(2020) investigation in the river water of Yantai City (China)

found that this situation was more likely to occur in winter, but

obviously, this behavior may not be ignored in autumn.
4.2 Effect of DO, pH and temperature on
the metal dynamics

Studies have shown that factors such as DO, pH and

temperature may affect the migration of elements in the

particulate matter-organic matter mixed system (Lu et al.,

2021). In addition, Fe, Mn, Cu, and Zn have long been

thought to be closely related to phytoplankton growth (Huang

et al., 2014; Han et al., 2021), while colloids Cd and Pb have been

shown to possess seasonal variation characteristics (Lu et al.,

2020; Lu et al., 2022). However, DO, an important biological

indicator, did not show a significant correlation with each

dissolved fraction of Fe, Zn and Pb in spring (Figure 7). As for

other metals, only 1-3 kDa Cu was significantly negatively

correlated with DO. Generally, <10 kDa colloids in the aquatic

system were primarily considered to be fresh peptides or humic/

fulvic compounds (Lu et al., 2020). However, 1 kDa-0.45mmMn

and Cd were significantly negatively correlated with DO, and the

increase of DO concentration easily promoted the growth of

phytoplankton and further promoted the formation of organic

colloid ligands (Lu et al., 2021). Therefore, the behavior of

colloid Mn and Cd in spring may be related to the behavior of

inorganic colloidal ligands. For pH and temperature, a similar

situation occurred for <10 kDa Fe, Mn, Cu and Pb, that is, there

were significant positive correlations with pH, which proved the

higher activity of colloid of this size fraction. Different from

spring, HMW colloids in autumn, especially >10 kDa Mn and

Zn, were significantly related to the dynamic changes of DO, pH

and temperature. In addition, the truly dissolved Fe, Cu and

other <1 kDa biotrophic metal elements showed high activity

(Figure 7). Compared to spring (March), the increase of

temperature in autumn (November) may promote the growth

of plankton in the water, and the released substances such as

peptidoglycans, proteins and extracellular polysaccharides may

promote the overall increase of HMW organic ligand

concentrations, which may be an important factor in

increasing the HMW colloidal trace metal percentages (Kaplan

et al., 1987; Lee et al., 1996; Hung et al., 2001; Lead and
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Wilkinson, 2006). However, the significant downward trend of

the relationship between 1-100 kDa fraction and environmental

parameters (except Pb) proves that the flocculation or

coagulation of LMW colloids in autumn was considerable.

Generally, LMW organics in aquatic environments were

considered to be newly released polypeptides or humus/fulvic

compounds (Lu et al., 2020).
4.3 Effect of COC/DOC on the
metal dynamics

DOC, as an important component in dissolved organic

matter (DOM), is a key carbon source for the growth and

metabolism of planktonic bacteria, and its bioavailability has

always been the focus and hotspot of ecosystem research (Li

et al., 2008). In addition, DOC is an important indicator to

explore the relationship between elemental behavior and organic

matter (Lu et al., 2021). In spring, only the concentrations of 10-

100 kDa fraction colloidal Fe and Cu were closely related to the

DOC concentration (p < 0.05) (Figure 7), suggesting that they

may have a common organic origin (Duan et al., 2010; Lu et al.,

2021). On the contrary, the result in autumn indicated that

negative relations of 10-100 kDa Fe vs. COC and DOC (p < 0.05)

and 100 kDa-0.45 mm and 1 kDa-0.45 mmCu vs. COC (p < 0.05),

which suggested that the main source of HMW colloidal Fe and

Cu in this season may be the inorganic sources rather than

organic matter or the decomposition of organic ligands on the

surface of particles (Mavrocordatos et al., 2000; Stolpe et al.,

2013). However, 1-3 kDa Pb showed significant positive

correlation with COC and DOC (p < 0.05), indicating that Pb

behavior was still mainly affected by organic ligands in this

season. These intriguing phenomena may prove the

heterogeneity of colloids in the YRE. First, the concentration

of DOC in the TRE is much lower than the average level of DOC

in the world’s rivers of ~416.67 mmol L-1 (0.5 mg L-1) (Meybeck,

1982; Lu et al., 2021). Also, the lower light transmittance brought

by the turbid water body limits the effective growth of

phytoplankton to a certain extent (Pakulski et al., 2000). The

combined effect of the above two may lead to an insignificant

relationship between the colloidal metal and the organic ligands

in the YRE. Secondly, the disturbance of sediment caused by

strong hydrodynamics and the river-sea mixing behavior make

the trace elements, particulate matter and organic matter may

undergo violent migration and transformation in a limited area

(Skrabal et al., 1997; Sun et al., 2007; Santos-Echeandia et al.,

2008; Janot et al., 2012; Bao et al., 2019). Dai and Martin (1995)

and Dai et al. (1995) assumed that the colloidal matter consisted

of at least two parts: one part was stable in physicochemical

properties (ie: the conserved part) and the other part was

removed at the river-sea interface. Among them, unlike

proteins containing multiple amino acid residues and humic

acid (as a mixture), carbohydrates usually possess stable
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structures. Among them, many studies have shown that the

behavior of carbohydrates, an important carbon source, may

significantly affect the behavior of colloidal metals in aquatic

environments (Xu et al., 2018a). In addition, carbohydrate tends

to form a colloidal system with network structures in saline

systems, which could result in a stable behavior of the colloidal

phase after flocculation (Guo et al., 2009). Obviously, in the YRE

mixing area, the non-conservative part may dominate the

geochemical behavior of colloidal metals in the spring and

autumn. However, the contribution of inorganic colloidal

ligands should not be ignored.
4.4 Effect of organic matter-particle
mixture system on the metal dynamics

However, a single influencing factor is difficult to exist. In

other words in the natural aquatic environment, the migration of

dissolved metal may be affected by the organic matter-particle

mixture system. First, the organic matter and particulate matter

compete with the free metals in the water environment (Wood,

1996; Sures and Zimmermann, 2007), and then causing the

metals to migrate between the organic (or colloidal) and

particulate phases, mainly determined by the physical and

chemical properties of particulate matter and organic matter.

Secondly, trace elements can inhibit their adsorption on the

particulate matter when they are considered to be stable

complexes with small organic ligands and inorganic ligands in

water systems (Zakharova, 1987; Wood, 1996; Cobelo-Garcıá,

2013; Liu et al., 2019). In addition, the presence of organic

matter in the water may change the surface properties of the

particles, and the adhesion of different organic matter to the

surface of different particles may cause the surface area and

potential of the particles to change together, which may directly

affect the migration of the elements between the two (Liu and

Gao, 2019). Hence, more comprehensive demonstration of the

metal migration process in complex aquatic systems may not be

allowed to proceed based on limited data. However, the results

obtained can still provide some insights into the heterogeneity of

colloidal metals in the aquatic environment of this region.
5 Conclusions

Over this study, clean sampling technology and modified CFU

method have proved their high efficiency to separate and determine

the various dissolved fractions of Fe, Mn, Cu, Zn, Cd and Pb in the

YRE. All the CF values were <1 except TD Zn at station 5 and 6 in

autumn (CF = 1.64 and 1.32), indicating lower contaminant levels

of the YRE. Our results have shown that the concentration and

percentage of 100 kDa-0.45 mmHMWmetals were dominant in the
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YRE drainage system except for 1-10 kDa Fe in autumn. The size-

fractionation variations of six colloidal metals along the

environmental parameters were examined and some insights

affecting the migration of the dissolved fraction from the river to

seawater in this system were provided: (a) the TD Fe, Mn, Cu, Zn,

Cd and Pb concentration exhibits non-conservative behavior from

the river to sea; (b) the addition of colloidal metals in the middle

salinity region should be attributed to the contribution of the

colloidal ligand, especially colloidal Fe, Cu and Cd; (c) strong

ligand, mixing process and desorption from the surface of the

particles co-regulate colloidal metals of the YRE; (d) the

distributions of Fe, Cu and Pb are affected by the characteristics

of DOC or COC to a certain extent, but this is limited to the >10

kDa HMW colloidal Pb and <10 kDa LMW colloidal Fe and Cu.

However, whether the lower and stable DOC level in the YRE

region has a stronger effect on colloidal metals than suspended

particles or sediments remains to be further studied. In addition, the

quantitative effect of phytoplankton on dissolved metals or each

dissolved fraction should also be studied further. In summary,

although the factors affecting the migration of colloidal metals are

comprehensive and complex, the results obtained in this paper may

still enrich the existing knowledge of colloids and biogeochemical

cycling for better understanding of the dynamic behaviors of trace

metals in aquatic systems.
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