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Abstract: In this paper, the characteristics of water pollution in Yitong River were analyzed by the
comprehensive pollution index method. Combined with the pore water concentration gradient
method and Fick’s first law, the release characteristics of nutrients at the sediment-water interface
of Yitong River (Jilin Province, China) were studied. The results showed that the distribution trend
of nitrogen and phosphorus content in the overlying and interstitial water of the Yitong River was
the same, and the highest values appeared at the S3 and S5 points in the urban section. The water
quality was mainly affected by nitrogen pollutants in domestic sewage. The evaluation results of the
water quality comprehensive pollution index showed that the pollution degree of interstitial water in
urban areas was much higher than that of the overlying water, and the endogenous nitrogen and
phosphorus pollutants had the risk of diffusion to the overlying water. The exchange flux analysis
of ammonia nitrogen (NH4*-N), total dissolved nitrogen (TDN), and total dissolved phosphorus
(TDP) in water showed that the diffusion flux of NH;*-N ranged from 0.03 to 6.52 mg-(m2~d)*1,
and the sediment was the “source” of ammonia nitrogen pollutants. The range of TDN diffusion
flux was —1.57 to 11.6 mg-(m?-d) ~!, and the difference between points was large. The sediment was
both the “source” and “sink” of nitrogen pollutants. The range of TDP diffusion flux was —0.05 to
0.22 mg-(m?2-d) ~1. Except for point S8, the TDP diffused from sediment into the water body. Among
all the sampling points, the diffusion fluxes of NH;"-N, TDN, and TDP at the S3 point were the
largest, the release rate of endogenous pollutants was the most rapid, and the pollution to the water
quality was the most serious. The results are of great significance to the exchange flux of nutrients at
the sediment-water interface of rivers and the prevention and control of water eutrophication. It also
provides a reference for the study of nutrient exchange flux at the sediment-water interface of rivers
and other surface water bodies worldwide.

Keywords: Yitong River; overlying water; interstitial water; water quality characteristics; nitrogen
and phosphorus nutrients; diffusion flux

1. Introduction

In recent years, with the rapid development of the economy and the continuous
improvement of living standards, the problem of river eutrophication in China has become
increasingly prominent, which seriously threatens the water environment quality and water
safety [1]. Nitrogen and phosphorus are the most critical nutrients affecting water quality
and are usually the main limiting factor of water eutrophication [2—4]. The migration
and transformation of nitrogen and phosphorus at the sediment-water interface play an
essential role in the aquatic ecological environment [5,6]. River sediment is a vital storage
place of nitrogen and phosphorus nutrients in water bodies. When the water environment
is disturbed, the nutrient substances with high content in sediment are released to the
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overlying water by diffusion, convection, and resuspension [7-9]. Furthermore, this
phenomenon mainly results in the content of nitrogen and phosphorus exceeding the
standard limits.

When Kuwabara [10] studied the source of phosphorus nutrients in Coeur d’Alene
Lake in the United States, it was found that the release of endogenous phosphorus was
equivalent to the input of exogenous phosphorus. The study by Berelson [11] on the
nutrient exchange in Port Phillip Bay found that the release of endogenous nitrogen and
phosphorus nutrients accounted for more than 50% of the total source of nutrients. There-
fore, river management should control the input of exogenous nitrogen and phosphorus
pollutants and effectively control the release of endogenous pollutants in sediments [12-14].
At the same time, it is of great significance to study the distribution characteristics of
nutrients and the interfacial exchange flux of sediment, interstitial water, and overlying
water, and to analyze the present situation and the source of nitrogen and phosphorus
pollution in water bodies [15,16]. In addition, the release risk of nitrogen and phosphorus
at the sediment—-water interface is closely related to the mass concentration, form, and or-
ganic matter content of nitrogen and phosphorus in overlying water [17,18]. At present,
many scholars have studied the content, occurrence form, temporal and spatial distri-
bution, pollution evaluation, and release mechanism of nutrients in sediments of rivers
and lakes [19-22]. While the research methods of sediment nutrient release flux mainly
include the pore water concentration gradient method [23], laboratory culture method [24],
and in situ box determination method [25], the pore water concentration gradient method
is widely used because it can fit the actual situation and has less workload.

The Yitong River is the mother river of Changchun City, running through the city
from the south to the north, is the most crucial source of water for industrial water and
irrigation water, and its upstream Xinlicheng reservoir is the drinking water source of
Changchun City. In recent years, the research on the Yitong River mainly focuses on
water pollution, sediment pollution, and biological community, while its endogenous
nutrient load is not clear [26,27]. Thus, this paper takes the Yitong River as a case study
and analyses nitrogen and phosphorus’s distribution characteristics and exchange flux
between sediment and water interface. The effect of nitrogen and phosphorus release on
water quality was evaluated by determining whether the sediment was the source or sink
of nitrogen and phosphorus nutrients. The results can provide reference for the precise
remediation of nitrogen and phosphorus pollution in the Yitong River and provide data
accumulation for the distribution characteristics of nutrients in the water and sediment and
the nutrient exchange flux at the sediment-water interface of North China rivers. The study
also provides a scientific basis for the source analysis and eutrophication treatment of rivers
and other surface water worldwide, with significant theoretical and application value.

2. Materials and Methods
2.1. Overview of the Study Area and Sampling Points

The total length of the Yitong River is 342.5 km and flows through 5 counties and cities,
including Panshi, Yitong, Changchun, Nong’an, and Dehui. As the secondary tributary
of the Songhua River, the water environment of the Yitong River has a direct impact on
the water quality safety of the Songhua River. In recent years, comprehensive treatment
of the Yitong River has been carried out in Changchun City, and the water quality has
been significantly improved. However, among the five national and provincial assessment
sections of the Yitong River, the water bodies of Yangjiaweizi, Baolong Bridge, and Kaoshan
Bridge have severe nitrogen and phosphorus pollution. Furthermore, site sampling shows
that most of the sediments in the Yitong River are silt, and the sediments in the urban
section are in a black and smelly state, with more pollutants and severe endogenous
pollution. Therefore, this study took the Yitong River as the study area; the overlying water
and sediment samples of the Yitong River were collected in August 2021. The sampling
points were selected from the five points on the national and provincial control sections
(Xingguang section (51), under the dam of Xinlicheng Reservoir (52), Yangjiaweizi (S5),
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Baolong Bridge section (57), and Kaoshan Bridge section (S8)). In addition to the 5 points,
according to the characteristics of the water quality, three points were selected in front of
the south gate of the South Third Ring Road (53), in front of the Free Gate (S4), and under
the Beihu Bridge (S6). Therefore, the total number of sampling points was 8, and the layout

of them is shown in Figure 1.
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Figure 1. Schematic diagram of the distribution of water samples and sediment sampling points of
the Yitong River.

2.2. Sample Collection and Test Method

The overlying water was collected using the stainless-steel water collector into a
polyethene sampling bottle. The sediment samples of 0-10 cm under the surface of the
river’s bottom were collected with a Peterson dredger and sealed in a polythene bag.
The water and sediment samples were transported back to the laboratory at low temper-
atures throughout the process. One part of sediment samples was centrifuged to collect
interstitial water, and the other was dried naturally. After grinding, they were screened
through 100 mesh sieves for storage.

At the same time of sampling, the dissolved oxygen (DO), power of hydrogen (pH),
water temperature (WT), and water depth of the water body were measured. The overlying
and interstitial water were filtered by a glass fiber filter membrane with an aperture of
0.45 um, and then the nutrient indexes were determined. The determination methods were
carried out according to Method of Water and Wastewater Monitoring (Fourth Edition)
issued by the Ministry of environmental protection of the people’s Republic of China [28].
All water quality indexes were determined within 24 h. The determination of nitrogen
and phosphorus in sediments referred to Methods of Soil Agrochemical Analysis [29].
The specific physical and chemical indexes and their detection methods in the water and
sediment determined in this experiment are shown in Table 1.

Table 1. Determination Methods of conventional indexes in water and sediments [28,29].

General Indicators Determination Method
pH Portable pH meter
DO Portable DO instrument
CODwn Acid potassium permanganate method
TN (in water) Potassium persulfate oxidation—ultraviolet spectrophotometry
TP (in water) Molybdenum antimony resistance Spectrophotometry
NH,*-N Nessler reagent spectrophotometry
TN (in sediment) Kelvin method

TP (in sediment) Sodium carbonate melting method
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2.3. Calculation and Evaluation Method
2.3.1. Water Quality Evaluation Method

The Comprehensive pollution index of water quality was calculated based on a single
pollution index evaluation. All or representative pollutants were selected to participate
in the assessment according to the needs when selecting indicators. In this paper, con-
sidering the pollution characteristics of the Yitong River, representative pollutants were
selected when calculating the comprehensive pollution index of water quality, including
WT, pH, DO, CODy, (permanganate index), NH4*-N, TN (total nitrogen), and TP (total
phosphorus). The river pollution degree can be classified according to the pollution index.
The calculation method is as follows [30]:

P==-YP, Pi=— 1)

where P is the comprehensive pollution index, n is the number of water quality factors
involved in the evaluation, P; is the pollution index of a water quality factor, C; is the
measured concentration of a water quality factor (mg-L~!), Cy is the Class III standard
limit (mg-L~?!) of a water quality factor in the Environmental Quality Standard for Surface
Water (GB 3838-2002). The standard limits of fundamental indicators are shown in Table 2.

Table 2. Standard limits of fundamental indicators of surface water environmental quality standards
(mg-L~1) [31].

Index Class I Class II Class III Class IV Class V
WT None
pH 6-9
DO> 7.5 6 5 3 2
CODyn < 2 4 6 10 15
NH,*-N< 0.15 0.5 1.0 1.5 2.0
TP< 0.02 0.1 0.2 0.3 0.4
TN< 0.2 0.5 1.0 15 2.0

When P < 0.20, the water quality grade is good; 0.20 < P < 0.40, the water quality
grade is better; 0.40 < P < 0.70, the water quality level is slightly polluted; 0.70 < P < 1.00,
the water quality is moderately polluted; 1.00 < P < 2.00, the water quality level is severely
polluted; and P > 2.00, the water quality is seriously polluted.

2.3.2. Calculation Method of Nitrogen and Phosphorus Diffusion Flux in Sediments

The exchange of nitrogen and phosphorus nutrients at the sediment-water interface is
mainly realized by molecular diffusion caused by a concentration difference. In this study,
Fick’s first law was used to calculate the net fluxes of ammonia nitrogen, dissolved total
nitrogen, and dissolved total phosphorus. The calculation formulas are as follows [32,33]:

F= ¢ xDg x % 2)
x

where F is the diffusion flux of a substance at the sediment-water interface (mg-m~—!.d~1);
@ is sediment porosity; g—i is the concentration gradient of nutrients at the sediment-water
interface (mg-m~%); and Ds is the diffusion coefficient of nutrients at the sediment-water
interface (cm?-s~!). Dg includes the bending effect of sediments, but it is not easy to
measure the bending of sediments in practical research, so the porosity of sediments ¢
and diffusion coefficient Dy of the ideal solution are often used to deduce it [34], and the

relationship is as follows:
Ds= @Dy (¢ < 0.7) (©)]

Ds= ¢*Dy (¢ > 0.7) (4)
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where Dy is the diffusion coefficient of the ideal solution; the Ideal diffusion coefficient of NH4*-N
is Dy = 9.8 x 107% ecm?-s~1; Ideal diffusion coefficient of TDN is Dy = 14.21 x 107® cm?-s};
and Ideal diffusion coefficient of TDP is Dy = 6.12 x 10~° cm?-s~ . Porosity is calculated as
follows [35]:

(W — Wq) x 100%

(Ww —Wy) + %

¢ = ®)
where Wy, and W4 represents the fresh weight and dry weight of sediment (g), respectively,
p represents the ratio of the average density of sediment to water density, usually 2.5.

2.3.3. Calculation of Contribution Rate of Endogenous Nutrient Release to the Overlying
Water Body

If only molecular diffusion is considered as the primary way for the migration and
transformation of nutrients at the interface, the ratio of nutrients in sediment interstitial
water to overlying water can represent the impact degree of interface nutrient diffusion on
water quality, and the calculation formula is as follows [36]:

FxTyw/h
=

(6)

where a represents the contribution rate of nutrient diffusion to the overlying water
body (%); F is the release flux of nutrients at the sediment-water interface (mg-m~!-d~1);
Ty represents the retention time of water body (d); h is the river water depth; and ¢
represents the concentration of a nutrient in the overlying water (mg-L~1).

2.3.4. Data Analysis

The schematic diagram of the distribution of water samples and sediment sam-
pling points of the Yitong River was drawn by ArcGIS10.5 (ESRI, RedLands, CA, USA),
the data graphs were drawn by Origin9.0 (OriginLab, Northampton, MA, USA) software,
the data correlation analysis was obtained by Pearson correlation analysis in SPSS20.0
(IBM, New York, NY, USA) software.

3. Results and Discussion
3.1. Analysis of Water Quality Characteristics of Overlying Water and Interstitial Water
3.1.1. Analysis of Water Quality Characteristics of Overlying Water

The concentrations of NH4*-N, TDN, and TDP in the overlying water of the Yitong
River are shown in Figure 2. It can be seen from Figure 2 that the concentration of NH4*-N
in the overlying water was between 0.11 and 2.87 mg-L~!. Among them, the concentration
of NH;*-N in the two adjacent residential areas of urban section S3 and S5 was high, while
the NH,*-N values of other points were within the standard limit of Class II water body
of surface water (<0.5 mg~L_1). This showed that the high concentration of ammonia
nitrogen produced by the decomposition of organic pollutants in domestic sewage by
denitrifying bacteria was the primary source of ammonia nitrogen in the overlying water
body of the river in summer. The TDN concentration in the overlying water was between
0.38 and 7.8 mg-L~! and the highest value still occurred at S3 and S5 points in the urban
section, where the TDN concentration exceeded 7 mg~L’1. This may be due to the severe
nitrogen pollution caused by the significant content of nitrogen pollutants in the middle
reach of the river flowing downstream. The concentration of TDP was between 0.027 and
0.59 mg~L’l, the concentration of S3 and S5 in the urban section exceeded 0.5 mg~L’l.
The content of phosphorus pollutants in S8 also seriously exceeded the standard value.

In general, the water quality in the upper reaches of the Yitong River was good,
and all water quality indexes of S2 did not exceed the Class II of the surface water standard
(<0.5 mg-L~1). However, the water quality in the urban section of the middle reaches
was poor, and the nitrogen and phosphorus pollution at S3 and S5 were the most serious,
mainly due to the increase in human activities, as well as the increase in domestic sewage in
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summer, resulting in the deterioration of water quality. In addition, the inflow of pollutants
in the middle reaches and the direct discharge of domestic sewage and waste into the river
affected the downstream water quality, resulting in severe water pollution.
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Figure 2. Nutrient concentration of overlying water at sampling point of the Yitong River.

The CODpyp,, DO, and pH values of overlying water of the Yitong River are shown
in Table 3. The variation range of dissolved oxygen in each point of the Yitong River
was 4.1-9.0 mg-L 1. The measured values at all sampling points were widely dispersed,
and the dissolved oxygen content in S2 was the lowest. Dissolved oxygen content will
affect biodiversity, community structure, and the circulation of essential nutrients [37-39].
Therefore, the low dissolved oxygen value may have a particular impact on biodiversity
and biogeochemical cycles in this section. The pH of the river was weakly alkaline. The per-
manganate index (CODyy,) ranged from 2.6 to 8.3 mg-L~! in the river, with an average
content of 6.8 mg-L~!. This index was higher at the middle and lower reaches of the river.
The value of S7 was the largest, indicating that organic pollutants gradually accumulated
in the middle and lower reached after river scouring, resulting in severe organic pollution
in the middle and lower reaches [40].

Table 3. The CODyy,, DO, and pH values of overlying water of the Yitong River.

Sampling Point CODwn DO pH
S1 2.56 5.46 6.96
S2 3.46 411 7.79
S3 5.24 7.11 7.50
S4 7.56 9.00 8.90
S5 7.42 8.60 9.05
S6 5.07 6.35 8.77
S7 8.31 8.65 7.83
S8 7.78 5.16 7.52

3.1.2. Analysis of Water Quality Characteristics of Interstitial Water

The concentrations of NH;"-N, TDN, and TDP in the interstitial water at each point are
shown in Figure 3. It can be seen from Figure 3 that the NH;"-N concentration was between
0.31 and 16.1 mg-L’l, and the NH4"-N concentration in the interstitial water at each
sampling point was higher than that in the overlying water, and the concentration difference
was enormous. Therefore, it was inferred that the endogenous NH;*-N pollutants had
a diffusion trend to the overlying water. The NH,;*-N concentration at point S3 was the
highest. During sampling, it was found that the water level at this point was high, there
was a large amount of sediment accumulation and domestic waste. Because the water body
used to hold a large amount of domestic sewage and waste for a long time, resulting in
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nitrogen pollutants in the sediments, the content of nitrogen pollutants in the sediment
increased, which posed a potential threat to the quality of the Yitong River.
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Figure 3. Nutrient concentration of interstitial water at each sampling point of the Yitong River.

The average concentration of TDN was 8.2 mg-L~!, and the variation range of con-
centration was 2.2-23.5 mg-L~!. The variation trend was the same as NH;*-N, and the
maximum value still appeared at point S3. Except for S2 and 56 sampling points, there was
a slight difference in TDN concentration between overlying water and interstitial water.
TDN and NH;*-N nutrient concentrations in the interstitial water at the S2 point were more
than 50 times that of the overlying water. Although this point was far away from rural and
urban areas, the water depth was shallow, and the water grass grew luxuriantly, resulting
in low dissolved oxygen content. Dissolved oxygen content had a significant impact on
the release of nitrogen nutrients in sediments. Nitrogen flux reached the maximum under
anoxic conditions [41]. Therefore, it was easy to release endogenous nitrogen pollutants.
Site S6 was located in Beihu Park, Changchun City. Due to the small impact of domestic
sewage, the quality of overlying water was better, but its sediments were affected by reser-
voir discharge, and some nitrogen and phosphorus pollutants in the middle reaches were
washed here. The concentration of nitrogen and phosphorus nutrients in the interstitial
water at this point increased, increasing the risk of endogenous nitrogen and phosphorus
pollutants released to the water body.

The average concentration of TDP was 0.47 mg-L~!, and the concentration variation
range was 0.23-1.32 mg-L~!. Although it was no different from the phosphorus content
in the overlying water body, there was still a risk of phosphorus pollutant release to the
overlying water body. Generally speaking, the concentration of nitrogen and phosphorus
nutrients in the interstitial water in the urban section was high, but the content of nitrogen
pollutants was much higher than that of phosphorus pollutants. The endogenous nitrogen
pollution was severe, which would readily cause the migration of endogenous nitrogen
pollutants to the overlying water. The concentration of nitrogen and phosphorus nutrients
at S7 and S8 points downstream was small. It was found that the water flow speed at
this point was fast, the sediment was washed away by the water body, and the surface
sediments mainly were sand and gravel, which led to the low concentration of nitrogen
and phosphorus nutrients in the interstitial water [42].

3.2. Comprehensive Pollution Index Evaluation of Water Quality

In order to determine the pollution status of the overlying water body and the intersti-
tial water body of the Yitong River, the comprehensive pollution index method was used
to expansively evaluate the water quality of eight points, as shown in Figure 4. As men-
tioned above, between the two dotted lines were the heavy pollution level (comprehensive
pollution index range 1.0 < p < 2.0), and above the uppermost dotted line was the severe
pollution level (comprehensive pollution index range p > 2.0).



Water 2021, 13, 3555

8 of 14

The comprehensive pollution index value of overlying water quality is shown in
Figure 4a. The overlying water’s comprehensive pollution index evaluation results at the
eight points were between 0.57 and 2.9, showing that the upstream water quality was good
and only slightly polluted. The urban section of the middle reaches was severely polluted,
and the comprehensive results of S3 and S5 were high due to the aggravation of water
pollution caused by excessive discharge of domestic sewage near residential areas. The
water bodies at the downstream points were heavily polluted, and the inflow of many
pollutants in the middle reaches was the main reason for the poor water quality. Figure 4b
shows that interstitial water quality’s comprehensive pollution index results were between
1.23 and 15.39. The water quality at the S8 point was heavily polluted, but the water bodies
at other points were likewise severely polluted. The interstitial water pollution in the urban
section was severe, and the highest total score was still at S3. The comprehensive pollution
index evaluation results revealed the pollution degree of overlying water and interstitial
water. It indicated that the pollution degree of interstitial water was much higher than
that of overlying water. The internal pollution at S3 point was severe, which needed to be
treated to prevent secondary pollution to the overlying water body.

Comprehensive pollution index

—
™
1

7 Severe contamination

—
ESN
1

Severe
— —
® oS
N

: Hcavy
contamination contamination

2

Comprehensive pollution index

Figure 4. Evaluation of comprehensive pollution index of the Yitong River. (a) Overlying water, (b) Interstitial water.

3.3. Correlation Analysis of Nitrogen and Phosphorus between Sediment and Water

In order to explore the migration and transformation process of nitrogen and phos-
phorus nutrients at the sediment-water interface, Pearson correlation analysis was carried
out on the correlation between nitrogen and phosphorus in overlying water, interstitial
water, and sediments of the Yitong River with the help of SPSS software (20.0). The results
are shown in Table 4. The results showed a correlation between nitrogen and phosphorus
in overlying water, but the correlation coefficient was small. The correlation coefficients of
nitrogen and phosphorus in interstitial water and sediment were 0.908 and 0.859, respec-
tively, revealing the homology of nitrogen and phosphorus. The correlation coefficients
between total phosphorus in overlying water and total nitrogen and total phosphorus in in-
terstitial water were 0.826 and 0.904, respectively, indicating that nitrogen and phosphorus
pollutants in interstitial water had a significant impact on the content of phosphorus in the
overlying water. There was no significant correlation between nitrogen and phosphorus
in sediment and overlying water, but there was a significant correlation between nitrogen
and phosphorus in sediment and phosphorus in interstitial water. In terms of nitrogen and
phosphorus content, there was a specific correlation between nitrogen and phosphorus
contents in overlying water and sediments. However, the correlation coefficient was not
high as the sediment-water interface exchange between substances was affected by the
concentration gradient and the wind and waves, exogenous input, aquatic biological activi-
ties, specific surface area, and sediment particle size [43,44]. Therefore, even if there was
a significant concentration difference between nitrogen and phosphorus in the overlying
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water and sediments, the nutrients in the sediments did not necessarily affect the overlying
water body.

Table 4. Correlation analysis of nitrogen and phosphorus in overlying water, interstitial water,
and sediment of the Yitong River.

Overling Water Interstitial Water Sediment
Index N TP TN TP N TP

Overling water N 1 0.658 0.198 0.381 0.222 0.265

TP 1 0.826 * 0.904 ** 0.508 0.431

- TN 1 0.908 ** 0.437 0.433

Interstitial water P 1 0.691 0.624
. TN 1 0.859 **

Sediment TP 1

* Indicates a significant correlation at the 0.05 level, ** indicates a significant correlation at the 0.01 level.

3.4. Analysis of Nitrogen and Phosphorus Nutrient Exchange Flux at the Sediment—Water Interface
3.4.1. Diffusion Flux of Nitrogen and Phosphorus Nutrients at the Sediment-Water Interface

In order to explore the mutual diffusion relationship of nitrogen and phosphorus
nutrients between the sediment and water interface of the Yitong River and determine
whether the sediment was the “source” or “sink” of nitrogen and phosphorus nutrients, this
section evaluates the diffusion flux of nitrogen and phosphorus nutrients at the sediment-
water interface through Fick’s first law. The results are shown in Tables 5-7. When the
diffusion flux was positive, it meant that nutrients diffused from sediments to water.
Moreover, when it was negative, it meant that nutrients diffused from water to sediments—
the greater the diffusion flux, the faster the diffusion speed.

NH,*-N diffusion flux values are shown in Table 5, ranging from 0.03 to 6.52 mg-(m?-d) !,
and were all positive, indicating that NH4*-N at each point diffused from sediment to
water body. Thus, the sediment was the “source” of ammonia nitrogen nutrients in the
water body. Among them, the diffusion rate at point S3 was the largest, the NH4*-N
concentration gradient at the sediment—water interface was the largest, and the NH;*-N
pollutants in the sediments tend to diffuse into the water.

Table 5. Porosity, diffusion coefficient and diffusion flux of NH*-N at the sediment-water interface

of the Yitong River.
Index Sampling Point /% Dy x 10-6/cm?-s—1 Ds x 10-6/cm?-s—1 F/mg (m?-d)-1
S1 0.538 9.80 5.274 0.49
S2 0.423 9.80 5.456 3.99
S3 0.538 9.80 5.272 6.52
S4 0.490 9.80 4.797 0.43
NH,"™N S5 0.507 9.80 4971 1.95
S6 0.478 9.80 4.686 1.00
S7 0.416 9.80 4.078 0.47
S8 0.509 9.80 4993 0.02

TDN diffusion flux values are shown in Table 6. There was a considerable difference
among sampling points, in which the diffusion flux at 54, S7, and S8 points were negative,
which indicated that the sediment served as a sink for nitrogen pollutants in water. Site 54
was located in the urban section, and the nitrogen pollution of the overlying water body
was very severe. It was found by on-site sampling that the water flow speed was fast and
affected by the opening of the sluice. As a result, there was more sediment loss, and the
TDN concentration of sediment interstitial water decreased. Therefore, the nitrogen pollu-
tants at this point diffused from the overlying water body to the sediments. In addition,
there was farmland around points S7 and S8. As a result, pesticides and chemical fertilizers
flowed into the river through rainwater, resulting in deterioration of water quality, and ni-
trogen pollutants in the overlying water diffused to interstitial water and accumulated
in the sediments. The diffusion flux values of the other five points ranged from 1.67 to
11.66 mg-(m?-d)~!, among which the diffusion rate of TDN at S2 and S3 was the fastest.
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According to the results of NH;"-N and TDN diffusion fluxes, although the diffusion rate
of endogenous nitrogen pollutants varied greatly at each point, NH;*-N and TDN in the
sediment at S3 point diffuse fastest to the overlying water body.

Table 6. Porosity, diffusion coefficient, and diffusion flux of TDN at the sediment-water interface of
the Yitong River.

Index Sampling Point /% Dy x 10-6/cm?.s~1  Dg x 10-6/cm?-s~1  F/mg-(m2-d)~1

st 0.538 1421 7.647 1.81

S 0.557 1421 7911 6.08

s3 0.538 1421 7.645 1159

S4 0.490 1421 6.956 —0.65
TDN S5 0.507 1421 7.207 1.70

S6 0.478 1421 6.795 1.67

s7 0.416 14.21 5913 —040

S8 0.509 1421 7.240 ~157

The diffusion flux values of TDP at the eight sampling points are shown in Table 7.
The diffusion flux at S8 point was negative, which may be mainly due to the high content
of phosphorus pollutants in the water body due to the direct discharge of domestic sewage
into the river, which led to the diffusion of phosphorus pollutants from the water body to
the sediment. The TDP diffusion flux at other points ranged from 0.01 to 0.22 mg-(m?-d)~ !,
with an average of 0.07 mg-(m?-d)~!, and the highest diffusion rate still appeared at S3.

Table 7. Porosity, diffusion coefficient and diffusion flux of TDP at the sediment-water interface of

the Yitong River.
Index Sampling Point /% Dy x 10-6/cm?.s~1  Dg x 10-6/cm?2-s—1 F/mg (m?.d)-1
S1 0.538 6.12 3.294 0.06
S2 0.557 6.12 3.407 0.11
S3 0.538 6.12 3.293 0.22
S4 0.490 6.12 2.996 0.02
TDr S5 0.507 612 3.104 0.02
S6 0.478 6.12 2.927 0.04
S7 0.416 6.12 2.547 0.01
S8 0.509 6.12 3.118 —0.05

3.4.2. Effect of Nitrogen and Phosphorus Nutrients Diffusion in Sediments on Water Quality

In order to further clarify the impact of the diffusion of nitrogen and phosphorus
nutrients in the Yitong River sediments on the overlying water body, the contribution rate
of endogenous pollutants to the overlying water was estimated using formula (6) by com-
bining the index of diffusion flux, overlying water concentration, water depth, and water
retention time. The calculation results are shown in Tables 8-10. The contribution rate of
sediment NH,;*-N diffusion on the water body is shown in Table 8, ranging from 6.17%
to 78.83%. The contribution rate of endogenous NH;*-N on overlying water at S2 and S3
points was similar. For the S2 point, the concentration difference was significant. However,
due to the shallowest water depth and substantial impact of wind-wave disturbance on
the release of endogenous pollutants, this point has a maximum contribution on overlying
water. Although the diffusion flux at the S3 point was the largest, the water depth was
deep, attenuating the contribution of sediment NH,*-N release on the overlying water
body. The sediment NH,*-N diffusion at S8 had the most negligible contribution to the
overlying water body, mainly because the concentration gradient formed by the overlying
water and interstitial water was slight. The diffusion flux value was only 0.02 mg-(m?-d)~?,
resulting in the most negligible contribution to the overlying water body [45].

As shown in Table 9, the contribution rate range of endogenous TDN diffusion on the
overlying water body was —21.3 to 79.67%. Among them, TDN diffusion in the water at
the S8 point had a significant contribution on the sediment, mainly because the overlying
water at this point was seriously polluted by nitrogen and had a significant concentration
difference with the interstitial water, resulting in the accumulation of nitrogen pollutants
in the water body into the sediment. On the other hand, TDN diffusion at S2 still had
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the most significant contribution rate on the water body, with a contribution rate range of
79.67%. Thus, according to the table’s data, the water body’s depth directly determined the
contribution rate of endogenous TDN diffusion on the overlying water body.

Table 8. Contribution rate of NH*-N nutrient diffusion at the sediment-water interface to the

water body.

Index Sampling Point  F/mg-(m?2-d)~1 H/m c/mg-L-1 a/%
S1 0.49 1.55 0.15 19.16

52 3.99 0.61 0.13 78.83

S3 6.52 1.83 2.73 78.34

54 0.43 1.95 0.11 17.96

+_

NH,™N $5 1.95 283 287 14.40
S6 1.00 1.12 0.11 70.45

S7 0.47 0.87 0.23 20.95

S8 0.02 0.94 0.26 6.17

Note: in the table, F is the diffusion flux, H is the water depth, c is the concentration of overlying water, and a is
the contribution rate of the diffusion of endogenous nutrients to the overlying water body.

Table 9. Contribution rate of TDN nutrient diffusion at the sediment-water interface to the water body.

Index Sampling Point  F/mg-(m?-d)~1 H/m c¢/mg-L-1 a/%
S1 1.81 1.55 1.25 56.24
S2 6.08 0.61 0.28 79.67
S3 11.59 1.83 7.16 53.07
S4 —0.65 1.95 4.06 —4.89

TDN S5 170 2.83 7.82 460
S6 1.67 1.12 0.48 62.50
S7 —0.40 0.87 4.52 —6.07
S8 —1.57 0.94 4.71 —21.30

Note: in the table, F is the diffusion flux, H is the water depth, c is the concentration of overlying water, and a is
the contribution rate of the diffusion of endogenous nutrients to the overlying water body.

The contribution rate of sediment TDP at each point on water quality is shown in
Table 10. Although the diffusion flux at the S2 point was not the largest, the pollution to
the overlying water body was the most serious, with a contribution rate range of 95.64%.
On the other hand, the value of the endogenous TDP diffusion at point S1 on the water
body had reached 86.9%. At this point, the diffusion flux at the sediment-water interface
was small, but there was a significant concentration difference between them, resulting in
an excellent contribution rate of sediments on the water quality of the overlying water body.

Table 10. Contribution rate of TDP nutrient diffusion at the sediment-water interface to the water body.

Index Sampling Point  F/mg-(m?.d)~1 H/m c/mg-L-1 al/%
S1 0.06 1.55 0.03 86.90
S2 0.11 0.61 0.12 95.64
S3 0.22 1.83 0.59 12.39
S4 0.02 1.95 0.27 2.66

P S5 0.02 2.83 051 1.04
S6 0.04 1.12 0.14 14.97
S7 0.01 0.87 0.19 3.19
S8 —0.05 0.94 0.42 —7.95

Note: in the table, F is the diffusion flux, H is the water depth, c is the concentration of overlying water, and a is
the contribution rate of the diffusion of endogenous nutrients to the overlying water body.

4. Conclusions

The content of nitrogen and phosphorus in overlying water in the urban section of
the Yitong River exceeded the standard, and the content of nitrogen and phosphorus
pollutants in interstitial water was higher. The maximum values of TDN and TDP reached
23.5 mg-(m?-d)~! and 0.6 mg-(m?-d)~!, respectively, which are severely polluted except
for the point Kaoshan Bridge (S8). There was a pronounced diffusion gradient between
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overlying water and interstitial water, and the nitrogen and phosphorus pollutants in
sediments tend to diffuse to the overlying water body. The diffusion fluxes of NH4*-
N in the sediments of the Yitong River were all positive, which were the “source” of
ammonia nitrogen pollutants in the water body. The diffusion fluxes ranged from 0.03
to 6.52 mg-(m?-d)~!. The values of TDN diffusion flux at each point were quite different,
and the sediment was both the “source” and “sink” of nitrogen pollutants. Except for the
sampling point of the Kaoshan Bridge, TDP was the diffusion of sediment into the water
body, the diffusion flux ranged from —0.05 to 0.22 mg-(m?-d) ~!, and the diffusion rate
was relatively low. Among the three indicators, the content of nitrogen and phosphorus
pollutants in the South Third Ring Road (S3) sediments was the highest, and the release
rate was the fastest.

By estimating the contribution rate of nitrogen and phosphorus nutrients in the
Yitong River sediments to the overlying water body, it was found that the release of
endogenous nitrogen and phosphorus pollutants at Xinlicheng Reservoir (52) had the most
significant contribution on water quality. The contribution rate range of endogenous NH;*-
N, TDN, and TDP on the overlying water was 78.83%, 79.67%, and 95.64%, respectively,
indicating the release of endogenous nitrogen and phosphorus pollutants at this point
was a severe hidden danger affecting the overlying water quality. This study revealed
the water quality characteristics of the Yitong River and the exchange law of nitrogen and
phosphorus between the sediment—water interface to a certain extent, but it only considered
the relationship between the sediment and overlying water, ignoring the influence of
interfacial biological interaction on material diffusion. Future research could focus on the
nutrient exchange flux at the sediment-water interface of rivers and other surface water
and the relationship between the three factors and the key species affecting the diffusion of
substances at the interface.

Author Contributions: Conceptualization, K.Z. and H.L.; methodology, H.L.; software, H.F; valida-
tion, Q.W.; formal analysis, H.F.; investigation, H.F. and Q.W.; resources, K.Z.; data curation, K.Z.;
writing—original draft preparation, K.Z.; writing—review and editing, H.L.; visualization, H.L.;
supervision, H.L.; project administration, K.Z.; funding acquisition, K.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Key R&D Program of Department of Science and Technol-
ogy of Jilin Province (NO. 20210203035SF).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Ding, S.M.; Chen, M.S.; Gong, M.D.; Fan, X.F,; Qin, B.Q.; Xu, H.; Gao, S.S.; Jin, Z.F,; Tsang, D.C.; Zhang, C.S. Internal phosphorus
loading from sediments causes seasonal nitrogen limitation for harmful algal blooms. Sci. Total Environ. 2018, 625, 872-884.
[CrossRef] [PubMed]

Azam, HM.; Alam, S.T.; Hasan, M.; Yameogo, D.D.S.; Kannan, A.D.; Rahman, A.; Kwon, M.]. Phosphorous in the environment:
Characteristics with distribution and effects, removal mechanisms, treatment technologies, and factors affecting recovery as
minerals in natural and engineered systems. Environ. Sci. Pollut. Res. 2019, 26, 20183-20207. [CrossRef]

Chen, M.S,; Ding, S.M.; Chen, X,; Sun, Q.; Fan, X.F; Lin, J.; Ren, M.Y; Yang, L.Y.; Zhang, C.S. Mechanisms driving phosphorus
release during algal blooms based on hourly changes in iron and phosphorus concentrations in sediments. Water Res. 2018, 133,
153-164. [CrossRef]

Janssen, A.B.G.; de Jager, V.C.L,; Janse, ].H.; Kong, X.Z.; Liu, S.; Ye, Q.H.; Mooij, W.M. Spatial iden tification of critical nutrient
loads of large shallow lakes: Implications for Lake Taihu (China). Water Res. 2017, 119, 276-287. [CrossRef]

Huang, L.; Fang, H.W.; Reible, D. Mathematical model for interactions and transport of phosphorus and sediment in the Three
Gorges Reservoir. Water Res. 2015, 85, 393-403. [CrossRef] [PubMed]

Cui, Y,; Xiao, R.; Xie, Y.; Zhang, M.X. Phosphorus fraction and phosphate sorption-release characteristics of the wetland sediments
in the Yellow River Delta. Phys. Chem. Earth Parts A/B/C 2018, 103, 19-27. [CrossRef]

Varjo, E.; Liikanen, A.; Salonen, V.; Martikainen, P.J. A new gypsum-based technique to reduce methane and phophorus release
from sediments of eutrophied lakes: (Gypsum treatment to reduce internal loading). Water Res. 2003, 37, 1-10. [CrossRef]


http://doi.org/10.1016/j.scitotenv.2017.12.348
http://www.ncbi.nlm.nih.gov/pubmed/29306830
http://doi.org/10.1007/s11356-019-04732-y
http://doi.org/10.1016/j.watres.2018.01.040
http://doi.org/10.1016/j.watres.2017.04.045
http://doi.org/10.1016/j.watres.2015.08.049
http://www.ncbi.nlm.nih.gov/pubmed/26364223
http://doi.org/10.1016/j.pce.2017.06.005
http://doi.org/10.1016/S0043-1354(02)00264-6

Water 2021, 13, 3555 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Moss, B.; Kosten, S.; Meerhoff, M.; Battarbee, R.W.; Jeppesen, E.; Mazzeo, N.; Havens, K.; Lacerot, G.; Liu, Z.; Meester, D.; et al.
Allied attack: Climate change and eutrophication. Inland Waters 2011, 1, 101-105. [CrossRef]

Paytan, A.; Roberts, K.; Watson, S.; Peek, S.; Chuang, P.; Defforey, D.; Kendall, C. Internal loading of phosphate in Lake Erie
Central Basin. Sci. Total Environ. 2017, 579, 1356-1365. [CrossRef]

Kuwabara, J.S.; Woods, PF.; Berelson, W.M.; Balistrieri, L.S.; Carter, ].L.; Topping, B.R.; Fend, S.V. Importance of sediment-water
interactions in Coeur d’Alene Lake, Idaho: Management implications. Environ. Manag. 2003, 32, 348-359.

Berelson, W.M.; Heggie, D.; Longmore, A.; Kilgore, T.; Nicholson, G.; Skyring, G. Benthic Nutrient Recycling in Port Phillip Bay,
Australia. Estuar. Coast. Shelf Sci. 1998, 46, 917-934. [CrossRef]

Sendergaard, M.; Bjerring, R.; Jeppesen, E. Persistent internal phosphorus loading during summer in shallow eutrophic lakes.
Hydrobiologia 2013, 710, 95-107. [CrossRef]

Zhang, Q.Y.; Du, Y.X,; Luo, C.Y,; Liu, Z.W. Advances in researches on phosphorus immobilization by lanthanum modified
bentonite in lakes and its ecological risk. J. Lake Sci. 2019, 31, 1499-1509.

Dove, A.; Chapra, S.C. Long-term trends of nutrients and trophic response variables for the G reat L akes. Limnol. Oceanogr. 2015,
60, 696-721. [CrossRef]

Wang, P; Lu, S.Y,; Wang, D.W,; Xu, M.S.; Gan, S.; Jin, X.C. Nitrogen, phosphorous and organic matter spatial distribution
characteristics and their pollution status evaluation of sediments nutrients in lakeside zones of Taihu Lake. China Environ. Sci.
2012, 32, 703-709.

Liu, Z.Z.; Ni, ZK,; Liu, S.R.; Li, X.X.; Wang, S.R. Kinetic characteristics of organophosphorus release from lake sediments and
water quality risk. Environ. Sci. 2021, 41, 1-12.

Tang, X.Q.; Wu, M.; Dai, X.C.; Chai, PH. Phosphorus storage dynamics and adsorption characteristics for sediment from a
drinking water source reservoir and its relation with sediment compositions. Ecol. Eng. 2014, 64, 276-284. [CrossRef]

Chen, Q.; Chen, ].G.; Wang, ].E,; Guo, ].Y; Jin, Z.X,; Yu, PP; Ma, Z.Z. In situ, high-resolution evidence of phosphorus release from
sediments controlled by the reductive dissolution of iron-bound phosphorus in a deep reservoir, southwestern China. Sci. Total
Environ. 2019, 666, 39-45. [CrossRef]

Jiang, X.; Jin, X.C.; Yao, Y.; Li, L.H.; Wu, E.C. Effects of biological activity, light, temperature and oxygen on phosphorus release
processes at the sediment and water interface of Taihu Lake, China. Water Res. 2008, 42, 2251-2259. [CrossRef]

Zhang, X.F.; Mei, X.Y. Effects of benthic algae on release of soluble reactive phosphorus from sediments: A radioisotope tracing
study. Water Sci. Eng. 2015, 8, 127-131. [CrossRef]

Yao, J.P; Wang, G.Q.; Xue, B.L.; Wang, P.Z.; Hao, FH.; Xie, G.; Peng, Y.B. Assessment of lake eutrophication using a novel
multidimensional similarity cloud model. |. Environ. Manag. 2019, 248, 109259. [CrossRef] [PubMed]

Sendergaard, M.; Jensen, ].P.; Jeppesen, E. Role of sediment and internal loading of phosphorus in shallow lakes. Hydrobiologia
2003, 506-509, 135-145. [CrossRef]

Lavery, P.S.; Oldham, C.E.; Ghisalberti, M. The use of Fick’s First Law for predicting porewater nutrient fluxes under diffusive
conditions. Hydrol. Process. 2001, 15, 2435-2451. [CrossRef]

Wang, P.F; Yao, Y.; Wang, C.; Hou, J.; Qian, J.; Miao, L.Z. Impact of macrozoobenthic bioturbation and wind fluctuation
interactions on net methylmercury in freshwater lakes. Water Res. 2017, 124, 320-330. [CrossRef] [PubMed]

Cheng, S.A,; Liu, H.; Logan, B.E. Increased performance of single-chamber microbial fuel cells using an improved cathode
structure. Electrochem. Commun. 2006, 8, 489-494. [CrossRef]

Yu, Y.Y,; Wu, G.L.; Wang, C.Z.; Lu, N.; Yuan, X.; Zhu, X.L. Pollution characteristics of antibiotics and antibiotic resistance of
coliform bacteria in the Yitong River, China. Environ. Monit. Assess. 2019, 191, 516-528. [CrossRef]

Ji, X.Y.; Zhang, W.Z; Jiang, M.Q.; He, J.; Zheng, Z. Black-odor water analysis and heavy metal distribution of Yitong River in
Northeast China. Water Sci. Technol. 2017, 76, 2051-2064. [CrossRef]

Ministry of Environmental Protection of the People’s Republic of China. Method of Water and Wastewater Monitoring, 4th ed.; China
Environmental Science Press: Beijing, China, 2002; pp. 222-231. (In Chinese)

Lu, R.K. Methods of Soil Agrochemical Analysis; China Agricultural Science and Technology Press: Beijing, China, 2000; pp. 115-128.
(In Chinese)

Ullman, WJ.; Aller, R.C. Diffusion Coefficients in Nearshore Marine Sediments. Limnol. Oceanogr. 1982, 27, 552-556. [CrossRef]

Ministry of Environmental Protection of the People’s Republic of China. Environmental Quality Standards for Surface Water; China
Environmental Science Press: Beijing, China, 2002; pp. 1-2. (In Chinese)

Martinova, M.V. Nitrogen and phosphor compounds in bottom sediments: Mechanisms of accumulation, transformation and
release. Hydrobiologia 1993, 252, 1-22. [CrossRef]

Sweerts, ] PR.A.; Bar-Gilissen, M.].; Cornelese, A.A.; Cappenberg, T.E. Oxygen-consuming processes at the profundal and littoral
sediment-water interface of a small meso-eutrophic lake (Lake Vechten, The Netherlands). Limnol. Oceanogr. 1991, 36, 1124-1133.
[CrossRef]

Ullman, W.J.; Sandstrom, M.W. Dissolved nutrient fluxes from the nearshore sediments of Bowling Green Bay, central Great
Barrier Reef Lagoon (Australia). Estuar. Coast. Shelf Sci. 1987, 24, 289-303. [CrossRef]

Urban, N.R.; Dinkel, C.; Wehrli, B. Solute transfer across the sediment surface of a eutrophic lake: I Porewater profiles from
dialysis samplers. Aquat. Sci. 1997, 59, 1-25. [CrossRef]


http://doi.org/10.5268/IW-1.2.359
http://doi.org/10.1016/j.scitotenv.2016.11.133
http://doi.org/10.1006/ecss.1998.0328
http://doi.org/10.1007/s10750-012-1091-3
http://doi.org/10.1002/lno.10055
http://doi.org/10.1016/j.ecoleng.2014.01.005
http://doi.org/10.1016/j.scitotenv.2019.02.194
http://doi.org/10.1016/j.watres.2007.12.003
http://doi.org/10.1016/j.wse.2015.04.008
http://doi.org/10.1016/j.jenvman.2019.109259
http://www.ncbi.nlm.nih.gov/pubmed/31325792
http://doi.org/10.1023/B:HYDR.0000008611.12704.dd
http://doi.org/10.1002/hyp.297
http://doi.org/10.1016/j.watres.2017.07.072
http://www.ncbi.nlm.nih.gov/pubmed/28780357
http://doi.org/10.1016/j.elecom.2006.01.010
http://doi.org/10.1007/s10661-019-7660-4
http://doi.org/10.2166/wst.2017.372
http://doi.org/10.4319/lo.1982.27.3.0552
http://doi.org/10.1007/BF00000124
http://doi.org/10.4319/lo.1991.36.6.1124
http://doi.org/10.1016/0272-7714(87)90051-5
http://doi.org/10.1007/BF02522546

Water 2021, 13, 3555 14 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wu, EC.; Wan, G.J. The influence of Diffusion Processes on Overlying Waters at the Sediment-water interface of Lugu Lake.
Environ. Sci. 1996, 17, 10-12.

Rabalais, N.N.; Turner, R.E. Coastal hypoxia: Consequences for Living Resources and Ecosystems; American Geophyical Union:
Washington, DC, USA, 2001; pp. 332-336.

Chen, C.C.; Gong, G.C.; Shiah, EX. Hypoxia in the East China Sea: One of the largest coastal low-oxygen areas in the world. Mar.
Environ. Res. 2007, 64, 399-408. [CrossRef]

Breitburg, D.; Levin, L.A.; Oschlies, A.; Grégoire, M.; Chavez, F.P.; Conley, D.J.; Gar¢on, V.; Gilbert, D.; Gutiérrez, D.; Isensee, K.;
et al. Declining oxygen in the global ocean and coastal waters. Science 2018, 359, 6371-6382. [CrossRef] [PubMed]

Huser, B.J.; Futter, M.; Lee, ].T.; Perniel, M. In-lake measures for phosphorus control: The most feasible and cost-effective solution
for long-term management of water quality in urban lakes. Water Res. 2016, 97, 142-152. [CrossRef] [PubMed]

Kaiser, D.; Unger, D.; Qiu, G.L.; Zhou, H.L.; Gan, H.Y. Natural and human influences on nutrient transport through a small
subtropical Chinese estuary. Sci. Total Environ. 2013, 450—-451, 92-107. [CrossRef]

Han, Q.; Tong, R.Z; Sun, W.C; Zhao, Y.; Yu, ].5.; Wang, G.Q.; Shrestha, S.; Jin, Y.L. Anthropogenic influences on the water quality
of the Baiyangdian Lake in North China over the last decade. Sci. Total Environ. 2020, 701, 134929. [CrossRef]

Ferencz, B.; Toporowska, M.; Dawidek, J.; Sobolewski, W. Hydro-Chemical Conditions of Shaping the Water Quality of Shallow
Leczna-Wtodawa Lakes (Eastern Poland). Clean—Soil Air Water 2017, 45, 1600152. [CrossRef]

Zhang, B.L.; Zhang, Y.; Yang, M.; Huang, Q.H.; Liu, M. Characteristics of phosphorus sorption on surface sediments in three
shallow lakes in the Yangtze River Basin. Acta Sci. Circumst. 2004, 24, 595-600.

Wang, HW.; Wang, S.M.; Zhang, M.; Hu, X K.; Tang, M.Y,; Yang, EY.; Zhong, J.C. Occurrence characteristics and transport fluxes
of nitrogen and phosphorus at sediment-water interface of Panjiakou Reservoir in spring. China Environ. Sci. 2021, 41, 4284-4293.


http://doi.org/10.1016/j.marenvres.2007.01.007
http://doi.org/10.1126/science.aam7240
http://www.ncbi.nlm.nih.gov/pubmed/29301986
http://doi.org/10.1016/j.watres.2015.07.036
http://www.ncbi.nlm.nih.gov/pubmed/26298078
http://doi.org/10.1016/j.scitotenv.2013.01.096
http://doi.org/10.1016/j.scitotenv.2019.134929
http://doi.org/10.1002/clen.201600152

	Introduction 
	Materials and Methods 
	Overview of the Study Area and Sampling Points 
	Sample Collection and Test Method 
	Calculation and Evaluation Method 
	Water Quality Evaluation Method 
	Calculation Method of Nitrogen and Phosphorus Diffusion Flux in Sediments 
	Calculation of Contribution Rate of Endogenous Nutrient Release to the Overlying Water Body 
	Data Analysis 


	Results and Discussion 
	Analysis of Water Quality Characteristics of Overlying Water and Interstitial Water 
	Analysis of Water Quality Characteristics of Overlying Water 
	Analysis of Water Quality Characteristics of Interstitial Water 

	Comprehensive Pollution Index Evaluation of Water Quality 
	Correlation Analysis of Nitrogen and Phosphorus between Sediment and Water 
	Analysis of Nitrogen and Phosphorus Nutrient Exchange Flux at the Sediment–Water Interface 
	Diffusion Flux of Nitrogen and Phosphorus Nutrients at the Sediment–Water Interface 
	Effect of Nitrogen and Phosphorus Nutrients Diffusion in Sediments on Water Quality 


	Conclusions 
	References

