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Abstract: Sediment gradually accumulates at the bottom of reservoirs after decades of running.
To explore the influences of sediments on the water quality of reservoirs, the spatial distribution,
adsorption/release characteristics, and environment influence of sediment pollutants should be
analyzed. In this paper, the spatial distributions of phosphorus (P) and P fractions in the
Biliuhe reservoir (river valley reservoirs) sediments were investigated. The adsorption and release
characteristics of sediments P were studied in the experiment, while its environmental influence was
analyzed too. The results indicate that the concentration of P in sediments was higher at the dam and
the Zhongling site, while lower at other entrances of the reservoir and the smallest in the water-level
fluctuating zone. Total Phosphorus (TP) varied from 355.46 to 764.57 mg/kg. Inorganic Phosphorus
(IP) was the main form of TP in sediments, making up a proportion of 56-75%, while the correlation
coefficient of P bound to Al, Fe, and Mn oxides was 0.922. Hydroxide (Fe/Al-P) was the main form
of IP, which accounted for 46-83% with a correlation coefficient of 0.888. The maximum adsorption
capacity calculated by Langmuir model was between 714.29 and 3333.33 mg/kg. The adsorption
efficiency obtained by the Freundlich model was within the range of 0.40-1.42, which indicated that P
adsorption was more difficult in the water-level fluctuating zone. The critical adsorption and release
concentration range was 0.1-0.2 mg/L for the majority of the sampling points. The amount of P
released in 24 h (the initial concentration of TP in the overlying water was 0 mg/L) accounted for
1.15-4.16% of TP in sediments, which was higher than the average concentration in the reservoir. It is
concluded that the sediment is the potential pollution source. The relationship between the change of
environmental factors and the release of sediment contaminants should be considered in the future.

Keywords: sediment; phosphorus; reservoir; environment influence

1. Introduction

As important hydraulic engineering structures, reservoirs have many functions, such as flood
control, water supply, and power generation. With the development of the social economy, the function
of a water supply has become a mainstream issue and reservoir water quality attracts more attention [1].
Especially in north China, reservoirs are key drinking water supply sources, such as the Biliuhe
reservoir, Miyun reservoir, Dahuofang reservoir, Xinlicheng reservoir, etc. [2]. However, the natural
runoff process has been changed into a complex artificial-natural bivariate process as a result of
the construction of reservoirs. Generally, the operation mode of reservoirs to store water during
floods makes it easier for pollutants to be deposited instead of being removed with the flood, which
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accelerates the accumulation of sediment pollutants at the bottom of reservoirs [3]. The organic
carbon, total nitrogen, and active phosphate in the sediment pollutants of the Karla reservoir
exaggerate the risk of eutrophication [4]. Furthermore, the Zn, Pb, Fe, Mn, and Cu in sediments
found in the Cauvery reservoir pose a threat to the organisms [5]. Sediments of Gonghu Bay are
rich in Cd, Zn, and Cu [6]. The contents of HCHs (hexachloro-cyclohexane soprocide) and DDTs
(Dichlorodiphenyltrichloroethane) in sediments of Guanting Reservoir reached up to 0.73 ng/g and
6.46 ng/g, respectively in 2009. Both of these substances have become highly persistent pollution
risk factors [7]. The Polycyclic Aromatic Hydrocarbons (PAHs) in sediments increased the risk of
aquatic organisms in the Songhua River [8]. So sediment pollutant is the endogenous source of various
pollutants in reservoirs.

Eutrophication is one of the hot issues in the field of water environment. The Chinese Water
Environment Bulletin shows that 85.7% of the key lakes and reservoirs of China have the problem
of eutrophication in 2015, with phosphorus (P) found to be an important factor [9]. After decades of
running, phosphorus gradually accumulates at the sediment of the reservoir, which might release
and aggravates algal blooms [10]. In fact, Sediments can play either sink or source roles under
different physicochemical and biological conditions, which can be explored from distribution, fractions,
adsorption/release characteristics etc. [11]. Conducting field investigation is effective in gathering
fundamental information for research into sediments phosphorus (P). Wang et al., studied the
distribution characteristics of sediment P in Poyang Lake and found that the sediment P could
be released to the water [12]. Lucas et al., explored the spatial and temporal trends of sediment P in
a narrow river-valley reservoir, finding that the surficial Total Phosphorus (TP) concentrations were
strongly related to depth [13]. P fractions contribute to analyzing the release of sediment, which can be
characterized as P bound to Al, Fe, and Mn oxides and hydroxides (Fe/Al-P); P associated with Ca
(Ca-P); Inorganic P (IP); Organic P (OP); and, Total P (TP), based on the release ability [14]. Generally,
the Langmuir and the Freundlich equations can be used to describe the sediment adsorption process,
which can calculate the maximum adsorption capacity and the adsorption efficiency to analyse the
characteristics of sediment. Zhang et al. studied the adsorption and release of sediment P in the
Three Gorges Reservoir and showed that the maximum adsorption capacity varied from 137.79 to
1975.5 mg/kg [15]. Dong et al., researched the adsorption and release characteristics of P in sediments
of Baiyangdian Lake, which showed that P was a risk factor for water quality and ecosystems [16].
Experiments and the mass balance equation have been widely used to study the release flux of
P in sediments, which is the effective method for exploring the influences of sediments on water
quality [17-20]. Wu et al., studied the release of sediment P under the influence of PH, dissolved
oxygen, and temperature, verifying that these were important influencing factors [21]. Overall, the
detection methods, distribution, and environmental factors influencing the adsorption and the release
processes of sediment P have been studied, which provides the methods for this present study. Other
researchers have proposed additional methods, including in-situ remediation, dredging, and aeration
to restore water environment, and contribute to the treatment of sediment [22,23]. However, the
influence of water quality on sediment formation is debatable. Actually, P distribution and fractions in
sediment, P concentration in overlying water and so on are the determining factors of the adsorption
or release behavior of the sediment P, which should be carefully considered. In addition, due to
significant regional differences of the distribution of P in sediment, different types of reservoirs need
to be analyzed.

The objectives of this paper are to: (1) investigate the distribution and fractions of sediment P in
Biliuhe reservoir (river valley reservoirs); (2) simulate the adsorption and release characteristics of
sediment P; and, (3) analyze the environmental influences of sediment P.
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2. Materials and Methods

2.1. Study Area and Sediment Sampling

The Biliuhe reservoir is a river valley reservoir, which was built in 1983 (39°49'11.85” N;
122°29'24.43” E, Figure 1). The main dam is 708.5 m wide and has a maximum height of 53.5 m.
Its total storage capacity is 9.34 x 108 m3, and its control drainage area is 2085 km?. It has three main
tributaries, which are namely the Biliuhe river, Gelihe river, and the Bajiahe river. The Biliuhe reservoir
has supplied water for Dalian city since 1984, which accounts for about 80% of the city’s total water
supply. Statistical analysis shows that the total nitrogen (TN) in the reservoir exceeds the level 3 of the
standard (GB3838-2002) throughout the year, with an average concentration of 2.32 mg/L. However,
the total phosphorus (TP) is relatively low, with an average concentration of 0.015 mg/L. Generally,
eutrophication will probably happen when the concentration of TP reaches 0.02 mg/L and TN reaches
0.2 mg/L simultaneously. So, TP is the controlling factor for eutrophication in the Biliuhe reservoir.
As a water source reservoir, the protection and treatment of the reservoir environment has received
considerable attention. As a result, there are no large enterprises that may discharge point pollution,
and a water source protection area has been set up using isolation fences. However, it is noticeable that
a considerable amount of sediment has accumulated at the bottom of the Biliuhe reservoir during the
past 30 years. Therefore, it is important to study the spatial distribution, fractions, and environmental
influences of P in reservoir sediments.

A

Normal water level:69m ! Gelihe River

Sampling water level:61m

Monitoring point

Water covered zone|

Water-level
" fluctuating zone

10 Km

Figure 1. The distribution map of monitoring points of Biliuhe reservoir.

The hydrology, meteorology, and topography conditions, in addition to the pollutant sources,
pollution characteristics, and characteristics for the occurrence of pollutants were first comprehensively
considered. Following this, the sediment-sampling scheme was planned based on the water and
wastewater monitoring, analysis method, and the regulation for water environmental monitoring
(SL 219-98). The distribution of monitoring points is shown in Figure 1. The surface sediment samples
(020 cm) were collected from the main stream, the two tributaries, and the water-level fluctuating
zone at the entrance to the reservoir of Gelihe River in October 2014. Global positioning system
(GPS) was used to record the locations of the monitoring points and the geostatistical analysis was
applied to analyze the distribution of sediment P. The sampling instruments used were Van Veen
sediment samplers (3.14 L) in water covered zone and small shovels in water-level fluctuating zone.
The samples were preserved with plastic film and delivered to the laboratory. After natural drying,
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debris removal, and being filtrated with a 100-mesh sieve (0.15 mm), the samples were then preserved
under freezing-drying conditions.

2.2. Experiments of PAdsorption/Releasein Sediment

This paper studied the adsorption/release of sediment P under different concentrations of
overlying water through a simulation experiment. Sediment samples were placed in a cool and
dry place to let them naturally air dry. Following this, the samples were filtered through a 100 mesh
sieve (0.15 um) and preserved at —20 °C. Sediment samples (0.2 g each) were placed in a 20 mL
centrifuge tube and 20 mL standard solution was added. The phosphorous standard solutions of 0,
0.1,0.2,1,2,4,6,10, 15, and 20 mg/L were made using potassium dihydrogen phosphate (KH,;POy,
GR). The centrifuge tubes were shaken (180-200 rpm) at an indoor temperature (20 £ 1 °C) for 24 h.
After that, the samples were then centrifuged (3000 rpm) for 10 min and the filtrates were collected
through a 0.45 um fiberglass filter membrane. Finally, the concentration of the filtrate was tested.
Parallel experiments were conducted at the same time for quality control. The experimental results
were expressed with average values and the errors of the parallel experiments were less than 5%.

2.3. Samples Detection and Analysis

The P fractions of the 12 sediment samples were determined by the method of SMT (Standard
Measurements and Testing), by which the P in sediments was classified into P bound to Al, Fe, and
Mn oxides and hydroxides (Fe/Al-P), P associated with Ca (Ca-P), Inorganic P (IP), Organic P (OP)
and Total P (TP). The Fe/Al-P was extracted by NaOH, while the Ca-P was extracted by HCI. IP was
extracted by HCl and the residual was treated at 450 °C to detect OP content. TP was detected after
the sample was treated at 450 °C and extracted by HCI [14]. The filtrate was tested by the ammonium
molybdate spectrophotometric method using a spectrophotometer (GB 11893-89). Samples were
triplicated and results were analyzed using IBM SPSS Statistics 22 with relative errors of the average
values less than 5%.

3. Results

3.1. Results of Field Surveys

Results of concentrations of TP and P fractions in sediments are shown in Table 1. TP concentration
in sediments of water covered zone ranged from 452.73 to 764.57 mg/kg with a mean value of
571.56 mg/kg, while these concentrations were in the range of 355.46-523.96 mg/kg, with an average
of 439.71 mg/kg in the water-level fluctuating zone.

Table 1. Total Phosphorus (TP) and Phosphorus (P) fractions in sediments.

Type Item Maximum  Minimum Mean Standard Coefficient
M (mg/kg) (mg/kg) (mg/kg) Deviation  of Variation
TP 764.57 452.73 571.56 117.85 0.21
Fe/Al-P 455.00 173.90 277.52 82.51 0.30
Water covered zone (n = 10) Ca-P 194.14 53.20 102.76 49.39 0.48
P 549.73 284.40 380.28 86.66 0.23
OP 336.05 135.68 191.28 57.93 0.30
TP 523.96 355.46 439.71 119.15 0.27
Fe/Al-P 219.56 112.71 166.13 75.55 0.45
Water-level fluctuating zone (1 = 2) Ca-P 130.10 115.23 122.67 10.51 0.09
P 334.79 242.81 288.80 65.04 0.23
OP 189.18 112.65 150.91 54.11 0.36

The concentrations of IP ranged from 284.40 to 549.73 mg/kg, with an average value
of 380.28 mg/kg in the water covered zone, while these concentrations were in the range
of 242.81-334.79 mg/kg with an average of 288.80 mg/kg in the water-level fluctuating zone.
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The concentration of OP ranged from 336.05 to 135.68 mg/kg, with a mean value of 191.28 mg/kg in the
water covered area, but this concentration was 112.65-189.18 mg/kg with an average of 150.91 mg/kg
in the water-level fluctuating zone. Fe/Al-P content ranged from 173.90 to 455.00 mg/kg, with the
average of 277.52 mg/kg in the water covered area, while this concentration was 112.71-219.56 mg/kg
with an average of 166.13 mg/kg in the water-level fluctuating zone. Ca-P ranged from 53.20 to
194.14 mg/kg with an average of 102.76 mg/kg in the water covered area, and from 115.23 to
130.10 mg/kg, with the average of 122.67 mg/kg in the water-level fluctuating zone.

3.2. Results of Simulation Experiments

The characteristics of sediment P adsorption and the release of each area in the Biliuhe reservoir
are shown in Figure 2.
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Figure 2. The characteristics of P adsorption and release in sediments.

The initial concentration is the concentration in overlying water during the initial stage of
experiment; the equilibrium concentration is the concentration in overlying water after 24 h; and,
the amount of adsorption and release is the ability to adsorb or release P (<0 for release and >0
for adsorption). It can be easily seen in Figure 2 that there are high correlations between the initial
concentration and equilibrium concentration, as well as the amount of adsorption and release, which
is consistent with previous studies [21,24]. Qmax is the maximum adsorption (mg/kg); K; is the
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adsorption efficiency (L/kg) calculated by Langmuir model; and, 1/ is the adsorption efficiency as
calculated by the Freundlich model. The characteristics of P adsorption and release of sediment were
analyzed in the discussion.

4. Discussion

4.1. Distribution and Fractions of Sediments P in Biliuhe Reservoir

The TP content of sediments can give an indication of recent P loading in aquatic systems [25].
There are differences in the TP of sediments in the Biliuhe reservoir (the mean value is 571.56 and C.V.
is 0.21). The spatial distribution of P in sediments is shown in Figure 3 with ArcGIS, which shows an
increasing trend from the entrance to the dam site, and that is consistent with the literature results [13].
This trend is in accordance with the hydraulic gradient, which contributes to sediment deposits [24,26].
The dam site (point 10) had the second highest content of sediment P, which reached 750.5 mg/kg.
The highest sediment P concentration in Zhongling site (point 3, 764.5 mg/kg) was probably caused
by sand excavation and maize planting.

TP(mg/Kg)

B 800

© Water-level
fluctuating
zone

0 Km 10 Km

Figure 3. Distribution of TP in sediments.

TP concentration in the water-level fluctuating zone was low, with a value of 355.46 mg/kg
(point 11). The concentration in point 12 was 523.96 mg/kg, which was close to the average value
in the water covered zone (mean: 571.56 mg/kg). This could be explained by the different exposure
time of the sites in the water-level fluctuating zone. Plants have the ability to adsorb some P in a
long exposed area, and rainfall erosion can also reduce the P content. Thus, sediment P in water-level
fluctuating zones can result in lower values after a longer exposure time [15,27].

As mentioned in Section 3.1, the distributions of P fractions vary with space in the sediments.
Figure 4 shows the specific distributions of IP, OP, Fe/Al-P, and Ca-P in the sediments of Biliuhe
reservoir, and we can see that their distributions trends were consistent with TP. IP, which accounted for
56-75% of TP in sediments, had the lowest concentration at the point 11 (242.81 mg/kg) and the highest
at point 10 (549.73 mg/kg). Generally, Fe/Al-P and OP can release bioavailable forms of P. Especially,
Fe/Al-P can easily be released and transformed into active P through chemical and biological reactions,
which might influence the overlying water quality [28]. The concentration of Fe/Al-P, accounting
for 46-83% of IP in sediments, was minimum at point 11 (112.71 mg/kg) and a maximum at point
10 (455.00 mg/kg). OP accounted for 25-44% of TP in sediments, and its concentration ranged from
112.65 mg/kg (lowest at point 11) to 336.05 mg/kg (highest at point 3). Ca-P is mainly derived from
clastic rock and is hardly to be used by organisms or released into overlying water [29]. Ca-P had a
wide range of concentration, from 53.20 mg/kg at point 8 to 194.14 mg/kg at point 3, and accounted
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for 17-54% of IP in sediments. Analyses show that the Fe/Al-P is the major type in sediments of
Biliuhe reservoir and has risk of release.

Next, a Pearson correlation analysis was calculated by SPSS to verify the correlation between P
fractions (Table 2), and the results are shown as follows.

N N
1P(mg/Kg) < OP(mg/Kg)
- 800 . 800

50

T Water-level
fluctuating
zone

Water-level
fluctuating
zone

10 Km

Fe/ Al-P(mg/Kg) ™

m 800

Ca-P(mg/Kg) o

B 800

M s S

© Water-level
fluctuating
zone

" Water-level
fluctuating
zone

10 Km 10 Km

Figure 4. Distributions of P fractions in sediments.

Table 2. Results of Pearson correlation analysis (n = 12).

TP Fe/Al-P Ca-P 1P oP
TP 1 0.778 ** 0.316 0.922 ** 0.770 **
Fe/Al-P 0.778 ** 1 —0.223 0.888 ** 0.320
Ca-P 0.316 —0.223 1 0.250 0.312
P 0.922 ** 0.888 ** 0.250 1 0.465
OP 0.770 ** 0.320 0.312 0.465 1

Note: **p < 0.01.

It is easy to see that the correlation of TP and IP was the closest with a coefficient of 0.922.
The correlation equation can be obtained by linear regression fitting, which is as follows:

TP = 1.2811IP + 81.309 (R? = 0.922) 1)

IP is mainly related to Fe/Al-P, with a correlation coefficient of 0.888. The correlation equation is

shown as:
IP = 0.894 (Fe/Al-P) + 131.5 (R? = 0.888) 2)

The results are consistent with the analysis of monitoring results, which verified the main fractions
of IP in sediments of Biliuhe reservoir, of which Fe/Al-P was the main form. The similar results were
found in other reservoir sediments [30].
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4.2. Adsorption and Release Characteristics of Sediments P in Biliuhe Reservoir

As seen in Figure 2, the adsorption and release of sediment phosphorus are influenced by the
concentration of the overlying water. Sediment P is released when the initial concentration is lower.
Conversely, sediment P is adsorbed when the initial concentration is higher. In addition, the higher
the initial concentration, the larger the amount of phosphorus adsorbed. The fitting of sorption
isotherm equations to experimental adsorption data is usually an important aspect of understanding
the adsorption behavior. Next, the P adsorption characteristics of sediment were analyzed by fitting
Langmuir and Freundlich model. The Langmuir model is a single molecule adsorption equation
derived from the view of kinetic and some assumptions [31,32].

~ Qmax x C

q_Kd—FC ©)

where g is the adsorption (mg/kg), C is the equilibrium concentration (mg/L), Qyay is the maximum
adsorption (mg/kg), and K; is the adsorption efficiency (L/kg).
Freundlich model formula is [33,34]:

q=KC" 4)

where g is the adsorption (mg/kg), C is the equilibrium concentration (mg/L), 1/n is the adsorption
efficiency. A smaller value means better adsorption properties. It is easier to adsorb when the
adsorption efficiency is 0.1-0.5, and adsorption becomes difficult when the adsorption efficiency is
greater than 2.

The adsorption characteristics of sediment were studied by inputting data into the model for
fitting analysis, with results shown in Tables 3 and 4.

Table 3. Fitting model of Langmuir.

Sampling Site Equation Qmax Ky R?
1 1/q=0.002/C + 0.0015 666.67 1.333 0.970
2 1/q=0.0026/C + 0.0014 714.28 1.857 0.981
3 1/q=0.0011/C + 0.0014 714.29 0.786 0.960
4 1/q=0.002/C + 0.0006 1666.67 3.333 0.959
5 1/q=0.0019/C + 0.001 1000.00 1.900 0.986
6 1/q=0.0019/C + 0.0009 1111.11 2111 0.977
7 1/q=0.002/C + 0.0003 3333.33 6.667 0.864
8 1/q =0.0023/C + 0.0008 1250.00 2.875 0.996
9 1/q=0.0004/C + 0.0007 1428.57 0.571 0.985
10 1/q=0.001/C + 0.0003 3333.33 3.333 0.949
11 1/q=0.0207/C + 0.0014 714.29 14.786 0.960
12 1/q=0.0035/C + 0.0008 1250.00 4.375 0.973

Table 4. Fitting model of Freundlich.

Sampling Site Equation 1/n R?
1 Log(q) = 0.6589Log(C) + 2.3855 0.66 0.993
2 Log(q) = 0.6707Log(C) + 2.3193 0.67 0.981
3 Log(q) = 0.3977Log(C) + 2.4667 0.40 0.888
4 Log(q) = 0.6159Log(C) + 2.5049 0.62 0.935
5 Log(q) = 0.6821Log(C) + 2.4805 0.68 0.972
6 Log(q) = 0.7654Log(C) + 2.4433 0.77 0.935
7 Log(q) = 0.6771Log(C) + 2.5598 0.68 0.935
8 Log(q) = 0.7439Log(C) + 2.4545 0.74 0.992
9 Log(q) = 0.5189Log(C) + 2.825 0.52 0.879
10 Log(q) = 0.5663Log(C) + 2.7532 0.57 0.872
11 Log(q) = 1.4172Log(C) + 1.6828 142 0.900
12 Log(q) = 0.9388Log(C) + 2.1797 0.94 0.899
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From Tables 3 and 4, it can be seen that both the Langmuir model and Freundlich model fit the
process of P adsorption well. The maximum adsorption capacity of TP (Qmax) in the sediments of the
Biliuhe reservoir was between 714.29 and 3333.33 mg/kg, which indicates a high potential adsorption
capacity. Similar characteristics were also found in Northern Waihai, Dianchi Lake, which had a Qmax
of 1088.93-3195.53 mg/kg [35]. The maximum P adsorption capacity is larger in the reservoir area
(point 7, 10), while it is smaller in the three entrances of the reservoir (point 1-3). This is mainly
related to the form of sand in sediments at the entrances. K; was the adsorption efficiency obtained
by the Langmuir model, which is related to the adsorption free energy. A previous paper indicated
that K; was 2040 L/kg in oxic sediments in UK lakes and could reach nearly 4000 L/kg in iron-rich
oceanic sediments [36]. K; ranged from 0.571 to 14.786 L/kg in sediments of the Biliuhe reservoir
and was larger in the water-level fluctuating zone (point 11, 12), which might be attributed to the
higher organic matter content [37]. The adsorption efficiency (1/n was calculated by the Freundlich
model and represented the adsorption capacity of the adsorbent) was between 0.40 and 0.77 in the
water covered zone and larger (0.94-1.42) in the water-level fluctuating zone, which indicates that
P adsorption is more difficult in the water-level fluctuating zone. The similar results are reported in
research examining the Three Gorges Reservoir research [15].

Further, the release characteristics were analyzed based on observed experimental results (Figure 5,
Table 5). Statistical analysis revealed that there were differences in the released amount of P (RP) in 24 h
(when the concentration of overlying was 0 mg/L) at different sites (8.8-25.13 mg/kg). Zhongling site
(point 3) has the smallest released amount, and point 7 has the largest released amount. The released
amount of P in 24 h accounted for 1.15-4.16% of TP in sediments.
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25.00 [0 '
—+RP(mgkg) { 3.350
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Figure 5. The release amount and proportion of P in sediments.

Table 5. Critical concentration ranges of phosphorus adsorption and release in sediments.

Samping Point Critical Concentration (mg/L) Sampling Point Critical Concentration (mg/L)
1 0.2-1.0 7 0.1-0.2
2 0.1-0.2 8 0.2-1.0
3 0.1-0.2 9 0-0.1
4 0.1-0.2 10 0.1-0.2
5 0.1-0.2 11 0.2-1.0
6 0.2-1.0 12 0.1-0.2

As can be seen in Table 5, the most critical concentration intervals of P adsorption and release
were 0.1-0.2 mg/L. When the overlying water concentration was greater than the critical concentration,
the sediment is adsorbed. Conversely, sediment is released.

The annual average content of TP was 0.015 mg/L, which is less than the critical concentration.
Therefore, there is potential release risk for P in the Biliuhe reservoir.
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4.3. Environment Influence of Sediment P

Sediment phosphorus is one of the factors contributing to water eutrophication due to the
dual ability of pollutants acting as sources and sinks. Surveys show that the content of sediment
phosphorus differs greatly in different zones. For instance, the concentration of total phosphorus
in sediments is between 152.18 mg/kg and 275.12 mg/kg in the Antalya Lake of Turkey, and the
contamination risk is low [38]. The concentration of sediment phosphorus ranges from 443 mg/kg to
611 mg/kg in Baiyangdian Lake, which has become a potential factor of water eutrophication [16].
Similarly, sediment P concentration is between 390 mg/kg and 810 mg/kg in the Three Gorges
reservoir [15]. In Nyanza Lake in Africa, the concentration ranges from 812.7 mg/kg to 1738 mg/kg,
and this relatively high concentration results in high contamination risk [39]. There is also a high
risk of contamination in Dianchi Lake, where the concentration can reach 843.96-8144.44 mg/kg [35].
As mentioned above, the concentration of sediment phosphorus in the Biliuhe reservoir ranges from
452.73 mg/kg to 764.57 mg/kg, which is much closer to that in the Three Gorges reservoir. As studied
before, the released amount during 24 h in the Three Gorges reservoir is between 1.67 mg/kg to
7.00 mg/kg, with a release ratio of 0.43-0.86%. These values in Biliuhe reservoir are 8.8-25.13 mg/kg
and 1.16-4.16%, respectively. In the Three Gorges reservoir, Ca-P is the main fraction of IP, while
Fe/Al-P is the main fraction of IP in Biliuhe reservoir, and Fe/Al-P is more easily released [15]. Through
comparison, it is obvious that there is a greater release capacity in the Biliuhe reservoir, which is related
to the fraction of phosphorus in the sediment. Therefore, sediment phosphorus is a potential factor of
water eutrophication in Biliuhe reservoir. This paper quantified the ecological risk of P in sediments by
referring to the method in literature and standard by Ontario Department of Environment and Energy
of Canada (1992). The evaluation criterion is shown in Table 6 [40].

Table 6. Evaluation standard of Nitrogen and Phosphorus in the Sediments.

Level/Index TN (mg/kg) TP (mg/kg)
Security level - -
Lowest level 550 600
Serious level 4800 2000

The security level means that there is no contamination effect on aquatic organisms. The lowest
level means that the sediments have been contaminated but most benthos can endure. A serious level
indicates that benthic organisms have suffered obvious damage.

The equation of pollution index method is as follows [36]:

Ki = — ®)

where K; is the pollution index of i, Cjis the measured concentration of i, and C,; is the evaluation
standard of i.

The pollution index is computed by comparison with the evaluation criteria of the lowest level.

As can be seen in Figure 6, the pollution index of TP in sediments ranged from 0.59 to 1.27. Site 7,
the center of the reservoir (point 9), area in front of the dam (point 10), and the Zhongling (point 3) site
had the P pollution index that were larger than 1 and less than 3.33 (the ratio of serious level and the
lowest level). The P pollution indexes in the rest points were all less than 1. The average pollution
index of sediment was 0.95 in water covered areas and 0.69 in the water-level fluctuating zone. Results
show that sediment phosphorus poses ecological risks, although the degree of this risk is relatively low.
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Figure 6. The ecological risk of sediment P pollution.

Interestingly, the simulated experiments produced results that were not consistent with this
conclusion. The equilibrium concentration of each point site is between 0.088 mg/L and 0.152 mg/L,
while the initial concentration of total phosphorus in the overlying water is 0 mg/L. This indicates
that the release could prominently increase the load of phosphorus in water. During the same
period, the concentration of total phosphorus is 0.01-0.04 mg/L in reservoir, which is far below the
equilibrium concentration considering the release of sediment. This phenomenon could be attributed
to the following reasons. First, the actual concentration of phosphorus in the overlying water in
Biliuhe reservoir is greater than 0 mg/L, so the release capacity declines correspondingly. Second,
the disturbance in simulated experiments promotes the release of sediment phosphorus. Third, the
release process is divided into two procedures. In the first stage, P accumulates in interstitial water,
and diffuses into the water overlay, so the influence in the overlaying water is weakened. Therefore,
sediment phosphorus has a smaller influence on water in Biliuhe reservoir, but there is still a potential
ecological risk.

5. Conclusions

This paper selected a typical reservoir as a case study, and then investigated the spatial distribution
and fractions of phosphorus in sediments, explored sediment P adsorption/release characteristics using
laboratory simulation experiment, and finally analyzed the environmental influence of phosphorus
in sediments.

The distributions of TP, IP, OP, Fe/Al-p, and Ca-P were consistent with that of TP in Biliuhe
reservoir, of which the contents were large in front of the dam and the Zhongling site, smaller at the
entrance of the reservoir and smallest in the water-level fluctuating zone. The TP concentration in
the sediments of the Biliuhe reservoir ranged from 355.46 to 764.57 mg/kg. IP was the main form of
sediment P, which accounted for 56-75% of TP with a correlation coefficient of 0.922. Fe/Al-P was
the main form of IP, accounting for 46-83% of IP with a correlation coefficient of 0.888. There were
two states of sediment TP in the Biliuhe reservoir, i.e., adsorption and release. The TP in sediments
was mainly in the release state as most critical concentration intervals of P adsorption and release
were 0.1-0.2 mg/L, which was larger than the average concentration of TP in water. The maximum
adsorption amount obtained by the Langmuir model was 714.29-3333.33 mg/kg. The adsorption
efficiency, calculated by Freundlich model was 0.40-1.42, and P adsorption was more difficult in the
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water-level fluctuating zone. The released amount of P in 24 h accounted for 1.15-4.16% of TP in
sediments. Generally, the reservoir water is at a low risk of pollution of TP in sediments.

This paper is helpful to promote the research on environmental behaviors of sediment P and
provides references for similar researches. The influence of the micro-environmental factors (pH,
temperature, dissolved oxygen, hydraulic disturbance, water pressure etc.) need to be considered in
the future studies.
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