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Thin-layer fine-sand capping of polluted sediments decreases nutrients in overlying water of Wuhan Donghu

Lake in China

Capping water body sediments with a thin layer of sand is an effective technique to decrease nutrient concentrations in the water column and accelerate ecological restoration of eutrophic water bodies. When a water body is subjected to eutrophication, decomposition of organic matter in surface sediments depletes oxygen at the bottom, which accelerates the flux of nutrients from sediments to the water column [START_REF] Holmboe | Anoxic decomposition in sediments from a tropical mangrove forest and the temperate Wadden Sea: Implications of N and P addition experiments[END_REF][START_REF] Lopez | Composition of porewater and benthic fluxes in the mesohaline Es Grau lagoon (Minorca, Spain) during spring and early summer[END_REF][START_REF] Lemley | The decomposition of estuarine macrophytes under different temperature regimes[END_REF]. This process can continue for several decades, even after inputs of external nutrients from industrial and domestic wastewater discharge and agricultural runoff have stopped [START_REF] Søndergaard | Role of sediment and internal loading of phosphorus in shallow lakes[END_REF][START_REF] Lukkari | The chemical character and burial of phosphorus in shallow coastal sediments in the northeastern Baltic Sea[END_REF]. In contrast, when surface sediments are in an aerobic state, their increased potential to bind compounds may increase the flux of nutrients from the water column to sediments [START_REF] Ekeroth | Nutrient fluxes from reduced Baltic Sea sediment: effects of oxygenation and macrobenthos[END_REF][START_REF] Inoue | Short-term variation in benthic phosphorus transfer due to discontinuous aeration/oxygenation operation[END_REF]. To mitigate eutrophication of water bodies, many efforts have attempted to increase the potential of sediments to bind nutrients or to impede fluxes of nutrients from contaminated sediments to the water column [START_REF] Jacobs | Concept of subaqueous capping of contaminated sediments with active barrier systems (abs) using natural and modified zeolites[END_REF][START_REF] Zou | Thin ferrihydrite sediment capping sequestrates phosphorus experiencing redox conditions in a shallow temperate lacustrine wetland[END_REF][START_REF] Ehsani | Efficacy of dredging for remediating polychlorinated biphenyl-contaminated sediments of the lower Fox River[END_REF][START_REF] Peng | Review of remediation technologies for sediments contaminated by heavy metals[END_REF]). Among these efforts, in situ capping with clean sand to isolate contaminated sediments has been applied widely [START_REF] Kim | Role of sand capping in phosphorus release from sediment[END_REF][START_REF] Pan | Reducing the recruitment of sedimented algae and nutrient release into the overlying water using modified soil/sand flocculation-capping in eutrophic lakes[END_REF][START_REF] Huang | Nitrogen reduction in a eutrophic river canal using bioactive multilayer capping (BMC) with biozeolite and sand[END_REF].

In situ capping can block release of contaminants from sediments by reducing resuspension of sediment particles, and sorbing or degrading contaminants [START_REF] Randall | In-situ subaqueous capping of mercurycontaminated sediments in a fresh-water aquatic system, Part II-evaluation of sorption materials[END_REF][START_REF] Wang | Development of a novel multi-functional active membrane capping barrier for the remediation of nitrobenzene-contaminated sediment[END_REF][START_REF] Samuelsson | Capping in situ with activated carbon in Trondheim harbor (Norway) reduces bioaccumulation of PCBs and PAHs in marine sediment fauna[END_REF][START_REF] Gilmour | Activated carbon thin-layer placement as an in situ mercury remediation tool in a Penobscot River salt marsh[END_REF]. This technique has been applied widely to remediate sediments contaminated by different pollutants. Many capping materials have been developed, such as natural minerals, clean soils and activated carbon [START_REF] Ichihara | Suppression of phosphorus release from sediments using water clarifier sludge as capping material[END_REF][START_REF] Patmont | In situ sediment treatment using activated carbon: A demonstrated sediment cleanup technology[END_REF][START_REF] Han | Fluxes of nutrients and trace metals across the sedimentwater interface controlled by sediment-capping agents: bentonite and sand[END_REF], as well as amended attapulgite, to manage the internal load of pollutants in shallow eutrophic lakes.

Clean sand is used as a capping material to remediate contaminated sediments because it is inexpensive, environmentally friendly, and easily obtained. Laboratory experiments and pilot or full-scale field projects have indicated that sand capping can decrease nutrient and trace metal concentrations in overlying water, with the extent of the decrease depending on their species [START_REF] Han | Fluxes of nutrients and trace metals across the sedimentwater interface controlled by sediment-capping agents: bentonite and sand[END_REF]Kang et al. 2016). To reduce release of toxic organic compounds, clean sand is applied alone or in combination with other materials on the sediments [START_REF] Huang | Nitrogen reduction in a eutrophic river canal using bioactive multilayer capping (BMC) with biozeolite and sand[END_REF][START_REF] Kim | PAH concentration gradients and fluxes through sand cap test cells installed in situ over river sediments containing coal tar[END_REF][START_REF] Han | Fluxes of nutrients and trace metals across the sedimentwater interface controlled by sediment-capping agents: bentonite and sand[END_REF].

The thickness of sand capping required to block release of contaminants depends greatly on site-specific characteristics, such as the depth of bioturbation, chemical fate and transport dynamics, capping requirements based on site hydrodynamics and aquatic habitat constraints (Palermo et al. 1998a[START_REF] Palermo | Guidance for subaqueous dredged material capping[END_REF][START_REF] Bailey | Equipment and placement techniques for subaqueous capping[END_REF].

However, applying a thick layer of sand can advect pore water from soft contaminated sediments and shift some pollutants directly to the overlying water due to compaction of the sediment matrix by the weight of the sand [START_REF] Mohan | Design criteria and theoretical basis for capping contaminated marine sediments[END_REF]. Applying a thick sand layer is forbidden in shallow eutrophic lakes, since the decrease in depth may reduce storage capacity and alter biological community structure [START_REF] Boudreau | Mean mixed depth of sediments: The wherefore and why[END_REF][START_REF] Lampert | Assessing the effectiveness of thin-layer sand caps for contaminated sediment management through passive sampling[END_REF]. A continuous thick sand layer on sediments also slows restoration of meiofauna communities [START_REF] Himmelheber | Microbial colonization of an in situ sediment cap and correlation to stratified redox zones[END_REF][START_REF] Yin | Characterization, performance modeling, and design of an active capping remediation project in a heavily polluted urban channel[END_REF].

Results from a short-term laboratory experiment suggest that a layer of fine sand ca. 4 cm thick is sufficient to block release of phosphorus (P) from contaminated sediments [START_REF] Kim | Sand capping for controlling phosphorus release from lake sediments[END_REF]. Therefore, developing thin-layer sand capping approaches is required to supplement or provide alternatives to existing methods.

Like barrier layers placed directly with active amendments, the ability of thinlayer sand capping to block contaminant mobility depends greatly on the stability of the capping layers. A thin sand layer easily mixes with sediments and can no longer block the release of contaminants because of its low cohesion [START_REF] Mcdonough | Development and placement of a sorbent-amended thin layer sediment cap in the Anacostia River[END_REF][START_REF] Lampert | Assessing the effectiveness of thin-layer sand caps for contaminated sediment management through passive sampling[END_REF]. This process is accelerated by bioturbation by benthic organisms [START_REF] Reible | Contaminant fluxes from sediment due to tubificid oligochaete bioturbation[END_REF][START_REF] Timmermann | Effects of bioturbation on the fate of oil in coastal sandy sediments-An in situ experiment[END_REF][START_REF] Sturdivant | In situ organism-sediment interactions: Bioturbation and biogeochemistry in a highly depositional estuary[END_REF]. Consequently, a thin layer of sand soon loses its ability to block the release of contaminants. Preventing the thin sand layer from mixing completely with contaminated sediments is required to ensure long-term effectiveness. Consequently, capping layers are often applied on top of or between geotextile mats for stabilization [START_REF] Perelo | Review: In situ and bioremediation of organic pollutants in aquatic sediments[END_REF]. Stabilization mats are commercially available and are used with thin organo-clay or activated-carbon capping [START_REF] Olsta | Reactive material option for in situ capping[END_REF]). To date, using geotextile mats and fine sand to cap nutrient-contaminated sediments has been reported less often, especially for shallow eutrophic lakes.

The objective of this study was to investigate long-term effects of thin-layer finesand capping of sediments on nutrient concentrations in overlying water, quantify nutrient exchange between sediments and overlying water, and explore the feasibility of using thin-layer sand-capping to control nutrient release from sediments of Wuhan Donghu Lake which is a eutrophic freshwater urban lake. Outdoor sediment tank experiments were performed to monitor changes in total nitrogen (TN), total phosphorus (TP), nitrate (NO 3 -), ammonia (NH 4 + ) and soluble reactive phosphorus (SRP) in overlying water over ca. 290 d. We assessed relations between coverage of sediments and nutrient concentrations in overlying water. We also analyzed effects of a thin layer of fine sand and geotextile mats on nutrient exchange between sediments and overlying water.

Materials and Methods

Site description

Sediments for the experiment were collected from Wuhan Donghu Lake (30º 31′-30º 36′ N, 114º 21′-114º 28′ E), the largest urban lake in China, located in the city of Wuhan. Wuhan Donghu Lake covers ca. 3,300 ha and is composed of 12 sub lakes of different sizes. The mean water depth is ca 2.0 m (maximum: ca. 6.0 m). Wuhan Donghu Lake is a shallow eutrophic freshwater urban lake. With rapid population growth in recent decades, a large amount of domestic wastewater in the watershed was discharged directly into Wuhan Donghu Lake, resulting in heavy eutrophication in several of its smaller lakes. Several projects have been implemented to restore the ecology of Wuhan Donghu Lake. These projects include eliminating external pointsource pollution, improving the lakeshore to reduce non-point-source pollution and reconnecting the lake to the Yangtze River via channels. Nonetheless, when water temperatures increase, release of nutrients from sediments frequently degrades the water quality of Wuhan Donghu Lake, and cyanobacteria can bloom in some of its smaller lakes. Thus, it is necessary to develop suitable approaches for treating the contaminated sediments in Wuhan Donghu Lake.

Sediment and water sample collection, sand treatment and tank preparation

A Peterson sampler was used to collect ca. 800 kg of contaminated surface sediments (0-10 cm) from Wuhan Donghu Lake (30º 32′ 54" N, 114º 21′15" E) in November 2016. The sediments were placed in a large plastic barrel and sent to the experimental station to be mixed until visually homogeneous. At the same time and sites, ca. 10 m 3 of lake water was collected. Sand was purchased from a local market, thoroughly washed with lake water to remove mud, air-dried and then passed through sieves to eliminate particles larger than 450 m in diameter. The density of sand was determined to be ca. 2.40 g•cm -3 .

Later, using a platform scale, 50.0 (± 0.1) kg of sediment was placed in each of 15 identical rectangular water tanks (ca. 120 cm L × 60 cm W × 100 cm H). The sediment was flattened into a layer ca. 5 cm thick on the bottom of each tank with a plastic plate and, for the 12 tanks with capping treatments, capped with a piece of geotextile mat that covered 25-100% of the surface (depending on the treatment). The sediment in three tanks was left uncapped, as a control (CK). For the cappingtreatment tanks, clean fine sand was then gently added to cover the geotextile mat to a depth of ca. 3 cm (i.e. 7.2 g•cm -2 ). For all tanks, ca. 0.65 m 3 of lake water was slowly pumped into each tank by a peristaltic pump (to avoid suspension of sediments) to a depth of 90 cm (Fig. 1). To preventing the sunlight from directly irradiating sediments or capping layers, the outer wall of rectangular tanks was wrapped with black cloth.

Subsamples of the mixed sediments were collected to prepare air-dried and fresh samples. Air-dried samples were dried on a piece of plasticfilm, ground in an agate mortar, passed through a 20 mesh sieve and stored in a glass bottle. Fresh subsamples were sealed in a plastic bottle and kept in the dark at 4˚C to measure pH and ferrous iron (Fe 2+ ). At the end of the experiment, samples of the capping layer were also collected and treated using the same procedures as those for fresh sediments.

Experimental design

Four percentages of sand coverage were established as treatments: 25%, 50%, 75% and 100% (Fig. 1). Tanks were kept outdoors for ca. 290 d (Beginning on November 28, 2016). The water column was maintained ca. 90 cm deep throughout the experiment. Each treatment was performed in triplicate. To prevent evaporation from tanks and entry of rainwater into tanks, a transparent plastic plate with a small hole for adding or sampling water was placed on top of each tank. Nutrients in the water column (TN, TP, NO 3 -, NH 4 + and SRP) were monitored every 7 d by collecting 200 mL from a depth of 50 cm from each tank. At the beginning of experiment, the water quality at the site where sediments were collected was analysed. At the end of the experiment, the capping layers were sampled to analyze TN, TP, organic carbon, Fe 2+ , Fe 3+ and particle-size distribution.

Insert Figure 1 here

Nutrient-exchange calculations

To quantify the effectiveness of fine-sand capping, the nutrient fluxes exchanged at the sediment-water interface were calculated as a function of the percentage of coverage. To estimate the influence of the thin sand layer in intensifying sinks and sources of TN and TP for overlying water, nutrient fluxes (Q i ) at the sediment-water interface were calculated. A flux is the amount of nutrient i exchanged per unit area between overlying water and sediment (mol•cm -2 ), obtained from differences in its concentration between the two compartments:

Q i =C i ×V/S (1)
where Q i is the flux of nutrient i,C i is the difference in concentrations in a given period, V is the volume of overlying water and S is the surface area of sediment that is exposed to the water column.

If Q i is positive, i is released from sediments (serving as a source); if negative, i enters the sediments (serving as a sink). Since a percentage of surface sediments was capped with sand, Eq. 1 can be changed to the following:

Qi =(q i,b + q i,c )/S=C i ×V/S (2)
where q i,b is the amount of i exchangeable through bare sediment and q i,c is the amount exchangeable through the capping layer.

Next, q i,b and q i,c can be expressed using the following equations:

q i,b = Q i.b ×S×(1-d) (3) q i,c = Q i.c ×S×d (4)
where Q i.b and Q i,c are unit area fluxes of nutrient i when surface sediment is bare and capped, respectively, and d is the proportion of coverage by sand.

Then, Eq. 2 can be rewritten as:

Q i = Q i.b ×(1-d) + Q i.c ×d (5) Q i =C i ×V/S = (Q i.c -Q i.b )×d + Q i.b (6)
Thus, Q i becomes a linear function of the proportion of coverage (Eq. 6), and the unit area fluxes of nutrient i under two sediment states were obtained statistically from variances of d and C i from the experiment. Using Q i.b and Q i,c , the influence of the thin fine-sand layer in decreasing nutrient exchange to overlying water was quantified.

Sediment and water analyses

TP from the sediment samples was digested in a tri-acid mixture (HNO 3 , HClO 4 , and H 2 SO 4 at a 3:1:1 ratio). P concentrations in the digestate were determined colorimetrically using the molybdenum blue method [START_REF] Jackson | Soil chemical analysis[END_REF]). Kjeldahl N content as sediment TN was determined using digestion in H 2 SO 4 followed by colorimetric analysis with the indophenol blue method using a spectrometer [START_REF] Nelson | Total nitrogen analysis of soil and plant tissues[END_REF]. Total organic carbon in the sediment was analyzed using dry combustion with an automatic nitrogen and carbon analyzer-mass spectrometer. Fe 3+ and Fe 2+ were extracted from fresh sediment with 3.0 M HCl and determined using colorimetric analysis [START_REF] Li | Ferrous iron phosphorus in sediments: Development of a quantification method through 2,2'-bipyridine extraction[END_REF]. Sediment pH was measured using a potentiometer with a glass electrode as the working electrode. Particle-size distribution of the sediments and capping layers was assessed using an Andreasen pipette [START_REF] Andreasen | Validity of stokes' law for nonspherical particles[END_REF].

Water samples were analyzed in the laboratory for TN, TP, NO 3 -, NH 4 + , SRP, chemical oxygen demand (COD) and pH, except for dissolved oxygen (DO), which was directly analyzed in the field. Nutrients were analyzed according to APHA (1994). The pH was determined using a potentiometer with a working electrode made from glass.

Statistical analyses

Statistical analyses were performed using SAS 8.2 software (SAS Institute 2001). The series of TN, TP, NO 3 -and SRP of the four treatments were statistically compared to those of CK using one-way analysis of variance tests (PROC ANOVA, P<0.05). Significant differences were considered to be the significant difference with the largest p-value between means. Correlation analysis was performed using the function PROC CORR.

Results

Characteristics of sediments and water quality

Particles larger than 10 m in diameter dominated the particle-size distribution of sediments in Wuhan Donghu Lake, accounting for 68% of total mass (Table 1).

Sediments were classified as silt loam according to the USDA (1999) soil classification system. Sediments of Wuhan Donghu Lake had high concentrations of organic matter, TN and TP: 10.9% and 3.21 and 1.38 mg•g -1 dry weight (DW), respectively. TN, TP and COD in the water column were 1.82 mg•L -1 , 123.18 g•L -1 and 4.81 mg•L -1 respectively, within the range of the Grand IV and V water quality classes of the Chinese Environmental Quality Standards for Surface Water (PRC 2002). DO was low, at 6.5 mg•L -1 .

Insert Table 1 here

TN, NO 3 -and NH 4 + dynamics in overlying water

At the beginning of the experiment, mean TN concentration in the overlying water of all treatments (2.18 mg•L -1 ) was significantly higher (P<0.05) than that in lake water (1.82 mg•L -1 ) (Fig. 2D). Also at the beginning, mean TN concentration in the capping treatments (2.24 mg•L -1 ) was significantly higher (P<0.05) than that in CK (1.92 mg•L -1 ) because the thin sand layer compacted the sediments and increased release of their TN.

Dynamics of TN were similar in all treatments, generally oscillating in a decrease-increase-decrease pattern (Fig. 2A). TN first decreased from the beginning of the experiment to mid-April, slowly increased until early August and then decreased until the end of the experiment. Sand capping decreased TN in overlying water, with the degree depending on the percentage coverage (Fig. 2D). Mean TN concentration in CK was 1.53 mg•L -1 (range: 0.90-2.41 mg•L -1 ). When 25%, 50%, 75% and 100% of sediments were capped, mean TN concentration was 1.41, 1.21, 1.17 and 1.19 mg•L -1 , respectively (range: 0.82-1.98, 0.54-2.11, 0.52-1.75 and 0.78-1.53 mg•L -1 , respectively). According to the ANOVA, TN concentrations at 50-100% coverage were significantly lower (P<0.05) than that of CK (Fig. 2D). The largest difference in TN in overlying water was 1.57 mg•L -1 at 50% coverage but decreased to 1.23 and 0.75 mg•L -1 at 75% and 100% coverage, respectively.

Insert Figure 2 here

Dynamics of NO 3 -concentration in overlying water were similar to those of TN (Fig. 2B). NO 3 -rapidly decreased for the first 70 d, slowly increased to a peak, and then decreased almost to zero by the end of the experiment. Sand capping decreased NO 3 -concentrations in overlying water greatly, with the degree depending on the percentage coverage (Fig. 2D). Mean NO 3 -concentration in CK was 0.30 mg•L -1 (range: 0.06-0.61 mg•L -1 ). When 25%, 50%, 75% and 100% of sediments were capped, mean NO 3 -concentration was 0.29, 0.22, 0.22 and 0.19 mg•L -1 , respectively (range: 0.09-0.53, 0.05-0.56, 0.08-0.33 and 0.03-0.31 mg•L -1 , respectively).

According to the ANOVA, NO 3 -concentrations at 50-100% coverage were significantly lower (P<0.05) than that of CK (Fig. 2D).

Dynamics of NH 4 + concentration in overlying water differed from those of TN and NO 3 -in that NH 4 + fluctuated greatly (Fig. 2C). Overall, sand capping generally decreased NH 4 + in overlying water (Fig. 2D). Mean NH 4 + concentration in CK was 0.29 mg•L -1 (range: 0.17-0.43 mg•L -1 ). When 25%, 50%, 75% and 100% of sediments were capped, mean NH 4 + concentration was 0.22, 0.20, 0.13 and 0.12 mg•L -1 , respectively (range: 0.08-0.36, 0.11-0.32, 0.02-0.22 and 0.04-0.23 mg•L -1 , respectively). According to the ANOVA, NH 4 + concentrations at 25-50% coverage were significantly lower (P<0.05) than that of CK, while those at 75-100% were significantly lower (P<0.05) still (Fig. 2D).

TP and SRP dynamics in overlying water

Dynamics of TP concentration in overlying water were similar to those of TN and NO 3 -(Fig. 3A). TP decreased from the beginning of the experiment to the middle of January and then increased until early May to late June, depending on the percentage of coverage. The greater the coverage, the shorter was the duration of increase (e.g. ca. 190 d for CK, ca. 90 d for 100% coverage). TP then decreased again, also apparently as a function of coverage (e.g. ca. 80 d for 100% coverage, >100 d for other treatments). Sand capping generally decreased TP in overlying water (Fig. 3C).

Mean TP concentration in CK was 119.2 g•L -1 (range: 42.8-196.0 g•L -1 ). When 25%, 50%, 75% and 100% of sediments were capped, mean TP concentration was 77.7, 74.0, 58.8 and 48.3 g•L -1 , respectively (range: 21.7-170.8, 27.0-156.6, 2.3-139.9 and 1.5-127.1 g•L -1 , respectively). According to the ANOVA, TP concentrations at 25-50% coverage were significantly lower (P<0.05) than that of CK, while those at 75-100% were significantly lower (P<0.05) still (Fig. 3C).

Insert Figure 3 here

Dynamics of SRP concentrations in overlying water were similar to those of TP (Fig. 3B). Minimum and maximum SRP concentrations depended greatly on the percentage of coverage: the greater the coverage, the smaller were the concentrations.

Mean SRP concentration in CK was 38.4 g•L -1 (range: 15.4-63.1 g•L -1 ). When 25%, 50%, 75% and 100% of sediments were capped, SRP concentration was 29.7, 28.7, 22.4 and 14.6 g•L -1 , respectively (range: 8.4-53.6, 9.9-53.6, 2.9-44.1 and 2.9-42.7 g•L -1 , respectively). According to the ANOVA, increasing the percentage coverage could significantly decrease (P<0.05) SRP concentration (Fig. 3C).

Nutrient-flux exchange

Three TN and TP balance concentrations (initial, minimum and maximum) observed in the experiment were used to estimate fluxes of nutrient exchange Q i.b and Q i.c when sediment was a sink or source, based on their dynamic curves (Fig. 2A and Fig. 3A). Thin-layer fine-sand capping increased flux of TN to sediments, which significantly enriched sediments serving as a sink (P<0.05) (Fig. 4, Table 2).

Compared to CK, 100% coverage increased flux of TN to sediments by 92%. In contrast, when sediment served as a source, sand capping did not significantly change (P>0.05) TN release. Compared to CK, sand capping did not significantly change (P>0.05) flux of TP to sediments. In contrast, when sediment served as a source, sand capping significantly decreased (P<0.05) TP release, in which 100% coverage decreased TP flux from bare sediments by 46%.

Insert Table 2 here, Insert Figure 4 here

Discussion

Approximately 290 d of monitoring the tanks showed that thin-layer fine-sand capping of sediments can significantly decrease nutrient concentrations in overlying water. The kinds and forms of nutrients differed, as did the coverage required to decrease their concentrations in overlying water. When coverage reached 50%, mean TN and NO 3 -concentrations in overlying water became statistically the lowest.

Increasing the coverage further merely kept them from fluctuating. For TP and NH 4 + concentrations, coverage needed to reach 75% to become statistically the lowest. The relation between coverage and SRP concentrations suggested that increasing coverage from 75% to 100% decreased their concentrations even more. These results indicate that thin-layer sand capping decreases P in overlying water more readily than N, at least for the sample of sediments from Wuhan Donghu Lake. They also show that sand capping does not change nutrient-exchange dynamics, even when 100% of sediments are capped. Thus, the role of sediments as a sink for and source of nutrients for overlying water does not change when a thin layer of sand is placed on the sediment surface. Therefore, it is necessary to identify the influence of a thin layer of sand on nutrient exchange with overlying water.

When sediments are a source of nutrients for overlying water, even partially capping them with a thin layer of sand can significantly decrease release of TN and TP during release periods compared to those in CK. By physically impeding nutrient release, the sand layer delays it by increasing the diffusion distance between sediments and overlying water [START_REF] Lampert | Assessing the effectiveness of thin-layer sand caps for contaminated sediment management through passive sampling[END_REF]. The thicker the sand layer and the longer the diffusion distance, the more time is required for nutrients to migrate from surface sediments to overlying water. Our results cannot specify the influence of the thin sand layer in delaying nutrient release; they show only that N and P were released in the same amount of time or less in capping treatments than in CK (Figs. 2 and3).

Nutrients in overlying water decreased overall due to several factors. First, thinlayer fine-sand capping decreases contact between sediments and overlying water [START_REF] Lin | Evaluation of sediment capping with active barrier systems (ABS) using calcite/zeolite mixtures to simultaneously manage phosphorus and ammonium release[END_REF][START_REF] Han | Fluxes of nutrients and trace metals across the sedimentwater interface controlled by sediment-capping agents: bentonite and sand[END_REF]. When sediments and overlying water exchange nutrients via diffusion, the sediment-water interface is the site of nutrient flux. Since the sand in the capping layer has higher density than surface sediments, it can compress the sediments, decreasing their porosity and thus the surface area of contact between sediments and overlying water. This inference was supported by TN concentrations in overlying water at the beginning of the experiment (Fig. 2D), which were significantly higher in the treatments than in CK. However, when the capping layer is stabilized, the reduction in contact surface area has a preventive effect on the further release of nutrients in the sediment. Another factor decreasing nutrients in overlying water is the dilution effect of surface sediments [START_REF] Hyun | Laboratory studies to characterize the efficacy of sand capping a coal tar-contaminated sediment[END_REF][START_REF] Go | Predicting contaminant fate and transport in sediment caps: Mathematical modelling approaches[END_REF]). Although we used geotextile mats to stabilize the thin sand layer in our tanks, a small part fine sand can pass through the mats and mix with sediments, which directly decreases contact between nutrients bound to sediment particles and interstitial water, slowing the shift of nutrients in sediments to overlying water. Bioturbation by benthic organisms, such as red worms (Limnodrilus hoffmeister), chironomid larvae and tubificid oligochaete, can accelerate some capped sediments moved up, and mixed with fine sand [START_REF] Reible | Contaminant fluxes from sediment due to tubificid oligochaete bioturbation[END_REF][START_REF] Timmermann | Effects of bioturbation on the fate of oil in coastal sandy sediments-An in situ experiment[END_REF][START_REF] Sturdivant | In situ organism-sediment interactions: Bioturbation and biogeochemistry in a highly depositional estuary[END_REF]. Consequently, the sediments are diluted in capping layers, and their contribution to nutrients in overlying water is weakened, compared with bare ones.

The inference was also supported by the composition of capping layer at the end of experiments (Table 1), where TN and TP are much lower than the bare sediments.

Furthermore, thin-layer fine-sand capping could improve benthic habitats, which may increase nutrient cycling between sediments and overlying water. Due to the dilution effect of fine sand, organic carbon concentration in sediments at the sediment-water interface decreases, which decreases COD and increases DO in overlying water [START_REF] Hyun | Laboratory studies to characterize the efficacy of sand capping a coal tar-contaminated sediment[END_REF][START_REF] Kim | Sand capping for controlling phosphorus release from lake sediments[END_REF]. Although we did not determined DO at the end of experiments, an increased Fe(III)/Fe(II) ratio in capping layers indirectly testifies that thin-layer fine-sand capping improve benthic habitats, which increases nitrogen cycling in overlying water.

Estimates of nutrient-flux exchange confirmed that the thin fine-sand layer influenced TN and TP exchange at the sediment-water interface differently (Fig. 4, Table 2). The thin sand layer intensified sediment's function as a sink for TN, due mainly to transformation of N species. Sand capping of sediments can increase DO in overlying water, as mentioned, which increases decomposition of organic N and oxidation of NH 4 + to NO 3 -. Subsequently, NO 3 -can be denitrified to N 2 , which decreases TN in overlying water. For TP in overlying water, the thin sand layer did not intensify sediment's function as a sink for TP. These results are consistent with literature report [START_REF] Kim | Role of sand capping in phosphorus release from sediment[END_REF]. In contrast, 100% coverage with a thin finesand layer decreased TP flux from bare sediments by 46%. This shall be due to the phosphorus migration being affected by its properties [START_REF] Hickey | Lake sediment phosphorus release management-decision support and risk assessment framework[END_REF][START_REF] Lampert | Assessing the effectiveness of thin-layer sand caps for contaminated sediment management through passive sampling[END_REF]). The phosphorus migration in the solid-liquid phase is inherently slower, compared to other anions, since phosphate carries more negative charges and is easy to interact with the cations on the surface of the solid phase. As mentioned, thin-layer fine-sand capping of sediments can reduce the area of contact between surface sediments and overlying water, which TP release is blocked.

Conclusions

Thin-layer fine-sand capping could significantly decrease nutrient concentrations Table 2 Apparent fluxes of total nitrogen (TN) and total phosphorus (TP) from sediments
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 1 Fig. 1 Diagrams of the of the tanks used in the experiment (top) from the side and

Fig. 2

 2 Fig. 2 Dynamics of (A) total nitrogen (TN), (B) NO 3 -and (C) NH 4 + concentrations in

Fig. 3

 3 Fig. 3 Dynamics of (A) total phosphorus (TP) and (B) soluble reactive phosphorus

Fig. 4

 4 Fig. 4 Relation between percentage coverage of sediments by a thin layer of fine sand

  ± 0.10 10.89 ± 0.05 3.21 ± 0.13 1.38 ± 0.02 1.22± 0.27 10.80 12.80 8.70 36.90 30..01 4.81±0.24 1.82±0.12 0.28 ±0.05 0.76 ±0.05 6.49 ±0.50 123.18±0.01 41.20±0.01

Table 1

 1 Physicochemical characteristics of sediments and water in the beginning, and of capping layers in the end of the experiments. LOI is loss on ignition; TN is total nitrogen; TP is total phosphorus; SRP is soluble reactive phosphorus; COD Mn is chemical oxidation demand obtained by potassium permanganate; DO is dissolved oxygen in the water column; Nutrients in capping layers at the beginning of experiments is neglected due to lower concentration.

Acknowledgements

This study was supported in part by grants from the National Natural Science Foundation of China (41877397) and the National Water Pollution Control and Treatment Science and Technology Major Project of China (2017ZX07603-003). The authors thank the reviewers for providing relevant suggestions to revise the manuscript.

Nutrient

Sediment as a sink Sediment as a source