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Abstract

Purpose The Three Gorges Reservoir (TGR) is the largest water conservation project in the world but suffers from harmful algal
blooms (HABs) currently. A large amount of phosphorus (P) has accumulated in the sediment due to the construction of the Three
Gorges Dam. Phosphorus release from sediment may provide an important P source for overlying water that further triggers HABs.
This study aimed to evaluate the contribution of sediment internal P and reveal the mechanisms controlling sediment P release.
Material and methods Chemical sequential extraction approach and diffusive gradients in thin films (DGT) techniques
were employed to determine the P fractions in sediments and the vertical distribution of P, iron (Fe), and sulfur (S) at the
sediment—water interface (SWI).

Results and discussion Results indicated that the total P content in the sediments of the TGR is high, with a mean content
of 1368 mg kg~!. The P concentration of different fractions in sediments followed the order HCI-P > NaOH-P > BD-P. The
averaged P release flux at the SWI was estimated at 0.42 mg m~2 day~!, suggesting that sediment P release is a potential P
source for the overlying water. Significant positive relationships between DGT-P and DGT-Fe concentrations from sampling
sites Wushan County (WS), Zigui County (ZG), and Xiangxi River (XX) were observed with correlation coefficients (R?)
0f 0.91, 0.39, and 0.29, respectively. Furthermore, DGT-P and DGT-S concentrations were also significantly positively cor-
related at the sampling sites WS, ZG, and XX, with R?0f 0.71, 0.87, and 0.50, respectively.

Conclusion The internal P load is severe in the TGR. The reductive dissolution of Fe—P is likely one of the main mechanisms caus-
ing P release in the sediments. Furthermore, sulfate reduction associated coprecipitation with Fe promotes the release of Fe—P. These
results provide important scientific and technical support for the mitigation of internal P pollution in large deep-water reservoirs.

Keywords Phosphorus - Sediment—water interface - Chemical sequential extraction - Diffusive gradients in thin films
(DGT) - Three Gorges Reservoir

1 Introduction phosphorus (P) is recognized as one of the key limiting
factors for water eutrophication in aquatic ecosystems
Anthropogenic activities such as urbanization, industri-  when external P inputs are effectively controlled (Lewis

alization, and climatic changes have significantly aggra-  etal. 2011; Schindler et al. 2016; Chen et al. 2018). There-
vated water eutrophication in approximately 63% of lakes  fore, internal P release has attracted increasing attention
and reservoirs worldwide (Wang et al. 2018a). Internal ~ recently. Most of P released from the sediment is soluble
inorganic P, which is a critical P source for algae growth
and proliferation in lakes and reservoirs (Correll 1998). P
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release from sediment is estimated to sustain eutrophica-
tion in surface water for over a decade (Paytan et al. 2017).
Consequently, understanding the flux and mechanisms of
internal P release is imperative to mitigate eutrophication
and enhance water quality in lakes and reservoirs.

Over the past decades, P release processes and mecha-
nisms have been the subject of extensive investigation,
especially at the sediment—water interface (SWI). It has
been reported that P release from sediment is controlled
by temperature (T), dissolved oxygen (DO), pH, hydrody-
namic conditions, microbial activity, and redox potential
(Andrieux et al. 2008; Jiang et al. 2008). High temperature
can promote the releasing rate of P from sediment (Jiang
et al. 2008). Under aerobic conditions, dissolved P from
pore water and overlying water could be adsorbed by iron
(hydro) oxides, thereby considerably limiting the releasing
rate of P from the sediment (Jiang et al. 2008; Chen et al.
2019). In contrast, anaerobic or anoxic conditions favor
the release of P from sediment (enhanced P-releasing rate),
thereby stimulating algal blooms in aquatic ecosystems.
Biological activities can modify the microenvironment
surrounding the sediment, thereby promoting sediment P
release (Jiang et al. 2008).

Phosphorus release from sediment is conventionally
believed to occur within a millimeter to centimeter range
at the SWI, but traditional centimeter-scale sampling
methods cannot accurately monitor sediment P release
(Ding et al. 2012). In recent years, the rapid development
of in situ passive sampling techniques has provided a pow-
erful strategy for analyzing the temporal and spatial dis-
tributions of P concentration at the SWI (Ding et al. 2016;
Wang et al. 2018b; Chen et al. 2019). Studies have demon-
strated that P transport in sediments is closely associated
with the geochemical cycling of iron (Fe) and sulfur (S)
(Zhou et al. 2023). For example, Ding et al. (2016) inves-
tigated 16 sites in Taihu Lake, China, utilizing diffusive
gradients in thin films (DGT), and revealed that reductive
dissolution of Fe—P was the principal mechanism for sedi-
ment P release. Similarly, Chen et al. (2019) established a
significantly positive correlation between reactive P and
reactive Fe in sediments at Hongfeng Reservoir in south-
west China. However, Yu et al. (2022) showed that the
reductive dissolution of Fe—P from sediment did not sig-
nificantly contribute to the internal P loading in grassland-
type lakes. Generally, the SWI environment in deep-water
lakes is anoxic, which can provide positive feedback fea-
turing bottom water hypoxia, enhanced internal P release,
and increased primary productivity of the lake. It is impor-
tant to note that most of the above studies were conducted
in shallow lakes. Little is known about the release flux and
mechanism of P at the SWI in deep reservoirs, especially
those constructed by large hydraulic projects.

China has constructed approximately 100,000 reservoirs,
of which 9215 are large- and medium-sized reservoirs,
accounting for about one-fourth of the available global res-
ervoirs (Mulligan et al. 2020; Zhu et al. 2020). The Three
Gorges Reservoir (TGR) that originates from the Yangtze
River basin is the world’s largest hydroelectric gravity dam
with a total reservoir length of 625 km. The dam intercepts
large amounts of nutrients from the upstream rivers, which
accumulate in the reservoir and thereby result in frequent
water eutrophication (Mueller and Mitrovic 2015; Lei et al.
2021). Approximately 12% of riverine P loads were inter-
cepted in reservoir sediment by the year 2000 globally, and
this percentage is projected to rise to 17% by 2030, primarily
in the basins of the Yangtze, Mekong, and Amazon rivers
(Maavara et al. 2015). However, the fractions, release flux,
and mechanisms of P at the SWI in reservoirs have not been
systematically studied, thereby constraining the scientific
evaluation of internal P pollution.

In this study, the chemical sequential extraction was used
to analyze sediment P fractions in the TGR. A DGT tech-
nique was used to obtain the spatial distributions of P, Fe,
and S concentrations, which can be used to calculate internal
P release flux at the SWI. The main objectives of this study
were to (1) elucidate the spatial distribution of P fractions in
sediments; (2) quantify the P release flux at the SWI; and (3)
establish the microscopic mechanisms of sediment P release.
These results will provide profound insights and theoretical
basis for risk assessment and management of internal P pol-
lution in the TGR.

2 Materials and methods
2.1 Studysite

The TGR area spans from Jiangjin District in Chongqing
to Yichang City in Hubei province and covers 20 county-
level administrative units. The reservoir has a surface
area of about 1080 km?, an average depth of about 70 m,
and a maximum depth near the dam of about 170 m (Wu
et al. 2003). The reservoir water storage capacity is esti-
mated at 39.3 billion m>, of which 22.15 billion m? is for
flood control (Bao et al. 2015; Gao et al. 2023). Despite
the Three Gorges Dam has great economic value, it con-
fronts environmental challenges. For instance, Xiangxi
River, a major tributary of the TGR, has encountered sig-
nificant environmental problems like widespread harm-
ful algal blooms (Wang et al. 2015; Luo et al. 2022).
Among the 20 counties, Wushan County is located in
the mainstream through which the TGR must pass. Since
constant sedimentation is expected to have a profound
effect on the landscape, it is important to understand

@ Springer



1816

Journal of Soils and Sediments (2024) 24:1814-1825

the current status of P pollution in the TGR. To assess
the P pollution status within the TGR, Wushan County
(WS), Xiangxi River (XX), and Zigui County (ZG) were
identified as sampling sites, due to their important geo-
graphical roles.

2.2 Sample collection

Core sampling was performed in September 2022. Three
sediment cores were collected from WS, ZG, and XX
in the TGR, utilizing a gravity sampler with an internal
diameter of 11 cm (Fig. 1). The water interface was kept
clear during the collection of the sediment cores to reduce
experimental inaccuracies and facilitate observation. Once
sample cores were collected, the bottom was sealed with
a rubber stopper, and a DGT probe was inserted verti-
cally into the surface sediment from the top; the water
temperature was recorded. After 24 h, the DGT probe was
extracted from the sediment core, immediately rinsed with
ultrapure water, sealed, enshrouded in aluminum foil, and
subsequently refrigerated until returning back to the labo-
ratory for chemical analysis. After the removal of the DGT
probe, the sediment core was cut to 1 cm and placed in the
centrifuge tube. The surface water (0.5 m from the water
surface), mid-water (water depth at 20-30 m), and bottom
water (1 m from sediment) were collected using a Niskin
water sampler. A multi-parameter water-quality monitor
(YSI6600V2, YSI Inc., Yellow Springs, USA) was used
to monitor the water temperature (T), dissolved oxygen
(DO), and pH of the water body.

Fig.1 The study area and sam-
pling sites in the Three Gorges
Reservoir (TGR) of the Yangtze

River in China i
T~ Beyng

@ Springer

2.3 Preparation and field deployment of the DGT probe

In this study, we used the ZrO-CA DGT (Easy Sensor
Ltd., Nanjing, China) to simultaneously acquire a two-
dimensional high-resolution data for dissolved S (DGT-S),
and a one-dimensional high-resolution data for dissolved
active P (DGT-P) and dissolved Fe (DGT-Fe) at the SWI.
As described above, after collecting the sediment core, the
DGT probe was inserted vertically into the surface sedi-
ment from the top, leaving a 5 cm space between the top
of the probe window and the SWI. After 24 h, the DGT
probe was removed, sealed, refrigerated, and transported
to the lab for chemical analysis. Three parallel column
cores were collected from each site, and visual inspection
revealed no significant differences between the parallel
cores (including sediment color, density, and grain layer),
so one of the cores was selected for the DGT study.

2.4 Chemical analysis
2.4.1 Water chemistry and sediment properties

The molybdenum blue colorimetry method was used to
determine the total P (TP) and total dissolved P (TDP) con-
centrations in water samples (Murphy and Riley 1962). Total
nitrogen (TN) and total dissolved nitrogen (TDN) concen-
trations were determined by alkaline potassium persulfate
digestion and ultraviolet spectrophotometry (HJ636-2012).

The surface sediments (0-5 cm) were digested with
mixed acid (HNO;-HF) to determine Fe, Mn, Ca, and Al
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contents (Zhang et al. 2020). The pretreatment procedures
included weighing 0.5 g of the sediment sample into a Tef-
lon digestion tube followed by the addition of 0.8 mL HF
and 1 mL HNO;. The Teflon digestion tube was then placed
in a steel tank and heated in an oven (at 180-190°C) for
24-30 h. After cooling, the Teflon digestion tube was placed
on an electric hot plate and allowed to evaporate the contents
until dry (at 140 °C). Thereafter, a small amount of HNO,
(<1 mL) was added, followed by adding 2 mL of HNO; and
3 mL of ultrapure water, which was then heated in a sealed
oven with a lid (at 140 °C) for 4-5 h. It was later cooled to
a achieve constant volume of 100 mL. The samples were
analyzed using inductively coupled plasma—optical emission
spectrometry (ICP-OES; Vista MPX, Varian, USA).

Following freeze-drying, grinding, and sieving (through
100-mesh) of the surface sediments (0-5 cm), the P frac-
tions were analyzed according to the sequential chemical
extraction method developed by Hupfer et al. (1995) with
five extraction steps. First, (1) NH,CI-P extraction, 25 mL
of 1 M NH,CI was added to 0.2 g sediment sample and
shaken for 0.5 h; (2) BD-P extraction, the residue extract
was mixed with 25 mL of 0.11 M NaHCO; and 0.11 M of
Na,S,0, solution and shaken for 1 h; (3) NaOH-P extraction,
25 mL of 1 M NaOH was added to the residue extract and
shaken for 16 h; (4) HCI-P extraction, 25 mL of 0.5 M HCI
was added to the residue extract shaken for 16 h; and (5)
after freeze-drying, the residue extract was ashed at 500 'C
for 2 h and transferred to a 50 mL centrifuge tube, where it
was further cooled to the room temperature. The Residual-P
was extracted by adding 25 mL of 1 M HCI and shaken for
16 h. The concentrations of P in all extracts described above
were determined by the molybdenum blue colorimetric
method (Murphy and Riley 1962). To minimize operational
and other potential errors, three replicate experiments were
conducted to take the average of physio-chemical property
for sediment samples and water samples.

2.4.2 Analysis of the DGT

The fixed film was removed from the DGT device using
plastic tweezers and their surfaces were dried using a filter
paper and placed on the scanner with the sedimentation
side facing downwards. The scanned image (resolution at
300 dpi) was converted to grayscale using ImageJ soft-
ware. The grayscale was further converted into the cumu-
lative amount per unit (M) area of S by the correction
curve. Therefore, the information on the submillimeter dis-
tribution of S at SWI was obtained. The calibration curve
was shown in Eq. 1, as described by Ding et al. (2012):

y=—-1673¢"/%" £ 214.6 1)

where x is the cumulative amount per unit area of the fixed
film (M) in g cm ™.

The scanned fixed membranes were sectioned at 2 mm
intervals using a ceramic knife. The sections were then
transferred into a 1.5 mL centrifuge tube. The Fe was
extracted using 0.8 mL of 1 mol L™! nitric acid for 16 h.
The concentration of Fe in the extract was determined
using an Epoch microplate spectrophotometer (Bio Tek,
Winooski, VT). Thereafter, the residual DGT mem-
brane was extracted using 0.8 mL of a 1 mol/L sodium
hydroxide solution for 16 h. The concentration of P in
the extract was determined by the molybdenum blue col-
orimetric method (Murphy and Riley 1962; Wang et al.
2017). Three replicates were performed for each sample
to reduce the experimental errors. The accumulation (M)
of Fe and P in fixed films was calculated using Eq. 2
(Wang et al. 2016a).

Ce Ve
Je

where C, is the concentration of the extracted solution, V is
the volume of the extracted agent, and f; is the extraction rate.

The concentrations of DGT-S, DGT-Fe, and DGT-P in
the sediment were calculated by Eq. 3 (Wang et al. 2016a):

M= @

MAg

DGT = par 3)

where Cp gy represents the concentration (mg L") of the tar-
get substance; M signifies the cumulative amount (pg cm™>)
of the ZrO-CA DGT film over the sampling time; Ag is the
thickness of the thin film diffusion layer (cm); D is the diffu-
sion coefficient at the corresponding temperature (cm? s™1);
A is the sampling area (cm?); and T is the sampling time (s).

2.5 Data analysis
Fick’s first law and the DGT-P concentration distribution

near SWI were used to estimate the apparent diffusion flux
from P at the SWI (Ding et al. 2015).

8Cpgr 5Cpgr
Fg=ly +Jg=-D — @D
d w N W( SXW )X:(] S( SXS )x:() (4)
where F; is the diffusive flux at the SWI (mg m~2 day™"); @ is
the porosity of surface sediments; Dy, and Dy are the diffusion
coefficients of phosphate in overlying water and sediment,

. 5C, 5C, .
respectively; (—2£) and(—2%Z) are the concentration gra-
6X,, “x=0 60X, "x=0

dients of DGT-P in overlying water and sediment, respectively.
To obtain an accurate estimation of P release flux, the
concentration gradients were calculated from the profiles
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with tiny fluctuations in the DGT-P concentration. The dif-
fusion coefficient for phosphate in sediments was calculated
according to Eq. 5 below (Ullman and Aller 1982):

Dg =

where ¢ is the porosity of surface sediments; F is the for-

Dy
oF

mation resistivity coefficient; Dy is the diffusion coeffi-

cient of phosphate in water, as determined by temperature;
the formation resistivity coefficient was determined by the
porosity of the sediment (¢), F=1/¢>, when ¢ >0.7; and
F=1/¢* when ¢ <0.7 (Yuan-Hui and Gregory 1974; Ull-

man and Aller 1982).

3 Results and discussion

3.1 Water chemistry

The water body profile exhibits a temperature of around
28 °C, and the water temperature slowly decreases from the
surface to the bottom. Due to the strong hydrodynamic effect
in the WS, the thermal stratification of the water body is not
obvious (Fig. 2a). The average pH of bottom water is 7.67
(Fig. 2b), which could be related to the enhanced degrada-
tion of organic species. The DO concentrations are observed
to be above 5 mg L ™! under aerobic conditions (Fig. 2c).
Nitrogen and P are mainly presented in dissolved forms.
TDN and TDP account for 96.9% and 94.2% of their cor-
responding TN and TP, respectively (Fig. 3). The con-
centration of TP in the water body varies from 0.037 to

0.055 mg L~! with an average of 0.044 mg L™!, while the
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Fig.2 Vertical profiles of temperature (a), pH (b), and dissolved oxygen content (c) at the sampling sites of the Three Gorges Reservoir (TGR)

in China

corresponding value of TN ranges from 1.29 to 1.50 mg L~!
with 1.38 mg L™ as the average level. Besides, it is observed
that the concentration of N and P in the bottom water is
greater than that in the surface water, which could be con-
(5)  tributed to the sediment N and P release.

3.2 Sediment properties and phosphorus fractions

The highest content of Al is found at the depth of 0-5 cm
of the sediments, which ranges from 7.24 to 9.67% with an
average level of 8.35%. With respect to Fe, Ca, and Mn, the
corresponding values range 4.71-6.87% (averagely 5.33%),
2.94-5.14% (averagely 3.90%), and 0.09-0.14% (averagely
0.11%), respectively (Table 1). Accordingly, a comparison
of the contents of Al, Fe, Ca, and Mn in the sediments shows
a descending order as WS >Z7ZG > XX.

The variations in P fractions in surface sediments are
shown in Fig. 4. The TP contents in sediment of the TGR vary
from 1284 to 1476 mg kg~' (mean value of 1368 mg kg™),
which are much lower than that in moderate eutrophica-
tion lake sediment such as Lake Dianchi (2050 mg kg™}),
but significantly higher than that in Lake Erhai sediment
(999 mg kg™!) and Taihu Lake (540 mg kg~!) (Zhang et al.
2013; Chen et al. 2020). Contents of TP in sediments in TGR
indicate that the sediment in the TGR is characterized by high
amounts of internal P load. There is no significant difference
in the P content of surface sediment in the TGR area (Fig. 4).
Following a descending order of the P content in sediment,
the different P forms are in the order of HCI-P > NaOH-
P> Rest-P>BD-P > NH,CI-P, which is consistent with the
findings from previous work (Wang et al. 2015).
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Fig.3 Total phosphorus (TP; a), total dissolved phosphorus (TDP;
b), total nitrogen (TN; ¢), and total dissolved nitrogen (TDN; d)
concentrations in surface, middle, and bottom water at the sampling

The contents of sediment HCI-P range from 503 to
766 mg kg™, accounting for 39.4 to 49.0% of TP (Fig. 4).
The HCI-P is mainly fixed in calcium and magnesium min-
erals that have strong stability; therefore, the HCI-P pool
serves as the permanent burials of P in sediments (Hupfer
et al. 1995). However, HCI-P can be released to some extent
under acidic conditions (Wang et al. 2021), whereas the
water body in the TGR is slightly alkaline (pH>7.5), and
thus it is difficult for HCI-P to participate in the P cycle. The
high content of sediment HCI-P in the TGR can be attributed
to the recharge of calcareous terrain on both sides of the
river and the coprecipitation of a large amount of calcium
ions (Sun et al. 2009; Mu et al. 2020).

The NaOH-P is considered to be associated with Fe and
Al (hydro)oxides so that there are relatively less stable than
HCI-P (Christophoridis and Fytianos 2006). The content
of NaOH-P ranges from 275 to 690 mg kg~!, accounting
for 25.6-36.5% of TP (Fig. 4). The Res-P is mainly com-
posed of refractory organic P and inert inorganic P (Rydin

1819
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0.06 Bottom water
=
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2 I
E 004 I
o |
8 0.03
=~
0.02
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zlr d I 1 Surface water
( ) I 3 Middle water
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=
D I
S
a2
Z
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=

WS

sites (WS, ZG, and XX) of the Three Gorges Reservoir (TGR) in
China. The error bars represented the standard deviations of tripli-
cate experiments

2000). The content of Res-P varies from 172 to 169 mg kg~!
and accounts for 12.0-19.6% of TP. Besides, BD-P is
mainly found on the surfaces of Fe (III) and Mn (hydro)
oxides (Christophoridis and Fytianos 2006); its content in
the sediment varies between 112 and 151 mg kg~!. The
NH,CI-P represents the loosely adsorbed P in the sediment
and its contents range from 6.38 to 13.40 mg kg~!. Sedi-
ment NH,CI-P has the lowest average content value among
the five different P species/forms, indicating an insignifi-
cant contribution of sediment NH,CI-P to sediment TP
(Fig. 4).

Bioavailable P (BAP) is composed of NHCl,-P, BD-P,
and NaOH-P in sediment, which could be absorbed and
utilized by organisms. Therefore, BAP is regarded as a
potential P source for overlying water (Tu et al. 2019).
The content of BAP in the surface sediments ranges from
480 to 629 mg kg~', accounting for 36.2-45.9% of the TP
in the sediments. Since BAP is highly bioavailable, the
content of sediment BAP is relatively low in flora- and
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Table 1 Contents of Al, Fe, Ca, and Mn in the surficial sediments of
the sampling sites in the Three Gorges Reservoir (TGR)

Table2 The apparent diffusion fluxes of phosphorus at the sedi-
ment—water interface (SWI) in the Three Gorges Reservoir (TGR)

Sample Depth (cm)  Al(%) Fe(%) Ca(%) Mn (%) Sampling sites WS 7G XX
WS 0-1 9.04 5.22 4.06 0.12 Diffusion fluxes of P (mg m~2 day_l) 0.11 0.41 0.75
1-2 8.89 5.16 4.05 0.12
23 8.02 534 3.97 0.12 520 mg kg™!) and ZG (average value of 480 mg kg™
34 8.71 5.32 385 0.12 (Fig. 4). This might be due to the shift of active P in the
45 2.02 520 3.79 0.11 sediments caused by the transportation of fine-grained
G 0-1 9.67 6.18 526 0.14 sediments towards the dam (Wu et al. 2016). In addition,
1-2 8.37 471 5.14 0.09 the Xiangxi River is an influential tributary of the TGR.
2-3 8.86 5.02 391 0.10 Agricultural non-point source pollution and domestic sew-
34 7.50 5.64 3.77 0.11 age discharges are likely to contribute to the accumulation
45 9.44 6.87 4.52 0.13 of nutrients (Wang et al. 2015).
XX 0-1 7.75 5.02 3.58 0.11
1-2 774 497 336 010 3.3 The influx of internal P loading at three
2-3 724 520 304 0.09 sampling sites
34 7.31 5.09 2.94 0.09
45 772 5.05 3.25 0.09 Fick’s first law and the DGT-P concentration distribution
Standard - 5.94 2.87 0.01 0.05

fauna-dominated reservoir, and high in eutrophic water
body polluted by human activities (Yu et al. 2022). On the
other hand, the contents of NHCI,-P, BD-P, and NaOH-P
in the sediments at XX (average value of 629 mg kg™ ')
are obviously higher than those at WS (average value of

near SWI were used to estimate the apparent diffusion flux
of P at the SWI. Sediment as a P source when P release flux
is positive, indicating that P is released from the sediment
to the overlying water (Ullman and Sandstrom 1987). Con-
versely, the sediment is a P sink, demonstrating that P enters
the sediment from the water column (Moore et al. 1998).
The P release flux at the SWI of the three sampling loca-
tions is listed in Table 2. The value of P release flux ranges

1600

1400

1200

1000

800

600 [

P concent (mg-kg™)

400

200

0-Tcm 1-2¢m 2-3cm 3-4cm 4-5cm

WS

[ Res-P [ NH,C1-P [l BD-P [ NaoH-P [l HC1-P

0-Tcm 1-2cm 2-3cm 3-4cm 4-5cm O-lcm 1-2cm 2-3cm 3-4cm 4-5¢m

7G XX

Fig.4 Phosphorus concentration of different fractions in the surface sediments at the WS, ZG, and XX sampling sites in the Three Gorges Res-
ervoir (TGR) in China. The error bars represented the standard deviations of triplicate experiments
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from 0.11 to 0.75 mg m~2 day~! with an average value of
0.42 mg m~2 day™'. The P release flux from sediment in the
TGR is higher than that in Wujiang River reservoirs, another
tributary of the Yangtze River (such as Hongfeng Lake Res-
ervoir, average value of 0.22 mg m~2 day ™) and large shallow
eutrophic lakes in eastern China (e.g., Taihu Lake, average
level of 0.15 mg m~2 day™') (Ding et al. 2015; Chen et al.
2019). According to molecular diffusion theory (see M S1),
the annual internal P flux in the Three Gorges Reservoir is
estimated at 166 tons, and the contribution of annual internal
P release to TP in the overlying water column reached 10%.
These results suggest that the sediment is an essential P source
for overlying water in the TGR.

There are many reasons responsible for the serious P
pollution in the TGR. First, TGR is a river-like reservoir
where large amounts of sediments have accumulated here,
which were derived from the water and soil losses at both
sides of the river. Therefore, an unstable and cool SWI
was created (Li et al. 2021). Second, gravity flow is the
main form of water exchange between the mainstream and
the tributaries of the TGR, and the reverse action of the
mainstream on the tributaries may promote the P release
from the tributaries (Wang et al. 2015). This could explain
why the P release flux of the tributary (XX) is higher
than that of the mainstreams (WS and ZG). Moreover,
the TGR locates in a population-intensive area. There
is a large influx of anthropogenic P sources (including
agricultural and industrial pollutions, as well as domestic
sewage) (Liu et al. 2006). It could be concluded that the
TGR has a large P load, high P release rate, and great pol-
lution risk, highlighting the important urgency to control
the P pollutions. Sediment P contaminations have been
overlooked historically. Consequently, sediment P release
in the TGR has become a serious problem in recent years.
The continuous accumulation of P in sediments may sig-
nificantly impact the water quality adversely, which is an
issue deserving special attention from the government and
the whole society.

3.4 Mechanism of phosphorus release
at the sediment—water interface in the TGR

We selected three representative sampling points to com-
pare the two-dimensional longitudinal distribution pat-
terns of DGT-P, DGT-Fe, and DGT-S at the SWI in the
mainstream (WS), dam (ZG), and tributary (XX) (Fig. 5).
The concentrations of DGT-P, DGT-Fe, and DGT-S
increase rapidly at the SWI, with a similar longitudinal
trend. The concentration of DGT-P at the XX site, with
a mean value of 0.18 mg L™, is significantly higher than
that at the other two sampling sites. With the increase in
the sediment depth, the concentration of DGT-P at the XX

site first increases gradually to reach a peak value at the
depth of 10 mm, and then decreases gradually to achieve
a stable state (Fig. 5a-c). The concentration of DGT-Fe at
the three sites reaches its peak value at the depth of 20 mm
(Fig. 5d-f). The content variation of DGT-Fe in the sedi-
ments of ZG is extremely steep, with an average level of
3.02 mg L™! and a maximum value of 9.49 mg L™ at 2 cm
depth. The mean concentration of DGT-S at the XX site
(0.049 mg L") is significantly higher than that at the WS
(0.029 mg L) and ZG sites (0.036 mg L) (Fig. 5g-i).

The concentrations of DGT-P and DGT-Fe at WS, ZG,
and XX sampling sites could be positively correlated,
and the correlation coefficients (R?) are 0.91, 0.39, and
0.29, respectively (p <0.05; Fig. 6a-c). The correlation
analysis shows that P and Fe are released simultaneously
from sediment. Under aerobic conditions, Fe is present
in the surface sediments mainly as Fe (III) hydroxide
oxides, which can retain phosphate in FeEOOH-P com-
plexes (De et al. 2012), where the sediment acts as a P
sink to immobilize phosphorus species from the overly-
ing water. Due to the limited penetration depth of DO,
the SWI of deep-water reservoirs often creates an anoxic
environment, which enables the reductive dissolution
of Fe in the sediment surface and therefore induces the
release of Fe—P. The positive correlation between DGT-P
and DGT-Fe has been observed in different reservoirs in
the upper reaches of the Yangtze River (Ahlgren et al.
2005; Ding et al. 2016; Wang et al. 2018b; Chen et al.
2019). Our study shows that tributaries have the high-
est P release flux and the weakest correlation between
DGT-P and DGT-Fe compared to mainstem and dams.
It suggests that P release mechanisms may not be domi-
nated by Fe, and that sediment re-suspension by hydro-
dynamic disturbances and organic P mineralization may
be responsible in tributaries (Wu et al. 2019; Yu et al.
2022). Further investigation is needed to fully under-
stand the unusual variations of the DGT-P and DGT-Fe
in tributaries.

In addition, similar variations in sediment DGT-P
and DGT-S concentrations are observed (Fig. 5g-i). In
the profile, the concentrations of DGT-P and DGT-S
are significantly positively correlated, and the cor-
relation coefficients (R2) are 0.71, 0.87, and 0.50,
respectively (p <0.05; Fig. 6g-i). It was reported pre-
viously that the geochemical cycling of P and Fe in
sediments could be related to the reduction reaction
caused by sulfate-reducing bacteria (SRB) (Roden and
Zachara 1996). Under anoxic conditions, the reduction
of Fe (II) species with SRB produces FeS precipita-
tion, which reacts subsequently with sulfide to pro-
duce pyrite (FeS,). This FeS, product can promote the
reductive dissolution of Fe(III), which in turn induces
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Fig.6 Concentration correlations between DGT-P and DGT-Fe, DGT-S and DGT-Fe, and DGT-P and DGT-S at the sediment—water interface
(SWI) of the sampling sites (WS, ZG, and XX) of the Three Georges Reservoir (TGR) in China

the release of iron-bound P from the sediment (Wang
et al. 2016b, 2018b). It was observed that more P is
released into the porewater through the reductive disso-
lution of Fe (III) minerals at the SWI site. In summary,
the significant positive correlation between DGT- P,
DGT- Fe, and DGT- S in the sediment of the TGR sug-
gests that the reduction of sulfate induces the reductive
dissolution of iron-bound P, which is the main mecha-
nism of sediment P release observed in this study.

4 Conclusion

The findings of this study indicate that the sediment in
the TGR is characterized by significant internal P load.
The decreasing order of P contents of different fractions
in sediments is HCI-P > NaOH-P > BD-P. The high-reso-
lution in situ passive sampling monitoring shows that an
average P release flux at the SWI is 0.42 mg m~2 day .
The observation, therefore, indicates that sediment release
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is an important P source and highlights the importance
and urgency of internal P pollution control in the TGR.
Furthermore, the reduction and dissolution of Fe—P are
the dominant mechanisms responsible for the release
of P from the sediments. As the operation cycle of the
TGR progresses, P pollutants in the basin will continu-
ously accumulate in the sediment, which will otherwise
increase the risk of internal P input. The results of the
present study, therefore, scientifically validate the need for
the development of internal P pollution control strategies
in large deep reservoirs.
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