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Sequential extraction and in-situ diffusive gradients in thin films (DGT) techniques were used to deter-
mine phosphorus (P) fractions and high-resolution 2D fluxes of labile Pp¢r, Fe**per, and S?~pgr in sedi-
ment systems. The diffusion fluxes were subsequently calculated for different scenarios. Dynamic diffu-
sion parameters between solid sediment and solution were also fitted using the DIFS (DGT-induced fluxes
in sediments) model. The results suggested that Fe-bound P (Fe-P) was the dominant pool which con-
tributed to the resupply potential of P in the water-sediment continuum. Significant upward decreases
of labile Ppcr, Fe?*per, and S2-pgr fluxes were detected in pristine and incubated microcosms. This domi-
nance indicated the more obvious immobilization of labile P via oxidation of both Fe?* and $?- in oxidic
conditions. Additionally, these labile analytes in the microcosms obviously decreased after a 30-day in-
cubation period, indicating that water-level fluctuations can significantly regulate adsorption-desorption
processes of the P bound to Fe-containing minerals within a short time. Higher concentrations of labile
Ppcr, Fe2tper, and S2-pgr were measured at the shallow lake region where more drastic water-level vari-
ation occurred. This demonstrates that frequent adsorption-desorption of phosphate from the sediment
particles to the aqueous solution can result in looser binding on the solid sediment surface and eas-
ier desorption in aerobic conditions via the regulation of water levels. Higher R values fitted with DIFS
model suggested that more significant desorption and replenishment effect of labile P to the aqueous
solution would occur in lake regions with more dramatic water-level variations. Finally, a significant pos-
itive correlation between S?~pgr and Fe?* per in the sediment indicated that the S?- oxidization under
the conditions of low water-level can trigger the reduction of Fe(Ill) and subsequent release of active P.
In general, speaking, frequent water-level fluctuations in the lake over time facilitated the formation and
retention of the Fe(Il) phase in the sediment, and desorption of Fe coupled P into the aqueous solution
when the water level was high.
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1. Introduction ered to be crucial in the deterioration of water quality, adjust-

ment of ecosystem functions, and harmful algal blooms in lacus-

Eutrophication induced by extensive nutrients inputs in aquatic
ecosystems arises more and more frequently and attracts atten-
tion worldwide (Mooney et al., 2020). Phosphorus (P) is consid-
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trine ecosystems (Carpenter, 2008). Large amounts of P-containing
water and agricultural fertilizer are discharged into the lakes via
tributary rivers and terrigenous runoff, which further facilitates
phytoplankton growth (Quinlan et al., 2021). The dynamics of P in
lake ecosystems are dominantly regulated by the balance between
sources and sinks. Change in environmental conditions can release
endogenous source of P in the sediment back into the overlying
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water column (Shinohara et al., 2012). This process is comparable
to the exogenous discharge, and potentially fuels primary produc-
tion in lacustrine ecosystems. Traditional analytical methods based
on total concentrations can give useful information about the P
transfer processes between the water and sediment. Additionally,
sequential chemical extractions using various extractants can dif-
ferentiate the P phase bound to different metallic (hydrogen)oxides
and organic matter (OM) in the sediment (Kim et al., 2003). The
varying forms of sequestered P in the sediment can substantially
affect their potential for remobilization and resupply in the lakes.
However, visual assessments of the dynamic processes of P be-
tween water and sediment are scarce. Accurate understanding of
the occurrence and diagenesis features of P in the sediment and
the interactions of P between the water and the solid sediment is
important for the management of P sources and the recovery of
eutrophic lakes.

The boundary layer near the sediment is a crucial site in con-
nection with external and internal exchanges of P in lacustrine
ecosystems (Riber and Wetzel, 1987). The water-sediment inter-
face often features steep physical and chemical gradients such as
dissolved oxygen (DO), pH, redox potential (Eh), and dissolved ions
(PO43+, FeZ+, S2-, etc.) within narrow distances (Xu et al., 2012).
The oxidized microzones in bottom sediments of Lakes Okeechobee
and Apopka, USA, vary in depth from a few mm to about 2 cm
(Olila and Reddy, 1997). Dissolved oxygen (DO) is one of the pre-
dominant controlling factors of P cycling in aquatic environments
(Cesbron et al., 2014). Dynamic processes of P, including transfor-
mations in speciation and mobility, that occur at the sediment sur-
face are regulated by DO penetration depth of the water-sediment
continuum (Simpson et al., 2019). The concentration and dynamic
effects of soluble reactive phosphorus (SRP) in the water-sediment
continuum are predominantly influenced by the balance between
adsorption and desorption to P-containing minerals (Chen et al.,
2018). Labile P in the solid sediment can be released into the inter-
stitial water from the binding sites of solid sedimentary particles
and consequently upwardly diffuse into overlying water, as seen in
increased concentration gradients near the boundary layer, which
further fuels the eutrophication in lakes (Ding et al., 2015). These
redox-mediated processes in the thin oxidized microzone under-
lain by a large-scale reduced layer of surficial sediment dominate
the remobilization and resupply of P in water.

Hydrological characteristics such as water level can alter the
aeration of bottom waters and surficial sediment and further in-
fluence the P dynamics in aquatic ecosystems which are suscepti-
ble to meteorological conditions, morphology, and exogenous dis-
charge (Vollenweider, 1975). Water quality is influenced by water-
level fluctuations in aquatic systems (Wang et al., 2020). For exam-
ple, seasonal fluctuations between high water level and low water
level can result in active changes in energy and matter, including
the forms and distribution of P (Mooney et al., 2020; Wang et al.,
2020). The observation performed by Qin et al. (2020) suggested
that water depth plays a critical role in lake eutrophication and
P limitation especially in deep lakes. The seasonal resuspension
and settling of particulates depending on water-level fluctuation
can determine the Eh status at the water-sediment interface, and
subsequently affect the uptake and release of P, especially in Fe-
rich systems (Olila and Reddy, 1997). Water-level fluctuations mit-
igate eutrophication status in some lakes/reservoirs due to the al-
ternation of redox conditions, and has been the focus of attention
worldwide (Bao et al., 2015; Gao et al., 2020). However, previous
research focused mainly on ex-situ measurements of P-containing
compounds that can induce the change of physical and chemi-
cal characteristics. The study of dynamic processes of P in water-
sediment systems during water-sediment fluctuations in lakes is
limited due to the lack of high-resolution in-situ testing technolo-
gies.
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In aquatic environment, ferric iron (Fe3+) and sulfate (SO427)
as terminal electron acceptors can be simultaneously reduced by
heterotrophic bacteria and anaerobic episodes (Azzoni et al., 2001).
The integration of P with Fe oxy(hydr)oxides is critical for the im-
mobilization of the labile P fraction in sediment (Norgbey et al.,
2020). The reductive dissolution of P bound to Fe-containing min-
erals in the sediment particles in anoxic conditions plays a key role
in releasing P into interstitial water and its subsequent diffusion
into overlying water (Cosmidis et al., 2014). Additionally, the reduc-
tion of SO42~ to S2~ can influence P bound to Fe-containing miner-
als, which can stimulate PO43~ and Fe cycling and eutrophication
in lakes (Zhao et al., 2019). To explore the lability and occurrence
of P, Fe?*, and $%~ in the sediment, previous work has principally
focused on ex-situ chemical extraction methods (Egger et al., 2016;
Chen et al., 2018). Simultaneous in-situ detection of these chemi-
cal components at high resolution is required to reveal the distri-
bution and dynamic behaviors of these contaminants due to the
spatial heterogeneity in the sediment.

Advanced and maneuverable high-resolution techniques are
pivotal for the exact exploration of the dynamics of Fe-P-S across
the water-sediment interface of lakes. Diffusive gradients in thin
films (DGT) is a technique for the in-situ visual assessment of the
resupply potential of labile analytes such as metal ions, PO43~,
Fe2t, and S2- from solid phase to aqueous phase (Alexa et al.,
2009). As an in-situ dynamic speciation technique, a DGT unit
consists of diffusive boundary layer, diffusive gel, and binding gel
layer (Ding et al., 2018). DGT can enable high-resolution two-
dimensional (2D) images of analytes and can supply visual het-
erogeneity in sediment microstructures at a small or even micro-
scale (Han et al., 2017). A steady-state linear concentration gradi-
ent of labile forms of analytes is established between the binding
gel and the solution, and maintains the flux of the solute con-
trolled by diffusion (Harper et al., 2000). The DGT-measured frac-
tions are composed of both solute from interstitial water and the
further resupply of the solid sediment. As a comparative evalua-
tion of measurements, the diffusion processes of DGT simulate the
interaction of labile analytes between solid and solution in the sed-
iment and reflect the actual dynamic behaviors in natural environ-
ments (Price et al., 2013). Double-sided DGT techniques combined
with traditional analysis methods are used for the synchronous de-
tection of heterogeneous changes of labile P, Fe2t, and S2~ in the
water-sediment continuum in a representative lake undergoing in-
tense water-level fluctuation over time. The main objectives of this
study are to: 1) characterize in-situ 2D flux changes of labile P,
FeZt, and S2- using a novel high-resolution DGT technique in the
water-sediment continuum that experiences the change of water
depth; 2) elaborate the resupply mechanisms of labile P that vary
from the solid sediment phase to the solution phase due to the
water-level fluctuations; and 3) clarify the influence mechanism
of lake water-level variation on the remobilization of labile P con-
trolled by Fe?* and S2- variation in sediment which can potentially
deteriorate the water quality.

2. Material and methods
2.1. Sample collecting and processing

Sediment cores beneath undisturbed overlying water were care-
fully taken from three representative regions (1#, 2#, and 3#)
in Shijiuhu Lake (31°23’~31°33’ N, 118°46’~118°58’ E), a freshwa-
ter shallow lake located in the lower Yangtze River basin, Eastern
China (Fig. 1), using columnar sampler in October 2020. This lake is
connected to the Yangtze River, the third largest river in the world,
through the Guxi River, and the water level frequently varies be-
cause of the variation in irrigation of the Yangtze River along with
seasonal rainfall. The lake has its highest water depth of more than



H. Yuan, H. Wang, Y. Zhou et al.

Water Research 200 (2021) 117258

60°E 120°E
A
CHINA
=z ‘
& L.
“@ % 4
INDIA '
&
=

Guxi River

Shijiwhw Lake

Yangtze River

y

31°31'

31°26'

Southern

Lishui
O

District

Legend

@ Contour line

0 10kmi

31°22 | <

+ River
e Sampling site
o City ‘

Lake

'Gaochun District ‘

118°48'

118°56' 119°04'

Fig. 1. Sampling sites and location of research region.

6 m in the wet season and can dry up in some regions in low-
water seasons (Chi et al., 2016). Excessive nutrients including P are
discharged into this lake through runoff and/or river inputs due to
increasing anthropogenic activities such as agricultural practices,
wastewater discharge, and aquaculture. Overlying water samples
were collected simultaneously from the sampling sites. One set
of collected sediment columns was carefully sliced into pieces at
1 cm intervals after sampling. The sub-samples were placed in a
cooler and transferred to the laboratory where they were kept at
4 °C. After freeze-drying with a vacuum freeze dryer and grind-
ing with an agate mortar , the sediment particles were sieved us-
ing a 100-mesh sieve before subsequent analysis. Additionally, two
other undisturbed sediment columns were transferred to the lab
and used for DGT deployment and incubation experiments, respec-
tively.

Physicochemical parameters of the lake water were observed
simultaneously by using a portable water quality analyzer (HACH
SL1000, Japan) in field. These included values of water depth (WD),
temperature (T), pH, DO, Eh, and electrical conductivity (EC). The
concentrations of SRP and total phosphorus (TP) in the overly-
ing water were detected by using molybdenum blue colorimetry
(Ruban et al., 2001). Obtained data are listed in Table 1.

2.2. Extraction of P fractions

Different P fractions in pristine sediment cores were extracted
based on the sequential extraction method, using the operationally
defined standards, Measurements and Testing Programme (SMT)
for its ease of use and reproducible results (Ruban, 1999, 2001).
This procedure has been developed based on the comparisons of
existing schemes and interlaboratory studies (Ruban et al., 2001).
Briefly, 0.2 g of freeze-dried sediment was vibrated and extracted
with different chemical extractants step-by-step at a constant
solid/solution ratio (1:100) (Fig. S1). The modified SMT protocol
categorized the sedimentary P phases in the sediment into six in-
dependent pools, as follows: MgCl,-P (labile P pool); Fe-P (P bound
to Fe and Al oxy(hydr)oxides); Ca-P (P associated with Ca), Pi (to-
tal inorganic P); Po (total organic P); and TP (total P). All the phos-
phate concentrations in the extractant of the six pools were mea-
sured using molybdenum blue colorimetry.

Finally, interstitial water in the pristine sediment cores was ob-
tained using centrifugation at 2500 x g for 30 min. The concen-
trations of SRP in pore water filtered through 0.45 um GF/C fil-
ter membrane (Whatman USA) were immediately detected using
molybdenum blue colorimetry (Ruban et al., 2001).
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Table 1

Physicochemical parameters in the overlying water of pristine and incubated microcosms from different sampling sites.
Sampling site  location WD(m) DO(mg L-')  Eh(mV) pH TP(mg L) SRP(mg-L~1)
1# 31°26'36.44''N,118°50'39.96"E  2.5(0.6)*  8.2(7.6) 322(208)  7.32(8.05)  0.06(0.054)  0.024(0.021)
2# 31°28'16.60"N,118°53’16.93”E  4.5(0.6) 6.3(7.5) 331(256)  7.49(8.75)  0.04(0.065)  0.023(0.019)
3# 31°30'13.59'N,118°56’39.01”E  6.5(0.6) 7.2(7.5) 315(242)  7.61(8.48)  0.04(0.052)  0.023(0.018)

@ The number in bracket is the water level in incubation experiments and the measured values.

2.3. 57Fe-Méssbauer spectroscopy

For the identification and assessment of solid Fe phases, the
57Fe Mbssbauer spectra of pristine solid sediment were detected
at room temperature (RT) at various depth intervals. The spectra
were obtained using a liquid helium bath cryostat connected to a
conventional spectrometer (Wissel MS-500, Germany). A 5/Co(Rh)
source was used with an activity of 25 mCi. The result was ob-
tained by comparing with a 25 um «-Fe absorber at room tem-
perature. Transmitted radiation was observed using an Ar-Kr pro-
portional counter. Finally, a 512 channel analyzer was used to doc-
ument the generated signal.

2.4. Analysis of TOC, TN and stable isotopes

Approximately 0.5 g of dried sediment was digested using
extractant of mixed nitric acid (HNOs3), hydrochloric acid (HCI),
and perchloric acid (HClO4). Subsequently, the total concentra-
tions of elements Al, Fe, Ca, and Mn were measured with induc-
tively coupled plasma atomic emission spectrometry (ICP-AES Pro-
file DV, USA). Another 1 g of freeze-dried sediment sample was
treated using 5% HCI solution for the removal of carbonates. Fol-
lowing freeze-drying, the ground sediment was packaged in high-
purity tin capsules, and the concentrations of total organic carbon
(TOC) and total nitrogen (TN) were simultaneously detected with
a CHNS/O elemental analyzer connected to a thermal conductivity
detector (EuroVector Euro EA 3000, Italy). The mass ratio of TOC
and TN (C/N) in each sediment layer was subsequently calculated.

In addition, values of stable isotopes (813C and 8'°N) in the
pristine sediment core were acquired by using a continuous-flow
isotope-ratio mass spectrometer (253Plus, Thermo Fisher Scien-
tific, USA) combined with an elemental analyzer (Flash EA 1112,
Thermo Scientific, USA). Ground dried sediment samples (about
20 mg) were put into ultra-pure tin capsules. The prepared sam-
ples were successively combusted at 1020 °C in the front furnace
and at 700 °C in the rear furnace, respectively. The generated CO,
and N, were isolated from the combustion products for subsequent
measurement of isotope values. The §13C and §1°N of the samples
were calculated by comparing to international standards (Vienna
Pee Dee Belemnite (VPDB) for C and atmospheric nitrogen for N,
respectively) (Abreu et al., 2006).

2.5. Incubation experiment with controlling water depth

Manipulation experiments were performed in the laboratory to
explore the dynamic variation of analytes in lake water-sediment
interfaces of lakes that are undergoing water-level fluctuation. A
set of undisturbed sediment cores were plugged using rubber
plugs drilled with small holes to avoid the evaporation of overlying
water. The depth of sediment column’s overlying water was pre-
served at low water level (60 cm), which is much lower than the
water depth of the lake in the field. The columns were wrapped
in foil to stop light entering and preserved at room temperature
without disturbance for 30 days. Physicochemical parameters from
the incubation microcosm, including DO, T, and pH values of over-
lying water were measured with a portable water quality analyzer

(HACH SL1000, Japan) after the incubation period. The concentra-
tions of total P and SRP in the overlying water were detected with
molybdenum blue colorimetry after filtration through 045um filter
membrane.

2.6. DGT deployment

The pristine sediment collected from Shijiuhu Lake and the
30-day incubated sediment cores were analyzed using DGT tech-
niques to measure labile SRP, S2-, and Fe?* fluxes and concentra-
tions across the water-sediment interface. In brief, the integrated
double-sided Zr-oxide DGT and ZrO-CA DGT devices (EasySensor,
China) were aerated using pure N, flow for 12 h for deoxidation.
Then the devices were perpendicularly penetrated into sediment
cores without disturbing the water-sediment interface and expe-
rienced an equilibrium period of 24 h for diffusion in the micro-
cosm. Relative to independent Zr-oxide DGT and ZrO-CA DGT de-
vices, this integrated double-sided DGT device has the advantage of
synchronous measurement and thus less destruction to the pristine
sediment samples. These assemblies were used for high-resolution
in-situ measurement of labile P (using Zr-oxide DGT), and S2~ and
FeZt fluxes (using ZrO-CA DGT), respectively. After the equilibrium
period, the DGT devices were removed from the microcosms. The
gel surfaces were carefully rinsed using deionized (DI) water to re-
move the affixed particles. The temperature of the overlying water
was synchronously measured for the calculation of diffusive fluxes
of the analytes at the water-sediment continuum.

The DGT equipment was then separated into independent Zr-
oxide DGT and ZrO-CA DGT devices After rinsing, the masses of
elements P and S that had accumulated in the binding gels were
determined separately according to the modified coloration-CID
method proposed by Ding et al. (2015). In brief, the gel surface
of the ZrO-CA DGT device was carefully dried with filter paper,
and then scanned with a flat-bed scanner (Canon 5600F, Japan) at
600 dpi resolution equal to a pixel size of 42 um x 42 um. The
obtained image was subsequently converted into grayscale inten-
sity for the acquisition of high-resolution 2D S2~p¢r fluxes. Sub-
sequently, the surface of the gel was immediately washed again
using DI water, and then cut into small strips at 2-mm inter-
vals. These strips were placed into the centrifuge tubes and sub-
sequently extracted using 1.0 mol L1 HNO; for 24 h (Chen et al.,
2017). The Fe2*per concentration in each extract was measured us-
ing phenanthroline colorimetric methods (Xu et al., 2013).

Additionally, each gel of Zr-oxide DGT was heated using a hot
plate at 80 °C for 24 h, then moistened using the mixed molyb-
denum reagent for coloration for 1 h at 35 °C. The DGT staining
assembly was then rinsed and soaked with cool DI water at 4 °C
to avoid the development of color. The surface of the dyed hybrid
film was subsequently scanned at 600 dpi resolution using the flat-
bed scanner described above to obtain high-resolution 2D flux im-
ages of labile Ppgr. The grayscale intensities of the images follow-
ing conversion into monochrome were acquired with Image] soft-
ware.

Finally, the calibration curves of the coloration-CID were cal-
culated by analyzing DGT pistons containing S~ and PO43~-P in
different concentrations (Han et al., 2017). The calibration curves
between accumulated masses of P and S in the gel films and
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grayscale intensities of corresponding analytes were fitted as expo-
nential equations (Xu et al., 2013). Finally, the grayscale intensities
of scanned images from sediment samples were used to calculate
accumulation mass of $2~ and SRP for each pixel, according to the
observed calibration equations.

2.7. Apparent diffusive flux calculation

The apparent diffusive flux across the water-sediment interface
can represent the diffusion extent and direction of ions between
the surficial sediment and overlying water (Ding et al., 2015). The
total diffusive flux was calculated as the sum of the fluxes from
the sediments and the overlying water toward the water-sediment
interface, respectively. This total flux can be calculated as in eq. 1.

J=Jw+Is

(%) en() »
X/ (e0) %/ w0y

where ] is the vector sum of the fluxes (ug cm=2 s~1) of labile
analytes (SRP, Fe?*, and S2-, etc.) in the overlying water and sur-
ficial sediment. Jw and Js represent the fluxes (ug cm=2 s1) of
analytes diffusing toward the water-sediment interface from the
overlying water and sediment, respectively. (dCpgr/0xwW)x_g) and
(0Cpgr/9xXs)x=0y are the concentration gradients of different ana-
lytes in the overlying water and the sediment, respectively, ¢ is
the porosity of the surface sediment, and Dy, and Ds represent the
diffusion coefficients (cm2 s—!) (Li and Gregory, 1974; Ullman and
Aller, 1982).

2.8. DIFS model simulation

A one-dimensional (1D) DIFS model can be used to explore the
diffusion kinetics of contaminants in the sediment system, and ex-
change processes between pellets and DGT devices. Hypothetical
dimensionless R values (eq. 2) can describe the resupply capacity
of the analytes at the solid/solution interface. The DIFS model can
also characterize the dependence extent of R values on diffusion
capacity of labile P from solid particle toward the solution (Lehto
et al.,, 2008). This resupply process is composed of both the dif-
fusion of labile P to the DGT surface and its further accumulation
into the resin gel through the diffusion layer (Alexa et al., 2009).

R = Soer (2)
Crw

where Cper is the concentration (g L=1) of the labile fraction of
analytes such as labile P detected using the DGT technique, and
Cpw represents the SRP concentration (pg-L~!) in interstitial wa-
ter acquired using the centrifugation method. The required param-
eter values for DIFS model fitting of pristine sediment columns
from different sampling sites within 5 cm depth, including dif-
fusion layer thickness (Ag), deployment time (T), diffusion layer
porosity (¢q), diffusion layer diffusion coefficient (Dgy), sediment
porosity (¢s), sediment diffusion coefficient (D), and particle con-
centration (P¢) ae listed in Table 2.

The exchange of labile P between the sedimentary solid phase
and the solution phase is governed by first order kinetics. The gov-
erning equations are composed of a pair of linked partial differ-
ential equations eq. 3-(4) (Harper et al., 2000). Other important
kinetic remobilization parameters for DIFS model-fitting for sedi-
ment systems used to quantify adsorption/desorption kinetics are
calculated as in eq. 5-6 (Wu et al., 2016).
aC 0°C

ﬁ :—k]C“l‘K,]PCCs‘FDSW (3)
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G kC

W = Tc = K1Gs (4)
Ka= Ci;
1k )
- PC k,]
1
Te= I{]+I{_1 (6)

where K; and K_; are sorption constant and desorption rate con-
stants (s—1) of sediment particles for P, respectively. P. represents
the concentration (g cm—3) of particles in sediment. Cs denotes the
concentration (mol cm~3) of SRP in the solid sediment phase. Ky
is the distribution coefficient of the labile P fraction. T. represents
the response time of DGT deployment (Harper et al., 2000).

2.9. Quality assurance and data plotting

The 2D and 1D spatial distributions of the Ppcr, S% per, and
FeZtpcr fluxes and concentrations across the water-sediment con-
tinuum were plotted with OriginPro 2017 64Bit (OriginLab Inc.,
USA). SPSS 20 for Windows (SPSS Inc., USA) was used for statis-
tical analysis.

3. Results
3.1. Physicochemical parameters in sediment and pore water

The values of common physicochemical parameters including
TP and SRP concentrations in overlying water did not show signif-
icant change between pristine and incubated water-sediment sys-
tems (Table 1). Fig. 2 depicts the metal elements (Fe, Al, Ca, and
Mn), TOC, and TN concentrations, and 13C, >N isotope values in
pristine sediment particles. The SRP concentrations in pristine pore
water and the C/N values of solid sediment are also given in Fig. 2.
Generally, the concentrations of metal elements decreased in the
order Al > Fe > Ca > Mn across the sediment profiles. Relatively
unordered variation of these metal elements existed in the major-
ity of the layers of the sediment columns especially for Fe, Al and
Ca, except for few outliers. Significant upward increases of TOC and
TN concentrations were found for all the sampling sites through
the entire set of sediment columns. C/N varied from 8.0-11.0 and
had an adverse variation trend that decreased upwards toward the
upper layer. The values of §13C and 8N for all three sediment
columns were —40.0 to —22.7%. and 3.0 to 8.1%., respectively, and
these overall reduced upward from the bottom layer. Additionally,
SRP concentrations in pore water fluctuated in the range of 013-
0.44 mg L1, which was about 10 orders of magnitude higher than
in the overlying lake water.

3.2. Variation of p fractions in the sediment profiles

Fig. 3 presents the concentrations and variation of different P
fractions in the profiles of pristine sediment from different sites
of the lake, extracted using the improved SMT method. In general,
TP concentrations at the three sites varied from 292.1 to 644.5 mg
kg=1 across the whole profiles. More significant fluctuation of TP
values were found at sites 2# and 3# than at 1#. Generally, total
Pi, with values varying from about 160—490 mg kg~', was higher
than total Po in all sediment profiles. A similar change in trend of
Pi to TP existed at all three sites. The Po concentrations on the sed-
iment profiles (except that from site 1#) displayed an obvious in-
crease from the bottom upward toward the top layer. The Pi pools
in the three sampling sites represented the relatively homologous
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Table 2
Calculated input values of parameters in sediment at 5 cm depth involved in DIFS model.
Depth Ag? TP @4¢ ¢gd Do ¢ D, f P &
Site  Cm cm h - - cm? s—! Cm? s~! g cm—3
1# 1 0.09 24 0.75 0.866 5.74E-06 4.461E-06 0.409
2 0.09 24 0.75 0.852 5.74E-06 4.346E-06 0.461
3 0.09 24 0.75 0.842 5.74E-06 4.275E-06 0.495
4 0.09 24 0.75 0.837 5.74E-06 4.235E-06 0.515
5 0.09 24 0.75 0.823 5.74E-06  4.128E-06  0.571
2# 1 0.09 24 0.75 0.915 5.74E-06 4.870E-06 0.248
2 0.09 24 0.75 0.888 5.74E-06 4.640E-06 0.333
3 0.09 24 0.75 0.881 5.74E-06 4.583E-06 0.356
4 0.09 24 0.75 0.857 5.74E-06 4.388E-06 0.442
5 0.09 24 0.75 0.831 5.74E-06 4.188E-06 0.539
3# 1 0.09 24 0.75 0.865 5.74E-06 4.452E-06 0.413
2 0.09 24 0.75 0.856 5.74E-06 4.378E-06 0.446
3 0.09 24 0.75 0.867 5.74E-06 4.469E-06 0.405
4 0.09 24 0.75 0.841 5.74E-06 4.261E-06 0.502
5 0.09 24 0.75  0.802 5.74E-06  3.981E-06  0.655
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Fig. 3. P fractions in different layers of sediment columns from the three sampling sites.

variation among the entire profiles; that is, MgCl,-P < Fe-P < Ca-P.
Meanwhile, Ca-P concentrations accounted for the largest fraction
of the TP, at 30.0-80.0%. Fe-P constituted a second largest Pi pool
with about 14.6-28.8% of TP concentration. Labile MgCl,-P con-
tributed the fraction less than 3% of TP. Significantly, a stable ratio
of Fe-P accounting for TP was measured at site 1# compared with
the two other sites, especially site 2# which had increasing values
from the bottom toward the upper layers.

Also at site 2#, significant upward increases of MgCl,-P and Fe-
P were found from the bottom layer to about 10 cm depth, then
concentrations of these two pools did not obviously fluctuate un-
til the surface layer. However, these two P pools at sites 1# and
3#, with lower water depth kept relatively stable across the en-
tire sediment depth. Adverse variation of Ca-P at site 2# was de-
tected below 10 cm depth except for a few outliers. Generally, the

MgCl,-P, Fe-P, and Ca-P at site 1#, which underwent intensive wa-
ter level fluctuation relative to the two other sampling sites, main-
tained more analogous concentrations across the entire sedimen-
tary profiles.

3.3. °“Fe Méssbauer spectroscopy for solid sediment particles

The result of Mossbauer spectroscopy at room temperature for
different sediment depths are shown in Fig. 4. Modeling was im-
plemented using the Lorentzian line shape model. The proportion
of Fe fraction was calculated as area of individual peak compared
with total Fe phases. The obtained data about solid Fe mineralogy
phases are presented in Table 3. The main Fe minerals including
Fe(IlI) minerals (ferrihydrite) and phyllosilicate concomitant Fe(II)
minerals (siderite and/or chlorite), were distinguished in all the
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Fig. 4. Mossbauer spectra of mixed sediment layers at room temperature. The dotted and colored lines represent measured experimental data and relative contributions of
different Fe phases, respectively. The spectra were fitted using Lorentzian line shapes with the least squares method.

sediment samples (Murad and Cashion, 2004; Yuan et al.,, 2019).
Fe(Ill) phase concentrations were approximately 2.5 orders of mag-
nitude higher than Fe(Il) phase concentrations. Similar Fe(Il) per-
centages (70.2-74.7%) accounting for total Fe kept relatively stable
at different sedimentary depths except for a few outliers. Gener-
ally, comparable ratios of Fe(Il) percentages were found at all three
different research sites, although slight variations also existed be-
tween different sites and depths.

3.4. Variation of 2 D patterns of Ppcr and S?~pcr through the
water-sediment interface before and after incubation

High-resolution in-situ 2D and 1D images, gained by using the
Double-sided DGT technique of Ppcr and S2~per fluxes across the
water-sediment interface before and after incubation are shown
in Figs. 5 and 6a-f. Greater fluxes were simultaneously detected
in the water-sediment continuum at site 1# compared with the
other two sites. The lowest fluxes of Ppgr and S2~per were found
at site 2#. Note that generally significant variation in gradients
of Pper and S2-per fluxes across the sediment column were de-
tected at approximately 5 cm depth. In addition, Ppgr concentra-
tions kept relatively stable at about 0.064+0.006, 0.053+0.006, and
0.031+0.006 mg L1 at sites 1#, 2#, and 3#, respectively, from
the bottom sedimentary layer upwards to about 5 cm depth, then
sharply decreased to about 0.002 mg L~! until the water-sediment

interface. S2~pgr concentrations maintained relatively stable at
about 0.164+0.02, 0.17+0.04, and 0.13+0.01 mg L~!, respectively,
at the three sampling sites, again until about 5 cm depth, then
rapidly decreased to about 0.013, 0.05, and 0.05 mg L~! in the
top sediment layer. The variation measured by DGT indicated that
the fluxes and concentrations of Ppcr and S2-p¢r significantly de-
creased in the three microcosms after incubation with low water
levels, especially in the top 5 cm depth layer of sites 1# and 3#.
Between 5 cm depth and the water-sediment interface, Ppgy con-
centrations experiencing incubation fell to less than half those of
the pristine sediment columns. S2~p¢y concentrations decreased to
less than 0.1 mg L~'at about 5 cm layer, and further reduced to
0.01 mg L1 at the water-sediment interface.

3.5. Variation of 1D distributions of Fe?t through the
water-sediment interface before and after incubation

Fluxes of analytes can be converted to concentration in binding
gel (Cpgr) according to Fick’s first law and reflected diffusive po-
tential in sediment, pore water, and DGT binding gel (Alexa et al.,
2009). Fig. 6g-1 illustrates the 1D variation of Fe2*pcr concentra-
tions through the water-sediment interface. Similar to the vari-
ations of Ppcr and S2~pgr, the Fe?tper concentrations generally
remained stable below 5 cm depth, with average values of 4.9,
3.2, and 2.6 mg L', respectively, at the sampling sites 1#L, 2#L,
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Méossbauer fitting parameters and measured Fe fraction for different layers of sediment column from different sampling regions

using 5’Fe Mdssbauer spectroscopy at room temperature.

Depth Magnetic splitting ~ Amplitude ~ § *(mm s~')  AEq "(mms~') Line width  Valence state  Area(%)
1#
1-5 cm Doublet 1 46,754.1 0.24 0.68 0.73 Fe(III) 70.5
Doublet 2 26,532.1 1.04 2.61 0.54 Fe(1I) 29.5
6—10 cm Doublet 1 19,589.6 0.25 0.68 0.71 Fe(II) 70.2
Doublet 2 11,797.3 1.01 2.59 0.50 Fe(Il) 29.8
11-15 cm Doublet 1 99,504.3 0.18 0.81 0.63 Fe(III) 69.6
Doublet 2 54,682.9 1.17 2.37 0.50 Fe(1I) 30.4
16—-20 cm Doublet 1 31,771.2 0.24 0.68 0.66 Fe(III) 70.6
Doublet 2 18,344.0 1.03 2.63 0.47 Fe(II) 294
2#
1-5 cm Doublet 1 24,268.2 0.18 0.79 0.61 Fe(II) 74.7
Doublet 2 11,7421 1.16 2.34 0.43 Fe(II) 253
6—10 cm Doublet 1 21,8334 0.25 0.67 0.63 Fe(III) 75.4
Doublet 2 9184.6 1.07 2.63 0.48 Fe(1I) 24.6
11-15 cm Doublet 1 77,207.1 0.24 0.67 0.62 Fe(II) 741
Doublet 2 37,246.1 1.04 2.63 0.45 Fe(1l) 259
16-20 cm Doublet 1 35,1383 0.19 0.10 0.67 Fe(III) 54.3
Doublet 2 34,504.4 1.47 1.76 0.57 Fe(1) 45.7
3#
1-5 cm Doublet 1 13,449.3 0.23 0.65 0.83 Fe(III) 67.3
Doublet 2 8333.9 1.03 2.61 0.65 Fe(1I) 32.7
6-10 cm Doublet 1 32,196.9 0.24 0.61 0.79 Fe(III) 74.6
Doublet 2 15,256.8 1.04 2.65 0.57 Fe(1I) 254
11-15 cm Doublet 1 30,525.5 0.22 0.68 0.76 Fe(III) 713
Doublet 2 15,815.3 1.05 2.60 0.59 Fe(II) 28.7
16-20 cm Doublet 1 26,917.5 0.25 0.66 0.61 Fe(III) 72.5
Doublet 2 12,743.7 1.02 2.62 0.48 Fe(1I) 27.5

2 Isomer shift.
b Quadrupole splitting.
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Fig. 5. Variation of high-resolution 2D images of Ppcr and S2~pgr fluxes in the water-sediment continuum before and after incubation episode after 30-day from the three
sampling sites. The black dashed lines indicate the water-sediment interface (WSI). PSqy and 1S5, refer to the pristine sediment and incubated sediment, respectively.

and 3#. The concentrations drastically decreased to 0.5, 0.1, and
0.01 mg L1, respectively, from about the 5 cm layer upward to the
top layer. The Fe2tpcr values obviously decreased to 2.9, 2.6, and
1.4 mg L' below 5 cm depth, and kept relatively steady toward
the 5 cm sedimentary depth at all of the sampling sites. Then the
concentrations dramatically reduced to 0.4, 0.2, and 0.03 mg L1,
respectively, upward towards the top layer of the sediment. Addi-
tionally, the FeZtpcr concentrations in overlying water at site 1#
were distinctly higher than those of the other two sediment cores.
Generally, roughly analogous changes were measured in all of the
sampling sites. However, site 1#, with high fluctuations of water
level, displayed more significant variations of Fe2*pcr concentra-
tions compared with the two other sites with relatively high water
depth.

3.6. Diffusion fluxes of SRP, S~ and Fe?* through the
water-sediment interface

Apparent diffusion fluxes of Ppcr, S2 per, and FeZtper across
the water-sediment continuum of the three sampling sites of the
lake are shown in Fig. 7. Obviously positive flux values of these
parameters were determined at all the research sites. The highest
fluxes of Ppgr and Fe2tpcr in pristine sediment cores, up to 0.015
and 1.3 ug (cm? s) ~1, respectively, were found in sampling site
1#. Higher S2~p¢r fluxes were also monitored at site 1#. It is note-
worthy that the diffusion fluxes of all the parameters through the
water-sediment interface distinctly decreased with the execution
of the incubation experiments for all the sampling sites.
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4. Discussion
4.1. Fe bound P dominates the mobility of P in the sediment

Partition of P fractions indicates the different mobility and re-
supply potential of P from the solid sediment to the aqueous so-
lution. MgCl,-P, which is associated with the solid surface and the
compound by weak physical and chemical interactions, can be di-
rectly adsorbed by aquatic organisms as the most labile P pool
(Aminot and Andrieux, 1996). This implies the resupply potential
of labile P to the solution phases even when the concentrations of
this pool are relatively low compared with other P fractions. Grad-
ually increasing MgCl,-P concentrations from the bottom toward
the top layer especially at sites 1# and 3# suggested the accumu-
lation of this kind of P phase in the upper layer of sediment. This
tendency was also observed in other aquatic environments such as

Lake Erken (Rydin, 2000), Lake Taihu (Yuan et al., 2019), and the
Peru Margin (Jaisi and Blake, 2010). However, inverse decreasing
trends on the sediment profiles were detected in other water bod-
ies, such as Chesapeake Bay, etc. (Joshi et al., 2015). These results
may be attributed to differences in resupply dynamics of labile P
pools. Additionally, research site 1# displayed relative stability and
homogeneity of labile MgCl,-P concentrations across the whole
sediment column except for a few outliers. All these variation char-
acteristics suggested different bonding effects on the surface of
sediment particles between free phosphate and fixed P-containing
minerals, which consequently controlled sorption-desorption pro-
cesses under various conditions including fluctuating water depth.

Significant increases of Fe-P upward from the bottom layer
were observed in site 2#, which had the highest water level, in-
dicating it was the most stable burial environment in this lake.
Low values of Fe-P suggested a reduced layer with low redox
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potential under the thin oxidized zone, where P bound to ferric
(oxy)hydroxides (FeO(OH)) may be released due to the reduction
of ferric ions to ferrous ions inducing the decrease of particle P
(Borch et al., 2007). An upward increasing trend of this kind of
P phase was normally investigated in aquatic ecosystems without
dramatic variations of water level (Ruban et al., 1999; Liu et al.,
2019). Under anoxic/anaerobic conditions, Fe(Ill) can be reduced to
Fe(Il) as electron acceptor and consequently dissolves in the water
phase together with the release of phosphate in the deep layer of
the sediment (Aminot and Andrieux, 1996). The most significant
positive correlations (R2=0.927, P<0.01) were observed between
MgCl,-P and Fe-P compared with Ca-P in sediment of site 2#, indi-
cating that the Fe-P phase potentially contributes to the deposition
of labile P in steady anoxic conditions with deeper overlying water.
It is interesting that the sites 1# and 3#, having relatively lower
overlying water levels than site 2# displayed homogeneity in Fe-P
concentration across the whole sedimentary depth. Weak correla-
tion between MgCl,-P and Fe-P was discovered in sites 1# and 3#.
DO can penetrate into surficial sediment when the water is shal-
low, which may result in the more extensive oxidation of sediment
(Kreling et al., 2017). This process favors the re-oxidation of labile
Fe(Il) into Fe(Ill) and the corresponding dissociation of phosphate
in oxic episodes, which can further lead to the immobilization of
P as solid particle P phase in lacustrine ecosystems. Higher SRP
concentrations (Fig. 2j) were also detected in pore water of sedi-
ment from site 2#, indicating that the Fe-P was mobilized to be
desorbed into the aquatic phase into the deep-water environment
in anoxic episodes. However, these notions need further direct ev-
idence.

Ca-P accounted for higher ratios (>50%) of Pi, except for a
few outliers, across the whole profile in all the sampling sites,
compared with potentially mobilizable phases, including MgCl,-
P and Fe-P. However, detrital and authigenic -origin Ca-P tended
to remain relatively stable in accumulation characteristics during
the sedimentation history (Ruttenberg and Berner, 1993). Measure-
ments of phosphate oxygen isotopes (8'30p) in the sediment from
different aquatic environments also revealed that Ca-P possessed
lighter isotope values (Joshi et al., 2015; Yuan et al., 2019). This
demonstrated that Ca-P was locked in and remained largely unal-
tered after its formation and precipitation as Ca-containing miner-
als in the sediment. Weaker correlation detected between Ca-P and
mobile MgCl,-P (R2=—0.429, P<0.05) in site 2# with more stable
sedimentary conditions, further suggested the inconspicuous con-
tribution to the mobile P fraction.

Additionally, Po in the sediment from these lake regions ac-
counted for between 5-49% of TP. Increasing Po proportion from
the top layer downward indicated the preferential degradation and
mineralization into Pi in deeper layers. Po compounds were of-
ten considered as part of the refractory P. However, Po compounds
were composed of labile fractions which can re-mineralize into the
Pi fraction and played a significant role in P cycling (Pant et al.,
2002). Po was often present in natural OM from various sources
(Bedrock et al., 1995). C/N can be used to speculate the source of
OM in the sedimentary particles settling into the lakes (Xia et al.,
2021). Plant groups mainly contribute to the lake OM and display
different ranges of C/N ratios: algae-derived OM (phytoplankton)
typically possesses C/N mass ratios of 4 to 10, while aquatic macro-
phytes range from 10 to 50, and vascular terrestrial plants gen-
erally have values higher than 20 (Contreras et al., 2018). There-
fore, C/N varying from 8.0-11.0 in this research suggests the pre-
dominantly algae-derived source of OM in the sediment. The de-
creased trend toward the upper layer suggested the aggravation
of algae biomass following the anthropogenic activities around the
lake. The low TOC values in the deeper sediment layer might be
due to the greater degradation rates of OM under aerobic scenario,
rather than anaerobic, conditions (Pant et al., 2002), which induced
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Table 4
Calculated output values of R, Ky, T, ki, and k_; for surficial sediments of dif-
ferent sampling sites using DIFS model.

Depth R Kq T ky k_4

Site cm®g! s s1 s1

1# 1 0.069 57.955 9.999E+06 1.00E-07 4.22E-09
2 0.219 52.008 9.999E+06 1.00E-07 4.17E-09
3 0.326 48.646 8.156E+05 1.23E-06 5.09E-08
4 0.380 78.803 2.429E+05 4.12E-06 1.01E-07
5 0.349 52.544 3.730e+05 2.68E-06 8.93E-08

2# 1 0.011 35.026 9.999E+06 1.00E-07 1.15E-08
2 0.026 29.187 9.999E+06 1.00E-07 1.03E-08
3 0.041 38.654 9.999E+06 1.00E-07 7.26E-09
4 0.141 45.625 9.999E+06 1.00E-07 4.96E-09
5 0.175 40.055 9.999E+06 1.00E-07 4.63E-09

3# 1 0.056 36.558 9.999E+06 1.00E-07 6.63E-09
2 0.135 35.586 9.999E+06 1.00E-07 6.30E-09
3 0.139 30.943 9.999E+06 1.00E-07 7.98E-09
4 0.123 30.214 9.999E+06 1.00E-07 6.59E-09
5 0.097 23.890 9.999E+06 1.00E-07 6.39E-09

the degradation of Po in the sediment, especially at site 1# having
deeper water. Furthermore, C and N stable isotopes (13C and 1°N)
are also frequently used to identify the source of OM deposited in
the lakes (Li et al., 2018). The decreasing upwards trend of §13C
and 813N values also indicated the alternation of OM sources dur-
ing sedimentation processes. The §13C values of endogenous algae
in the lakes normally ranged from —31 to —24%. (Meyers, 2003).
The §'°N values of macroalgae commonly varied between 0.5 and
13.8 %o (Cole et al., 2004). Generally, C/N along with §'3C and §'°N
illustrated that the increasing algae detritus induced the accumu-
lation of biogenic P-containing OM in the sediment. The degrada-
tion of OM and reduction of Fe oxy(hydr)oxides could simultane-
ously trigger the release of phosphate into the pore water from Po
and Fe-P in sediments during the diagenetic processes (Egger et al.,
2015). However, it should be noted that the relatively long half-life
(several to dozens of years) of Po compounds indicated that the re-
supply potential of labile P fraction was inconspicuous in the sed-
iment (Ahlgren et al., 2005, 2006; Reitzel et al., 2006; Ding et al.,
2013; Yuan et al.,, 2020). The predominance of Fe-P release within
a short time in lacustrine sediment systems contributing to the in-
crease of the labile P fraction in the lakes deserves further consid-
eration and explicit evidence.

4.2. Re-mobilization dynamics of SRP evaluated using the DIFS model

The output values of dynamic parameters for labile P fraction
in 5-cm sediment depths, including R, Ky, Tc, kq, and k_;, were
obtained using the DIFS model and are listed in Table 4. The gen-
eral downward increase of R values at all three sampling sites in-
dicated that phosphate depletion in pore water was supplemented
by solid phases for DGT uptake owing to higher labile P concen-
trations controlled by the reduction of Fe-P in the deeper layers.
Higher R values indicated more significant resupply efficiency and
potential bio-availability of labile P in the sediment, which further
contributed to higher labile P concentrations in the pore water
in deeper layers (Monbet et al., 2008). Response time (T.) gener-
ally decreased with depth downward at site 1#, with its low wa-
ter depth. T, values are sensitive to the variation of R values in
the DIFS model (Lehto et al., 2008). Lower T, values together with
larger R values in this study further demonstrated the significant
resupply capacity of labile P from sediment particles to interstitial
water when the sediment tends to be anaerobic.

Fig. 8 plots the time-dependence curves of R values for labile
P in the 5-cm sediment depth layer, which were principally dom-
inated by both the desorption of sediment particles into the pore
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Fig. 8. Time-dependence of R values for different superficial sediment layers (1-5 cm) and model lines fitted using the DIFS model.

water and the accompanying diffusion efficiency to the diffusive
layer of the DGT device (Harper et al., 2000; Sochaczewski et al.,
2007). The initial increase of R curves may be attributed to the
dramatically steep linear diffusion of labile P from the interstitial
water toward the diffusion layer of the devices (Lehto et al., 2008).
Progressive decline after the peak value of R occurred due to the
limit to the resupply induced by the consumption of labile P near
the DGT device along with the low desorption rate from the solid
sediment phase (Heidari et al., 2017; Guan et al., 2017). R accu-
mulation curves confirmed the considerable re-mobilization and
transport capacity of mobile P fractions including Fe-P from the
solid sediment to the pore water as well as overlying water via dy-
namic diffusion. Additionally, K4 can also exert influence on the R
values together with T.. Obvious positive correlation was found be-
tween K4 and R (R?2=0.688, P < 0.01), which further reflected the
remarkable influence of solid sediment exchanging with the solu-
tion in the sediment system. Obviously higher k; than k_; values

1

suggested stronger adsorption potential rather than desorption for
the solid sediment across the whole sediment profiles of the re-
search sites (Heidari et al., 2017).

Generally, higher R values combined with other dynamic pa-
rameters indicated that continuous resupply of labile phosphate at
deep layers influenced the concentration gradient of labile P, espe-
cially at site 1#. This effect was driven by both desorption of mobi-
lizable MgCl,-P and reduction of Fe-P in sediment, especially under
anaerobic conditions in deep sediment. This dynamic process was
responsible for the increasing concentrations of SRP in overlying
water of lacustrine ecosystems. It is noteworthy that lower R val-
ues and higher T, at similar sediment layers were found at sites 2#
and 3#, both having higher water levels. This indicated that more
significant fluctuations of water depth potentially contributed to
the desorption and resupply of labile P from the solid phase to the
aqueous solution. However, this speculation needs further research
and evidence.
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4.3. Potential regulation of Fe-P by water-level fluctuation

Fig. 5 shows the high-resolution 2D variations of Ppgr and
S2-per fluxes at the water-sediment interface before and after
incubation. Significant decreases of these two analytes were de-
tected after incubation. Fig. 6a-f also depicts the variations of Ppgr
and S* pcr concentrations through the water-sediment contin-
uum, and exhibits the distinctly reduced trend, especially at sites
1# and 3# with relatively low water depth. Concentrations of Ppgr
and S2-p¢r decreased by more than half compared with the pris-
tine sediment columns within a short time (30 days), which was
obviously quicker than the known Po mineralization rates (several
to dozens of years in natural environments) for the resupply of la-
bile P fractions from solid phase to aqueous solution. In addition,
FeZtper concentrations also significantly decreased by more than
half in each microcosm after the incubation relative to the pris-
tine sediment cores (Fig. 6g-i). This clearly indicated the rapid re-
oxidation of Fe(Il) ions into Fe(Ill) and the existence of the solid
particle phase due to the reduction of water depth together with
an increase of penetration depth of DO in the water-sediment con-
tinuum. Synchronous sorption and immobilization of labile phos-
phate accompanied the shift of Fe(Ill) and Fe(Il) phases due to the
oxidation of sediment modified by water depth. Note that more
obvious fluctuations in Ppcr and Fe2*per concentrations werefound
at about 1-5 cm depth, indicating that the desorption activity prin-
cipally happened in this sedimentary layer. This active layer depth
was slightly deeper than in the existing data (ca. 0.5-10 mm)
(Stockdale et al., 2009; Gao et al., 2016; Han et al., 2017), indicat-
ing the larger range of resupply source of labile analytes from the
deeper layer of sediment that is mediated by water level.

It is interesting that the generally higher Ppcr and Fe?*per
fluxes and concentrations were found at site 1#, which had the
lowest water depth and highest DO concentration relative to the
other sites before and after the incubation experiments. Méssbauer
measurements indicated that a relatively higher Fe(Il) fraction was
generally detected in the sediment column from site 1# (Table 3).
It is speculated that more frequent water-level fluctuations due to
hydrological and meteorological conditions of the lake basin ex-
erted stronger influence on the Fe phases in those lake regions
having shallow water depth (Dijkstra et al., 2014). The comparable
Fe(Ill)/Fe(Il) phase ratios to total Fe at different sediment depths
supported the frequent fluctuations of water level in this lake,
which was significantly different from findings at Taihu Lake which
had downward increasing Fe(Il) concentrations toward the deeper
sediment layer (Yuan et al,, 2019). Comparable Fe-P concentrations
across the whole sediment profile from site 1# further supported
this inference. Nriagu and Dell (1974) proposed that crystalline Fe-
containing minerals are remarkably more stable than amorphous
ferric phosphate. However, amorphous Fe(Il)-containing minerals
in association with P, such as chlorite and/or siderite, were formed
and preserved in the sediment via the transition of aerobic and
anoxic episodes. The investigation of Rozan et al. (2002) indi-
cated that significant amounts of phosphate could be sequestered
in amorphous iron phases. This was corroborated by the incon-
spicuous fluctuation of total Fe concentrations (Fig. 2a) across the
whole sediment column. This enrichment action, predominantly
controlled by oxygen resupply conditions during the diagenetic
process, may have led to higher proportions of both labile P and
Fe(Il) phase at site 1# experiencing multiple variations even at
low-water levels. A higher proportion of crystal Fe(Il)-containing
minerals existed at sites 2# and 3# with their relatively stabilized
deposition environments, which was responsible for the low con-
centrations of reducible Fe-P and labile Fe(Il) phase. These pro-
cesses contributed to the occurrence of high Fe(Il) concentration
and subsequent reductive dissolution in the sediment when the
DO values in the microcosms were high, under low water-level
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conditions (Lucotte et al., 1994; Anschutz et al., 1998). The incu-
bation experiments proved that Fe (II) mineral coating by the ox-
ide with P can be desorbed and released into water within a short
time, which resulted in the high labile Fe(Il) concentration when
the water depth became high and caused the reduction scenario
(House and Denison, 2000). This desorption and resupply effect for
the labile P in the lake water was notably faster than the Po degra-
dation and mineralization effect mentioned in Section 4.1.

Finally, significant decreases of diffusion fluxes of labile Ppgr
and S* per across the water-sediment interface was detected at
each microcosm with low overlying water depth after the 30-
day incubation compared with pristine sediment (Fig. 5). High-
resolution DGT measurements and kinetics calculation demon-
strated that the variation of water level can modulate the occur-
rence of P and Fe phases within a short time scale. The incubation
experiments revealed that higher water depth induced the desorp-
tion of P bound to Fe-containing minerals into pore water and its
accompanying diffusion upward into overlying water, which poten-
tially facilitated the enrichment of labile P mass and fueled the eu-
trophication in the lake.

4.4. Synergistic regulation of sulfide on P regulation controlled by
water depth

Furthermore, obvious decreases of $2~p¢r fluxes and concentra-
tions were also observed in the sediment, suggesting the rapid re-
oxidation of S2~ into S° following by SO42~ in oxic episodes at
shallow water depth in the microcosm. Reductive dissolution of
Fe(Ill) phases through reactions with sulfide can result in the dif-
fusion of labile P bound to Fe(lll)-containing minerals and Fe(Il)
ions (Eq. (7)) (Kiister-Heins et al., 2010; Li et al.,, 2016). Reduced
diffusion fluxes of S p¢r (Fig 5) from the sediment toward the
overlying water at all the research locations further suggested the
oxidization and fixation of a higher valence state of sulfur due
to the decreased water depth. Similar to the results proposed by
Sun et al,, (2016), remarkable accumulation of S~ with sedimen-
tary depth was detected at about 5 cm depth in the pristine sed-
iment columns, indicating the preferable enrichment of S~ un-
der anoxic conditions. The incubation experiments demonstrated
the obvious oxidation of S~ under low water-level conditions and
its converse reduction in high water-depth episodes on a short
time scale. Sulfide in interstitial water was principally generated
from SO42~ reduction as electron acceptor in anaerobic episodes
(Naylor et al., 2004; Zhao et al,, 2019). The SO42~ reduction can
trigger the production of FeS and the acidification of the sediment
system, which furthers the activation and desorption of P bound
to Fe(Ill) (oxy)hydroxides in deep layers (Eq. 8) (O’Connell et al.,
2015; Norgbey et al., 2020).

2FeO0H+3S%~+4H*=2FeS+S°+4H,0 (7)

Fe3(PO4),-nH,0+352~+6H*=3FeS+2H,P0,~+ nH,0 (8)

Similarly, by comparing the pristine and incubated microcosms,
high-resolution 2D and 1D images of S2~ fluxes and concentrations
show that the shift from S2~ to SO42~ was also accelerated in the
sediment-water system via the DO content variation caused by
water depth fluctuation. Higher S2-pcr fluxes and concentrations
were found at site 1#, at the surficial sediment within about 5 cm
depth where the chemical action and/or microbial actions includ-
ing sulfate-reducing bacteria or sulfur-oxidizing bacteria at differ-
ent DO conditions varied with water depth (Wu et al., 2019). Ad-
ditionally, the occurrence of $*~ in the sediment facilitated the re-
duction dissolution under hypoxic conditions with the increase of
lake water level. In general, our investigations indicated that fre-
quent fluctuations of water depth in the lake over time stimulated
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Fig. 9. Schematic of P-Fe-S cycling near the WSI as lake water levels change.

the formation and retention of sulfide in the sediment, and the
subsequent acceleration of the desorption of the labile P fraction
associated to the Fe(Ill) (oxy)hydroxides into the aqueous solution
under the low DO scenario (Fig. 9).

5. Conclusions

High-resolution in-situ fluxes of labile Ppcr, Fe**per, and S per
were determined using novel DGT techniques, which displayed sig-
nificant differences at the water-sediment interface in the various
regions of a lake with frequent water-level fluctuations. These ana-
lytes in microcosms with low water depth and high DO concentra-
tions obviously decreased after incubation of 30 days, indicating
that water-level fluctuation significantly influences adsorption-
desorption processes of the P bound to Fe-containing minerals
within a short time. Higher labile Ppgr, Fepcr, and S2~per con-
centrations were detected at the shallow lake region with more
drastic water-depth variations compared with the lake regions
with relatively stable water levels. This might be due to the fre-
quent adsorption-desorption of phosphate from the sediment par-
ticles to aqueous solution dominated by the variation in oxygen
supply. The water-level fluctuations resulted in looser binding on
the solid sediment and easier desorption under aerobic conditions,
even when the water depth was lower than in other lake regions.
Generally speaking, frequent fluctuations of water depth in the
lake over time facilitated the formation and retention of sulfide
and Fe(Il) in the sediment, and the subsequent desorption of the
labile P fraction associated to the Fe(Ill) (oxy)hydroxides into the
aqueous solution when the water depth became high. These find-
ings improve insights into the resupply of labile P from Fe-P due
to water-level fluctuation in hypereutrophic lakes.
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