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Abstract
Purpose Desorption of phosphorus (P) bound to iron-containing minerals (Fe-P) is a crucial component of the eutrophication
process in lakes. However, the main process and regulation mechanism of iron (Fe) and sulfur (S) on P release is little known
because of a lack of in situ high-resolution data. High-resolution measurement evidence is needed to assess the availability and
diffusion kinetic process of P at the water–sediment interface.
Materials and methods Soluble reactive phosphate (SRP), ferrous ion (Fe2+), and sulfide (S2−) fluxes through the water–
sediment interface in a freshwater lake were detected using the novel double-sided diffusive gradients in thin films (DGT)
technique. Different P forms in solid sediment were also measured using the sequential extraction procedure. The diffusion
fluxes across the water–sediment interface and dynamic diffusion parameters between solid sediment and solution were calcu-
lated using the DGT-induced fluxes in sediments and soils (DIFS) model.
Results and discussion There was a clear decrease of the SRPDGT, Fe

2+
DGT, and S

2−
DGT fluxes from ~5 cm sediment depth to the

water–sediment interface. The significant positive correlation between SRPDGT and Fe2+DGT fluxes in the whole profile dem-
onstrates that Fe-P was a vitally important source of labile P in the solution phase. The significant positive fluxes of SRPDGT and
Fe2+DGT indicated upward diffusion from the sediment particle toward the overlying water. This process further indicated the
desorption and resupply of SRP and Fe2+ from the solid sediment phase and the synergistic effect between these two parameters.
In addition, a gentler decline of R curves fitted with the DIFS model was found as the sediment depths increased, which
suggesting the continuous resupply process from solid phase to pore water, especially under anaerobic conditions.
Conclusions The novel DGT technique in combination with DIFS analysis confirmed the considerable remobilization and
transport capacity of labile P fractions including loosely adsorbed MgCl2-P and reductive Fe-P. These pools can diffuse from
sediment particles to the interstitial and the overlying water, and can be further assimilated by organisms in shallow lacustrine
ecosystem.
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1 Introduction

Phosphorus (P) concentrations are strongly related to the de-
terioration of water quality, eutrophication occurrence, and the
excessive multiplication of cyanophyta in lacustrine ecosys-
tems (Giudice et al. 2018; Fink et al. 2018). Following inten-
sive human activities, a large amount of P is discharged into
lakes and finally accumulates in the sediments via exogenous
inputs such as terrigenous runoff, agricultural fertilizer, and
aquaculture (Elsbury et al. 2009; Horppila et al. 2017). As a
net sink of contaminants including P, sediment can serve as
endogenous sources of P to the water for several years, even
after the external load of P in lacustrine ecosystem is restored
to the tolerable level (Rydin 2000; Han et al. 2018). This
endogenous release can resupply labile P load to the water,
which is comparable to the external source (Dittrich et al.
2013). Previous studies have shown that P can desorb and
release from the sediment into the water through physical
and biochemical reactions including mineral phase solubility,
advection, ion exchange, molecular diffusion, and redox reac-
tions, as well as biologically mediated changes (Kim et al.
2003; Perrone et al. 2008; Shinohara et al. 2012). These pro-
cesses can unbalance the aquatic environment and result in
further eutrophication of the lake. Traditional sequential
chemical extractions using given extractants have shown that
P binds to different solid phases such as Fe, Al, Ca-containing
minerals, and organic matter (OM) in the sediments in various
ways, which can affect their potential for remobilization and
resupply in lacustrine ecosystems (Ruttenberg 1992; Ruban
et al. 1999b; Pardo et al. 2003). Precise understanding of P
burial and diagenesis characteristics in the sediments and the
interaction between the overlying water and the solid sediment
particles is crucial for the management and recovery of eutro-
phic lakes.

The environmental geochemical behavior of P near the
water–sediment interface in aquatic ecosystems is univer-
sally considered to be crucial because of transformations in
the speciation and/or mobility (Simpson et al. 2019). These
processes were induced by the dynamic actions including
remobilization or sequestration from minerals or organisms
present in the surface sediment (Selig 2008; Monbet et al.
2008; Cesbron et al. 2014). The water–sediment interface
is often characterized by sharp gradients of different phys-
ical and chemical parameters such as pH, dissolved oxygen
(DO) contents, redox potential, dissolved reactive phos-
phorus (DRP), and dissolved metal ions within small dis-
tances (Stockdale et al. 2009; Yuan et al. 2020a). Diffusion
of DO from the atmosphere to the surficial sediment can
result in an oxidized micro-zone in the water–sediment
interface, which may vary in depth depending on biologi-
cal activity, temperature, and DO demand. The thin oxi-
dized zone is underlain by a reduced layer with low redox
potential, in which P bound to ferric (oxy)hydroxides

(FeO(OH)) may be released by the reduction of ferric to
ferrous ions (Olila and Reddy 1997). Therefore, concentra-
tion of DRP in the water–sediment continuum may be pre-
dominantly controlled by the distribution of FeO(OH) via
redox-mediated processes including adsorption and de-
sorption (Chen et al. 2018). This boundary-layer transfer
is an important factor affecting external and internal ex-
change of P (Riber and Wetzel 1987). Two basic dynamic
processes are related to the release of P near the water–
sediment interface. These are the resupply of solid P in
the sediment to the interstitial water through the release
of P from the binding sites and the upward diffusion of
labile P in interstitial water via the concentration gradients
near the boundary layer (Ding et al. 2013). Accurate un-
derstanding of dynamic process between the solid sedi-
mentary phase and aqueous phase are essential for P
cycling and the management and removal of excess P in
lacustrine ecosystems.

The environmental geochemical behavior of iron (Fe) and
sulfur (S) in the sediments can affect both mobility of P in the
water–sediment continuum and the availability of P to aquatic
organisms (Baldwin and Mitchell 2012; Norgbey et al. 2020).
The DO content is one of the main factors controlling P
cycling (Cesbron et al. 2014). The integration of P with iron
oxyhydroxides (Fe(OOH) (i.e., Fe-P) is also critical for the
immobilization of labile P fraction in sediment. Conversely,
the reductive dissolution of P bound to Fe-containing min-
erals in the sediment particles under anoxic conditions is con-
sidered to be important for the release of P to the interstitial
water and the subsequent diffusion into overlying water
(Rooze et al. 2016). Furthermore, both microbial iron reduc-
tion and sulfate reduction will occur under anoxic conditions,
and S cycling is consequently stimulated and involved in Fe-
P cycling (Hall et al. 2006; Flynn et al. 2014; Wu et al. 2019).
Iron reduction could induce the dissolution of Fe oxides to
labile ferrous iron (Fe2+), whereas sulfate (SO4

2−) reduction
results in the generation of H2S (Sun et al. 2016). Ferric Fe
(Fe3+) and SO4

2− can be simultaneously reduced by hetero-
trophic bacteria as terminal electron acceptors and induce the
accumulation of labile Fe2+, PO4

3−, and sulfide (S2−) (Hansel
et al. 2015). This process favors the formation of secondary
Fe-containing minerals such as Fe sulfides (FeSx) and/or
vivianite during anoxic episodes and the dissociation of phos-
phate, which can further fuel the eutrophication in lacustrine
ecosystems (Egger et al. 2015). Chen et al. (2016) and Zhao
et al. (2019) proposed that a high S2− concentration can stim-
ulate P mobilization in freshwater lake using the peeper tech-
nique. However, because of the heterogeneity of sediment at
a small and/or microscale, simultaneous detection of the
chemical components at a high spatial resolution is crucial
for the examination of the environmental geochemical behav-
iors of these parameters, such as bioavailability and diffusion
kinetic processes.
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Previous studies mostly focused on ex situ chemical ex-
traction methods for the estimation of the P, Fe, and S la-
bility in lacustrine sediment, which were used to measure
the concentration of different fractions bound to various
minerals (Gao et al. 2016). Traditional chemical extraction
procedures are mainly based on the response to chemical
reagents by operational definition rather than on an in situ
reflection of the involved analytes (Egger et al. 2016; Sun
et al. 2016). Some recent studies have also focused on the
biogeochemical cycling of Fe and S concerned with the P
mobility in freshwater ecosystems by manipulating micro-
cosm to mesocosm experiments (Chen et al. 2018; Sun
et al. 2019). However, high-resolution in situ visual explo-
ration of the availability, dynamics, and the remobilization
characteristics of Fe, P, and S at the water–sediment inter-
face of lakes currently remain limited.

Diffusive gradients in thin films (DGT) is a novel and in
situ technique for the assessment of the potential of solute
resupply of labile analytes such as PO4

3-, Fe2+, and S2− from
solid sediment phase to aqueous phase at a high spatial
resolution (Zhang and Davison 1995; Alexa et al. 2009;
Wang et al. 2019). A DGT device is composed of a binding
layer and a diffusion layer and can maintain the flux of the
solute controlled by diffusion from the interstitial water into
the binding phase through the diffusion layer (Harper et al.
2000; Ding et al. 2010). The DGT-measured fractions con-
sist of solute from interstitial water and the further resupply
by the sediment solids. In brief, the uptake process of DGT
simulates the dynamic interaction between solid and solution
of analytes in the sediment (Santner et al. 2010). The DGT
method can enable high-resolution two-dimensional (2D)
distribution images of analytes and supply visual heteroge-
neity in sediment microstructure on a submillimeter scale
(Han et al. 2017, 2018). Here, we employed the double-
sided DGT (Zr-oxide DGT and ZrO-CA DGT) method
alongside traditional analysis technologies for the synchro-
nous measurement of heterogeneous changes of soluble re-
active P (SRP), Fe2+, and S2− in the water–sediment inter-
face in a representative lacustrine ecosystem at a high spatial
resolution. Relative to independent Zr-oxide DGT and ZrO-
CA DGT devices, this integrated double-sided DGT device
allows synchronous measurement without destruction of the
pristine sediment samples. The aims of this study were as
follows: (1) to obtain high-resolution in situ visual occur-
rence characteristics of SRP, Fe2+, and S2− in the water–
sediment interface using the advanced DGT technique; (2)
clarify the desorption mechanism of the labile P fractions
depending on Fe2+ variation in sediment due to the change
of redox states; and (3) elaborate the resupply processes of
labile P fractions from the solid sediment particles to the
overlying water of the lake, which potentially fuel eutrophi-
cation, using the DGT-induced fluxes in sediments and soils
(DIFS) model.

2 Material and methods

2.1 Sample collection and processing

Three sets of parallel sediment columns overlaid with undis-
turbed overlying water were carefully collected from repre-
sentative regions (SJH1#, SJH2#, and SJH3#) using a colum-
nar sampling instrument (acrylic glass tubes, 8-cm inner di-
ameter) in June 2020 from Shijiuhu Lake (31° 27′–31° 32′ N,
118° 48′–118° 58′ E), a freshwater shallow lake located in the
lower Yangtze River basin, Eastern China (Fig. 1). Overlying
water samples were simultaneously collected simultaneously
from these sites. Excessive nutrients including P were
discharged into the lake through runoff and/or the river be-
cause of the increasing anthropogenic activities such as in-
creasing agricultural activities, wastewater discharge, and
aquaculture (Wang et al. 2013). As a result, P gradually dete-
riorates the water quality of the lake and has fueled eutrophi-
cation of the lake, which has attracted wide attention. One set
of the collected sediment cores were carefully sliced into
pieces at 1-cm intervals in the field. The obtained subsamples
were put into a cooler, transferred to the laboratory and kept at
4°C. After freeze-drying with a lyophilizer and grinding, the
sediment particles were passed through a 100-mesh sieve,
after which, physicochemical parameters analysis was per-
formed. Other undisturbed sediment columns were moved
into the laboratory and used for DGT analysis and subsequent
DIFS modeling.

The DO content, water depth (WD), temperature (T), elec-
trical conductivity (EC), redox potential (Eh), and pH values
of lake water were measured simultaneously in field using a
portable water quality analyzer (HACH SL1000, Japan). Total
P and SRP concentrations in the water were detected using
molybdenum blue colorimetry (Ruban et al. 2001). Total or-
ganic carbon (TOC) content of the water sample was mea-
sured using the combustion oxidation-nondispersive infrared
absorption method. After filtration through 0.45-μ. Total or-
ganic carbon (Whatman USA), the dissolved organic carbon
(DOC) content was measured using a method similar to that
for TOC. Finally, the total nitrogen (TN) content was detected
using colorimetric method after digestion with potassium
peroxodisulfate.

Interstitial water in the sediment column was collected via
centrifugation for 30 min at 4500 rpm and further filtered
through a 0.45-μm GF/C filter membrane (Whatman, USA).
The concentration of SRP in interstitial water was measured
using molybdenum blue colorimetry (Ruban et al. 2001).

2.2 DGT deployment

Two different assemblies were used for high-resolution 2D
labile SRP (using Zr-oxide DGT) and sulfide (S2−) and ferrous
(Fe2+) flux measurement (using ZrO-CA DGT) through the
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water–sediment interface. The integrated double-sided Zr-ox-
ide DGT and ZrO-CA DGT devices (EasySensor, China)
were aerated using pure N2 flow for 12 h for deoxidation
before use. Subsequently, the DGT devices were carefully
vertically inserted into sediment cores collected from
Shijiuhu Lake and underwent a diffusive equilibrium period
of 24 h. Subsequently, the DGT devices were removed from
the sediment core, and then the gel surface was carefully
rinsed using deionized (DI) water. The temperatures of the
overlying water in the core were detected before and after
the deployment for the calculation of diffusive flux of the
analytes at the water–sediment interface.

After retrieval of the double-sided DGT assemblies from
the sediment column, the DGT was separated into indepen-
dent DGT devices, and the masses of P and S accumulated in
the binding gels were determined separately using the modi-
fied coloration CIDmethod (Ding et al. 2015). In brief, the gel
surface of the Zr-oxide DGT and ZrO-CA DGT device was
carefully rinsed using DI water and dried using filter paper.
The surfaces of the gel were scanned with a flat-bed scanner
(Canon 5600F, Japan) at 600-dpi resolution, which is equal to
a pixel size of 42 μm × 42 μm. The obtained images were
subsequently transformed into grayscale intensity with ImageJ
software (free downloaded from http://rsb.info.nih.gov/ij) for
the measurement of high-resolution S2− fluxes. In addition,
each gel from Zr-oxide DGT underlaid with wet filter paper

was heated using a hot plate for 24 h at 80°C, and then soaked
in the mixed molybdenum reagent for coloration (Murphy and
Riley 1962) for 60min at about 35°C. After the coloration, the
DGT staining assembly was rinsed repeatedly with cool water
at about 4°C and dipped in cool water for more than 5 min to
stop the development of color. The surfaces of the colored
hybrid film were also scanned with the flat-bed scanner
(Canon 5600F, Japan) at the 600-dpi resolution for the mea-
surement of high-resolution SRPDGT fluxes. The grayscale
intensities of the images after conversion to monochrome
were obtained with ImageJ software. The calibration curves
of the coloration CID were obtained by analyzing DGT pis-
tons containing S2− and PO4

3−-P with different concentrations
(Han et al. 2016). The calibration curves between accumulated
masses of P and S in the gel films and grayscale intensities of
corresponding analytes were fitted as exponential equations.
Finally, the grayscale intensities of scanned images in sedi-
ment samples were used to calculate the S2− and SRP accu-
mulation masses for each pixel according to the observed
calibration equations. The calculation method for the analyte
concentration measured using DGT (CDGT) was presented in
Yuan et al. (2020b).

Finally, after the measurement of S2− fluxes, the device
surface of the ZrO-CA DGT was immediately washed using
DI water, and then cut into small strips at 2-mm intervals.
These subsamples were moved into the centrifuge tubes and

Fig. 1 Location of the research areas and the sampling sites in Shijiuhu Lake
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subsequently extracted using 1.0 mol L−1 nitric acid (HNO3)
at room temperature for 24 h (Chen et al. 2017; Yuan et al.
2020a). The Fe2+ concentration in each extract was detected
using phenanthroline colorimetric methods.

2.3 Extraction of P fractions

Phosphorus pools in the sediment cores from Shijiuhu Lake
were sequentially fractionated using a modified SMT
(Standards Measurements and Testing Program of the
European Commission) extraction scheme (Ruban et al.
1999a, 1999b, 2001). In brief, 0.2 g of dried sediment sample
was soaked in different chemical extractants at a constant ratio
of solid to solution (1:100) for the extraction of the P fractions.
This protocol based on the operational definition of six inde-
pendent procedures can differentiate the P phases in sediments
into the following six major fractions: MgCl2-extractable P
(phase 1: MgCl2-P, weakly adsorbed P; extracted using
0.1 mol L−1 MgCl2 for 16 h); NaOH-extractable P (phase 2:
Fe-P, P bound to Fe/Al oxy(hydr)oxides; extracted with 1 mol
L−1 NaOH after phase 1 for 16 h); HCl-extractable P (phase 3:
Ca-P, P associated with Ca-containing mineral; extracted with
1mol L−1 HCl after phase 3 for 16 h); inorganic P (phase 4: Pi;
extracted with 1 mol L-1 HCl for 16 h); organic P (phase 5: Po;
extracted with 1 mol L−1 HCl for 16 h after calcination 3h at
450°C of residue from phase 4); and concentrated HCl-
extractable P (phase 6: TP, extracted using 3.5 mol L−1 HCl
for 16 h after calcining for 3h at 450°C). The phosphate con-
centration in the extractant was measured by molybdenum
blue colorimetry.

2.4 Apparent diffusive flux calculation

The apparent diffusive flux can be used to show the diffusion
direction and extent of dissolved contaminant between the
overlying water and surficial sediment (Ding et al. 2015;
Yuan et al. 2020a). 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. The
total fluxes were determined as follows:

J ¼ Jw þ J s

¼ −Dw
∂CDGT

∂xw

� �
x¼0ð Þ

−ϕDs
∂CDGT

∂xs

� �
x¼0ð Þ

ð1Þ

where J is the vector sum of labile analyte (SRP, Fe2+, and S2
−) fluxes (μg cm−2 s−1) of the overlying water and surficial
sediment. Jw and Js represent the analyte fluxes (μg cm

−2 s−1)
diffusing to the water–sediment interface from the overlying
water and sediment, respectively. (∂CDGT/∂xw)(x=0) and
(∂CDGT/∂xs)(x=0) represent the concentration gradients of ions
in the overlying water and the sediment, respectively. The
concentration gradient in this study was obtained according

to the distance of 5 cm toward the water–sediment interface
where x was defined as 0. φ refers to the porosity of the
surface sediment. Dw and Ds represent the diffusion coeffi-
cients (cm2 s−1) in the overlying water and sediment, respec-
tively. The Dw values can be obtained from Li and Gregory
(1974), whereasDs was obtained based on the empirical equa-
tion obtained by Ullman and Aller 1982):

Ds ¼ ϕ2Dw ð2Þ

2.5 DIFS model simulation

The one-dimensional (1D) DIFS model was recently
employed to evaluate the diffusion kinetics of various contam-
inants in the sediment system and exchange between the sed-
iment particle and the DGT interface (Harper et al. 2000;
Menezes-Blackburn et al. 2016). This model can give an in-
dication of the dependence extent of hypothetical dimension-
less R (see below) on diffusion capacity of labile analytes
including SRP from solid particle toward the solution (Lehto
et al. 2008). This resupply process was composed of both
diffusion of labile ions to the surface of DGT and further
accumulation into the resin gel through the diffusion layer
(Alexa et al. 2009). R can be used to reveal the resupply
capacity of the analyte at the solid/solution interface and can
be calculated as follows:

R ¼ CDGT

CPore water
ð3Þ

where CDGT is the concentration (μg L–1) of labile analyte
detected with DGT and CPore water represents the SRP concen-
tration (μg L–1) in pore water gained via centrifugation.

The exchange of labile analyte between the solid sediment
phase and the solution phase is governed by first-order kinet-
ics. The governing equations consisted of a couple of linked
partial differential equations (Eqs. 4 and 5) (Harper et al. 2000;
Wu et al. 2016):

∂C
∂t

¼ −k1C þ K−1PcCs þ Ds
∂2C
∂x2

ð4Þ
∂Cs

∂t
¼ k1C

Pc
−K−1Cs ð5Þ

where K1 and K-1 represent sorption constant and desorption
rate constants (s–1), respectively; Pc is the concentration (g
cm-3) of particles in sediment; and Cs refers to the concentra-
tion (mol cm–3) of labile fraction of analyte in the sediment
solid phase (Harper et al. 2000).

Other important kinetic parameters for DIFS model fitting
for surficial sediment, used to quantify adsorption/desorption
kinetics, were calculated as follows:
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Kd ¼ Cs

CPore water

¼ 1

Pc
⋅
k1
k−1

ð6Þ

Tc ¼ 1

k1 þ k−1
ð7Þ

where Kd represents the distribution coefficient of labile ana-
lyte fractions that can exchange with the water and Tc denotes
the response time (Ernstberger et al. 2002).

The other parameters required for DIFS model fitting of
surficial sediment at 5-cm depth are listed in Table 1.

2.6 Quantity control and data analyses

The glassware used in this research was washed with 5%
HNO3, and subsequent rinses using DI water. All reagents
are analytical grade. The 2D and 1D spatial distribution of
the SRP, S2–, and Fe2+ fluxes across the water–sediment in-
terface measured using DGT were generated with OriginPro
2017 64Bit (Originlab Inc., USA). Pearson correlation coeffi-
cient analysis was used for the calculation of correlation be-
tween each two variables. SPSS 20 for Windows (SPSS Inc.,
USA) was employed for the statistical analysis.

3 Results

3.1 Surface water properties

The key properties of overlying water from the sampling sites
are presented in Table 2. Significant variation of these param-
eters was found between these regions. The water depth of site
SJH2# was deeper than other regions. Relatively low DO
concentrations were detected at site SJH2#. The highest TN,
TOC, and DOC concentrations occurred at site SJH2#. High
alkalinity was detected in sites SJH1# and SJH2# relative to
SJH3#. A higher TP concentration was measured in site
SJH2# than sites SJH1# and SJH3#. The highest SRP concen-
tration was found at site SJH1#.

3.2 P fractions in the sediment and interstitial water

Figure 2 shows the concentration of different P pools
extracted using the improved SMT method in sediment
cores from different sites of the lake. In general, the re-
coveries of the extraction of the different P pools varied
between 85 and 110%, except for a few outliers, indicat-
ing that the extraction procedure was believable. The TP,
weakly adsorbed MgCl2-P, Fe-P, Ca-P, Pi, and OP con-
centrations at three sampling sites were relatively homol-
ogous with depths, increasing in the order MgCl2-P < Fe-
P < Ca-P throughout the whole sediment profile. Site
SJH2# had higher Fe-P values relating to its higher initial
Fe concentration. Similarly, a greater Ca-P concentration
was detected in majority of the sediment layers at site
SJH3#, which was shown to have the higher Ca concen-
tration. Ca-P constituted the largest fraction of 20.7 to
69.4% of the TP concentrations. A general decrease in
MgCl2-P, Fe-P, and Ca-P concentrations was shown with
decreasing depth until water–sediment interface at sites
SJH1# and SJH2#. However, there was fluctuation in
the concentrations of different P phases along the entire
sediment depth at site SJH3#; the concentrations for
MgCl2-P, Fe-P, and Ca-P upward increased until 7-cm
depth and then decreased until water–sediment interface.
Exchangeable MgCl2-P contributed increasing fractions
from 0.9 to 3.4% downward to the bottom layer. Fe-P
consisted of the second largest fractions of the TP pool
(22.3–41.0%). The Pi phase profile formed an approxi-
mate mirror image with Ca-P across the whole sedimen-
tary depth and comprised larger fraction of the sedimen-
tary P pool than Po, which was < 50%, except for few
outliers. In addition, Po did not display mild vibration on
the whole profile, and site SJH2# had higher Po concen-
trations than other lake regions. The Pi concentrations
were normally higher than Po in all the sediment columns
from the lake. A significantly increase of TP concentra-
tions from 401.0 to 617.3 mg kg−1 toward the sediment–

Table 1 Calculated input values of parameters in sediment at 5-cm
depth involved in DIFS model

Site Depth Δg a T b φd
c φs

d D0
e Ds

f Pc
g

cm cm h - - cm2 s-1 Cm2 s-1 g cm-3

SJH1# 1 0.09 24 0.75 0.845 5.74E-06 5.56E-06 0.486

2 0.09 24 0.75 0.836 5.74E-06 5.47E-06 0.520

3 0.09 24 0.75 0.833 5.74E-06 5.44E-06 0.533

4 0.09 24 0.75 0.830 5.74E-06 5.41E-06 0.544

5 0.09 24 0.75 0.830 5.74E-06 5.41E-06 0.543

mean 0.09 24 0.75 0.835 5.74E-06 5.46E-06 0.525

SJH2# 1 0.09 24 0.75 0.834 5.74E-06 5.46E-06 0.526

2 0.09 24 0.75 0.811 5.74E-06 5.24E-06 0.618

3 0.09 24 0.75 0.819 5.74E-06 5.31E-06 0.585

4 0.09 24 0.75 0.795 5.74E-06 5.09E-06 0.684

5 0.09 24 0.75 0.779 5.74E-06 4.95E-06 0.754

mean 0.09 24 0.75 0.808 5.74E-06 5.20E-06 0.633

SJH3# 1 0.09 24 0.75 0.856 5.74E-06 5.67E-06 0.445

2 0.09 24 0.75 0.839 5.74E-06 5.50E-06 0.507

3 0.09 24 0.75 0.838 5.74E-06 5.49E-06 0.514

4 0.09 24 0.75 0.823 5.74E-06 5.34E-06 0.572

5 0.09 24 0.75 0.818 5.74E-06 5.30E-06 0.589

mean 0.09 24 0.75 0.819 5.74E-06 5.46E-06 0.525

a Diffusion layer thickness; bDeployment time; c Diffusion layer porosity;
d Sediment porosity; e Diffusion layer diffusion coefficient; f Sediment
diffusion coefficient; g Particle concentration
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water interface was found in sediment profile of site
SJH3#. However, there was no clean variation of TP con-
centrations in sediment cores from sites SJH1# and
SJH2#, with average values of 554.6±40.0 and 397.3
±32.0 mg kg−1, respectively.

3.3 High-resolution 2 D distribution of SRP and S2−

across the water–sediment interface

Figure 3 shows the high-resolution 2 D images of SRP
and S2− fluxes across the water–sediment continuum ob-
tained using the double-sided DGT technique. Figure 4a
and b shows the 1D images using this technique. In gen-
eral, there were highly variable SRP and S2− flux gradi-
ents throughout the water–sediment continuum at the
three different sampling sites. Significantly higher fluxes
were detected in the interstitial water of sediment than
that in overlying water apart from S2− flux in the analyzed
water–sediment continuum from site SJH3#. The average
SRP fluxes in overlying water were 0.009, 0.792, and
0.639 pg cm-2 s–1 at sites of SJH1#, SJH2#, and SJH3#,
respectively. Higher SRP fluxes of sites SJH3# and
SJH2# than site SJH1# were found except for a few out-
liers throughout the sediment columns. SRP fluxes of sites

SJH3# and SJH2# remained relatively stable at about 35.9
±2.6 and 37.2±1.9 pg cm-2 s–1, respectively, from the
bottom layer to about 5-cm depth layer upward, and then
sharply decreased to about 2 pg cm-2 s–1 until about 2-cm
depth. The fluxes then fluctuated slightly until the top
layer of the sediment columns at sites SJH2# and
SJH3#. A similar variation with depth was found at site
SJH1#, even though there were much lower SRP fluxes in
the sediment column from this site. A similar variation of
S2– flux to SRP flux was detected from the bottom-most
to uppermost layer at sites SJH2# and SJH1#. That is, the
fluxes decrease from the bottom layer to about 1-cm depth
and then fluctuated upward until the top layer except for a
few outliers. It is noteworthy that the S2– fluxes in the
surficial water in these two sites did not display major
change compared with those near the water–sediment in-
terface. Furthermore, significantly higher S2– fluxes in
overlying water than those in sediment were found in site
SJH3#.

The SRP concentrations in pore water of sediment
cores from three regions of the lake obtained using cen-
trifugation are shown in Fig. 4e. In general, the SRP con-
centrations in pore water of three sampling sites were
much higher than those in overlying water and decreased

Table 2 Physicochemical
parameters in the overlying water
of different sampling sites

Site Location TN TOC DOC TP SRP DO WD EC Eh pH
mg/L cm μs/

cm
mV

SJH1# 118° 57′ 01.08″,
31° 30′ 08.63″

0.54 1.99 0.93 0.12 0.014 6.3 60 580.0 166.0 8.6

SJH2# 118° 54′ 43.98″,
31° 28′ 53.49″

1.74 2.72 2.59 0.18 0.007 5.7 180 498.0 135.0 8.5

SJH3# 118° 53′ 27.32″,
31° 28′ 21.50″

1.08 2.82 1.65 0.17 0.008 6.5 120 501.0 198.0 6.9

Fig. 2 Depth profiles of different P pool concentrations in the sediment of the three sampling sites
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in the following order: SJH2# > SJH1# > SJH3#. A slight
decrease of the concentrations (from the bottom-most to
the surface layer) from 0.73 and 0.8 mg L–1 to 0.42 and
0.31 mg L–1 was observed at sties SJH2# and SJH1#.
However, such a trend was not found for site SJH3# with
an average SRP concentration of 0.23 ± 0.04 mg L–1.

3.4 High-resolution 1D variations of Fe2+ across the
water–sediment interface

The 1D variation of Fe2+ concentrations across the water–
sediment interface employing the ZrO DGT technique is
shown in Fig. 4c. The Fe2+ concentrations at the sampling

Fig. 3 High-resolution 2D images of SRP and S2 fluxes in the water sediment continuum of the three sampling sites. The black dashed line represents the
water–sediment interface (WSI)

Fig. 4 High-resolution 1D profile of SRP, S2, and Fe2+ fluxes obtained
using DGT (a–c) and SRP concentrations in the pore water (d) using the
centrifugation method in the water sediment continuum of the three

sampling sites. The black dashed line represents the water–sediment in-
terface (WSI). The green dashed lines represent the different variation
phases on the profile of individual analytes
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regions generally decrease in the order of SJH3# > SJH2# >
SJH1#. Similar to SRP and S2–, high variation of Fe2+ con-
centrations occurred throughout the water–sediment continu-
um from three different sampling sites. There was no clear
variation in Fe2+ concentrations in sediment cores from sites
SJH1# and SJH2# from the bottom-most layer to about 5-cm
depth upward. A dramatic decrease of fluxes occurred from
about 1.8 to about 0.01 mg L–1 at approximate 1-cm depth,
and then remained stable until the top layer of the sediment.
The Fe2+ concentrations of site SJH3# were distinctly lower
than that of the other two regions. However, a similar variation
was found at site SJH3# compared with the other two sites, in
which the concentrations decreased from the bottom-most lay-
er to about 1-cm depth from the water–sediment interface. In
addition, the Fe2+ concentrations in overlying water were dis-
tinctly lower than those in the deep sediment and similar to
those in 1-cm depth from the water–sediment interface.

3.5 Diffusion fluxes of SRP, S2-, and Fe2+ across the
water–sediment interface

Diffusion fluxes of SRP, S2–, and Fe2+ across the water–
sediment interface of the three research sites are presented in
Fig. 5. There were clear positive diffusion fluxes of SRP and
Fe2+ at all three research sites. The highest fluxes of SRP and
Fe2+ (up to 6.9 and 0.2 μg cm-2 s–1) were both found at sam-
pling site SJH2#, following by site SJH3#. Significant posi-
tive S2– fluxes were also measured at sites SJH2# and SJH3#.
It is interesting that the S2– flux was the lowest at site SJH3#,
which was different from the other research sites.

4 Discussion

4.1 The importance of Fe regulation of P cycling

The variation in the proportions of the individual P fractions in
the sediment indicates differences in P mobility. Relative to
other P fractions, more significant positive correlations (R2 =
0.741, 0.834, and 0.836, respectively, p<0.01) were observed

between MgCl2-P and Fe-P in sediment of all the sampling
sites in Shijiuhu Lake (Table 3). As the most labile P form,
MgCl2-P represented the resupply potential of P from the sed-
iment to the aquatic environment, including the pore water
and overlying water, even the concentrations of this pool were
low relative to other P fractions in the sediment. The signifi-
cant positive correlation between Fe-P andMgCl2-P (Table 3)
indicated that Fe-P accounting for 20–67% of Pi concentration
was an important source of weakly absorbed P fraction in the
sediment. The higher Fe2+DGT and SRPDGT concentrations
shown in Fig. 4 were measured in the bottom-most layer of
all the sediment columns, suggesting a clear resupply effect
from the sediment to the solution. Van der Zee et al. (2003)
proposed that the reductive dissolution of reactive FeO(OH) in
the anaerobic environment in deep sediment layers can induce
the release and upward diffusion of Fe2+ and SRP along with
the re-oxidation at the water–sediment interface. This process
further resulted in the diminishment of Fe3+ because of ad-
sorption to solid particles on oxic/aerobic conditions, leading
to sequestration of phosphate in upper sediment layer (Gächter
and Müller 2003; Pagès et al. 2011). In addition, the SRP
concentration in pore water measured with the centrifugation
process remained relatively unchanged relative to SRPDGT,
indicating considerable diffusion upward via different reac-
tions including wind disturbance in this shallow lake.

Relative to MgCl2-P and Fe-P, Ca-P accounted for higher
proportion of the Pi, which was more than 50% except for a
few outliers, through the whole profile at the three sampling
sites. High Ca-P concentrations in the sediment were also
detected in Taihu Lake (Zhu et al. 2013) and Bort-Les-
Orgues Reservoir (Ruban et al. 2001). However, Ca-P has
been shown to be of detrital origin and to remain relatively
stable during the sedimentation, without minimal release risk
(Ruban et al. 1999a). Previous research based on phosphate
oxygen isotopes (δ18OP) in the sediment revealed that Ca-P
possessed light isotope values relative to exchangeable and
Fe-P, which suggests that Ca-P is locked in and remains large-
ly unaltered after the formation and precipitation of Ca-
containing minerals in the sediment (Yuan et al. 2019). Lei
et al. (2020) also found consistent results during a survey to

Fig. 5 Diffusion fluxes of
different analytes across the
water–sediment interface (WSI)
at each sampling site
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relating to δ18OP in the sediment. A weak positive correlation
between Ca-P and MgCl2-P (see Table 3) further indicates the
inconspicuous desorption to mobile P fraction and resupply
capacity for the solution. Significant positive correlations
were observed between Pi and Fe-P as well as Ca-P in sedi-
ment from all sampling regions. This indicates that Fe-P and
Ca-P simultaneously contributed to the Pi contents in the sed-
iment. However, the redox-sensitive Fe-P can exert stronger
influence on the cycle of Pi, even though there is a greater
stock of Ca-P in the sediment.

4.2 Potential mobility of P in the water–sediment
interface

Figure 5 illustrates the apparent diffusion fluxes of SRP, S2−,
and Fe2+ measured with the DGT technique across the water–
sediment interface of the three sampling regions. The apparent
diffusion flux can characterize the extent and direction of con-
taminants across the water–sediment interface (Tang et al.
2016). A positive flux represents the upward release of con-
taminants from the sediment system toward the overlying wa-
ter of the lake, whereas a negative flux indicates that sediment
is acting as a sink of contaminants from the overlying water
(Ding et al. 2015). Significant positive values of the diffusion
fluxes of these parameters were found except for S2− at site
SJH3#, indicating the diffusion direction from the surficial

sediment toward the lake water in this region. Sharply down-
ward increasing 1D SRPDGT and F2+DGT fluxes (Fig. 4) sug-
gest the simultaneously desorption of phosphate and ferrous
ion (Fe2+) with much higher solubility than ferric ion (Fe3+)
from the solid sediment phase on the aggravating anaerobic
conditions in the deeper layer (Heron et al. 1994). The differ-
ence in concentrations between the overlying and pore water
may be responsible for the diffusive SRPDGT flux at the inter-
face by vertical molecular diffusion and convective transfer
processes via a steep concentration gradient (Jensen et al.
1998; Soto-Jimenez et al. 2003). It should be noted that sim-
ilar concentrations of SRP were detected in overlying water to
those in the upper layer of interstitial water (Fig. 4d), suggest-
ing that labile SRP and F2+ could diffuse upward into the
overlying water and further induce the decreasing of SRP
concentration in the interstitial water. This process dominated
the positive general diffusion fluxes across the water–
sediment continuum and aggravated the P load in the overly-
ing water (Boström et al. 1988; Ignatieva 1996; Ruban et al.
1999a, 1999b).

In addition, considerable fluctuation of SRPDGT and
Fe2+DGT fluxes was found at about 1- to 5-cm depth (phase
II in Fig. 4), indicating that the desorption activity principally
occurred in this layer of the sediment. This specific active
layer was also observed in the water–sediment interfaces of
Taihu Lake, Lake Courtille, alli di Comacchio lagoon, and

Table 3 Pearson correlation coefficients of individual P species in the sediments of different sites (n=20)

Site Fraction

SJH1# MgCl2-P Fe-P Ca-P Pi Po TP

MgCl2-P 1.000

Fe-P 0.741** 1.000

Ca-P 0.531* 0.516 * 1.000

Pi 0.670** 0.705** 0.524 * 1.000

Po −0.111 −0.276 −0.308 0.280 1.000

TP −0.091 −0.017 −0.243 0.028 −0.338 1.000

SJH2# MgCl2-P 1.000

Fe-P 0.834** 1.000

Ca-P 0.803** 0.522 * 1.000

Pi 0.842** 0.593** 0.996** 1.000

Po −0.376 −0.184 −0.579** −0.565** 1.000

TP 0.480 * 0.342 0.624** 0.623** −0.188 1.000

SJH3# MgCl2-P 1.000

Fe-P 0.836** 1.000

Ca-P 0.321 0.334 1.000

Pi 0.722** 0.767** 0.776** 1.000

Po −0.415 −0.681** −0.11 −0.432 1.000

TP 0.740** 0.784** 0.707** 0.949** −0.595** 1.000

**Correlation is significant at the 0.01 level (2-tailed)

*Correlation is significant at the 0.05 level (2-tailed)
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Arcachon lagoon (Azzoni et al. 2001; Hullebusch et al. 2003;
Cesbron et al. 2014; Han et al. 2018). Oxygen penetration
experiment revealed that the oxygen penetration depth during
oxic treatment could reach about 5-cm depth and the oxygen
concentration in deeper layer was lower, which can result in
the reduction and desorption of Fe(III) bound P into free PO4

3-

and Fe2+ ions in the bulk sediment (Olila and Reddy 1997;
Pagès et al. 2011; Yuan et al. 2020a). The strong anaerobic
conditions that occurred in the layer deeper than 5 cm from the
surface did not result in any major change in the labile
SRPDGT and Fe2+DGT fluxes. This might be due to the equi-
librium between continuous desorption of Fe(III) bound P in
the deeper layer via reduction and resorption on reductive
environment (Golterman 1995). In addition, the lack of a dis-
tinct concentration gradient was speculated to be responsible
for the aggregation and accumulation of SRPpore in the deep
layer of the sediment. In general, an active layer of approxi-
mately 5 cm of surficial sediment in Shijiuhu Lake dominated
the SRP cycle associated with the Fe-containing minerals in
the lacustrine ecosystem.

Phosphorus diffusion could be driven by the release of Fe2+

because of the reductive dissolution of Fe(III) oxides through
reaction with S2− (Li et al. 2016). Sun et al. (2016) proposed
that the S2− accumulation with sedimentary depth could im-
prove the P release under anoxic conditions. Fe2+ is generated
via Fe(III) reduction by bacteria and/or S2− reacting with dis-
solved Fe or Fe-containing minerals (Sun et al. 2016). The
discrete 2D microscale zones of S2− (see Fig. 3d–f) could
cause the formation of FeSx especially at deep layer of the
sediment at the geological time scale (Stockdale et al. 2010).
However, the limited variation of S2−DGT at 5-cm depth of the
sediment profile suggests that this process did not remove a
substantial fraction in the studied shallow lake. Table 4 gives
the Pearson correlation coefficient between SRPDGT, S

2−
DGT,

and Fe2+DGT fluxes for the whole profile. More significant
positive correlations (R2 > 0.94, p=0.01) were detected be-
tween SRPDGT and Fe2+DGT compared with S2-DGT. Sulfide
in interstitial water is principally generated from sulfate (SO4

3

−) reduction during anaerobic episodes (Naylor et al. 2004;
Zhao et al. 2019). High S2− production as an electron acceptor
can potentially stimulate the mobility of P in the sediment
(Zhao et al. 2019). However, a less S2− concentration in the

sediment from Shijiuhu Lake combing with the lower corre-
lation between the Fe2+DGT and S2−DGT suggests that Fe3+

might act as preferential alternative electron acceptor for the
oxidation of reactive OM into Pi in shallow lakes. This is
different from the mechanisms for deep aquatic environments
such as reservoirs (Norgbey et al. 2020). In general, the high-
resolution DGT measurements indicate that the reduction and
subsequent desorption of Fe(III)-P via abiotic and biological
actions dominated the increase and the subsequent upward
diffusion of SRP in the water–sediment continuum.

4.3 Resupply dynamics of SRP evaluated with the DIFS
model

According to Fick’s first law (Wu et al. 2018), fluxes of
analytes including SRP, S2−, and Fe2+ can be converted to
the concentration in binding gel (CDGT) and reflect the diffu-
sive potential in the sediment, pore water, and DGT binding
gel. The DIFS model can be employed to obtain the corre-
sponding dynamic parameters of remobilization of phosphate
in the sediment (Monbet et al. 2008). The output values of
dynamic parameters including R, Kd, Tc, k1, and k−1 for labile
P fraction in 5-cm depths of sediment for the three study sites
are shown in Table 5. The general downward increase of R
with the highest values reaching up to 0.786 at research site
SJH3# indicates that the depletion of Cpore water can be
replenished by sedimentary particles because of stronger
DGT uptake in the deeper layers. Higher R values indicate a
potentially higher bioavailability and resupply efficiency of
labile P during the deployment time (Menezes-Blackburn
et al. 2016), which are considered responsible for the higher
concentrations of SRPpore in deeper layer of the sediment. In
addition, Tc values were subsequently calculated in the aver-
age range from 1.3 × 104 to 10.0 × 106 s at 5-cm depth except
at site SJH1#, which generally decreased with the depth
downward. The Tc in DIFS model can be used to characterize
the sensitivity in response to the variation of R values (Monbet
et al. 2008). Lower response time (Tc) in correspondence with
larger R value further confirmed the potentially stronger re-
plenishment capacity of SRP from solid particles to the inter-
stitial water, which suggests a clear mobility and potential
bioavailability of SRPpore water in the sediment system.

Table 4 Pearson correlation coefficient matrix for SRP, Fe2+, and S2- fluxes in sediment columns from different regions of Shijiuhu Lake (n=70)

SJH1# SJH2# SJH3#

SRP Fe2+ S2- SRP Fe2+ S2- SRP Fe2+ S2-

SRP 1 - - 1 - - 1 - -

Fe2+ 0.967** 1 - 0.983** 1 - 0.941**a 1 -

S2- 0.714** 0.712** 1 0.757** 0.758** 1 −0.554** −0.500** 1

a Correlation is significant at the 0.01 level (2-tailed)
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The distribution coefficient Kd is important for the la-
bile solid sediment phase which can exchange with the
solution and, together with Tc, can also exert influence
on the R values. However, no clear positive correlation
was detected between Kd and Tc in this study, which
could be attributed to the high influence of pH changes
(Ernstberger et al. 2005). Yuan et al. (2020a) found that a
low pH under anaerobic conditions in the deeper sediment
layer might lead to the desorption and resupply of SRP in
the sediment with higher R values. In addition, a substan-
tially higher k1 value than k-1 reflects higher potential for
adsorption than desorption in the sediment (Yuan et al.
2020b). High R values together with high values of other
dynamic parameters such as Kd, Tc, k1, and k-1 demon-
strate a continuous resupply of labile phosphate under the
concentration gradient. This effect was driven by both
desorption of weakly adsorbed P (MgCl2-P) and the re-
ducible fraction (i.e., Fe-P) in sediment especially under
anaerobic conditions in the deep layers. This mechanism
further increases the SRP concentration in overlying water
and increases the P load in lacustrine ecosystems.

Finally, curves of R values over time for SRP in 5-cm
sediment layers are presented in Fig. 6. The shape of the
R curve of labile analytes with respect to time is mainly
controlled by both the desorption capacity of sediment
pellets to the interstitial water and the accompanying

diffusion rate from the interstitial water toward the diffu-
sive layer of the DGT device (Harper et al. 2000;
Sochaczewski et al. 2007; Xu et al. 2012). It has been
speculated that the initial rise of R curve may be due to
the steeply linear diffusion gradient of mobile P fractions
from the interstitial water to the diffusion layer (Monbet
et al. 2008; Xu et al. 2012). After the peak of the R
values, progressive decline phases occur for the majority
of the sediment layers because of the limit to the resupply
induced by the quick consumption of labile P near the
DGT device along with the decreased desorption rate
from the solid sedimentary particles (Guan et al. 2017).
It is noteworthy a gentler decline of the R curves was
found with the increase of depth, especially at sites
SJH3# and SJH2#, which suggests a continuous resupply
process from the solid phase to pore water in the deeper
layer of the sediment during the deployment time until 24
h. The DIFS analysis further confirmed the considerable
remobilization and transport capacity of mobile P frac-
tions, including weakly absorbed P and reductive Fe-P,
from the sediment particles to the interstitial water and
overlying water via dynamic diffusion.

5 Conclusions

A novel double-sided DGT technology combing with
modified SMT sequential extraction method was
employed to measure the P fractions, and the fluxes of
SRPDGT, Fe

2+
DGT, and S2−DGT in the water–sediment in-

terface of a representative freshwater lake. It was found
that Fe-P accounted for approximately 12.6–41.0% of TP
represents the highest proportion of potentially mobile P.
A strong increase of the high-resolution in situ SRPDGT,
Fe2+DGT, and S2−DGT fluxes was shown from the water–
sediment interface to approximately 5-cm depth of the
sediment, indicating the high release of labile P under
the anaerobic conditions. The significant positive correla-
tion between high-resolution SRPDGT and Fe2+DGT fluxes
through the whole profile further demonstrates that Fe-P
was the main source of labile P into the solution phase in
the water–sediment continuum. In addition, significant
positive fluxes of SRPDGT and Fe2+DGT indicated upward
diffusion from the sediment particles to the overlying wa-
ter, showing the synergistic desorption and resupply of
SRP and Fe2+ from the solid sediment phase. Finally,
gentler decline of R curves fitted with the DIFS model
was found for deeper layers, which suggests continuous
resupply process from the solid phase to the pore water,
especially under anaerobic conditions, and diffusion to the
upper layer. Overall, the high-resolution in situ DGT tech-
nology together with DIFS kinetic analysis confirmed that
a considerable remobilization effect of potentially mobile

Table 5 Calculated output values of R, Kd, Tc, k1, and k-1 for surficial
sediments of different sampling sites using DIFS model

Site Depth R Kd Tc k1 k−1
cm3

g-1
s s-1 s-1

SJH1# 1 0.020 74.66 9.999E+06 1.000E-07 2.755E-09

2 0.020 81.79 9.999E+06 1.000E-07 2.353E-09

3 0.158 86.84 9.999E+06 1.000E-07 2.162E-09

4 0.055 47.24 9.999E+06 1.000E-07 3.890E-09

5 0.091 60.94 9.999E+06 1.000E-07 3.022E-09

mean 0.068 66.56 9.999E+06 1.000E-07 2.720E-09

SJH2# 1 0.026 60.03 9.999E+06 1.000E-07 3.168E-09

2 0.064 55.91 9.999E+06 1.000E-07 2.894E-09

3 0.279 64.73 9.999E+06 1.000E-07 2.641E-09

4 0.404 70.35 1.601E+05 6.246E-06 1.298E-07

5 0.561 68.35 4.935E+04 2.026E-05 3.933E-07

mean 0.264 63.74 9.999E+06 1.000E-07 2.456E-09

SJH3# 1 0.005 33.77 9.999E+06 1.000E-07 6.649E-09

2 0.324 70.76 9.929E+06 1.007E-07 2.806E-09

3 0.605 47.31 4.092E+06 2.444E-07 1.006E-08

4 0.786 46.69 1.298E+04 7.704E-05 2.886E-06

5 0.383 50.01 2.219e+05 4.507E-06 1.529E-07

mean 0.394 48.06 1.926E+05 5.192E-06 1.976E-07
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P fractions, including loosely adsorbed MgCl2-P and re-
ductive Fe-P from the sediment particles, dominated the
resupply of labile P to the interstitial water and overlying
water via dynamic diffusion. This progress is responsible
for fueling the P load and potentially stimulating eutro-
phication in shallow lake ecosystems.
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