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A thorough understanding of the labile status and dynamics of phosphorus (P) and iron (Fe) across the
sediment-water interface (SWI) is essential for managing internal P release in eutrophic lakes. Fe-
coupled inactivation of P in sediments is an important factor which affects internal P release in fresh-
water lakes. In this study, two in-situ high-resolution diffusive gradients in thin films (DGT) techniques,
Zr-Oxide DGT and ZrO-Chelex DGT, were used to investigate the release characteristics of P from sedi-
ments in a large freshwater lake (Dongting Lake, China; area of 2691 km2) experiencing a regional
summer algal bloom. Two-dimensional distributions of labile P in sediments were imaged with the Zr-
Oxide DGT without destruction of the original structure of the sediment layer at four sites of the lake. The
concentration of DGT-labile P in the sediments, ranging from 0.007 to 0.206 mg L�1, was highly het-
erogeneous across the profiles. The values of apparent diffusion flux (Fd) and release flux (Fr) of P varied
between �0.027e0.197 mg m�2 d�1 and 0.037e0.332 mg m�2 d�1, respectively. Labile P showed a high
and positive correlation (p < 0.01) with labile Fe(II) in the profiles, providing high-resolution evidence for
the key role of Fe-redox cycling in labile P variation in sediments.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Accumulation and leaching of phosphorus (P) has been widely
studied in recent decades. Excess release of P from anthropogenic
activities has led to widespread eutrophication and algal blooms in
receiving water bodies (Kraal et al., 2015; Schindler, 2006). Once P
from either diffuse or point sources enters freshwater systems, it
may accumulate in sediments by deposition, adsorption or bio-
logical absorption, resulting in high internal P loads (Correll, 1998;
Hupfer et al., 2007). Sediments are able to sorb or release P and act
as a sink or source of water column nutrients (Bostr€om et al., 1988;
Smith and Schindler, 2009; Tang et al., 2014). Even if the sources of
external P loading are removed or reduced, the water quality may
not recover due to release of P accumulated in the sediments (Liu
ad, Chaoyang District, Beijing

al., High-resolution imaging o
http://dx.doi.org/10.1016/j.en
et al., 2016; Søndergaard et al., 2003; Pitk€anen et al., 2001;
Knuuttila et al., 1994).

In aquatic systems, P bound to amorphous iron (Fe) (oxyhdr)
oxides is considered as one of the most active inorganic P pools,
although apatite or CaCO3 bound P is also important (Golterman,
1977; Golterman, 1988, 1995; Søndergaard et al., 2003). Under
anoxic or anaerobic conditions, the reductive dissolution of iron
(oxyhydr)oxides may be one of the main mechanisms responsible
for sediment P release (Murray and Hesterberg, 2006). This P-Fe
coupling model was first proposed by Einsele (1936) and later
supported by many other studies (Mortimer, 1941; Petticrew and
Arocena, 2001). Strong correlation between hypolimnetic Fe and
P has been observed (Amirbahman et al., 2003). High P release flux
was observed when the upward flux of Fe(II) was restricted by the
precipitation of iron sulfide coupled with sulphate reduction
(Jensen et al., 1995). Iron(III) reducing bacteria can transfer elec-
trons from organic matter to iron (oxyhydr)oxides, causing the
release of Fe(II) and P (Watts, 2000). However, other processes also
cause the release of sediment P. Mineralization of organic matter
f labile phosphorus and its relationship with iron redox state in lake
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(containing P) may cause the release of P (Golterman, 2001), and
this release can be accelerated by bioturbation including enhanced
microbial and chemical breakdown (Hansen et al., 1997). Phosphate
may sorb onto aluminum (hydr)oxides (Monbet et al., 2008) and
also it may precipitate with as calcium phosphates (House et al.,
1986). The decreased pH with depth due to the CO2 production
by mineralization can lead to the dissolution of CaCO3 as well as
release of calcium phosphates (Mayer et al., 1999). The release of P
may also be increased due to resuspension and this increase can be
mitigated by macrophytes (Søndergaard et al., 1992; Wu and Hua,
2014). Macrophytes can pump P from sediments during the
growing season (Stephen et al., 1997) and the plant litter can act as
organic P sources. As many complex interactions may affect the
examination of Fe-P coupling, a more direct proof is required.

Incubation of intact sediment cores has been commonly used to
observe the sediment-water interface (SWI) process and estimate
the flux across the SWI (Schoepfer et al., 2015; Funes et al., 2016). For
estimating the P and Fe lability in sediments, previous studiesmostly
used ex-situ chemical extraction methods to determine the con-
centration of loosely-sorbed P and redox-sensitive P bound to iron
(oxyhydr)oxides (Psenner and Pucsko,1988; Penn et al.,1995; Rydin,
2000; Reitzel et al., 2005; Hupfer et al., 2009).Measurement of labile
P and Fe status by ex-situ chemical extraction procedures can esti-
mate the total amount of labile P that existed in the sediments at the
time of sampling, but cannot fully characterize its dynamics.
Analytical errors due to destruction of the original structure of the
sediment layer and exposure of sediment samples to the air can also
occur. The sediments in lakes, especially the zones close to SWI, are
generally highly heterogeneous and sensitive to physical and bio-
logical disturbances. High-resolution measurements will allow for
evaluation of more precise concentration gradients across SWI.

The diffusive gradients in thin films (DGT) technique is an in-situ
technique based on the Fick’s First Law, which can account for labile
fractions in pore water as well as additional labile P that can readily
release from the sediment solids and resupply to the pore water
concentration (Zhang and Davison, 1995). These features of DGT
allow for collection of data characterising the dynamics of the
target solutes and to help minimizing the analytical errors caused
by conventional chemical extraction methods (Zhang et al., 2014;
Panther et al., 2011; Pichette et al., 2009; Monbet et al., 2008).
Recently, a new technique (Zr-oxide DGT) was developed to allow
for two-dimensional (2D) imaging of labile P in sediments at a
submillimeter resolution (Ding et al., 2013). A second DGT tech-
nique (ZrO-Chelex DGT), was developed for simultaneous mea-
surement of labile P and labile Fe in sediments at a millimeter
resolution (Xu et al., 2013). This new DGT technique provides ad-
vantages for estimation of labile P and Fe at high resolution as well
as their relationships.

This current study seeks to advance the understanding of labile
P, as well as Fe and P dynamics, in the sediments of freshwater
lakes. The two-dimensional distribution of labile P at SWI was
imaged at submillimeter resolution using Zr-Oxide DGT. The rela-
tionship between labile P and labile Fe(II) in the profiles was
analyzed based on the simultaneous measurement with the ZrO-
Chelex DGT. Furthermore, Fick’s law and data from intact sedi-
ment core incubation experiments were used to calculate the fluxes
across SWI and to determine whether sediment acted as a sink or
source for P at each sampling site.
2. Materials and methods

2.1. Study area and sampling sites

Dongting Lake (111�400e113�100E, 28�380e29�450N) is the
Please cite this article in press as: Gao, Y., et al., High-resolution imaging
sediments, Environmental Pollution (2016), http://dx.doi.org/10.1016/j.en
second largest freshwater lake in China comprising of a series lakes
and three major regions denoted East, South, and West Dongting
Lakes (Fig. 1). The entire lake has a surface area of 2691 km2 with a
mean depth of 6.39 m. Large amounts of phosphorus has been
introduced to Dongting Lake and hence eutrophication and high P
concentrations have been previously measured (Wang et al., 2014).

Samples were collected in January 2015 and in-situ water pa-
rameters including temperature, pH and Dissolved Oxygen (DO)
were measured using an in-situwater quality analyzer (HORIBA, U-
53). Three sediment cores (84 mm in diameter, 15 cm and 25 cm in
length for overlying water and sediment, respectively) for each site
were collected. Four sites denoted WD, SD, ED and LJ were selected
from the typical regions of West, South, East Dongting Lake, and a
crucial cross-section between South and East Dongting Lake,
respectively. As the whole Dongting Lake system is composed of a
series of big lakes, this study mainly focused on the four typical
regions instead of covering the whole lake system. Among these
sites, WD is primarily influenced by agricultural contaminants and
experiences algal blooms during summer months. SD is located in a
region with relatively low levels of nutrient contamination (Wang
et al., 2014). ED is close to Yueyang City and it is affected by do-
mestic and industrial wastewater discharges. Several villages are
distributed around LJ and its water quality is often influenced by
livestock and poultry breeding and untreated domestic sewage.

2.2. Preparation and deployment of DGT probes

DGT probes equipped with Zr-oxide gel as a binding layer were
used to obtain two-dimensional distribution of labile P in sedi-
ments at a submillimeter resolution. The DGT probes equipped
with ZrO-Chelex gel as a binding layer were used for simultaneous
measurements of labile P and labile Fe in sediments at a millimeter
resolution in the vertical direction. The details of the two prepa-
ration procedures for preparation of Zr-oxide and ZrO-Chelex gels
have been described previously by Ding et al. (2011) and Xu et al.
(2013). The diffusive gel was prepared with 15% acrylamide and
0.3% agarose-derived cross-linker based on the method of Scally
et al. (2006). Flat probes with dimensions of 18 � 160 mm
(width � length) exposure area were used for measurements.
During the set-up for both types of DGT, the binding gel (with the
binding agent surface facing up) was covered sequentially by a 0.4-
mm-thick diffusive gel and a 0.13-mm-thick cellulose nitrate filter
membrane (0.45-mm pore size, Whatman, UK). The Zr-oxide DGT
and ZrO-Chelex DGT probes were deoxygenated with nitrogen for
at least 16 h and kept in the oxygen-free water prior to deployment
in the sediments. The ZrO-Chelex DGT probes were deployed into
the sediments simultaneously with Zr-oxide DGT probes and
removed after 24 h. Experiments were conducted in triplicate for
each site.

2.3. Phosphorus flux simulation experiment based on incubation of
intact sediment cores

Phosphorus flux experiments across the SWI based on incuba-
tion of the intact sediment cores were performed according to the
methods of Zhang et al. (2006). The overlying water level was
maintained 15 cm above the SWI and the sediments were main-
tained 25 cm below the SWI without disturbing the inner structure
(Boers and Hese, 1988; Fan et al., 2002). Polyvinyl chloride tubes
(84 mm in diameter, 50 cm in length) filled with 40-cm-height in-
situ water without sediment were used as the control. All tubes
were placed in a constant temperature (equivalent to the sampling
temperature) incubator in the dark. A two milliliter water sample
was collected 5 cm above the interface by pipetting gently so as not
to disturb the SWI. The water was sampled at 0, 0.25, 0.5, 1, 1.5, 2,
of labile phosphorus and its relationship with iron redox state in lake
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Fig. 1. Map of the Dongting Lake and sampling sites. The base map was image-captured with the software Mapbox.
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and 3 days before deployment of DGT probes. After each sampling
event, in-situ freshwater was added to the tubes gently and
immediately.
2.4. Chemical analysis

After retrieval of the DGT probes, a 20-mmbinding gel above the
SWI and 120-mm binding gel below the SWIwere used for analysis.
The accumulated P in the Zr-oxide binding gels was colored by the
conventional molybdenum blue method (Murphy and Riley, 1962)
and measured by computer-imaging densitometry (5600F, Canon,
Japan) according to the grayscale intensity on the gel surface. The
detailed procedure and various parameters have been described
previously by Ding et al. (2013). The retrieved ZrO-Chelex DGT was
analyzed following the procedure of Xu et al. (2013) and the ZrO-
Chelex binding gel was sliced at 1-mm intervals. Each gel slice
was sequentially eluted in 0.4 mL of 1 M HNO3 and 0.4 mL of 1 M
NaOH solutions for 16 h and analyzed for labile Fe and P using a
miniaturized spectrophotometry method (Epoch Microplate Spec-
trophotometer, Biotek, USA) as described by Xu et al. (2012).

Total P (TP) and dissolved reactive P (DRP) in water samples as
well as DRP in DGT elutes were measured using the molybdenum
blue method (Murphy and Riley, 1962). Concentrations of Fe(II) in
the DGT elutes were determined using the phenanthroline colori-
metric method (Tamura et al., 1974). COD was measured by a di-
chromate reflux method (Jin and Tu, 1990) and the redox potential
of sediments was measured using a redox electrode (PHS-3E, Leici,
China). Concentration of suspended solids (SS) was measured by
filtration (0.45-mm pore size, Whatman, UK) according to the
standard method (Jin and Tu, 1990).

The porosity of surface sediment was calculated from the bulk
density and particle density. The particle density used the empirical
value (2.65 mg m�3) and the bulk density was measured by the
Please cite this article in press as: Gao, Y., et al., High-resolution imaging o
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cutting-ring method (Jin and Tu, 1990). Sediment cores were cut
into 1-cm layers and the top 5-cm layers of sediment were used for
chemical analysis. Sediment was freeze-dried and ground into
particles able to pass through a 100-mesh nylon sieve. The pH was
measured in a suspension (with 1:10 solid to liquid ratio) using a
pH electrode (PB-10, Sartorius, Germany). The organic matter
content in the sediments was estimated by TOC using a TOC
analyzer (Vario TOC Cube, Elementar, Germany). To partition P in
the sediments, a modified chemical sequential extraction method
following Rydin (2000) was used. Loosely sorbed P (LS-P), redox
sensitive P (Fe-P), aluminum-bound P (Al-P), organic P (Org-P),
carbonate and apatite P (Ca-P), and Residual P (Res-P) were
determined by following the procedure outlined in Supplementary
Table S1. Phosphorus in the different fractions was determined by
themolybdenum blue/ascorbic acidmethod (Rodriguez et al., 1994)
and Res-P was taken as the difference between TP and all other P
fractions. Sediment samples were digested with HNO3eHFeHClO4
to determine total P, Fe, Al and Ca (Liang et al., 2005; Wang et al.,
2011). Concentrations of P, Fe, Al and Ca in the digested solutions
were measured using inductively-coupled plasma-optical emission
spectrometry (ICP-OES, OPTIMA 5300DV, Perkin Elmer, USA). The
accuracy of the analysis was checked using standard reference
material for lake sediments (GBW07436, Center for Standard
Reference of China).

2.5. Data processing

Concentrations of labile P and labile Fe(II) as measured by DGT
(CDGT) were calculated by Eq. (1):

CDGT ¼ MDg
DAt

(1)
f labile phosphorus and its relationship with iron redox state in lake
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where Dg is the thickness of the diffusive layer, D is the diffusion
coefficient of the phosphate or Fe(II) in the diffusive layer at
experimental temperature (12 �C), t is the deployment time (24 h),
A is the exposed area of the gel, andM is themeasured accumulated
mass of P or Fe(II) (Xu et al., 2013; Zhang and Davison, 1995; Ding
et al., 2013).

The apparent diffusion flux (Fd) of P across the SWI was quan-
tified from the DGT-labile P profiles using Fick’s First Law according
to Eq. (2) (Ding et al., 2015). Considering the different resupplying
mechanisms of DGT measurement from overlying water and sedi-
ments, the apparent diffusion flux across the SWI was estimated as
the sum of diffusion fluxes from overlying water to the SWI and
from the sediment to the SWI.

Fd ¼ JW þ JS ¼ �DW

�
dCDGT
dxw

�
ðx¼0Þ

� fDS

�
dCDGT
dxs

�
ðx¼0Þ

(2)

where Jw and Js are the flux of P from the overlying water to the SWI
and from the sediment to the SWI, respectively; Dw and Ds are the
diffusion coefficients of HPO4

2� in water and sediments,

respectively;
�
dCDGT
dxw

�
ðx¼0Þ

and
�
dCDGT
dxs

�
ðx¼0Þ

are the DGT-labile con-

centration gradients in the overlying water and sediments,
respectively. In order to achieve an accurate estimation of the flux,
one-dimensional distributions of labile P measured by Zr-oxide
DGT with submillimeter resolution were used for estimating the
gradients. The average concentrations of DGT-labile P from the
5 mm depth in the water above the SWI to 5 mm in the sediment
below the SWI were used to obtain the one-dimensional distribu-
tions. An exponential function was applied for the fitting (Spagnoli
and Bergamini, 1997). The diffusion coefficient in sediments (Ds)
was estimated using Eq. (3) (Ullman and Aller, 1982).

DS ¼
Dw

fF
(3)

where f is the porosity in sediment, F is the formation resistivity
factor, and Dw is the diffusion coefficient of HPO4

2� in water cali-
brated by the actual temperature (Li and Gregory, 1974). The
porosity f was used to determine the formation resistivity factor F
with F ¼ 1

f3 for f � 0.7 and with F ¼ 1
f2 for f < 0.7, respectively

(Manheim and Waterman, 1974).
The release flux (Fr) based on incubation of intact sediment

cores was calculated using Eq. (4) according to Zhang et al. (2006).

Fr ¼
2
4Vðcn � coÞ þ

Xn
j�1

Vj�1
�
cj�1 � ca

�35,ðS$tÞ (4)

where V is the volume of the overlying water in the tube; c0 is the
concentration of phosphate in the overlying water before sampling;
cn and cj-1 are the concentrations of phosphate in thewater samples
at the n time and the (j-1) time of sampling, respectively; ca is the
concentration of phosphate in the in-situ water added into the
tube; Vj-1 is the volume of water sample sampled at the (j-1) time; S
is the contact area of the sediment-water interface; t is the exper-
imental time.

SPSS 19.0 was used to provide a quantitative explanation
(Spearman’s rank correlation) of the relationship between labile P
and labile Fe(II) at millimeter resolution. The correlations between
phosphate concentration in overlying water and incubation period
were analyzed using linear fitting with the least squares approach.
Please cite this article in press as: Gao, Y., et al., High-resolution imaging
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3. Results and discussion

3.1. Basic physicochemical properties of overlying water and
sediments

The physicochemical properties of overlying water and sedi-
ments at each site are shown in Tables 1 and 2, respectively. The
total P and DRP in the overlying water ranged between 0.039 and
0.088 mg L�1 and 0.010e0.036 mg L�1, respectively. The total P in
sediments varied from 0.52 to 0.89 mg g�1. Higher values of TP and
DRP and greater contributions of DRP to TP in the overlying water
were observed at the sites with higher TP contents in sediments
(WD and LJ). The pH values of the sediments of WD (~6.62) and LJ
(~6.71) were lower than those of SD (~7.21) and ED (~7.25). The
sediment TOC content was low at SD (8.99 mg g�1) but relatively
high (16.6e25.6 mg g�1) at the other three sites, which were highly
influenced by agricultural emissions and domestic sewage. The
contents of total Fe and Al in the sediments ranged from 33.3 to
48.1 mg g�1 and 56.4e76.6 mg g�1, respectively. The total Ca con-
tent in sediments was relatively low (1.69e5.59 mg g�1), especially
at SD.

3.2. Sediment P pool

The different fractions of P extracted sequentially from the top
5-cm sediment layer are shown in Table 2. LS-P
(0.0007e0.006 mg g�1) was the largest bioavailable and loosely
bound fraction of P, but only accounted for less than 1% of TP
content. Fe-P, which varied between 0.06 and 0.13 mg g�1, repre-
sented the redox-sensitive P bound to iron and manganese (oxy-
hydr)oxides (Rydin, 2000). This fraction contributed 9.6e14.9% of
TP. Although the Fe-P pool was not the largest of the sediment P
pools, Fe-P is still considered an important bioavailable P pool due
to its high activity (Li and Huang, 2010). Al-P (0.17e0.35 mg g�1),
which is the fraction of P mainly bound to Al (oxyhydr)oxides
(exchangeable with OH�), occupied a large fraction of TP, ranging
from 25.0% to 48.1%. Org-P (0.02e0.05 mg g�1) contributed to
2.3e7% of TP, suggesting that organic P bound in humic compounds
and P in microorganisms including poly-P and detritus in the
sediments remained at low levels. Both Ca-P (0.01e0.08 mg g�1)
and Res-P (0.18e0.44 mg g�1) are regarded as non-bioavailable
fractions in the sediment, with Res-P as the most abundant P
fraction (24.5%e51.2% of TP) at most sites investigated. For the
mobile P fractions, the highest LS-P values and its greatest contri-
butions to TP were observed at site WD. The contents of Fe-P were
almost two times higher at sites WD and LJ than those at sites ED
and SD. However, the sorption capacity of Al and Fe oxides is not
known as their identity, crystallinity and specific surface area is not
known (Jan et al., 2013). Additionally, the actual environmental
conditions, such as redox potential, would greatly influence the
true P lability in sediments. Thus, more direct evidence to reflect
the labile status of P and the adsorption characteristics of the
sediments would be preferred.

3.3. High-resolution imaging of DGT-labile P in profiles

The two-dimensional imaging data of labile P are shown in
Fig. 2. High heterogeneity in the distribution of labile P across
profiles can be observed. The labile P measured by DGT in the
overlying water varied from 0.007 to 0.042 mg L�1. The order of the
four sites based on mean concentration of labile P in overlying
water was WD > LJ > ED > SD. This result was consistent with the
DRP concentrations measured in water samples. In sediments, the
concentration of labile P ranged between 0.012e0.206 mg L�1,
0.007e0.045 mg L�1, 0.010e0.177 mg L�1 and 0.007e0.051 mg L�1
of labile phosphorus and its relationship with iron redox state in lake
vpol.2016.05.053



Table 1
Physicochemical properties of overlying water samples collected in Dongting Lake.

Sampling site WD SD LJ ED

Temperature (�C) 12.1 11.7 12.0 11.8
pH 7.5 7.9 7.6 7.5
DO (mg L�1) 9.98 9.37 9.63 9.45
COD (mg L�1) 1.44 1.12 1.92 1.24
SS (mg L�1) 5 4 30 129
Total P (mg L�1) 0.077 0.039 0.088 0.053
DRP (mg L�1) 0.036 0.010 0.029 0.012
Proportion of DRP in TP (%) 47 26 33 23
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for WD, SD, LJ and ED, respectively. Generally, higher values of
labile P were found with increasing depth in the sediments. The
concentrations of labile P in the sediments at sites WD and LJ were
higher than those at sites SD and ED. A previous study showed that
DGT-labile P concentrations in sediments were higher at the algal-
dominated regions (0.12e0.35 mg L�1 at the 50e120 mm depth
below the SWI) when compared with central regions or
macrophyte-dominated regions (Ding et al., 2015). And the
bioavailable P was reported to be highly correlated (R2 ¼ 0.941,
p < 0.01) with DGT-labile P (Xu et al., 2011). Thus, the sites with
higher labile P concentrations, such as WD and LJ, are likely at
greater risk of algal bloom. As the distributions of P can be reflected
at the submillimeter high-resolution, some small spots, with less
than 4 mm diameter and enhanced concentrations of labile P
(~0.206 mg L�1), was seen in profiles of WD. A concentrated spot
(~0.051 mg L�1) with 7 mm diameter can also be seen in the sed-
iments of ED. These spots have been reported previously in other
lakes (Ding et al., 2012), and have been attributed to decomposition
of organic matter (Widerlund and Davison, 2007).
3.4. Estimation of P flux in two different ways

The values of the apparent diffusion flux (Fd) reflected P diffu-
sion across SWI based on Fick’s First Law. The sediments at sites
with positive Fd (WD, LJ and ED) acted as sources of P (Fig. 3). In
contrast, the sediments of SD with negative Fd
(�0.027 mg m�2 d�1) tended to take in P from the overlying water.
The Fd in WD (0.197 mg m�2 d�1) and LJ (0.088 mg m�2 d�1) was
high, and approximately consistent with Fd measured in algal-
dominated bays with high internal loading of P of a large eutro-
phic lake (Lake Taihu, China, with an area of 2338 km2) (Ding et al.,
2015). Regions with high content of P in sediments are particularly
important, as porewater in the sediments may have similar phys-
icochemical properties with those of the overlying water under
anaerobic conditions. Under these conditions, the resistance during
the concentration-gradient diffusion process is reduced, and the
potential for P release from sediments to water column is
enhanced. The Fd of P was calculated based on the labile P con-
centration gradients measured by Zr-oxide DGT within ±5 mm
distance to the SWI. Parameters in the calculation are shown in
Table 3. As the high-resolution concentration data were used and
Table 2
Physicochemical properties of the top 5-cm layer of sediments collected in Dongting Lak

Sampling site pH TOC
(mg g�1 DW)

Total P
(mg g�1 DW)

Total Fe
(mg g�1 DW)

Total Al
(mg g�1 DW)

Total Ca
(mg g�1

WD 6.62 17.5 0.89 44.9 76.7 3.15
SD 7.21 8.99 0.52 33.3 62.3 1.69
LJ 6.71 16.6 0.86 48.1 56.4 5.59
ED 7.25 25.6 0.73 43.4 71.2 5.60
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high correlation coefficients (R2) for the exponential curve fitting
were obtained (except for the overlying water at ED)
(Supplementary Figs. S1 and S2), the error in the concentration
gradients were small. The correlation coefficient (R2) for the over-
lying water at ED (0.64) was much lower than at other sites, which
might be due to the high SS concentrations (Table 1). The stable
concentration gradient may not form in the overlying water due to
random movement of large amount of SS, indicating that the Fd is
not an accurate estimation for the sites with high SS
concentrations.

The values of release flux (Fr) of P, which were calculated from
incubation of intact sediment cores, varied between 0.037 and
0.332 mg m�2 d�1 (Fig. 3). High internal P loading rates were
observed at WD (0.332 mg m�2 d�1) and LJ (0.234 mg m�2 d�1).
These two sites also had high Fd of P as well as high labile P contents
in the sediments. A positive linear correlation (p < 0.05) between
phosphate concentration in the overlying water and duration of the
incubation period was found for each site (Supplementary Fig. S3).
The linear correlation coefficient at site ED (0.78) was lower than at
other sites, indicating that the incubation method may also not be
suitable for estimating the flux at sites with high SS concentrations.
Based on the data from incubation experiment, the sediments at SD
tended to release P to overlying water, which was not consistent
with the result of Fd. Additionally, the values of Fr were higher than
Fd for each of the four sites. Therefore, the apparent diffusion flux
was underestimated and may not reflect the actual fluxes.
Furthermore, the resupply of P to porewater and the resulting
diffusion does not represent the total flux across the SWI. Other
factors such as uptake of P by macrophytes (Stephen et al., 1997),
hydrodynamics (You et al., 2007) and bioturbation (Chen et al.,
2015) may also contribute to the flux variation of P. However,
there was no evidence of obvious accelerated P cycling caused by
uptake of P into macrophytes, as reported in the macrophyte-
dominated regions of Lake Taihu with high flux of P but low con-
centrations of P in overlying water (Ding et al., 2015; Zhang et al.,
2006). These differences may be due to the lack of adequate
growth conditions for macrophytes at the sampling sites in winter
(mainly low temperatures).

The average values of Fr/Fd for WD, SD, LJ and ED were 1.69,
�1.37, 2.66, and 5.50, respectively (Fig. 3). To some extent, the Fr/Fd
ratio describes the abundance of benthos and benthic activity
(Cermelj et al., 1997; McCall and Tevesz, 1982). At the site (ED) with
high SS concentration, the Fr/Fd ratiowas notwell estimated. The Fr/
Fd ratio at LJ was higher than that at WD, suggesting more active
bioturbation on P lability at LJ than WD.
3.5. Labile P release characteristics concerning P-Fe relationship

The distribution of labile P and labile Fe(II) in profiles are shown
in Fig. 4. The concentrations of labile P in WD and LJ sediments
were approximately 6e10 times higher than those in sediments of
SD and ED, consistent with 2D imaging data. However, labile Fe(II)
did not exhibit the same clear differences among sites as labile P
e.

DW)
Concentrations of different P fractions
(mg g�1 DW)

Proportions of different P fractions
in TP (%)

LS-P Fe-P Al-P Org-P Ca-P Res-P LS-P Fe-P Al-P Org-P Ca-P Res-P

0.006 0.13 0.27 0.03 0.06 0.39 0.7 14.9 29.9 3.2 7.2 44.1
0.0007 0.06 0.17 0.03 0.01 0.24 0.1 12.0 33.3 5.4 1.9 47.3
0.001 0.10 0.21 0.02 0.08 0.44 0.1 11.9 25.0 2.3 9.5 51.2
0.002 0.07 0.35 0.05 0.08 0.18 0.2 9.6 48.1 7.0 10.6 24.5

f labile phosphorus and its relationship with iron redox state in lake
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Fig. 2. Vertical distribution of labile P in profiles from 4 sites as determined by Zr-
oxide DGT. Each site had 3 replicates. The sediment-water interfaces are shown by
the dashed lines. The concentration of labile P in overlying water and sediments are
shown above the dashed line and below the dashed line, respectively.

Fig. 3. Comparison between apparent diffusion fluxes (Fd) and release fluxes (Fr) of P.
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did. As the redox potential was high in the top layer of sediments
(Supplementary Fig. S4), the concentration of labile Fe(II) remained
at a relatively low value (0.02e0.07 mg L�1) in the surface sedi-
ments of the four sites. Below the oxidized surface sediments, the
labile Fe(II) concentrations increased, followed by a slight decrease,
and then the concentrations increased with depth again and
became stable at a relatively high level in the deep sediment layers
Please cite this article in press as: Gao, Y., et al., High-resolution imaging
sediments, Environmental Pollution (2016), http://dx.doi.org/10.1016/j.en
(90e120 mm).
The relationships between labile P and Fe(II) were examined

through Spearman’s rank correlation coefficients (Table 4). Statis-
tically positive correlations (p < 0.01) between labile P and labile
Fe(II) was found for each of the four sites. Iron redox cycling is
presumably a key mechanism for controlling phosphate adsorption
and desorption and hence for the control of labile P concentrations
at the SWI. The high-resolution determination of labile P and Fe(II)
profiles demonstrate that the iron redox control works even at
millimeter scale, which has been verified in details in another
shallow Lake Taihu, China (Ding et al., 2016). Thus, the decrease of
labile Fe(II) in upper sediments may be attributed to oxidation of
Fe(II) and the subsequent precipitation of Fe(III) (oxyhydr)oxides at
relatively high redox potentials (Lewandowski and Hupfer, 2005).
The newly precipitated Fe(III) (oxyhydr)oxides offers more
adsorption sites for labile P, resulting in an increase in iron oxide-
bound P and decrease in labile P (Lewandowski et al., 2007). The
increase in labile P in the deeper sediments may be due to the
reduction of Fe(III) to Fe(II) at lower redox potentials
(Christophoridis and Fytianos, 2006), which can result in precipi-
tation of ferrous phosphate or transfer of P to the sediment pore-
water. However, other processes, such as precipitation with sulfide
under reducing conditions (Olsen, 1964; Mejia et al., 2016; Roden
and Zachara, 1996) and increased thickness of the oxygenated
layer due to high concentration of nitrate (Jensen and Andersen,
1992), may also influence the Fe(II) profiles and hence the Fe
controlled P solubility. Moreover, P mobility in sediments can also
be enhanced by other processes such as mineralization of organic
matters (Suzumura and Kamatani,1995), apatite dissolution (House
et al., 1986) and release of bacterial polyphosphates (Hupfer et al.,
1995).

The ratio of labile Fe to labile P was calculated from the slope in
the linear correlations (Fig. 5). Low values of the labile Fe(II)/P ratio
were observed at sites WD and LJ (6.4 and 7.5, respectively), while
high values were seen for sites SD and ED (48.5 and 41.7, respec-
tively). The result reflects clear differences in adsorption ability of
Fe(III) (oxyhydr)oxides to control P lability among sites. It is
consistent with the result of P fluxes as well as the concentrations
of labile P measured. Jensen et al. (1992) have suggested a critical
value of 15 for the total Fe/P ratio to estimate whether there is
sufficient adsorption capacity for aerobic surface sediments to
of labile phosphorus and its relationship with iron redox state in lake
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Table 3
Estimated parameters for calculation of apparent diffusion flux (Fd) of P across the sediment-water interface.

Sampling site Fd of P from overlying water to SWI Fd of P from sediments to SWI

Dw (10�6 cm2 s�1) R2 �
dCDGT
dxw

�
ðx¼0Þ

f Ds (10�6 cm2 s�1) R2 �
dCDGT
dxs

�
ðx¼0Þ

WD 5.0746 0.98 0.0036 0.71 2.5581 0.83 0.0025
SD 5.0746 0.94 �0.0008 0.59 2.9940 0.93 0.0005
LJ 5.0746 0.98 0.0019 0.81 3.3294 0.85 0.0002
ED 5.0746 0.65 �0.0004 0.92 4.2951 0.95 0.0009

R2: The correlation coefficients of exponential curve fittings of the concentration gradients.

Fig. 4. One-dimensional changes of labile P and Fe(II) measured by ZrO-Chelex DGT in profiles. The sediment-water interfaces are shown by the dashed lines.
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buffer phosphate concentrations and control the internal P release.
The ratio of total Fe to total P in sediments of WD, SD, LJ and EDwas
50.4, 64.1, 56.0 and 59.4, respectively. All of the ratios were higher
than the critical value. However, the total Fe/P ratios only showed
limited differences among the four sites and underestimated the
differences in lability of the P as much more P is released per Fe(II)
produced at sites WD and LJ compared with sites SD and ED. An
Table 4
Spearman’s rank correlation coefficients between labile P and labile Fe(II) at
different sampling sites.

Sampling site WD SD LJ ED

Spearman’s rank correlation coefficients 0.928** 0.855** 0.889** 0.692**

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

Fig. 5. Linear fitting between DGT-

Please cite this article in press as: Gao, Y., et al., High-resolution imaging o
sediments, Environmental Pollution (2016), http://dx.doi.org/10.1016/j.en
Fe(II)/P ratio much lower than the total Fe/P ratio indicates that P
rich Fe(III) (oxyhydr)oxides are preferentially reduced and dis-
solved. The reason may be that these are very small particles with a
high specific surface area, and that the Fe(III) (oxyhydr)oxide par-
ticles being dissolved is mainly particles in recent deposits that
contain much P. As the labile Fe(II) is much more relevant for the
sediment P cycle, the labile Fe(II)/P ratiomay providemore accurate
assessment compared to the total Fe/P ratio for determining the Fe-
coupled P release in sediments.
4. Conclusions

The concentrations of DGT-labile P determined by two-
dimensional imaging at a submillimeter resolution ranged from
0.007 to 0.206 mg L�1 and suggest a high level of heterogeneity in
labile Fe(II) and DGT-labile P.

f labile phosphorus and its relationship with iron redox state in lake
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the lake sediments. The apparent diffusion flux of P across the SWI
calculated based on the Fick’s First Law and the release flux of P
calculated from incubation of intact sediment cores varied between
�0.027e0.197 mg m�2 d�1 and 0.037e0.332 mg m�2 d�1, respec-
tively. The concentrations and fluxes of labile P in the sediments of
WD and LJ were higher than those of ED and SD. High and positive
correlation (p < 0.01) between labile P and labile Fe(II) in profiles
provided high-resolution evidence for the key role of Fe-redox
cycling in labile P variation in sediments. The ratio of labile Fe(II)
to labile P provided a more accurate assessment compared to the
total Fe/P ratio for determining release of P when Fe(III) (oxyhydr)
oxides are being reduced and hence for the iron-coupled P dy-
namics in sediments.
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