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In situ, high-resolution evidence 
for iron-coupled mobilization of 
phosphorus in sediments
Shiming Ding1, Yan Wang1, Dan Wang1, Yang Yang Li1,2, Mengdan Gong1 & Chaosheng Zhang3

Reductive dissolution of phosphorus-bearing iron (Fe) (oxyhydr)oxides has been regarded as a primary 

mechanism responsible for the mobilization of phosphorus (P) in sediments for over 70 years. However, 
to date there is little in situ evidence to support this hypothesis. In this study, a total of 16 sites in the 
large eutrophic Lake Taihu were selected for investigation. Newly-developed diffusive gradients in 
thin films (ZrO-Chelex DGT) probes were deployed to simultaneously measure labile Fe and P mainly 
released from sediment solids at millimeter spatial resolution. Significantly positive correlations 
were observed between DGT-labile Fe and P at 14 sites, implying a release of P following reductive 
dissolution of Fe (oxyhydr)oxides. A coincident resupply of Fe(II) and P was observed from sediment 
solids to buffer their releases from DGT perturbance, further verifying the mechanism of Fe-coupled 
mobilization of P. The ratio of DGT-labile Fe/P was found to be positively correlated with the ratio of 
easily reducible (oxyhydr)oxide Fe to its associated P, indicating that this solid phase should retain P 

prior to its release. The results provide direct evidence for the coupling between Fe and P in sediments 
and further identify the easily reducible Fe (oxyhydr)oxide species involved in the coupling process.

Eutrophication is simply de�ned by the enrichment of natural waters with plant nutrients (phosphorus and nitro-
gen) from natural processes and anthropogenic activities1. It is one of the most widespread environmental prob-
lems of inland waters and urgently needs to be solved, especially in developing countries with respect to water 
resource protection2,3. Phosphorus (P) plays a critical role in limiting primary productivity and regulating the 
trophic status of lakes4,5. �e occurrence of eutrophication was attributed mainly to point and nonpoint dis-
charges of P-rich wastewater before the 1990s. Measures to solve the eutrophication problem have focused on 
reducing the external sources, whereas a delay in recovery has been found for many lakes a�er the reduction of 
external P loading. It is recognized that P release from sediments is the major process responsible for this delay. 
�is process persists for at least 5–10 years, and typically 10–15 years following the external P load reduction 
according to studies of lakes in Europe and North America6,7. P release from sediments can contribute the major-
ity (up to 80%) of the total P input in some lakes, and becomes the main driver of primary production, especially 
when the bottom waters become anoxic in the summer8,9.

�e mechanisms behind the release of P have been explored for over 70 years. Einsele10 �rst proposed the 
coupling between iron (Fe) and P cycles that is responsible for the retention and mobilization of P in sediments. 
Mortimer11 re�ned this concept, in which the retention of P was attributed to strong adsorption by iron (oxyhy)
droxides in surface sediments under oxic conditions, whereas the reduction of iron (oxyhy)droxides under anoxic 
conditions led to the release of both P and Fe(II) into the pore water and an upward di�usion to the water col-
umn. Petticrew and Arocena12 later provided evidence for the relationships of P release from sediments with 
hypolimnetic anoxia and Fe-bound P. Rydin13 identi�ed Fe-bound P as one of the major potentially-mobile 
forms of P in lake sediments. Spears et al.14 observed that Fe-bound P is a temporal P pool responsible for the 
short-term, high-magnitude P release occurring in late summer and winter under anoxic sediment conditions. 
�e coupling of P mobility with Fe cycling was further supported by the coincident behaviors between them in 
surface sediments and bottom waters, such as 1) strong correlations between reactive P and reactive Fe in surface 
sediments15 and between hypolimnetic P and Fe16, 2) similar distributions of soluble Fe and P in pore waters17, 
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and 3) simultaneous release of P and Fe from sediments under anoxic conditions15,18. However, several recent 
studies suggested that the Fe-coupled P mobilization in sediments simultaneously relies on the conversion of Fe 
compounds into Fe-sul�des via bacterial sulfate reduction19, the sorption of P by aluminum hydroxides under 
anoxic conditions20, and the presence of nitrate in the hypolimnion21. �e release of P is also considered to be 
more complex than the concept of Fe-P coupling22. �is process involves alternative release mechanisms such as 
dissolution of calcium-bound P23, release of bacterial P24, and decomposition of organic P25. In this case, a further 
examination of the existence of Fe-P coupling is particularly required.

Interpretations of the relationship between Fe and P in sediments are mostly based on geochemical mode-
ling12, chemical fractionation13,15,18,26,27 and adsorption experiments28 in combination with �eld investigation, 
intact core incubation or sediment sample tests. A few studies employed dialysis (Peeper) and in situ observations 
of the co-distribution between soluble Fe and P in pore water17, but the Peeper measurement cannot re�ect the 
solid sources resupplying the pore water with P. Until now, there has been a lack of in situ evidence to support the 
mechanism of Fe-coupled mobilization of P in sediments. Di�usive gradients in thin �lms (DGT) is a dynamic 
sampling technique capable of in situ sampling of P, metals and metalloids in sediments at a high spatial reso-
lution29,30. DGT can pre-concentrate analytes and reduce the problems associated with conventional sampling 
methods during the sampling process, such as analyte contamination and speciation change31. Furthermore, a 
new DGT (ZrO-Chelex DGT) has been developed for simultaneous measurements of Fe and P in sediments at 
the same time and position32, which o�ers a substantial advantage in investigations of their relationships.

�e aim of this study was to provide in situ evidence for the coupling of Fe to P mobilization in sediments 
based on the use of ZrO-Chelex DGT32. In situ deployment of the DGT probes was performed in eutrophic Lake 
Taihu to simultaneously obtain the distributions of labile Fe and P mainly released from sediment solids at a mil-
limeter scale. Dynamics of Fe and P release from sediment solids were examined. �e Fe (oxyhydr)oxide species 
retaining the released P were further identi�ed. �e results �nally led to the determination of the mechanism of 
Fe-coupled mobilization of P in sediments.

Results and Discussion
Sediment properties. �e chemical properties of the sediments at each site are listed in Table 1. �e pH val-
ues ranged from 6.59 to 7.46. �e sediment TOC content varied from 4.59 to 23.37 mg g−1, with the three greatest 
values at two sites (12 and 16) dominated by submerged macrophytes and one site (3) dominated by algal blooms. 
�e pseudo total Ca, Al and Mn contents ranged from 4.3 to 16.09 mg g−1, 49.46 to 70.27 mg g−1 and 0.37 to 
1.28 mg g−1, respectively. �e ranges of these properties are similar to those reported previously for Lake Taihu33.

Sediment Fe and P. �e information on sediment Fe and P is summarized in Table 2. �e total content of 
Fe in sediments for the 16 sites ranged from 25.14 to 45.44 mg g−1, with an average of 30.68 mg g−1. �e range is 
similar to the 20.7 to 42.7 mg g−1 reported by Bai et al.33 in Lake Taihu. �e content of total P ranged from 0.36 
to 0.95 mg g−1. �e greatest value was found at Site 3 in the northern bay. High values of 14.73 and 15.52 mg g−1 
have been reported in the sediments of this bay33,34, re�ecting the heavily polluted character of these sediments in 
comparison with the other sites. �e ratio of total Fe to total P concentration in the sediments ranged from 32.1 to 
92.7, with the lowest values at Site 3. �e ratios are much greater than the critical value of 15 suggested by Jensen 

NO. pH

TOC Total Ca Total Mg Total Mn Total Al

(mg g−1) (mg g−1) (mg g−1) (mg g−1) (mg g−1)

1 6.82 9.89 7.45 5.24 0.63 59.79

2 6.81 8.26 4.92 5.23 0.68 59.60

3 6.69 16.14 7.09 5.59 1.2 8 60.56

4 7.03 7.12 4.30 3.71 0.44 53.25

5 6.87 9.89 7.98 4.82 0.78 54.60

6 7.18 8.86 6.30 5.65 0.52 58.30

7 7.01 5.89 6.67 5.34 1.07 53.20

8 7.19 4.59 10.68 7.07 0.62 68.46

9 7.01 8.60 8.76 5.67 0.49 58.54

10 6.93 8.23 5.78 5.95 0.69 50.66

11 7.46 7.18 9.80 5.26 0.73 53.64

12 6.99 19.47 16.09 3.51 0.37 51.62

13 6.59 12.83 9.28 4.25 0.55 52.96

14 7.24 9.26 9.61 7.81 1.10 70.27

15 6.78 11.89 8.82 4.90 0.51 49.46

16 6.81 23.37 8.63 3.92 0.44 52.97

Ave. 6.96 10.72 8.26 5.25 0.68 56.74

Min. 6.59 4.59 4.30 3.51 0.37 49.46

Max. 7.46 23.37 16.09 7.81 1.28 70.27

Table 1.  Basic properties of the sediments.
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et al.35 for determining whether the oxic surface sediments had su�cient adsorption ability to control the release 
of P to the overlying waters.

�e concentration distributions of easily reducible (Fe-ox1) and reducible Fe (oxyhydr)oxides (Fe-ox2) and 
their associated P (P-ox1, P-ox2) in sediments with depth are shown in Supplementary Figs S1 and S2. �eir 
average values of each site are listed in Table 2. �e two types of Fe (oxyhydr)oxides capable of retention of P are 
mainly 1) ferrihydrite, and 2) goethite and hematite36. Both the Fe-ox1 and P-ox1exhibited decreasing trends 
with the increase of depth at Sites 2, 4 and 6 throughout the pro�les and at Sites 3 and 12 in parts of the pro�les, 
whereas other sites showed a small �uctuation or irregularly changing trend (Supplementary Fig. S1). �e average 
concentrations of Fe-ox1 and P-ox1 for all of the sites were 5.77 mg g−1 and 0.25 mg g−1, accounting for 18.7% and 
46.3% of the total contents, respectively (Table 2). �eir concentration ratios ranged from 11.7 to 43.2, which are 
much lower than the ratios of total Fe and P in sediments. More irregular �uctuations with depth were found for 
the Fe-ox2 and P-ox2, and only Site 4 showed an overall decreasing trend (Supplementary Fig. S2). �e average 
values of Fe-ox2 and P-ox2 in all the sites were 6.78 mg g−1 (Fe) and 0.08 mg g−1 (P), accounting for respectively 
22.7% and 15.5% of their total contents in sediments (Table 2). �eir concentration ratios ranged from 63.6 to 
129.0, which are much greater than the ratios of total Fe and P in sediments.

Both easily reducible or reducible Fe and their associated P exhibited similar patterns of changes with depth 
at most sites (Supplementary Figs S1 and S2). Accordingly, signi�cantly positive correlations were found between 
them across the whole depths or from the SWI to a middle depth range in these sites (Supplementary Figs S3 and 
S4). �is may re�ect that the partitioning of P in sediments was regulated by the two types of Fe (oxyhydr)oxides. 
It should be noted that a positive correlation existed between total P and P-ox1 (R2 =  0.80, p <  0.001). Moreover, 
there was a negative correlation between the proportions of P-ox1 and P-ox2 (R2 =  0.39, p <  0.05). In addition, 
there is more P associated with Fe-ox1 than with Fe-ox2, despite the similar concentrations of the two Fe (oxy-
hydr)oxide fractions. �ese results demonstrate that the Fe-ox1 may preferentially bind P and play a primary 
role in the partitioning of the P pool in sediments of Lake Taihu. �is may be because ferrihydrite has a greater 
capacity and higher speci�c adsorption capacity for phosphate in comparison with goethite and hematite due to 
a poor crystallinity, large micropore volume and large surface site density37.

Distribution of DGT-labile Fe and P. �e 1D distributions of DGT-labile Fe and P (interpreted as FDGT) 
collected from the 16 sampling sites in Lake Taihu are shown in Fig. 1. For all of the sites, the FDGT values of 
labile Fe are much greater than those of labile P, but their di�erence is variable across the sites investigated. �e 
highest FDGT to the DGT probes were observed in the bottom of Site 3, approaching 0.68 ng cm−2 s−1 for Fe and  
0.21 ng cm−2 s−1 for P; the capacities of the ZrO-Chelex DGT to take up the two types of solutes was not exceeded 
at any point in this study. �e distributions of both Fe and P exhibited appreciable variation with depth at each 
site. �ere was an increasing trend with depth down to the sediment bottom at Sites 3, 7, 8, 10, 11, 14, 15 and 16 
for both Fe and P, and at Site 5 for Fe. �ere was also an increasing trend from the SWI to middle depths varying 
from 20 mm to 60 mm, followed by a stable stage or a decrease down to the sediment bottom at Sites 1, 2, 6 and 9 

NO.

Fe P

Fe/PTotal Easily reducible Reducible Total Easily reducible Reducible

Content Content Proportion Content Proportion Content Content Proportion Content Proportion Total
Easily 

reducible Reducible

1 34.92 5.60 16.05 8.02 22.97 0.50 0.27 53.33 0.08 16.08 69.8 21.0 99.8

2 28.96 5.62 19.39 7.12 24.59 0.46 0.25 54.35 0.06 12.68 63.0 22.5 122.1

3 31.10 7.28 23.40 9.19 29.55 0.95 0.62 65.22 0.08 7.89 32.7 11.7 122.5

4 28.77 3.62 12.59 6.88 23.91 0.36 0.16 45.24 0.08 21.48 79.9 22.2 89.0

5 28.34 6.58 23.21 7.53 26.55 0.54 0.33 61.73 0.06 10.80 52.5 19.7 129.0

6 32.28 6.90 21.38 7.10 22.00 0.55 0.27 49.61 0.11 19.70 58.7 25.3 65.5

7 33.92 5.29 15.60 6.54 19.29 0.83 0.38 45.18 0.08 9.04 40.9 14.1 87.3

8 37.19 7.81 21.00 3.85 10.35 0.49 0.28 57.82 0.05 10.91 75.9 27.6 72.0

9 32.15 4.76 14.81 7.60 23.63 0.46 0.18 38.04 0.10 21.74 69.9 27.2 76.0

10 29.65 5.42 18.27 9.37 31.60 0.57 0.22 39.07 0.12 21.05 52.0 24.3 78.1

11 25.51 4.78 18.75 7.45 29.19 0.47 0.20 42.80 0.06 13.23 54.3 23.8 119.8

12 25.57 4.85 18.97 7.20 28.16 0.45 0.12 25.93 0.13 27.78 56.8 41.6 57.6

13 26.42 5.89 22.28 6.83 25.87 0.43 0.18 42.55 0.09 20.50 61.4 32.2 77.5

14 45.44 10.07 22.17 4.71 10.37 0.49 0.23 47.62 0.05 10.39 92.7 43.2 92.5

15 25.14 3.61 14.36 5.33 21.21 0.48 0.18 37.58 0.07 14.59 52.4 20.0 76.2

16 25.44 4.30 16.91 3.71 14.58 0.57 0.20 35.09 0.06 10.23 44.6 21.5 63.6

Ave. 30.68 5.77 18.70 6.78 22.74 0.54 0.25 46.32 0.08 15.51 59.9 24.9 89.3

Min. 25.14 3.61 14.36 3.71 10.35 0.36 0.12 25.93 0.05 7.89 32.7 11.7 63.6

Max. 45.44 10.07 23.4 9.37 31.6 0.95 0.62 65.22 0.12 27.78 92.7 43.2 129.0

Table 2.  Summary for Fe and P contents (g kg−1), proportions (%, for easily reducible and reducible 

species), and concentration ratios of Fe to P (Fe/P) in sediments of Lake Taihu.
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Figure 1. One-dimensional distributions of DGT-labile Fe and P in sediments of Lake Taihu. 
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for both Fe and P and at Site 12 for Fe. Other P or Fe pro�les exhibited irregular distribution patterns (Sites 4 and 
5) or remained stable with depth (Site 12).

Strong variations in the vertical distributions of labile Fe or P were observed (Fig. 1). Despite this, there was 
a coincident distribution between them at all of the sites except for 5 and 12. Such a feature was highlighted by 
the corresponding changes at their localized maximum or minimum concentration positions. For example, the 
FDGT of both Fe and P had peaks at 33 mm depth at Site 4, at 60 mm and 87 mm at Site 7, at 79 mm at Site 8, and 
at 54 mm and 85 mm at Site 15. �eir positive relationships can be �tted using a line for 9 sites (3, 4, 8 and 10–15) 
or using two lines for 6 sites (1, 2, 6, 7, 9 and 16), all with signi�cance levels of p <  0.001 (Fig. 2). �e slopes in 
the linear equations had a range from 3.0 to 86.1, which also re�ected the values of the Fe/P ratio from DGT 
measurement.

Previous studies have shown distinct vertical and horizontal heterogeneity in the distributions of P, S and trace 
elements, even on a microscale38. For example, a large variation of labile P in Lake Taihu in the horizontal direc-
tion has been observed, especially at the sites dominated by macrophytes or close to the lake bank34. Veri�cation of 
the Fe-coupled mobilization of P necessitates an observation of coincident distributions between their DGT-labile 
species at the 2D level. �e labile Fe and P were thus measured at a spatial resolution of 1.0 mm ×  1.0 mm using 
the ZrO-Chelex DGT. Site 8 was selected as a test because it had an intermediate status in terms of the major prop-
erties in sediments investigated (e.g., pH value, and Ca, Mn, Fe and P contents) (Tables 1 and 2). Considerable 

Figure 2. Correlation analysis between DGT-labile Fe and P. 
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horizontal and vertical heterogeneities appeared for both labile Fe and labile P (Fig. 3). Enriched Fe and P hot-
spots, were found at depths of approximately 20 mm and widths from 15 to 25 mm. Hotspots with enriched P have 
been observed in deep layers of sediments in Lake Taihu, which has been attributed to strong decomposition of 
active organic matter39. In this study, labile P and Fe were enriched in a similar zone, re�ecting that the enhanced 
�ux of P to the DGT probe is more closely related to Fe redox cycling. Overall, labile Fe and P exhibited a similar 
change in both the vertical and horizontal directions. A linear correlation was further observed between the FDGT 
of these two species, with most of the data points falling within the 95% con�dence interval (Fig. 3). �us, these 
results con�rmed the Fe-coupled mobilization of P at the 2D level and on a small scale.

According to the principle of ZrO-Chelex DGT measurements mentioned in the Methods, the coincident 
distributions of DGT-labile Fe and P resulted from a concomitant release of Fe(II) and P from sediment solids, 
which further demonstrated the mechanism of Fe-coupled mobilization of P in sediments. �e value of slope 
from linear �tting may re�ect the ability of reactive Fe (oxyhr)oxides to control P lability in sediments. �e low 
values of slopes (3.1 to 6.3) observed in Sites 1–3 in northern Lake Taihu with pollution character likely demon-
strate that there was lower amounts of reactive Fe (oxyhr)oxides to retain P and correspondingly there was a rel-
atively high risk and strength of P release from sediments34. In contrast, the high values of slopes (58.3 and 86.1) 
were observed in Sites 15 and 16 in the submerged macrophytes-dominated region, re�ecting a strong control 
of reactive Fe (oxyhr)oxides on the lability of P in sediments. �is is consistent with the report of extremely low 
concentration of total P in the water column in this region34. �e slope values at other sites are within the range 
of the slope values in the above two regions, which is also consistent with their P status in the water column34. 
Furthermore, the dynamics of Fe(II) and P releases remained stable for the 8 sites with a linear �tting, re�ecting 
that the Fe (oxyhr)oxide species retaining the released P prior to release should remain unchanged. �is is also 
true for Sites 1 and 2, which required two linear �ttings but had similar slopes. For the remaining 4 sites with large 
di�erences in slopes from two linear �ttings, the Fe (oxyhydr)oxide species for retaining labile P may be di�erent 
in the upper and lower sediment layers. �e secondary Fe(II) and mixed Fe(II, III) minerals in lower layers likely 
play a role in regulating the release of P, as mentioned earlier40,41.

�ere was no clear trend in the scatter plots for Sites 5 and 12 (Fig. 1). Both sites showed a relatively high FDGT 
of P compared with that of Fe in the upper sediment layer from the SWI to a depth of ~15 mm, which may be 
attributed to a high-rate of degradation of organic P and polyphosphate, such as pyrophosphate, DNA and phos-
pholipids with short half-lives (3–14 years) in the surface sediments of Lake Taihu42. Furthermore, the content of 
total Ca in the sediment of Site 12 (16.09 g kg−1) was far greater than those at the other sites (4.30 to 10.68 g kg−1) 
(Table 1), which may retain labile P at a low level in lower sediment layers through co-precipitation43. �e content 
of organic matter in this site was also very high (Table 1), which can reduce the binding capacity of Fe (oxyhydr)
oxides for phosphate through competitive sorption or aqueous complexation, and may result in the decoupling 
of Fe and P44.

Resupply dynamics of Fe and P. �e dynamic resupply of sediment solids can be characterized with 
DGT using R if the kinetic exchanges between the solid and pore water are simpli�ed as reversible 1st-order 
desorption-sorption processes45. R is the ratio of the DGT measured concentration against the pore water con-
centration (Cpw), re�ecting the extent of solid resupply to sustain the Cpw a�er DGT uptake.�e R is calculated as 
follows:

Figure 3. Two-dimensional distributions of DGT-labile Fe and P in the sediment of a site in Lake Taihu 
and their correlation analyses. 
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�e coincident distributions of P and Fe observed earlier imply that the releases of the two elements should 
be associated with a coincident resupply of pore water Fe and P from sediment solids during DGT uptake. 
Accordingly, the R from DGT measurement should be correlated between P and Fe45.

Considering the above hypothesis, the relationship between the R values of P and Fe was investigated in this 
study. Because it was di�cult to determine the Cpw in the sediments at a high spatial resolution (1 mm in this 
study), a CDGT value was obtained by using a thicker di�usive layer (0.90 mm), which was applied instead of Cpw 
to calculate an apparent ratio (R′ ). �e use of a thicker di�usive layer, as opposed to the use of a thinner one 
(0.10 mm), will result in a measured CDGT that to a larger extent approaches Cpw due to a longer time needed for 
the sediment solids to resupply the depletion of Cpw during DGT uptake45. �e ratio of R′  using the two di�usive 
layers can thus assume a role similar to that of R, which can be calculated using the FDGT derived from eq. 4,
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�e subscript numbers represent the respective thicknesses of di�usion layers. �ere should be a correlation 
for the ratio FDGT(0.10)/FDGT(0.90) between Fe and P if a coincident resupply of pore water Fe and P existed.

A combined DGT probe composed of two single DGT probes, containing 0.10 mm and 0.90 mm di�usion 
layers, was used to obtain the FDGT of Fe and P in the sediment of Site 8. In line with the phenomenon observed 
earlier, a coincident distribution was observed between the FDGT of Fe and P measured with DGT containing a 
0.10 mm or 0.90 mm di�usion layer (Fig. 4). �e calculated R′  showed a decreasing trend with depth for both Fe 
and P, re�ecting that the capacity of the sediment solids to sustain the pore water Fe or P became weaker with 
depth. �is phenomenon was likely due to the reductive dissolution of Fe (oxyhydr)oxides from the surface to 
deep sediments, resulting in a simultaneous decrease in the capacity of solid phase reservoirs to resupply Fe and 
P to the pore water following removal by the DGT probe. �ere was a coincident distribution of R′  between Fe 
and P, demonstrated by a positively linear correlation between them. �is con�rms that there was a coincident 
resupply of Fe(II) and P from the sediment solids, further supporting the mechanism of Fe-coupled mobilization 
of P in sediments.

Identification of Fe (oxyhydr)oxides coupling to P release. �is study has provided in situ evidence 
for Fe-coupled mobilization of P, which was demonstrated by a simultaneous release of Fe(II) and P to pore water 
together with a coincident resupply of pore water Fe(II) and P from sediment solids. As di�erent Fe (oxyhydr)
oxides possess a broad degree of reactivity in binding P37, it is vital to identify which Fe (oxyhydr)oxides retained 
the labile P fraction prior to its release from DGT perturbance. An earlier investigation indicated that the speci-
ation of P in sediments was likely regulated by the Fe-ox1 and Fe-ox2 (Supplementary Figs S1–S4), and thus the 
relationship between DGT-labile Fe/P and the two extracted Fe/P fractions was investigated. �e investigation 
was con�ned in the surface 30 mm layer, as P was found to be highly labile in this layer and may exert a dominant 
e�ect on P release to the overlying water34. Moreover, the Fe/P ratio is used for the investigation because it is far 
more stable than the respective DGT mass or extracted concentrations of Fe and P.

�e results showed a signi�cantly positive correlation for the Fe/P ratio between the DGT labile and easily 
reducible fractions, whereas a negative correlation was found between the DGT labile and reducible fractions 
(two sites were excluded from the investigation because of their extremely high DGT Fe/P values) (Fig. 5). �is 

Figure 4. Distributions of labile Fe and P and their corresponding R′ in the sediment of a site in Lake 
Taihu, measured by a combined ZrO-Chelex DGT probe containing two di�usive layers with 0.10 mm and 
0.90 mm thickness, respectively, and a correlation analysis (C) between their R′ values. 
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demonstrates that Fe-ox1, mainly ferrihydrite, should act as a binding phase for labile P prior to its release. �is 
is likely because they are highly sensitive to redox conditions, causing a rapid dissolution and coupled release of 
P when the redox condition in sediment changes from oxic to anoxic. As the DGT perturbance re�ects a tem-
porary release process of P in sediments, it simultaneously demonstrates that the P-ox1 may be responsible for 
a short-term, high-magnitude release of sediment P to the overlying water a�er the onset of anoxia, while the 
P-ox2 may act as a less labile P fraction which sustains P release which is predicted to coincide with a decrease in 
the overall �ux of P. As a result, the two P fractions may be a major source of P to the water column during warm 
seasons15,27.

Methods
Description of the sampling sites. Taihu is the 3rd largest lake in China. It is a typical eutrophic lake, with 
the water trophic level declining from the North and Northwest to South and Southeast46. A total of 16 sites were 
selected as representative of di�erent ecotypes in Lake Taihu (Fig. 6). Sites 1 to 5 were located in the north and 
northwest regions, which are frequently dominated by algae. Sites 12 to 16 were located in the southeastern bays, 
which are dominated by macrophytes. �e other sites had no visible macrophyte coverage, but occasionally suf-
fered from algal blooms. �e positions and ecological statuses of the sites are shown in Supplementary Table S1.

Preparation and deployment of DGT probes. Principle of ZrO-Chelex DGT measurements is demon-
strated in Supplementary Information and Fig. S5. Previous studies have shown that the uses of thin di�usion 
layers down to 0.01 mm thickness do not di�er in terms of DGT response from that of a conventional di�usion 
layer with a typical thickness of 0.93 mm47,48. A modi�cation of the ZrO-Chelex DGT was thus performed by 
removing the di�usive gel and using a Durapore® PVDF membrane (HVLP00010, Millipore) as the di�usion 
layer. �e hydrophilic membrane has a pore size of 0.45 μm and a thickness of 0.10 mm. �is modi�cation can 
obtain a rapid DGT uptake of Fe and P and shorten the deployment time to 1 d. �e use of a thin di�usion layer 
should also result in stronger releases of Fe and P in sediments from DGT perturbance, rendering this technique 

Figure 5. Correlation analysis of DGT Fe/P with easily reducible or reducible Fe/P. 

Figure 6. �e distribution of sampling sites in Lake Taihu. �e map is Reprinted (adapted) with permission 
from46. Copyright (2009) American Chemical Society.
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more sensitive in re�ecting their possible coincident behaviors. �e blanks of the ZrO-Chelex DGT for Fe and 
P were detected using 6 gel discs with a diameter of 2.5 cm and the values are 0.048 μg cm−2 and 0.006 μg cm−2, 
respectively. �e limits of detection (calculated as 3 times the standard deviation of the blanks) for Fe and P were 
0.028 μg cm−2 and 0.011 μg cm−2, respectively.

�e ZrO-Chelex binding gel was provided by Easysensor Ltd. (www. easysensor. net), which was prepared 
according to Xu et al.32. �e gel (with the ZrO-Chelex settled surface upward) was covered with the PVDF mem-
brane. �e gels and PVDF membrane were sealed in a holder made by Perspex, with a sheet of sponge attached 
on the back of the holder to mark the sediment-water interface (SWI) a�er retrieving the probe from the sedi-
ments34. At Site 8, this type of DGT probe was bound back-to-back with a DGT probe assemblied by an agarose 
cross-linked polyacrylamide (APA) di�usive gel with a thickness of 0.80 mm49 to investigate the resupply dynam-
ics of Fe and P in sediments. All the DGT probes were manufactured in a class 1000 cleanroom.

�e ZrO-Chelex DGT probes were deoxygenated with nitrogen overnight and stored in a container �lled with 
deoxygenated 0.01 M NaCl (Sinopharm Chemical Reagent Co., Ltd., SCRC, Beijing; AR grade) prepared using 
deionized water (Millipore, > 18 MΩ cm). �e probes were transported to the sampling sites and inserted into the 
sediments using a releasing device39 during October, 2014 and were deployed for 24 h. A�er retrieval, each probe 
was rinsed rapidly using lake water to remove visible sediment particles that were attached, followed by using 
deionized water for a further clean. �ey were placed in a container sealed at air temperature to prevent moisture 
loss, and were transported to the laboratory. �e containers used for storing the DGT probes have been washed 
using 10% HNO3.

Sampling of sediments. �e sediment cores (~10 cm) at each site were collected using a gravity core sam-
pler during the deployment of DGT. Each core was sliced into 0.5 cm sections down to 5 cm, and then into 1.0 cm 
sections down to 10 cm under a N2 atmosphere. �e sediment samples were lyophilized at − 80 °C, sieved to pass 
through a 100-mesh sieve and then stored at 4 °C until analysis.

Sample analyses. �e ZrO-Chelex binding gels were removed from the DGT probes and sliced into 1 mm 
sections along the vertical direction using a multi-bladed ceramic cutter. For Site 8, the gel was also sliced into a 
square array using a previously reported method50, and each gel square had a size of 1.0 mm ×  1.0 mm. Each slice 
or gel square was transported into a microwell placed in a 96- or 384-microwell plate holder. Fe and P bound in the 
gel were progressively eluted using 1.0 M HNO3 (SCRC, AR grade) and 1.0 M NaOH (SCRC, AR grade) according 
to Xu et al.32. �e concentrations of Fe and P in the extracts were detected using the molybdenum blue and phe-
nanthroline colorimetric methods, respectively, using an Epoch Microplate Spectrophotometer (BioTek, USA)17.

Basic chemical properties of the sediment samples were analyzed using standard methods51, with three repli-
cates performed for each parameter. �e organic matter content in the sediments was measured by TOC using a 
TOC analyzer (TOC-V CPN, Shimadzu). �e pH was analyzed in a 1:10 solid:liquid ratio suspension using a pH 
electrode (PB-10, Sartorius). �e pseudo total concentrations of P, Fe, Al, Mn and Ca in the sediments were meas-
ured using an ICP-AES (Pro�le D, Leeman) a�er fusing 0.05 g (DW) of sediment with 0.2 g of LiBO2, followed 
by dissolution with 4% HNO3

52. �e accuracy of the analysis was checked using standard reference material for 
lake sediments (GBW07436, Center for Standard Reference of China). Easily reducible (Fe-ox1, ferrihydrite and 
lepidicrocite) and reducible (Fe-ox2, goethite, hematite and akaganéite) Fe (oxyhydr)oxides in sediments were 
obtained through sequential extractions of the sediments with hydroxylamine-HCl solution for 48 h and dith-
ionite for 2 h a�er removal of carbonate Fe with Na acetate solution for 24 h36. �e concentrations of Fe and P in 
the elution solutions were measured using the ICP-AES. Total P, total dissolved P (TDP) and dissolved reactive P 
(DRP) in water samples were measured using the molybdenum blue method following standardized treatments51.

Calculation. �e DGT measurement is generally interpreted as the time-averaged concentration at the di�u-
sion layer-sediment interface (CDGT)29,

=
∆

C
M g

DAt (3)DGT

where Δg (cm) is the thickness of the di�usion layer, D (cm2 s−1) is the di�usion coe�cient of the analyte in the 
di�usion layer, t (s) is the deployment time, A (cm2) is the exposure area of the gel, and M (μg) is the correspond-
ing accumulated mass over the deployment time.

When a thin di�usion layer is used, the measured CDGT is far lower than the pore water concentration. To 
avoid the improper interpretation of the DGT measured result as a pore water concentration53, the DGT-labile Fe 
or P was interpreted herein as the �ux (ng cm−2 s−1), as used by others47,53–55:

=F
M

At
1000

(4)DGT

Correlation analysis. �e correlations between di�erent couples of Fe and P species, including Fe-ox1 and 
P-ox1, Fe-ox2 and P-ox2, and DGT-labile Fe and P, were analyzed using linear �tting with the the least squares 
approach. �e �tting between Fe and P from chemical fractionation was performed using the data from the SWI 
to a depth at which the subsequent data (just below the depth) evidently deviated from the data group included. 
Generally the data at the entire depths could be used in �tting a line in the major sites, with the signi�cant levels 
for all the correlation coe�cients (R) p <  0.05. �e �tting between Fe and P from DGT measurement was gener-
ally performed using the data at the entire depths if the signi�cant levels reached p <  0.001. In another case, the 
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�tting was performed using the data from the SWI to a depth at which the subsequent data (just below the depth) 
evidently deviated from the data group included. �e remaining data was then used for �tting another line. Both 
the signi�cant levels from two line �ttings also reached p <  0.001.

References
1. Schindler, D., W. & Vallentyne, J. R. �e Algal Bowl: Overfertilization of the World’s Freshwaters and Estuaries. Univ. of Alberta 

Press, Edmonton, AB (2008).
2. Conley, D. J. et al. Controlling eutrophication: nitrogen and phosphorus. Science 323, 1014–1015 (2009).
3. Martins, G., Peixoto, L., Brito, A. G. & Nogueira, R. Phosphorus-iron interaction in sediments: can an electrode minimize 

phosphorus release from sediments? Rev. in Environ. Sci. Biotechnol. 13, 265–275 (2014).
4. Schelske, C. L. Eutrophication: Focus on Phosphorus. Science 324, 722–722 (2009).
5. Schindler, D. W. Evolution of phosphorus limitation in lakes. Science 195, 260–262 (1977).
6. Jeppesen, E. et al. Lake responses to reduced nutrient loading - an analysis of contemporary long-term data from 35 case studies. 

Freshwater Biol. 50, 1747–1771 (2005).
7. Welch, E. B. & Cooke, G. D. Internal phosphorus loading in shallow lakes: Importance and control. Lake Reservoir Manage. 21, 

209–217 (2005).
8. Penn, M. R. et al. Seasonality in phosphorus release rates from the sediments of a hypereutrophic lake under a matrix of pH and 

redox conditions. Can. J. Fish. Aquat. Sci. 57, 1033–1041 (2000).
9. Søndergaard, M., Jensen, J. P. & Jeppesen, E. Role of sediment and internal loading of phosphorus in shallow lakes. Hydrobiologia 

506, 135–145 (2003).
10. Einsele, W. Über die Beziehungen des Eisenkreislaufs zum Phosphatkreislauf im eutrophen See. Arch. Hydrobiol. 29, 664–686 

(1936).
11. Mortimer, C. H. �e exchange of dissolved substances between mud and water in lakes. J. Ecol. 29, 280–329 (1941).
12. Petticrew, E. L. & Arocena, J. M. Evaluation of iron-phosphate as a source of internal lake phosphorus loadings. Sci. Total Environ. 

266, 87–93 (2001).
13. Rydin, E. Potentially mobile phosphorus in Lake Erken sediment. Water Res. 34, 2037–2042 (2000).
14. Spears, B. M., Carvalho, L., Perkins, R., Kirika, A. & Paterson, D. M. Sediment phosphorus cycling in a large shallow lake: spatio-

temporal variation in phosphorus pools and release. Hydrobiologia 584, 37–48 (2007).
15. Smith, L., Watzin, M. C. & Druschel, G. Relating sediment phosphorus mobility to seasonal and diel redox �uctuations at the 

sediment-water interface in a eutrophic freshwater lake. Limnol. Oceanogr. 56, 2251–2264 (2011).
16. Amirbahman, A., Pearce, A. R., Bouchard, R. J., Norton, S. A. & Kahl, J. S. Relationship between hypolimnetic phosphorus and iron 

release from eleven lakes in Maine, USA Biogeochemistry 65, 369–385 (2003).
17. Xu, D., Wu, W., Ding, S., Sun, Q. & Zhang, C. A high-resolution dialysis technique for rapid determination of dissolved reactive 

phosphate and ferrous iron in pore water of sediments. Sci. Total Environ. 421–422, 245–252 (2012).
18. Christophoridis, C. & Fytianos, K. Conditions a�ecting the release of phosphorus from surface lake sediments. J. Environ. Qual. 35, 

1181–1192 (2006).
19. Rozan, T. F. et al. Iron-sulfur-phosphorus cycling in the sediments of a shallow coastal bay: Implications for sediment nutrient 

release and benthic macroalgal blooms. Limnol. Oceanogr. 47, 1346–1354 (2002).
20. Kopáček, J. et al. Aluminum control of phosphorus sorption by lake sediments. Environ. Sci. Technol. 39, 8784–8789 (2005).
21. Hemond, H. F. & Lin, K. Nitrate suppresses internal phosphorus loading in an eutrophic lake. Water Res. 44, 3645–3650 (2010).
22. Hupfer, M. & Lewandowski, J. Oxygen controls the phosphorus release from lake sediments - a long-lasting paradigm in limnology. 

Int. Rev. Hydrobiol. 93, 415–432 (2008).
23. Golterman, H. L. Phosphate release from anoxic sediments or ‘What did Mortimer really write?’ Hydrobiologia 450, 99–106 (2001).
24. Hupfer, M., Gloess, S. & Grossart, H. P. Polyphosphate-accumulating microorganisms in aquatic sediments. Aquat. Microb. Ecol. 47, 

299–311 (2007).
25. Ahlgren, J. et al. Sediment depth attenuation of biogenic phosphorus compounds measured by P-31 NMR. Environ. Sci. Technol. 39, 

867–872 (2005).
26. Søndergaard, M., Jensen, P. J. & Jeppesen, E. Retention and internal loading of phosphorus in shallow, eutrophic lakes. 

�eScienti�cWorldJournal 1, 427–442 (2001).
27. Spears, B. M., Carvalho, L. & Paterson, D. M. Phosphorus partitioning in a shallow lake: implications for water quality management. 

Water Environ. J. 21, 47–53 (2007).
28. Zhou, A., Tang, H. & Wang, D. Phosphorus adsorption on natural sediments: Modeling and e�ects of pH and sediment composition. 

Water Res. 39, 1245–1254 (2005).
29. Davison, W. & Zhang, H. Progress in understanding the use of di�usive gradients in thin �lms (DGT) - back to basics. Environ. 

Chem. 9, 1–13 (2012).
30. Zhang, C., Ding, S., Xu, D., Tang, Y. & Wong, M. Bioavailability assessment of phosphorus and metals in soils and sediments: a 

review of di�usive gradients in thin �lms (DGT). Environ. Monit. Assess. 186, 7367–7378 (2014).
31. Peijnenburg, W. J. G. M. et al. Passive sampling methods for contaminated sediments: State of the science for metals. Integr. Environ. 

Assess. Manage. 10, 179–196 (2014).
32. Xu, D. et al. Di�usive gradients in thin �lms technique equipped with a mixed binding gel for simultaneous measurements of 

dissolved reactive phosphorus and dissolved iron. Environ. Sci. Technol. 47, 10477–10484 (2013).
33. Bai, X. L. et al. Organic phosphorus species in surface sediments of a large, shallow, eutrophic lake, Lake Taihu, China. Environm. 

Pollut. 157, 2507–2513 (2009).
34. Ding, S. et al. In situ, high-resolution imaging of labile phosphorus in sediments of a large eutrophic lake. Water Res. 74, 100–109 

(2015).
35. Jensen, H. S., Kristensen, P., Jeppesen, E. & Skytthe, A. Iron-phosphorus ratio in surface sediment as an indicator of phosphate 

release from aerobic sediments in shallow lakes. Hydrobiologia 235, 731–743 (1992).
36. Poulton, S. W. & Can�eld, D. E. Development of a sequential extraction procedure for iron: implications for iron partitioning in 

continentally derived particulates. Chem. Geol. 214, 209–221 (2005).
37. Wang, Xiaoming et al. Characteristics of phosphate adsorption-desorption onto ferrihydrite: comparison with well-crystalline fe 

(hydr)oxides. Soil Sci. 178, 1–11 (2013).
38. Stockdale, A., Davison, W. & Zhang, H. Micro-scale biogeochemical heterogeneity in sediments: A review of available technology 

and observed evidence. Earth Sci. Rev. 92, 81–97 (2009).
39. Ding, S., Wang, Y., Xu, D., Zhu, C. & Zhang, C. Gel-based coloration technique for the submillimeter-scale imaging of labile 

phosphorus in sediments and soils with di�usive gradients in thin �lms. Environ. Sci. Technol. 47, 7821–7829 (2013).
40. Génin, J.-M. R., Refait, P., Bourrié, G., Abdelmoula, M. & Trolard, F. Structure and stability of the Fe(II)–Fe(III) green rust 

“fougerite” mineral and its potential for reducing pollutants in soil solutions. Appl. Geochem. 16, 559–570 (2001).
41. Benali, O., Abdelmoula, M., Refait, P. & Génin, J.-M. R. E�ect of orthophosphate on the oxidation products of Fe(II)-Fe(III) 

hydroxycarbonate: the transformation of green rust to ferrihydrite. Geochim. Cosmochim. Acta 65, 1715–1726 (2001).



www.nature.com/scientificreports/

1 1Scientific RepoRts | 6:24341 | DOI: 10.1038/srep24341

42. Ding, S. M. et al. Speciation of organic phosphorus in a sediment pro�le of Lake Taihu II. Molecular species and their depth 
attenuation. J. Environ. Sci. 25, 925–932 (2013).

43. Lukkari, K., Hartikainen, H. & Leivuori, M. Fractionation of sediment phosphorus revisited. I: Fractionation steps and their 
biogeochemical basis. Limnol. Oceanogr. Meth. 5, 433–444 (2007).

44. Guppy, C. N., Menzies, N. W., Moody, P. W. & Blamey, F. P. C. Competitive sorption reactions between phosphorus and organic 
matter in soil: a review. Soil Res. 43, 189–202 (2005).

45. Harper, M. P., Davison, W., Zhang, H. & Tych, W. Kinetics of metal exchange between solids and solutions in sediments and soils 
interpreted from DGT measured �uxes. Geochim. Cosmochim. Acta 62, 2757–2770 (1998).

46. Duan, H. T. et al. Two-decade reconstruction of algal blooms in China’s Lake Taihu. Environ. Sci. Technol. 43, 3522–3528 (2009).
47. Kreuzeder, A., Santner, J., Prohaska, T. & Wenzel, W. W. Gel for simultaneous chemical imaging of anionic and cationic solutes using 

di�usive gradients in thin �lms. Anal. Chem. 85, 12028–12036 (2013).
48. Lehto, N. J., Davison, W. & Zhang, H. �e use of ultra-thin di�usive gradients in thin-�lms (DGT) devices for the analysis of trace 

metal dynamics in soils and sediments: a measurement and modelling approach. Environ. Chem. 9, 415–423 (2012).
49. Scally, S., Davison, W. & Zhang, H. Di�usion coe�cients of metals and metal complexes in hydrogels used in di�usive gradients in 

thin �lms. Anal. Chim. Acta 558, 222–229 (2006).
50. Ding, S. et al. High-resolution, two-dimensional measurement of dissolved reactive phosphorus in sediments using the di�usive 

gradients in thin �lms technique in combination with a routine procedure. Environ. Sci. Technol. 45, 9680–9686 (2011).
51. Jin, X. C. & Tu, Q. Y. Lake eutrophication survey speci�cation (second edition). China Environmental Science Press, Beijing (1990).
52. Lu, R. K. Analytical methods for soil and agricultural chemistry. China Agricultural Science and Technology Press, Beijing (1999).
53. Santner J., Larsen M., Kreuzeder A. & N., G. R. Two decades of chemical imaging of solutes in sediments and soils – a review. Anal. 

Chim. Acta 878, 9–42 (2015).
54. Hoefer, C., Santner, J., Puschenreiter, M. & Wenzel, W. W. Localized metal solubilisation in the rhizosphere of Salix smithiana upon 

sulfur application. Environ. Sci. Technol. 49, 4522–4529 (2015).
55. Widerlund, A., Nowell, G. M., Davison, W. & Pearson, D. G. High-resolution measurements of sulphur isotope variations in 

sediment pore-waters by laser ablation multicollector inductively coupled plasma mass spectrometry. Chem. Geol. 291, 278–285 
(2012).

Acknowledgements
�e authors thank Prof. Weiping Hu for providing speed boats for �eld sampling. �is study was jointly sponsored 
by the National Natural Science Foundation of China (41322011, 21177134, 41571465) and National High-level 
Personnel of Special Support Program. We are grateful to an anonymous reviewer who gave invaluable comments 
and suggestions for improving this manuscript.

Author Contributions
S.D. designed the experiments and wrote the manuscript. Y.W., D.W. and Y.Y.L. performed the experiments and 
calculations. M.G. and C.Z. joined the discussion of this manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: Ding, S. et al. In situ, high-resolution evidence for iron-coupled mobilization of 
phosphorus in sediments. Sci. Rep. 6, 24341; doi: 10.1038/srep24341 (2016).

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	In situ, high-resolution evidence for iron-coupled mobilization of phosphorus in sediments
	Introduction
	Results and Discussion
	Sediment properties
	Sediment Fe and P
	Distribution of DGT-labile Fe and P
	Resupply dynamics of Fe and P
	Identification of Fe (oxyhydr)oxides coupling to P release

	Methods
	Description of the sampling sites
	Preparation and deployment of DGT probes
	Sampling of sediments
	Sample analyses
	Calculation
	Correlation analysis

	Additional Information
	Acknowledgements
	References


