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Abstract 
The technique of DGT (diffusive gradients in thin films) was applied to obtain high-resolution ver-
tical profiles of dissolved reactive phosphorus (DRP) in sediment porewater of Lake Chaohu, a 
shallow eutrophication lake. Three kinds of DGT probes (with three thicknesses of diffusive gel: 
0.38 mm, 0.78 mm and 1.18 mm) measured vertical concentration and induced flux from solid to 
solution phase which had intricate variations with depth. The results indicated that higher con-
centrations and induced fluxes of DRP were achieved by using DGT probe with thicker diffusion 
layer (CDGT1.18 > CDGT0.78 > CDGT0.38) and relatively stable DRP concentration profiles using DGT 
probes with 0.78 mm diffusive gel were obtained in each sediment core. The DRP concentrations 
displayed a clear gradient from Core C1 to Core C3 in sediment porewaters due to different 
sources and exchange degrees of reactive phosphorus. Compared to the concentrations obtained 
by the centrifugation technique, the concentrations of DRP resulting from the DGT technique were 
higher because some dissolved reactive phosphorus compounds have always been neglected using 
conventional centrifugation method. 
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1. Introduction 
Sediments have received large amounts of phosphorus, including inorganic species (e.g. mono- or diprotonated 
orthophosphate) and organic species (e.g. DNA-P, P-lipids, Teichoic-P) [1] [2]. Phosphorus fractions could 
transfer and transform between the solid phase (i.e. sediment) and the water column (i.e. porewaters, overlying 
water) by microbial activities and diffusion with the variation of redox conditions [3] [4]. Dissolved reactive 
phosphorus (DRP) is the predominant inorganic species which is bioavailable for algae and other phytoplankton 
according to its abundance and dynamics [1]. Thus, it is necessary to carry out related studies to understand the 
distribution of DRP and clarify the release mechanism of DRP in the porewaters of lake sediment. 

DRP is an operational definition for soluble phosphate which passes a 0.45 µm filter and can be measured 
colorimetrically [5] [6]. However, some inorganic condensed phosphorus (e.g. pyrophosphate, tripolyphosphate, 
trimetaphosphate) may easily pass a 0.45 µm filter which is bioavailable for algae [7]. Therefore, DRP could be 
underestimated because only orthophosphate is determined by this method. Additionally, in aquatic sediments, 
the permanent anoxic conditions in porewaters may interfere with SRP analysis during sampling and pretreat-
ment [8]. The conventional methods of squeezing, coring and centrifugation may destroy the anoxic conditions 
and introduce the biases. The diffusive gradient in thin films (DGT) technique is an in situ analytical method 
that is designed to accumulate labile species (e.g. metals, sulfide, phosphorus) in environmental systems [7] [9] 
[10]. DGT in situ accumulates these species on a binding gel after they freely transport through a diffusive layer 
and 0.45 µm filter membrane. More than 95% recovery and high capacities were obtained for these labile spe-
cies determination using DGT [11] [12].  

Recently, the DGT technique has been applied to the in situ measurements of the DRP in natural waters [7] 
[13] [14]. Phosphorus species diffuse through a layer of polyacrylamide gel and then bind to ferrihydrite em-
bedded in a further layer of gel. However, research on DRP measurements in sediment porewaters using DGT 
has not been adequately carried out. For DRP determination in sediment porewaters, DGT is superior to other 
sampling methods in that it accumulates chemicals continuously from both the solution and solid phases, and 
can provide time-weighted average concentration over the exposure period based on Fick’s first law of diffusion 
[15] [16]. Moreover, DGT measures both inorganic and labile organic species, which are the bioavailable phos-
phorus forms [17]. Therefore, this technology has been successfully applied to sediment porewaters for DRP 
measurement [18] [19]. Fe-Oxide is a traditional binding gel for liable and available phosphorus fractions with 
high precision and accuracy. Recently, Zr-Oxide is developed as a new binding gel due to high selectivity and 
great capcacity for absorbing phosphate [12] [20]. In this work, DGT is used to measure DRP concentration in 
porewaters of Lake Chaohu to provide in situ data of the induced flux and concentration profile. Three kinds of 
DGT probes (with diffusive gel: 0.38 mm, 0.78 mm and 1.18 mm) were used. The aim of this experiment is to 
investigate the horizontal and vertical distribution of DRP in sediment porewaters of Lake Chaohu and to esti-
mate the diffusive boundary layer thickness in the performance of DGT. Moreover, the reproducibility and ac-
curacy of the operation, the capacity of the solid phase to resupply solute to porewater were also analyzed. 

2. Materials and Methods 
2.1. Study Area 
Lake Chaohu is a shallow, eutrophic lake, with a surface area of 780 km2, a mean depth of ca 3.0 m and a cat-
chment area of 12,938 km2. The western region (ca 1/3 of area) is surrounded by Heifei (the capital city of An-
hui Province) and the eastern region (ca 2/3 of area) by Chaohu City. Eight main rivers, which provide about  
90% of the runoff volume from the catchment area, feed Lake Chaohu and the outlet, the Yuxi River, is the only 
channel linking the lake to the Yangtze River (Figure 1). The lake has suffered from serious eutrophication in 
recent years, caused by wastewater and agricultural runoff from Hefei and Chaohu cities [21]. The sedimentary 
input of most nutrients began to increase at around 1950, and nutrient loading has accelerated since the 1960s. 
Furthermore, nutrient loading has accelerated since the 1970s because of the large amount of industrial, agricul-
tural and domestic sewage discharged into the lake [21] [22]. Inorganic phosphorus dominated all sediment 
samples, accounting for 73.96% of total phosphorus in Lake Chaohu [23] [24]. 

2.2. Sediment Samples and Analysis 
The core sediment samples were collected in March 2013, in three defined sampling positions in Lake Chaohu  
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Figure 1. Sampling sites in lake Chaohu (C1-C3). 

 
(Figure 1). As it is shown in Figure 1, the C1 site is located near the entrance of Nanfei River, C2 site is located 
in the central of western half-lake, C3 site is located in the central of the lake near Laoshan Island. Four replicate 
30cm sediment cores were obtained from every site using a hand driven steel corer with a length of 50 cm and 
an internal diameter of 8 cm. Three core sediment samples were treated by three kinds of pretreated DGT probes 
(with diffusive gel: 0.38 mm; 0.78 mm; 1.92 mm). Another core sediment samples were cut and treated with 
centrifugation followed by a filtration.  

2.3. DGT Technique 
2.3.1. DGT Preparation 
The DGT device was first described in details by Zhang and Davision (1995) from DGT Research Ltd, Lancas-
ter, England [25]. This technique could measure directly the mean flux of labile species to the device based on 
Fick’s first law of diffusion. The DGT probe is composed of top plastic cover, filter membrane in the first layer, 
diffusive gel in the second layer, binder gel in the third layer, filter membrane in the fourth layer and bottom 
plastic holder. The filter membrane (thickness: 0.13 mm) is used to prevent plankton and small particles with the 
diameter larger than 0.45 µm. The diffusive gel (which has controlled porosity) serves to provide a constant 
concentration gradient during diffusion of the DRP between the porewaters and the binding gel. Fe-oxide is a 
binding material and it would cause the DRP to be rapidly and irreversibly removed from porewaters. The mass 
of DRP accumulated in the Fe-Oxide gel is measured on retrieval, and Fick’s first law of diffusion is used to 
calculate the in situ DRP concentration in porewaters. Three kinds of diffusive gel (with thickness: 0.38 mm, 
0.78 mm and 1.18 mm) were prepared. The same length of 150 mm was obtained in each gel (i.e. filter mem-
brane, diffusive gel and binder gel). The probes were deoxygenated by immersing them in 0.01 M NaCl bubbled 
with high-purity nitrogen for 24 h to avoid any introduction of oxygen to the sediment during operation before 
laboratory deployment.  

2.3.2. DGT Operation and Treatment 
Deployments were carried out immediately after the core sediment samples were transported into the laboratory. 
Three DGT probes (with thickness: 0.38 mm, 0.78 mm and 1.18 mm) were inserted into three core sediments 
respectively. The probes were pushed gently and smoothly until the top of the gel was in line with sediment- 
water interface. The temperature (16˚C) and the time of deployment were noted down. After 24 h exposure in 
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porewaters, the probes were pull out from the sediment and the probe surfaces were rinsed with Millipore water 
to avoid preservation of the particles on the surface of probes. Then, the binding gel was removed from the DGT 
assembly and cut into 5 mm × 18 mm segments using a Teflon coated blade. Each segment was put into a cen-
trifuge vial (0.50 ml) and 0.80 ml of 0.25M H2SO4 solution was added to elute DRP binding with Fe-Oxide gel. 
The samples were diluted twice for DRP determination.  

2.3.3. Calculation Procedures 
A detailed description of DGT calculation procedures was given by Zhang et al., 1995 [25]. The mass of DRP in 
the binding gel (M) can be calculated using Equation (1) 

( )acid gele eM C V V f= +                                 (1) 

where eC  is the concentration of DRP in the 0.25 M H2SO4 elution solution (in µg/l), acidV  is the volume of 
0.25 M H2SO4 added to the Fe-Oxide gel, gelV  is the volume of Fe-Oxide gel, ef  is the elution factor for DRP, 
which is 1 in this case. 

The fluxes (F) induced by ( )DGTDGT C  can be calculated using Equation (2) 

( )DGTC M g DtA= ∆                                  (2) 

where g∆  is the thickness of the diffusive gel (0.38 mm, 0.78 mm, 1.18 mm) plus the thickness of the filter 
membrane (0.13 mm), D is the diffusion coefficient of P in the gel, which is 3.87 × 10−6 cm2/s at 10˚C, t is the 
deployment time and A is the exposure area (A = 0.9 cm2). 

2.4. Conventional Centrifugation 
Another core sediment samples were cut at 1 cm intervals and collected in sealed polyethylene tubes under a ni-
trogen atmosphere. Then the sediment sub-samples were centrifuged at 8000 rpm for 10 min to separate out 
porewaters into 10 ml vials. The porewaters samples were filtered by 0.45 µm cellulose acetate membrane and 
kept at 4˚C for analysis. Dissolved reactive phosphorus (DRP) in samples was determined using molybdenum 
blue method with Discrete Auto Analyzer (SmartChem 200, Alliance, France). The limit of detection of this 
method was 0.01 mg P/L. TOC was measured using a TOC analyzer (Multi N/C 2100, AnalytikJena, Germany). 

3. Results and Discussion 
3.1. DRP Concentrations in Vertical Sediment Porewater Profiles  
The DRP profiles in porewaters determined by DGT with three thicknesses of diffusive gels are presented in 
Figure 2. DRP concentrations in the deep plot were mostly above 0.01 mg/L with 0.38 mm diffusive gel, 0.02 
mg/L with 0.78 mm diffusive gel, 0.03 mg/L with 1.18 mm diffusive gel. The trend of DRP concentrations in 
the profile was the same as average DRP concentration determined by DGT with different diffusive gel thick-
ness, which indicated relatively higher phosphorus transferred from solid phrase of sediment to porewater in the 
profile using DGT with thicker diffusive gel. Similar results for Fe, Mn, Co and Cd concentration profiles in 
porewaters were found by Wu et al. (2011) [26]. The DRP concentrations obtained from DGT probes with dif-
ferent diffusive thicknesses showed useful information on phosphorus behavior at a millimetric scale in porewa-
ters. In each sample site, DRP measured by DGT represented the average concentration over the deployment 
time, therefore the DGT-DRP distributions record the process information of phosphorus exchange between se-
diments and porewaters. For the DGT0.38, DRP concentrations in the profiles were much smaller than those for 
DGT0.78 and DGT1.18, which indicated phosphorus in porewaters were partially diffused and fixed in the 
Fe-Oxide gel [25]. For the DGT0.78, DRP concentrations were relatively stable and similar variation trend was 
presented in the profiles of each site. Generally, this probe should be chosen as the deployment probe in practic-
al application [25]. For the DGT1.18, DRP profiles showed larger amplitude in concentrations than those for 
DGT0.38 and DGT0.78, which indicated more DRP transported from sediment to porewaters with thicker diffusive 
gel. In general, phosphorus is free to diffuse vertically along concentration gradients before being fixed by Fe- 
Oxide gel; very steep porewaters gradients would be also present due to lateral diffusion, especially for thicker 
diffusion layers [27] [28]. Therefore, smoothing sharp features was more pronounced to form for the DGT 
probes with 1.18 mm diffusive gel in the profiles.  
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(a) 

 
(b) 

 
(c) 

Figure 2. Vertical profiles of DRP concentrations in sediment porewater of Lake 
Chaohu: (a) Core C1, (b) Core C2, (c) Core C3. 
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DRP profiles in core C1 varied significantly especially for the DGT with 1.18 mm diffusive gel and more than 
two concentration peaks were observed. For DGT0.38 and DGT0.78, the first concentration peak appear at 2.5 cm 
layer with 0.021 mg/l and 0.036 mg/l, respectively, the second concentration peak appear at 8.5 cm layer with 
0.020 mg/l and 0.036 mg/l, respectively, which were consistent with the phosphorus pollution history in the se-
diments since 2000s and 1980s, respectively [22]. DRP concentration peaks in the profile can be generated from 
different sources where diffusional transport can occur in three dimensions [29]. The principal phosphorus pol-
lutant inflow to the region comes from the Nanfei River that discharges untreated domestic and industrial 
wastewater from Hefei City. The phosphorus loading has accelerated since the 1980s as a consequence of the 
large amounts of industrial, agricultural and domestic sewages discharged into Chaohu Lake [22] [24]. 

DRP profiles determined by the DGT probes with three different diffusive thicknesses in core C2 were similar 
with those in core C3, which indicated that similar phosphorus pollution in the two sites has been recorded dur-
ing the past 50 years. C2 site is located in the central of western half-lake, C3 site is located in the central of the 
lake near Laoshan Island. Agricultural activities are the main external phosphorus source in the two sites, and 
uniformly mixing conditions contribute similar endogenous phosphorus deposition due to the construction of the 
dam since 1960s [21]. For C2 and C3, there was a systematic increase of DRP concentrations in DGT0.38 and 
DGT1.18 profiles at the depth of 0 - 2.5 cm and 0 - 2.0 cm, respectively. In the first decade of this century, major-
ity of phosphorus was discharged into Lake Chaohu and deposited into sediments with the rapid agricultural de-
velopment. It was reported that phosphorus deposited into sediments was adsorbed in aerobic conditions by hy-
droxides and oxides of Fe and Mn, and was released into porewaters in anaerobic conditions by reduction of hy-
droxides and oxides of Fe and Mn [30] [31].  

3.2. Comparison of the DRP Concentration Using Centrifugation and DGT Methods 
The DRP concentrations in the porewaters of sediment cores using DGT and centrifugation measurements were 
shown in Table 1. The average DRP concentrations measured by centrifugation were lower than those deter-
mined by DGT with diffusive gels of 0.78 mm and 1.18 mm thicknesses, but higher than those determined by 
DGT with thickness of 0.38 mm. The results indicated that some inorganic condensed phosphorus (e.g. pyro-
phosphate, tripolyphosphate, trimetaphosphate) and micro-molecular organic P compounds were also adsorbed 
by Fe-oxide gel during the deployment of DGT [32]. These dissolved reactive phosphorus compounds could be 
hydrolyzed into orthophosphate by H2SO4 in the elution step of DGT methods, and be determined by traditional 
molybdenum blue method. Although measurements using 31P NMR indicated that the phosphorus species in se-
diments of seven freshwater lakes were dominated by orthophosphate, other phosphorus fractions (e.g. ortho-
phosphate diesters and monoesters, pyrophosphate) represented nearly 20% of the total dissolved phosphorus 
[33]. The fractions of DRP have always been neglected when measured DRP in sediment porewaters using con-
ventional centrifugation method. DGT is a high resolution in situ measurement method, thus the fractions of in-
organic condensed phosphorus and micro-molecular organic P are not negligible. Furthermore, there is re-supply 
process from the solid to porewater using DGT probes with thick diffusive gels, while centrifugation treatment 
may solely separate phosphorus in porewaters [15] [16]. Therefore, the average DRP concentration using the 
centrifugation procedure is much lower than those using DGT probes with diffusive gels of 0.78 mm and 1.18 
mm thicknesses. Similar results for Fe and Mn concentrations in sediment porewaters using DGT and centrifu-
gation were found by Lesven et al. (2008) [34]. The process of inserted DGT probe may deplete porewaters 
concentrations adjacent to the probe, the interfacial concentration will therefore be less than the bulk porewaters  
 
Table 1. Comparison of the DRP concentration using centrifugation and DGT methods. 

Sampling position 

Average value of DRP(mg/L) 

DGT 
Centrifugation 

0.38 mm 0.78 mm 1.18 mm 

C1 0.018 ± 0.002 0.032 ± 0.004 0.044 ± 0.005 0.022 ± 0.014 

C2 0.018 ± 0.002 0.031 ± 0.004 0.046 ± 0.004 0.017 ± 0.015 

C3 0.019 ± 0.002 0.032 ± 0.004 0.049 ± 0.004 0.010 ± 0.009 
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concentration, especially for the DGT probes with thin diffusive gel [28] [35].  
For the three sediment cores, the order of average DRP concentration determined by DGT with different dif-

fusive thicknesses was: DGT1.18 mm > DGT0.78 mm > DGT0.38 mm, indicating the low DRP diffusion velocity when 
DGT devices have a thin diffusive layer [36]. According to classical diffusive theory, solute diffusion process in 
fluid media contains advection and diffusion fractions. It is widely recognized that only diffusion process is 
present during the process of contaminant dissolution in porewaters due to low advection velocity in porewaters. 
When DGT probe is immersed in sediment, the transport of phosphorus undergoes a rapid transition from ad-
vective to diffusive control in the region close to DGT window [37]. This layer is known as diffusive boundary 
layer (DBL), and DBL may interfere the formation of DRP diffusive gradients, because DRP is solely trans-
ported by molecular diffusion in DBL [14]. The thickness of this layer will be dependent on the flow and the 
deployment geometry and will effectively extend g∆  from the window of DGT device out into the bulk solu-
tion. The flow velocity in porewaters is much lower than that in surface water, and amount of particulate matters 
are present in porewaters. Deployment of DGT devices with different diffusive thicknesses showed that the 
thickness of the DBL was ~0.23 mm in moderate to well-stirred solutions [38], thus the DBL thickness is not 
negligible using DGT in porewaters with 0.38 mm diffusive gel. 

4. Conclusion 
The DGT technique provided an in situ means of measuring DRP in a sediment/water system by a controlled, 
quantitatively defined way. Well-defined laboratory systems were used to ensure the reproducibility and accu-
racy of the DGT technique for DRP measurements in sediment porewaters. The higher concentrations and in-
duced fluxes of DRP from sediments to porewaters were obtained with thicker diffusive gel and DGT probes 
with 0.78 mm diffusive gel were stable and more appropriate for DRP measurement in sediment porewaters. 
The DRP concentrations increased from 0 cm to 2.5 cm in each sediment core; it was consistent with the rapid 
economic development of Hefei city in the recent decade. The DRP concentrations displayed a clear gradient 
from Core C1 to Core C3 in sediment porewaters, indicating a more mass of phosphorus input in the entrance of 
Nanfei river that received large phosphorus in municipal and industrial wastewater from Hefei city in recent fif-
ty years. Compared to the concentrations obtained by the centrifugation technique, the concentrations of DRP 
resulting from the DGT technique were higher. That indicated more reactive phosphorus fractions that could be 
hydrolyzed by H2SO4 were transported from sediments to porewaters.  
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