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Abstract 
The water system at the Prospect Park ponds of Brooklyn, NY has been re-
ceiving chronic loads of orthophosphate from the municipal water since the 
mid ’90s. The ponds are currently eutrophic with degraded water quality and 
high levels of P in the sediment. In this study, the distribution and speciation 
of P within the water column was examined. The dominant form of P in the 
water was found as soluble reactive phosphate (SRP) and the temporal change 
of SRP indicated significant internal loading from the sediment during late 
summer in the ponds downstream. Lake sediment was investigated for P frac-
tionation and phosphate bound to Fe-hydroxides was the dominant form of P 
in the sediment. Both external and internal P pools are important and should 
be taken into consideration when planning for restoration. 
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1. Introduction 

Eutrophication is the leading cause of water impairment for reservoirs and wa-
tersheds all over the world, especially in developing countries like China [1] [2] 
[3]. Excessive supply of nutrients (mainly of anthropogenic origin) could lead to 
the proliferation of plankton and algae, degraded water quality and thus limit 
water uses [3]. Phosphorus (P) is commonly regarded as the key variable and a 
limiting nutrient in freshwater reservoirs [2] [4] [5]. 

The man-made water system at Prospect Park in Brooklyn, New York, USA is 
composed of a series of connected shallow freshwater ponds built in late 19th 
century. These ponds are fed mainly by municipal water, vary in size and depth, 

How to cite this paper: Liu, Y., Cheng, 
Z.Q., Branco, B.F. and Marra, J.F. (2017) 
Speciation and Mobility of Phosphate in 
the Eutrophic Ponds at Prospect Park, 
Brooklyn, New York, USA. Journal of 
Geoscience and Environment Protection, 5, 
26-36. 
https://doi.org/10.4236/gep.2017.56004  
 
Received: April 13, 2017 
Accepted: June 9, 2017 
Published: June 12, 2017 

http://www.scirp.org/journal/gep
https://doi.org/10.4236/gep.2017.56004
http://www.scirp.org
https://doi.org/10.4236/gep.2017.56004


Y. Liu et al. 
 

27 

and the flow is driven by elevation difference (Figure 1). These shallow ponds 
are currently suffering from eutrophic symptoms including the excessive growth 
of macrophytes and blue green algae. Since mid-1990’s, the municipal water has 
contained on average 2 mg/L of P as orthophosphate. The phosphate (PO4) is 
added as a common corrosion inhibitor [6] [7] [8] for the municipal water 
supply systems in the United States. As a result, on average four metric tons of P 
in the form of orthophosphate enters the aquatic system of New York City each 
year. The impacts of this excessive nutrient on the urban environment and eco-
systems over the long term have not been adequately addressed. 

Besides this direct chronic external source, P in the water column could also 
origin from lake sediments. Such internal loading has often been reported to 
contribute a large proportion of the bio-available P responsible for algal bloom. 
The sediment bound P could hinder the restoration of water quality even after 
the external nutrient loading is eliminated [9] [10]. The duration and extent of 
nutrient internal loading from sediment are related to lake conditions and the 
characteristics of the sediment. The potential for sedimentary phosphate release 
is generally investigated through chemical sequential extractions for speciation 
[11] [12]. In general, P in the sediment can be categorized into: labile or ex-
changeable P [13] [14]-P associated with Fe/Mn and Al hydroxides or oxides es-
pecially FeOOH [15], P in Ca-bound compounds or apatite-P [16] [17], and 
Organic-P, the mobility of which is complex and not well understood. 

There are multiple processes which could lead to the release of P from sedi-
ments. Among the various key factors, Oxidation-Reduction Potential (ORP), 
Dissolved Oxygen (DO), pH, microbial processes and temperature appear to be 
the most important, although the impacts of each are often lake specific [18] 
[19]. For example, one typical process in productive lakes is that with lowered 
redox potential near the sediment water interface, Fe complex within the sedi- 
 

 
Figure 1. Sampling sites along the water system: municipal water flows in at site 1 and 
exits at the west end of the lower Pond as site 10. 
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ment can be reductively dissolved and phosphate adsorbed onto the surface of 
those compounds would then be desorbed and released into water. Water pH is 
also found important especially in sediments with a large proportion of Fe com-
plex. As more hydroxyl ions will compete with phosphate ions for adsorption 
sites on the surface of the oxygenated Fe complex, increase of water pH in eu-
trophic lakes could potentially induce release of PO4 [9] [20] [21]. The release of 
P is not strictly an abiotic process, microbial processes and bioturbation could 
also impact the P circulation by impacting the sedimentation of organic matter 
and resuspension. These processes could be further complicated when coupling 
seasonal changes of water chemistry and the effects of primary production. Tak-
ing into account these complex interactions, it is necessary to couple the investi-
gations of P in the water column and in the sediment simultaneously [16] [22] 
[23]. 

In this study, we investigated the water chemistry and sediment characteristics 
in a series of eutrophic ponds at the Prospect Park of Brooklyn, New York, USA. 
Phosphate in the water column was characterized to estimate the immediate 
availability to the algal growth and sediment was examined for P speciation to 
estimate potential mobility of sedimentary P. Temporal changes of Soluble Reac-
tive Phosphate (SRP) along the flow were monitored from early spring to late 
summer and compared with relevant chemical parameters. The goal is to inves-
tigate the cycling of P among different pools of P and the role of these P in algal 
bloom. The majority of studies in the literature have focused on the cycling of P 
in a closed or semi-closed reservoir. Moreover, many studies on internal loading 
were based on operationally defined fractionation schemes and thus lack valida-
tion from in situ results. This study is one of the few trying to understand the 
cycling of P within a dynamic flow condition. 

2. Materials and Methods 
2.1. Description of the Studied Sites 

This study was conducted in the serially connected, eutrophic ponds in Prospect 
Park, Brooklyn, New York (40˚39'39"N, 73˚57'56"W). The ponds have a total 
surface area of 19.3 hectares. It is a uniformly shallow water body averaging 1.64 
meters with a maximum depth of 2.3 meters. The source for the inflow is the 
New York City municipal water supply, to which orthophosphate is added since 
late 1990’s to control corrosion and reduce the level of lead in drinking water. A 
total of 10 sites, one from each pond, were sampled. The flow is gravity driven, 
and starts from site 1 (Figure 1). While sites 1 - 4 are fenced area with limited 
access, sites 5 to 10 are all open to the public. Sites 5 - 7 are the most eutrophic 
with blue green and green algae species. Sites 7 and 8 are the two largest ponds 
near the end of the water system. Among all these sites, sites 5 and 9 receive the 
most public visits. 

2.2. Sampling and Analytical Methods 

Surface water samples were collected at sites 1 to 10 along the water system 



Y. Liu et al. 
 

29 

(Figure 1) from mid-March to late August in 2008 every ten days. Conductivity, 
pH, ORP, DO, turbidity and water temperature were measured in situ using a 
portable water quality monitor (Horiba). Chlorophyll a was measured using an 
UV spectrophotometer from methanol extracted glass fiber filters. Water sam-
ples were filtered upon collection for dissolved and particulate P analysis. P 
speciation followed EPA standard protocol [24]. Ammonia and nitrate in the 
water samples were measured using an Automated Discrete Nutrient Analyzer 
(Seal AQ2). Dissolved Fe, Ca, K and Mg were measured using an Elan DRC In-
ductively Coupled Plasma Mass Spectrometer (Perkin-Elmer). 

Four bottom sediment grab samples were collected from two sites (5 and 9). 
Part of the sediment was freeze dried with a bench top 2.5 L freeze drying Sys-
tem (Labconco FreeZone), homogenized and stored in plastic bottles. The rest of 
sediment was oven dried and then calcinated at 550 ˚C for 2 hours in a furnace 
to calculate organic content by loss in ignition. Oven dried samples were then 
sieved and stored. Fine portion (<200 µm) of oven-dried samples and freeze- 
dried samples were used for subsequent scanning by an X-ray Fluorescence 
Analyzer (Olympus Innov-X XRF) in triplicates for concentrations of major 
elements. 

Speciation of P in the freeze-dried sediment samples was carried out accord-
ing to the improved SMT protocol to determine P forms in freshwater sediments 
by Ruban et al. [12], modified from the Williams Method [11]. This extraction 
scheme was adopted due to its good reproducibility and it was practically easy to 
perform. The following fractions of P were determined: Inorganic P (IP) was ex-
tracted directly using 1 mol/L HCl for 16 hours, and the residue was calcinated 
and extracted again to determine organic P (OP). For NaOH-P (NaOH extracted 
P) and HCl-P (HCl extracted P), freeze dried sediment was first directly ex-
tracted by 1 mol/L NaOH for 16 hours. After that the supernatant was extracted 
again by 3.5 mol/L HCl for NaOH-P, and the residue was extracted again by 1 
mol/L HCl for HCl-P. In this protocol NaOH-P represents the exchangeable P 
mainly bound to Fe/Al complex. HCl-P is comparable to P mainly bound to Ca 
compounds. The total P is calculated as the sum of IP and OP. 

3. Results 
3.1. Characteristics of Pond Water 

Chemical compositions of surface water during the 6-month sampling periods 
are shown in Table 1. Surface waters were all super-saturated with dissolved 
oxygen (i.e., >7 mg/L) and ORP were generally high for surface water samples. 
Chlorophyll a (Chl a) as an indicator of algal biomass ranged from 7.5 - 15 µg/L 
at these sites, indicating the eutrophic state. Dissolved Fe levels gradually in-
creased along the flow from around 50 µg/L upstream to hundreds downstream. 

Nitrate concentrations in August fluctuated between 30 - 120 µg/L at the up-
stream sites and dropped to less than 15 µg/L at site 7 and afterwards. Ammonia 
levels in August were low (<75 µg/L) before downstream ponds, increased to 
over 300 µg/L at site 8 and dropped rapidly thereafter. The low nitrate levels in-
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dicate N as the limiting nutrient here. 

3.2. P Speciation in the Water Column 

Figure 2 shows the result of P speciation (both dissolved and particulate) in the 
water column at sites 5 and 8 with samples collected in August, 2008. The parti-
tion pattern indicates the dominant P form within the water at both sites was 
dissolved orthophosphate or SRP, followed by dissolved organic-P and insoluble 
ortho-P (bound to particulate). The total P at site 5 almost doubles that of site 8. 
While SRP is more dominant at site 5 than site 8, with SRP concentration of 150 
µg/L at site 5 and 50 µg/L at site 8. Organic P (dissolved and insoluble) is slightly 
higher at site 8 than site 5. 
 

 
Figure 2. Speciation of dissolved and particulate P. 
 
Table 1. Surface water chemistry of prospect park ponds. 

 
Flow 

Upstream 
(site 1 - 3) 

Midstream 
(site 4 - 7) 

Downstream 
(site 8 - 10) 

pH 6.2 - 6.8 6.9→8.3 6.3 - 7.6 

Conductivity (mS/m) 10 - 17 17 - 20 ~20 

Turbidity (NTU) 17 - 30 17 - 38 20 - 25 

Chl a (µg/L) 3.5 - 6 7.5 - 15 6 - 13 

ORP (mV) 347 - 560 233 - 324 229 - 261 

DO (mg/L) 8.2 - 9.5 8.2 - 10.0 7.1 - 8.0 

Nitrate (µg/L) 30 - 120 15 - 70 8 - 22 

Ammonia (µg/L) 0 - 76 62 - 154 162 - 310 

Fe (µg/L) 53 - 62 81 - 156 98 - 231 

Ca (mg/L) 5.1 - 7.6 7.4 - 10.1 8.4 - 8.7 

Mg (mg/L) 1.1 - 1.6 1.6 - 2.5 ~1.7 
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3.3. Sedimentary P Fractionation 

The sediments were mainly silt, with an average total organic content of 13%. 
XRF results show Ca concentrations were 5.1 mg/g and 4.0 mg/g at sites 5 and 9, 
and Fe concentrations were 10 and 24 mg/g at sites 5 and 9, respectively. 

Sedimentary P fractionation results are shown in Figure 3. The TP levels at 
site 5 averaged 0.92 mg/g of dry sediment, slightly higher compared to 0.76 mg/g 
at site 9. In general, inorganic phosphorus (IP) was the dominant fraction of P in 
sediment, with NaOH-P the main components of IP. IP accounted for 62% to 
80% of the total P (TP) in the sediment. NaOH-P, the exchangeable portion of P 
and mostly associated with Fe hydroxides, was found as the dominant P fraction 
at both sites. Although the TP levels at site 5 averaged 0.92 mg/g of dry sedi-
ment, slightly higher compared to 0.76 mg/g at site 9, the fraction of NaOH-P at 
site 9 was higher than that of site 5. The HCl-P, representing P associated with 
Ca complex as Ca-P, was only present at very low levels at all the studied sedi-
ment samples. 

3.4. Soluble Reactive Phosphate along the Flow 

Figure 4 compares trends of SRP along the water system from early spring to 
late summer. There is a general decreasing trend from upper ponds to lower 
ponds for the entire sampling season, with slight exception in August. The trend 
suggested that dissolved phosphate was gradually removed from the water col-
umn either to the sediment pool or by the biomass. Although the SRP levels at 
site 10 was still high and the pond was clearly eutrophic, algal bloom in early 
spring only occurred sparingly by observation. The sharp decrease of SRP at the 
last three ponds in the spring suggested larger quantities of phosphate in these 
ponds downstream were probably retained by the sediment than the biomass, 
comparing to sites 1-7. 
 

 
Figure 3. P speciation in sediment. Samples were taken from different locations of site 5 
and 9. 
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Figure 4. Soluble reactive phosphate (SRP) levels along with the flow (monthly average) 
 

SRP in May has a similar trend to that of March/ April from site 1 to site 6. 
SRP at site 7 was about 100 µg/L lower than at site 6 in May, probably due to the 
uptake by algal bloom which was generally considered to appear in May or late 
spring [9]. This was also consistent with the observed peaks of chlorophyll a of 
~15 µg/L at site 7 (Table 1) and high levels of turbidity (peaked at 38 NTU). 

3.5. Temporal Changes of Soluble Reactive Phosphate 

Comparing patterns of SRP levels at different months, it can be found that ex-
cept for site 1 with the similar starting level of SRP, the SRP values are the high-
est in March, followed a significant decrease in April (Figure 4). Then the SRP 
levels kept increasing in May and reach the highest levels in August. The lower 
SRP levels in April than March could be attributed to the uptake of SRP by bio-
mass from the water column during the mid-spring bloom. The slight increase 
in temperature could also stimulate the mineralization of suspended particles on 
which PO4 is sequestered. Since the uptake of biomass could also lower the SRP 
levels in early summer, the most probable explanation for the increase of SRP 
from May to August is the release of SRP from sediment—i.e., the internal load-
ing of P. 

4. Discussions 
4.1. More indications on Internal Loading 

Dissolved oxygen depth profiles in the water column were also determined (data 
not shown) at selected sites. Surface waters were all saturated with dissolved 
oxygen and the DO level increased gradually along the waterway, with the high-
est super-saturation at site 9. Near the bottom of the water column DO level 
dropped to~3.4 mg/L at the 1.5-meter depth at site 9 in August, much lower 
than that of the surface water and close to hypoxia. Although the shallow nature 
of the ponds would limit the occurrence of stratification in the summer, hypoxia 
could still happen near the sediment-water interface due to the presence of algal 
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bloom-which reduces water circulation and oxygen diffusion. 
The temporal trends of total dissolved Fe and P are very similar during the 

entire sampling period (Figure 5). SRP correlates well with Fe levels (R2≈ 0.80, N 
= 12). There is also good correlation with pH of the surface water: when the pH 
increased, the Fe and P levels increased accordingly or soon after. The pH in-
crease at the surface is usually caused by photosynthesis of algal biomass, while 
the coupled increase of Fe and P in the water column is an indication of the dis-
solution of Fe-hydroxides and the release of adsorbed phosphate from the sedi-
ment. Such dissolution of Fe-hydroxides can happen under reducing environ-
ment, which is known to exist in organic rich lake bottom sediments. The re-
duced oxygen levels at the bottom of the pond will enhance the reducing envi-
ronment in the sediment matrix. And more Fe and phosphate will be released 
and diffused into the water column. 

4.2. Mobility of Sedimentary Phosphate 

The sedimentary P speciation in the sediment is consistent with significant in-
ternal loading of P from the sediment. Since most of phosphate in the sediment 
was present as NaOH-P, the high levels of labile P adsorbed on Fe-oxyhydrox- 
ides can be easily released under high water pH or lowered DO and nitrate con-
ditions at the bottom of the water column. Increased microbial decomposition 
can also accelerate such release. This internal loading is more significant at 
ponds in the second half of the water system, where the pond areas are much 
larger and water is deeper. For sites 1 - 4 the ponds had shorter residence time, 
thus phosphate levels in the water column would be more controlled by the mu-
nicipal input and contributions from internal loading appears less important. 

An estimate of the sediment P stock is made based on the results from site 5. 
Considering that the total area of the ponds is approximately 19.3 hectares, P 
adsorption/desorption is active in the upper 5cm of the sediment, with a mean 
 

 
Figure 5. Temporal changes of pH and conductivity, total dissolved P, and Fe concentra-
tions at Sites 4, 5 and 9. 
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sediment water content of 74%, and assuming the bulk density of the sediment 
as ~1.1 grams per cm3 [25], the dry mass of sediment was roughly 2760 metric 
tons. The mass of NaOH-P and organic P were thus ~1885 metric tons and 848 
metric tons, respectively. The total stock of labile P is thus extraordinarily large 
and cannot be neglected. However, it should be noted that the contribution from 
internal loading is dependent upon conditions in each pond and therefore can 
vary. 

5. Conclusions 

It is found that in Prospect Park, the most abundant P form in the water column 
is dissolved ortho-phosphate, which was gradually removed from the water 
column and deposited in the sediment throughout the water system. The se-
questering of the orthophosphate can be direct adsorption onto Fe-oxyhydrox- 
ides in the sediment in oxygenated water, and the annual precipitation of dead 
algal biomass to the bottom of the ponds. 

Correlated levels of dissolved Fe and SRP in the water column indicated sig-
nificant amount of P were released from the sediment. Temporal variations of 
SRP suggested that the algal bloom and proliferation of macrophytes impact in-
ternal loading through several processes that generally enhance the release of P 
from the iron rich sediment in late spring-summer-early fall season. Sedimenta-
ry P results show the dominance of NaOH-P, which is consistent with high po-
tential of internal P loading from the sediment. The large pool of sedimentary P 
resulted from chronic external loading should not be neglected when developing 
effective restoration plans for long-term sustainability. 

It is predictable that without the elimination of existing external P input from 
the municipal water, common in-lake restoration strategies would be limited in 
their effectiveness. Considering the large stock of sedimentary P, spot dredging 
is one of the few techniques that could alleviate symptoms in the water system. 
The removal of the organic and nutrient rich top sediment layer may signifi-
cantly lower the nutrient levels and reduce the blooms when external source 
could be adequately reduced [26]. However, the potential merits of dredging are 
often limited by the high cost. A sound nutrient budget is in urgent need before 
the implement of any water restoration strategy. More specific field monitoring 
and mesocosm experiments studying the various aspects of possible internal 
loading processes are needed to better understand these complex processes. 
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