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INTRODUCTION 
Sediments of eutrophic lakes and ponds are rich in nutrients. 

A part of these accumulated nutrients is a potential source for 
the primary production in the water body. Before radical and 
expensive management measures are taken for the reduction of 
eutrophication, the contribution of the internal nutrient source to 
the sustainment of algal growth should be considered. This 
presentation aims at contributing to the insight with respect to 
phosphate because in The Netherlands a phosphate reduction program 
is under consideration. Successively the quantities and chemical 
characteristics of sediment phosphates, the magnitude and 
mechanisms of sediment release and the effects of reduction programs 
will be discussed. Part of the information presented has been 
acquired in a joint research program with the Environmental Section, 
Delta Service, Rijkswaterstaat. 

ACCUMULATION 
The average loading of fresh waters in The Netherlands in the 

~ ast decade has been considerable~ an extensive dutch inventory 
KNCV, 1976) mentions about 6 g P/m2 as the average national 

loading for 1970. Although this figure is questionable and 
dominated by the influence of lake IJsselmeer, fed by a branch of 
the river Rhine, certainly the loading of most fresh surface 
waters in The Netherlands is well above 1 g/m2, year and values 
of 20 g/m2, year or even higher can be found. Depending on the 
characteristics of the loading and of the water body (e.g. 
hydraulic detention time) a certain fraction of the external loading 
accumulates in the sediments. Generally this fraction is over 50% 
and in certain cases may approach 100%. 

The concentration of phosphate in the sediments resulting from 
this net sedimentation is next to this loading rate also a 
function of the dilution of phosphate with other sedimenting 
materials=such as sand, clays and organic matter. Also mixing with 
the original sediments by wind-wave action and bioturbation affects 
the concentration. Erosion of sediments (winnowing) and 
sedimentation may cause an internal transport resulting in the 
accumulation of fine material rich in nutrients in the deeper parts 
of lakes (HAKANSON, 1977). In such sediments a concentration of 
several mg P per g dry weight of sediment is not uncommon. The 
phosphate content is correlated with the sediment fraction smaller 
than 16 ~m (SALOMONS and SISSINGH, 1976). 
Lakes with a flat bottom exhibit less variation in sediment 
composition although local discharges, prevailing strong winds and 
other factors may cause horizontal gradients in phosphate 
distribution. Due to the ever increasing loading during the last 
decennaries most sediments are not in equilibrium with respect to 
the present day loading, but have lower average phosphate 
concentrations than would correspond with prolonged loading at the 
present level. 

The physical-chemical nature of the phosphate in the sediments is 
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not necessarily identical to the character of the precipitating 
phosphates from which they originate. Fractionation of phosphates 
inthe suspended matter in rivers produces differences with respect 
to results obtained with bottom sediments of lakes fed by such 
rivers. The ~ame is true foe material cullectud in sediment traps. 
Sedimentation occurs as organic phosphates (dying algae, detritus) 
or adsorbed on clay, metal-hydroxides, calciumcarbonate etc. A part 
of this material has been generated within the lake (autochthonous). 
However, in the s~diments conversions such as dissolution, 
recristallisation, redox reactions and mineralisation cause a 
redistribution of the phosphates. In dutch sediments iron plays a 
predominant role in the binding of phosphates; to a lesser extent 
also calcium is active. Generally more than 50% of the phosphates 
is associated with iron. Such compounds are reactive and a potential 
source of this nutrient for algal growth (LIJKLEMA and HIELTJES, 1979). 
The adsorption capacity of iron (III)-hydroxides is a function of 
pH; the extent and rate of adsorl?tion and desorption are connected 
with the age of the precipitate (LIJNT,~MA, 1979). Freshly 
precipitated, or rather coprecipitated, iron hydroxide at low pH 
is most effective in binding phosphate. 
Calciumcarbonate precipitation as a consequence of algal growth 
is normal in dutch lakes. Such carbonates adsorb phosphate and carry 
the nutrient into the sediments. These complexes may be a precursor 
for the formation of hydroxy apatite (STUMM and MORGAN, 1970), but 
in dutch sediments the prevailing conditions of pH and temperature 
are not favourable for such a conversion and apatite has not been 
detected in lake sediments. On the contrary, a part of the carbonates 
dissolves in the sediment. However, some phosphate in the sediments 
apparently is associated with calcite. A further fraction of 
phosphates can be identified that is merely soluble in strong acid. 
Next to occluded phosphate this fraction may contain calcium- 
phosphates. Also a variable amount of organic phosphates will be 
present. The chemical characterisation of sediment phosphates is 
rather uncertain due to the presence of non-stoechiometric compounds, 
amorphous material and mixed salts and oxides, surface complexes 
etc. Strictly speaking the characterisation is defined by the 
analytical procedure applied. However, undoubtedly iron plays an 
important role. 

RELEASE BY SEDIMENTS 
If a net accumulation of phosphate in a lake has been calculated 

on the basis of a mass balance, this net sedimentation rate is 
actually the difference between gross sedimentation and release. 
Often these fluxes are not known, but a wide variation with 
environmental conditions can be expected. For instance, lake Brielle, 
a long and rather narrow hard water lake with an average depth of 
5m, received in the past years an external loading of about 12 g 
P/m2, year of which roughly 50% ultimately reached the sediments 
~Fig. la). Depending upon temperature and sediment composition 
(sampling site) various release rates have been measured with high 
values up to 2 mg P/m2, hr which corresponds to 18 g/m2, year. Hence 
the actual balance lies somewhere between the limits indicated in 
Figure Ib for winter and sHmmer conditions. 
One of the reasons for the poor correlation between external 
loading and chlorophyl in the Vollenweider plots is certainly the 
fact that the internal loading can vary considerably for systems 
with similar external loading. For the management the crucial 
question is what the effect of a reduction of the external loading 
upon the sediment water interaction will be. In order to answer 
this question the mechanisms responsible for phosphate release 
should be elucidated. Although several questions are still open 
the general picture is clear. A distinction can be made in 
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Fig. 4. 

Net and gross fluxes of phosphate in g P/m 2, year in lake Brielle. 

- release by resuspension of sediment particles through bottom 
erosion by shear stresses caused by wind induced flows and waves. 

- release of dissolved phosphates in the interstitial water of 
the sediments through diffusion and advective transport caused 
by seepage, compaction or biot~rbation. 
Measurements in the laboratory or in the field of phosphate 

release rates are generally obtained by enclosure of a certain 
surface area of the sediment and the overlying water and observation 
of the changes in phosphate concentration in the water. 
The experimental set-up may vary considerably but generally 
resuspension and also seepage are prevented. Hence the phosphate 
release rates measured in such a system reflect diffusion. This 
includes 

a. the mineralisation products of organics that have settled 
recently on top of the sediments. This material has a loose 
structure, a high water content and a short diffusion distance to 
the water. This process is coupled directly to the primary 
productivity in the water body and the temperature at the water- 
sediment interface. Hence a wide variation can be expected. The 
common idea is that about 90% of the phosphate assimilated in the 
euphoric zone is remineralised in the water column (GOLTERMAN, 1975). 
Hence about I0% of the assimilated phosphate will reach the 
sediments. A part will be mineralised at the surface, another part 
will be mineralised within the sediments after burial or mixing 
and another fraction may be essentially non degradable. Fluxes of 
phosphate from the sediments originating from this mineralisation 
process will exhibit an annual cycle with high rates following 
high production rates in the lake. It should be noted that 
mineralisation does not result in an equilibrium phosphate 
concentration but is a one way process. Hence high local phosphate 
concentrations can be produced. 

b. The o-phosphate concentration in the interstitial water 
is nearly always higher than the concentration in the overlying 
water, both in oxic and anoxic sediments. This concentration gradient 
causes a net flux out of the sediments. The equilibrium concentration 
in the interstitial water is a function of the total amount of 
phosphate present and the number and character of the adsorption 
sites on hydroxides, calcite, clay etc. Also the pH influences 
these equilibria. Depletion of the material near the surface due 
tO the diffusion i~ counteracted by miw~ng of the sediments and 
possibly supply from decaying organic phosphates. The phosphate 
release by this mechanism can be described as diffusion enhanced by 
reaction. However, this reaction is an equilibrium process of 
adsorption and desorption and will generally not result in high 
local concentrations and subsequently high fluxes. The steady release 
through this process is not very sensitive to temperature differences. 
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c. The iron associated phosphates are subject to annual 
variations in redox conditions in the top layerw of the sediment. 
At low redox potential probably vivianite (Fe3 (PO~)2) controls the 
phosphate solubility. This can be gathered from measured 
concentrations and pH and subsequent calculations of species 
distribution with a chemical equilibrium model. In such anaerobic 
sediments appreciable concentrations of iron and phosphate can be 
found. These ions diffuse into aerobic layers, where the iron is 

~ xidised and precipitates while adsorbing the phosphate effectively 
LIJKLEMA, 1979). Therefore at the interface of aerobic and 

anaerobic layers both iron and phosphate accumulate. This has been 
verified experimentally by Hieltjes in our laboratory. During the 
growing season due to increased organic loading of the sediments, 
decreasing oxygen solubility and a raising temperature the anaerobic 
layer moves upward as a consequence of the enhanced oxygen 
consumption. In many dutch lake sediments this zone eventually 
reaches the sediment surface. Here iron diffuses in the free water 
where it will be oxidised as previously in the sediments, but the 
phosphate adsorption capacity will be much lower due to the higher 
pH in this environment. This causes a high flux of phosphate from 
the sediments. This effect of redox conditions has been demonstrated 
in many experiments (e.g. FILLOS, 1975). The magnitude of this 
flux is controlled by the relative abundance of the two elements, 
the rate of progress of the anaerobic layer, the pH and the local 
value for diffusivity. Anaerobic conditions tend to lessen the 
compactness of the sediment and therefore to promote diffusion. 

Although in this short description a distinction has been 
made between three mechanisms, it will be clear that there are 
several interactions. A quantitative prediction requires a 
mathematical model description, but several parameters representing 
quantitative relations in such models are still uncertain and 
poorly understood. At this time for management purposes most 
information should be derived from experimental data. 

The effect of erosion and resuspension on the phosphate 
interaction is rather complex. Naturally the process is stochastic. 
Although progress has been made in the description and prediction 
of the relations between wind-velocity and duration, basin 
morphology and sediment characteristics with entrainment and 
transport of sediments, a prediction of release due to resuspension 
can only be qualitative at this time. Besides some effect from 
mixing of interstitial water with the overlying water, the most 
important factor is probably the different environment in which 
a resuspended particle is brought. Generally the surface water has 
a higher pH and a lower phosphate concentration than the 
interstitial water. For phosphate bound to iron oxides or iron 
coated materials both variables will promote the release of 
phosphate from such particles in the overlying water. For 
calciumcarbonate and calcium compounds the higher pH promotes 
adsorption, whereas the lower phosphate concentration favors 

dissolution of phosphate. The net effect therefore depends upon 
the local conditions. The overall effect of resuspension of dutch 
sediments however will be a release of o-phosphate. 

In shallow lakes each storm event may cause a resuspension of 
bottom material. In lake IJsselmeer a positive correlation has 
been found between wind velocity and total phosphate (ZZW, RIZA, 
RIJP, 1976), indicating resuspension, even though relatively 
few measurements at high wind speeds were available. However, in lake 
Brielle we could not find such a relation, which is probably due 
to the presence of deep gullies in which the fine sediment has 
accumulated and cannot be disturbed by storms. This suggests a 
very strong dependency of resuspension on the morphology of the 
lake. 
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EFFECTS 0FMANAGEMENTS 
This discussion will be restricted to the effects of a 

reduction of external loading upon sediments and sediment release 
and will not consider measures such as dredging or chemical 
treatment of sediments. 

The first effect of a reduction of loading by external 
phosphate sources will be a dilution of phosphate in the sediments. 
The decrease in the rate of accumulation of phosphate in the 
sediments probably will not be proportional to the fractional 
decrease in external loading, since the percentage accumulating 
in the lake may change. Also the rate of dilution will be very 
low since a comparatively thick layer of sediment in the wind driven, 
shallow dutch lakes is well mixed. Bioturbation also causes mixing 
and a mixing depth of 10 cm is not uncommon (PETR, 1976). 
Whereas the net sedimentation in lakes is in the order of a few 
mm per year this means that the time constant of the dilution 
process will be several decades. It also means that the sediments 
of dutch lakes have not yet reached the equilibrium phosphate 
concentrations matching with the present day loading rates since 
these high rates are as recent as the late sixties. In lake 
Brielle the 6 g P/m2, year with an estimated average sedimentation 
rate of 1.8 mm/year resulting in sediments with 80~ water would 
produce ultimately sediments with about 14 mg P/g sediment. The 
actual concentration is about 3-6 mg P/g; an exact figure is 
difficult to obtain because the regions of accumulation are not 
distributed uniformly. Assuming a very low background concentration 
and an onset of the present loading 15 years ago this means that 
the time constant for sediment dilution is 30 to 60 years. 
Therefore each reduction of present day loading will have positive 
long term effects and each delay will postpone lake restoration 
if the eutrophication of a lake is controlled to a major extent 
by the sediment phosphates. 

Although both progress and decline in the phosphate 
concentration of sediments induced by changes in loading are very 
slow, this does not mean that also restoration or deterioration 
of the lake is likewise slow. The physical-chemical properties 
of sediments are non-linear functions of the phosphate concentration. 
For instance, the adsorption isotherms for aerobic sediments in 
which iron controls the phosph$te binding capacity has an 
extremely steep initial slope (highaffinity adsorption) but ends 
in a nearly horizontal part (Fig. 2). This means that a reduction of 
the phosphate content with respect to the total number of 
adsorption sites results in a more than proportional reduction of 
the accompanying phosphate equilibrium concentration. Hence, the 
concentration in the interstitial water will become lower and if 
such a particle is resuspended also much less phosphate will be 
desorbed. However, as long as no phosphate limitation in the 
water body occurs, the regeneration of phosphate at the sediment 
surface will proceed unhampered and also the annual cycle of 
oxidation and reduction of iron-phosphates continues though in 
the latter case the magnitude of the phosphate flux will decrease. 
A manifest effect of phosphate reduction programs can be expected 
as soon as some lower limit is passed which causes a breaking of 
the feed back in the system: 
eutrophic system ) high organic loading of sediments 
high mineralisation rate including anaerobic conditions ~ high 
release rate of phosphate ~ maintenance of eutrophic conditions. 
The system is, as it were, autocatalytic and the rate of phosphate 
cycling remains high. As soon as some effect upon primary 
production will be attained a whole train of positive consequences 
will follow: anaerobic conditions will be retarded, the pH in 
the sediment will increase somewhat, which causes only a minor 
negative effect upon phosphate retention by iron at this level 
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Fig. 3. Cycling of phosphates in a eutrophic lake. Fluxes in 

mg P/m 2, hr. 
but is in favour of adsorption by calciumcarbonate and the formation 
of calcium phosphates (apatite ?); the rate of mineralisation on 
top of and in the sediment will be reduced and the better 
consolidation of the sediments will reduce the diffusion rate and 
the susceptibility for erosion. In the water body the main 
consequences will be a reduced precipitation of carbonates due to 
lower pH (a disadvantage) but also less extraction of iron phosphate 
at the sediment-water interface or after resuspension due to this 
lower pH. 
At this time the rate of phosphate cycling in the system is not 
well known. A very crude picture is shown in Fig. 3, with rates 
on an hourly basis. External and internal loadings are the same 
high values as presented in Fig. I. In an active Dhotosynthesising 
system uptake rates of about 3 mg P/m2, hr may be normal with peak 
values up to maybe 10 mg P/m2, hr. Because on a daily basis about 
90% can be recycled in the water body, in the daytime a supply of 
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Fig. 4~ Phosphate concentrations in Braakman II Reservoir. 

about 20% of this value by.external or internal loading would be 
required; say 0.5 - 2 mg P/m2, hr. This does not take into account 
luxury uptake of phosphate by algae and temporal changes in P:C 
ratio. From such crude figures it will be clear that a substantial 
reduction of the total loading is necessary, but extreme high rates 
of phosphate uptake may be prevented already by a limited reduction 
in loading. This is also dependent on the mixing depth of the 
system because high photosynthetic rates occur at calm, sunny weather 
when vertical mixing is poor and transport of phosphate may be 
retarded. A provisional conclusion on the basis of such figures 
might be that a reduction of external plus internal loading to 
about 0.5 mg P/m2, hr might prevent peak rates in primary production 
but that a further reduction is required to prevent the 
development of massive algal blooms. 

In the foregoing the reasoning has been from the point of view 
of reduction of loading in an eutrophied system. Alternatively some 
insight can be obtained from historical data on deteriorating systems. 
An example is presented in Fig. 4. This drinking water reservoir 
has been in operation since 1965. It receives during the winter 
polder water rich in phosphate (~ 1.0 mg P/l). At the time of 
construction the watertight bottom was covered with a sand layer; 
this sand has an iron coating. In the course of the years the ratio 
P:Fe in the sediments increased with a concomitant increasing 
tendency to release phosphates. In the dry warm summer of 1976 the 
net release rate increased to about 3.5 mg P/m2, hr in August. The 
tendency since about 1970 has been: a gradual increase in chlorophyll, 
increasing phosphate release rates shifting to an earlier time in 
the growing season. The first five years these effects were not 
observed due to the buffering capacity of the system for phosphate. 
The same lag in response may be expected in the opposite direction 
when a restoration program would be implemented. 

CONCLUSIONS 
- Reduced external loading of phosphate will result in a very slow 

dilution of P in sediments with a more than proportional effect 
upon release rates. 

- Reduction of external loading below levels of the order of I g 
P/m2, year can prevent peak blooms within a short time. 
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- Prolonged reduction below this level will be required to attain 
in the long run (more than 5 - 10 years) a situation in which the 

..... lake is no longer eutrophic or hypertrophic, 
These conclusions are rather general; for specific lakes they can be 
specified somewhat depending upon knowledge of the hydraulic retention 
time, morphology, sediment characteristics, etc. 
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