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Abstract 

Interstitial (pore) water is important for phosphorus dynamics in limnic ecosystems. This review 
summarizes the most important processes influencing the generation and transport of pore-water P from, 
to and within the sediment. Sampling methodology is discussed thoroughly in combination with what little 
information is available on various P species in the pore water. 

Pore water P concentrations in various trophic systems and the spatial and temporal distributions are 
also described. The last sections of the article deal with diffusive P flux calculations and comparison with 
measured P fluxes. Factors influencing P fluxes, such as adsorption, possible precipitation mechanisms, 
advection and bioturbation, are discussed. 

The general conclusion drawn from this review is that pore-water P investigations (concentrations and 
gradients) are an underestimated ecological tool in studying and describing trophic status, redox 
conditions,spatial and temporal distribution of P-sediment release, potential precipitation mechanisms 
on a long-term basis and ground-water inflow areas, as well as lake-water seepage. 

Introduction 

Organic surface sediments usually have a water 
content of 95-99% in freshwater ecosystems. 
Only a minor part of this water is bound to solid 
chemical substances. The major part of the water 
content constitutes the mobile liquid medium, 
which surrounds the sediment particles. This mo- 
bile water fraction is named interstitial water or 
pore water and is a highly important transition 
medium for the movement of solute species across 
the sediment-water interface. The volume of 
pore water from the sediment layer O-20 cm in a 
lake can be significant when compared with the 
volume of the lake. Lindmark & Bengtsson (1979) 
calculated the pore-water volume (O-20 cm) of 
Lake Sddra Bergundasjdn (A = 4.3 km2, 

z Me.n = 2.4 m) to be about 5% of the total lake 
volume. The composition of pore water is there- 
fore an important factor in considering the struc- 
ture and function of a lake. 

Transport of dissolved materials across the 
sediment-water interface, as well as within the 
sediment, is an important factor affecting the 
chemical characteristics of lake. Accordingly, 
interstitial water concentrations and concen- 
tration gradients in the sediment have to be 
known when exchange processes are studied 
(Ohle, 1964; Holdren etal., 1977; Brinkman. 
et al., 1982; H&kansson & Jansson, 1983). 

Mechanisms for transport of chemical species 
across the sediment-water interface were grouped 
into the following categories by Lerman (1978): 
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1. sedimentation flux of solids, 
2. dissolved material and water flux into the 

sediment, owing to the growth of the sediment 
column, 

3. dissolved material and pore water flow up- 
wards, caused by a hydrostatic pressure 
gradient of ground water in aquifers on land, 

4. molecular diffusional fluxes in the pore water, 
5. mixing of sediment and water at the interface 

(bioturbation and water turbulence). 

Processes l-3 are advective fluxes, in contrast to 
the molecular diffusion responsible for process 4 
and the mainly random processes in 5. Com- 
paction of the sediment may also cause an advec- 
tive flux of pore water upwards. 

Syers et al. (1973) stated that ‘interstitial P is 
the sediment fraction most sensitive to environ- 
mental conditions and highest in chemical 
mobility’. Information on the P level in the inter- 
stitial water of lake sediments is therefore more 
important than information on the sediment total 
P for predicting the trophic state of the lake and 
the dynamics of the sediment-P release. 

Since, the interstitial P concentration generally 
exceeds the P concentration in the overlying 
water, a simple diffusion model and the concen- 
tration gradient between pore water and overlying 
water can be used for calculating the minimum P 
release across the sediment-water interface 
(Holdren et al., 1977; Lerman, 1978; Berner, 
1980). Other mechanisms, such as water turbu- 
lence, bioturbation and gas ebullition, always 
increase the P flux, compared with values 
obtained from molecular diffusion considera- 
tions. In McCaffrey et al., (1980), Elderfield et al. 
(1981) Callander & Hammond (1982) and Hall 
(1984) excellent comparative discussions are 
focused on the use of pore-water gradients and 
directly measured benthic fluxes in chambers for 
predicting the P release from marine sediments. 

The composition of the interstitial water is con- 
trolled by complex interactions between the 
ground-water recharge system, mineralological 
dissolution and precipitations, biological activity, 
and by physical interactions between sediment 
and water (Harriss, 1967). The phosphorus con- 

centration in the pore water and in the sediment 
particles regulate the adsorption-desorption and 
other exchange processes. The pore water, in 
turn, influences the dissolved inorganic-P levels in 
the overlying water (Li et al., 1972). 

Sampling and speciation 

Sampling 

Limited information is available on the levels of P 
in sediment pore waters and on the relationships 
between interstitial P and rates of P release from 
sediments. One reason for the relatively few 
detailed studies on pore-water composition 
probably lies in the methodological problems of 
separating the pore water or substances dissolved 
in the pore water from sediment particles. Intersti- 
tial water characteristics are determined by the 
sampling method and handling of the sediments, 
and these factors should be taken into con- 
cideration in comparing the results obtained from 
various investigations. 

According to Brinkman et al. (1982), the most 
important requirements of a pore water sampler 
are: 

1. minimal disturbance of the sediment-water 
interface and sediment structures, 

2. prevention of oxidation of anoxic pore water, 
3. little or no change in temperature or pressure, 
4. sufficient sample volume, 
5. minimal water flow (streaming) through the 

sediments, 
6. high depth resolution. Gradients, especially 

those close to the interface or the redox 
boundary, can be rather steep. 

There are four main techniques for separating the 
interstitial water from the sediment particles: 

1. separation by centrifugation, 
2. separation by pressure or vacuum filtration, 
3. separation by dialysis, 
4. separation by direct suction. 
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The separation procedures may also be divided 
into laboratory methods (l-3) and in situ tech- 
niques (3-4). 

Centrifugation 
Centrifugation is the simplest way of separating 
pore water from the sediment. The method is 
useful for rapid processing of samples when the 
demands for accuracy and reproducibility are low 
(Hakansson & Jansson, 1983). The centrifu- 
gation rate normally varies between 
3 000-20 000 r.p.m., with a separation time 
between 15-60 min. Of the separation tech- 
niques, the centrifugation method gives the 
highest values for concentrations of substances, 
since fine particulate matter is not completely 
sedimentated. This can, however, be reduced to a 
certain extent by a subsequent filtration through 
a 0.2 pm membrane filter. Chemical changes 
during sampling and centrifugation will reduce the 
amount of dissolved P due to adsorption by 
Fe(II1) hydroxides (Bray et al., 1973) and/or an 
alteration of the gas equilibria. All samples and 
analytical procedures must then be carried out in 
an inert atmosphere. 

Pressure filtration 
The filtration is probably the most commonly 
used method for obtaining pore water. Several 
devices for pressure and vacuum filtration have 
been described (Siever, 1962; Reeburgh, 1967; 
Robbins & Gustini, 1976; Enell, 1979a). Some 
examples of pressure filtration apparatuses are 
given in Fig. 1. Some of the devices are made for 
both laboratory and field use. The pressure 
filtration apparatus is usually operated with N, 
gas, but Ar and He may also be used. In gas 
operation, the apparatus has no piston or moving 
parts. The use of an inert gas makes it possible to 
avoid oxidation during processing of the samples. 
Filtration is usually performed through a 0.45 pm 
membrane filter. 

Enell (1979a) studied the influence of several 
parameters on the sampling and analysis of pore 
water phosphorus obtained by pressure filtration 
and concluded that the following factors were 
crucial for the results (Table 1): 

- time between sampling and processing or 
analysis, 

- temperature during storage or processing, 
- redox conditions during sampling, storage and 

processing, 
- filtration pressure during processing. 

The pore-water separation must be performed im- 
mediately after sampling (if possible within some 
minutes), at in situ temperature of the sediment, 
under nonoxidizing conditions and at an adequate 
pressure. 

Bishoff et al. (1970) and Fanning & Pilson 
(1971) showed that warming marine sediment 
samples to room temperature, prior to the pres- 
sure filtration of the pore water results in enrich- 
ment of K, Cl and silica, and depletion of Mg and 
Ca. These results are due to the change in the 
ion-change as a function of temperature. Thus, for 
an accurate analysis of the pore water, separation 
must be performed at the in situ temperature of the 
sediment. 

Table 1. Molybdate reactive phosphorus (MRP) concentra- 
tions in pore water removed at different temperatures and 
pressures. Sediment taken from Lake Bysjiin. 
A. Concentration of MRP in the first 2 ml of pore water. 
B Mean concentration of the 2-20 ml portions of pore 

water (n = 9). 
C Range for the concentration of the 2-20 ml portions of 

pore water (n = 9). 
(Modified from Enell, 1979a). 

Sediment Temperature Pressure A B C 
depth “C atm MRP MRP MRP 
cm %3/l /-G/l Psi1 

o-1 
o-1 

o-1 
o-1 

1-2 
1-2 

2-3 
2-3 

4 0.5 180 275 
4 2 230 300 

20 0.5 480 640 
20 2 280 380 

4 2 200 310 
20 2 310 480 

4 2 260 315 
20 2 420 670 

260-280 
280-310 

610-670 
370-420 

290-320 
460-5 10 

310-320 
640-680 
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Fig. 1. Pressure filtration apparatuses for separating pore 
water from sediment. A. From Reeburgh, 1967; B. From 
Robbins & Gustini, 1976; C. From Enell, 1979. 

One of the main problems associated with pres- 
sure techniques is the disturbance caused by the 
difference between laboratory and in situ condi- 
tions. 

To minimize this source of error, it may be 
advantageous to carry out the pore-water separ- 
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ation in intact sediment-water cores or in situ. 
This can be done by inserting a probe, glass rod 
or chamber into the sediment. 

Different kinds of dialysis techniques have been 
designed (Norvell, 1974; Mayer, 1976; Hesslein, 
1976; Winfrey & Zeikus, 1977; Ripl, 1978; 
Bottomley & Bayly, 1984; Yoshida, 1985; van 
Ech & Smits, 1985). Some apparatuses are shown 

in Fig. 2 in the dialysis technique, the sampler is 
initially filled with distilled water, for example, 
and then coated with a dialysis membrane. A 
diffusion equilibrium between the pore water 
outside the sampler and the distilled water inside 
is reached after an incubation period of about 
2-10 days, depending on the temperature, sample 
volume (radius of the sampler), porosity of the 
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Fig. 2. Examples ofpore-water samplers using the dialysis technique. A. From Ripl, 1978; B. From Yoshida, 1985; C. From van 
Eck & Smits, 1985. 
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membrane, and the porosity and adsorptive capa- 
city of the sediment. 

0 0 The results described by Rip1 (1978) and 
q o 0 
0 

Yoshida (1985) show that the P concentrations 

q o q 
obtained by the dialysis technique are lower than 
those obtained by pressure filtration (Fig. 3). 

0 
Carignan (1984a) found that cellulose-based 
membranes may lead to underestimations or 
overestimations of pore-water solutes. Polycar- 

/ 

bonate samplers were found to be unsuitable 
because of iron precipitation. Carignan (1984b) 

n 

0 *a v 

:‘I / 

suggests the use of a biological inert dialysis 
membrane (e.g. Gelman HT-450) to avoid de- 
struction of the membrane during incubation. He 

AU also found (1984a) that the initial presence of 

2 
v 

%. 
dissolved 0, in the compartments can significant- 

Fig. 3. Concentration ofPO,-P in the pore water obtained by 

I I I I 
pressure-filtration (PF, X-axis) and the dialysis method 

2 4 6 8 
(Y-axis) for various gyttja sediments. The four symbols 

PF (mg DRP-P.I-‘) 
designate four different sediments. (Modified from Ripl, 

1978). 
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ly affect sample composition. The oxidation prob- 
lem is obviously most pronounced when the 
dialysis technique is used in oligotrophic lake 
sediments, and not so important in eutrophic, 
more microbiahy active environments, where re- 
duced conditions rapidly develop. 

Suction 
Hertkorn-Obst et al. (1982), Brinkman et al. 
(1982) and Howes et al. (1985) described appara- 
tuses that collect pore water from sediments by a 
direct suction sampling techniques (Fig. 4). This 

J- Serum Stopper 

5- Glass Tubing 

Fig. 4a. 

12mm 
i 

Fig. 4. Apparatuses for direct suction sampling. A. 
From Howes et al., 1985; B. From Brinkman et al., 1982. 

Fig. 4b. 



110 

technique allows interstitial water to be obtained 
from sediments without serious disturbances of 
the sediment structure even at quite large sample 
volumes. Oxidation effects can be excluded. The 
sampling time is about one day. The technique is, 
however, not suitable in extremely soft sediments 
and is also limited to shallow lakes (< 10 m). 

The pressure needed to force the interstitial 
water through the probe is simply provided by the 
hydrostatic pressure at the lake bottom or, alter- 
natively, by vacuum equipment connected to the 
sampler. 

Howes et al. (1985) compared the results 
obtained from three different pore-water separ- 
ation techniques : centrifugation, squeezing and 
suction. The sediment core-sectioning techniques 
(centrifugation and squeezing) significantly in- 
creased the concentration of total organic carbon 
(P not measured). He concluded that the suction 
technique was the only method giving reliable 
in situ results. 

The information above clearly indicates the 
problems encountered when comparing results 
obtained from various investigations involving 
different techniques and sample treatments. 

Speciation 
Generally, the phosphorus in the pore water con- 
stitutes a rather small part of the total sediment 
fraction, < 1%. It must also be stressed that 
rather sparse information is available concerning 
the chemical composition of pore water phospho- 
rus. 

Most pore-water investigations have focused 
on the analysis of inorganic P, usually expressed 
as PO,-P. Methodological studies (Rigler, 1973) 
have shown, however, that the molybdate- 
reactive P-analysis often overestimates the ortho- 
phosphate concentration because, for example, of 
hydrolysis of some easily degraded organic sub- 
stances (Broberg & Persson, this volume). 

Surprisingly, few investigators have analysed 
both soluble reactive phosphorus (SRP) and total 
dissolved phosphorus (TDP). The reason for this 
is probably a restricted pore-water volume. 
Ldfgren & Ryding (1985a) concluded that the 
TDP-fraction and the SRP-fraction were ap- 

proximately equal in 12 sediments from nine 
different Swedish lakes. Enell (1980) found that 
the TDP-fraction in a hypertrophic sediment con- 
sisted to about 90-100% of SRP. The percentage 
of SRP decreased with increasing sediment 
depth. 

Fleischer (1978), however, found in laboratory 
experiments that the dominant, and only labelled 
P compound (after 33P04 incubation) had separ- 
ation characteristics different from SRP and con- 
cluded that the compound was of organic nature. 

Using gel molecular exlusion chromatography 
(GEC), Wang et al. (1985) made a speciation 
study of P in the pore water from Lake Geneva 
sediments. The dominant P from in the upper- 
most part (O-10 cm) of the sediment was con- 
frmed as being orthophosphate, while condensed 
P forms dominated in the lower parts (> 20 cm). 
Boers et al. (1985) investigated the pore-water 
composition and the P release from an organic 
rich lake sediment in The Netherlands. They 
found that most of the P releases was in dissolved 
organic form (DOP). The dominant part of the 
DOP fraction had a molecular weight of 
20 000-30 000. 

Pore-water phosphorus concentrations 

The interstitial P concentration generally exceeds 
the P concentration in the overlying water. 
Bostriim et al. (1982) concluded that pore-water 
concentrations are very approximately 5-20 
times higher than those in the overlying waters. 
There is a large deviation in the pore-water P 
concentration between oligotrophic and eutrophic 
lakes and the temporal and spatial variation of the 
interstitial P concentration within lakes is large 
owing to changes in chemical, physical and 
biological processes during the year. 

Characteristic concentrations 

In spite of the difficulties encountered when com- 
paring interstitial P concentrations obtained from 
various investigations with the use of different 



Table 2. Phosphorus concentrations in sediment pore water (approx. O-5 cm) from different aquatic systems of different trophic 
states. 

Fegen 6-38 m 
Hinnasjdn 
Fiolen 
Sijrmogen 
Sklrsjijn 1) 8 m 
Skarsjitn 2) 8 m 
Viaeredssjbn 
dresjo 
Byasjdn I) 8 m 
Byasjdn 2) 8 m 
Lillesjbn 3) 
Lillesjbn 4) 
Laduviken 
Trekanten 
Vallentunasjijn 2 m 
Vallentunasjiin 4 m 
Trummen 3) 
Trummcn 4) 
Sddra Bergundasjdn 

1973 
1974 

0 
0 
0 
0 
0 
0 
O-M 
M 
M-E 
M-E 
E 
E 
E 
E 
E 
E 
E 
E 
HE 

PF 
PF 
PF 
D 
D 
D 
PF 
PF 
D 
D 
D 
D 
D 
D 
D 
D 
PF 
PF 
PF 

0.01 
0.02 

<O.Ol 
<O.Ol 

0.01 

0.11 
0.04 
0.07 
0.20 
0.08 

Su, A 

0.07 
0.10 

0.54 
1.9 

0.62 
0.16 

< 0.03 
1.45 

0.04 
0.09 
0.05 
2.83 
0.29 
0.56 
0.46 
2.20 
0.80 
0.73 
0.7 
1.01 

0.77 
2.66 
2.82 
3.45 

2.2 

2.39 
0.05 
9.3 15.2 

w, SP, Su 
Su, A 
Y 
Y 
Su, A 
Y 
Y 
Y 
Y 
Y 

SP, Su, W 
Y 
Y 
Y 
w, su 
w, su 
Y 

HE PF 6.2 

Bysjdn 1974-1977 
L. Woahink 
L. Leman 300 m 
L. 227 in the Expe- 

rimental Lake Ar- 
ea 

L. Minoqua 4.5 m 

9.1 

5.3 

12.9 Y 

HE 
0 
O-M 
O-M 

PF 
c 
C 
D 

0.33 8.7 
<O.Ol 

1.47 
>O.OOl 

Y 

1.06 SP, Su 
Y 

M C 0.01 0.14 SP, A 

L. Minoqua 12 m M C 0.13 0.43 SP, A 

L. Piburger See M c 0.02 0.24 Y 
L. Kinneret E c 0.02 0.80 Y 
L. Mendota 5 m E c 0.14 0.56 SP, A 

L. Mendota 19 m E c 3.27 4.24 SP, A 

L. Wingra 3.5 m E c 0.03 1.6 Y 
L. Wingra E C 0.25 2.7 Y 
L. Plussee E c 0.67 3.6 Y 
Stone Lake HE ? 0.21 3.1 SP, Su, A 
L. Charles East HE ? 0.15 2.5 SP, Su, A 
Funka Bay, Japan Mar PF cro.7 > 7.7 Y 

Mikawa Bay, Japan 
Narrangansett Bay, 

USA 

Mar D 0.01 1.86 A, W, SP 
Mar c 0.9 24.8 W, A, Su 

Encll (1975) 
Graneli (1975) 
Enell (unpubl.) 
Enell (unpubl.) 
Enell & Liif (1983, 1984) 
Enell & Lof (1983, 1984) 
Enell & Karlberg (1975) 
Enell (1979b) 
Enell & L6f (1983, 1984) 
Enell & Lof (1983, 1984) 
Rip1 (1978) 
Rip1 (1978) 
Enell (1984) 
Enell & Lundqvist (1983) 
Lofgren (unpubl.) 
Lofgren (unpubl.) 
Bengtsson et al. (1975) 
Bengtsson et al. (1975) 
Bengtsson (1975) 

Lindmark & Bengtsson 
(1979) 

Enell (1980) 
Gahler (1969) 
Nembrini et al. (1982) 
Schindler et al. (1977) 

Holdren & Armstrong 
(1985) 

Holdren & Armstrong 
(1985) 

Psenner (1984) 
Serruya et al. (1974) 
Holdren & Armstrong 

(1985) 
Holdren & Armstrong 

(1985) 
Holdren et al. (1977) 
Holdren et al. (1977) 
Golachowska (1979) 
Theis & McCabe (1978) 
Theis & McCabe (1978) 
Watanabe & Tsunogai 

(1984) 
Yoshida (1985) 
Elderfield et ul. (1981) 

- 
1) at a reference station 
2) under a cage fish farm 
3) before restoration 
4) after restoration 

0 = oligotrophic 
M = mesotrophic 
E = eutrophic 
HE = hrpertrophic 
Mar - marine 

PF = pressurefiltration 
D = dialysis 
C = centrifugation 

Su = summer value 
A = autumn value 
W = winter value 
Sp = spring value 
Y = year value 
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separation techniques (see section 2), pore-water 
P concentrations in lakes of different trophic 
status are given in Table 2. 

Table 2 shows that the interstitial P concen- 
tration is usually significantly lower in oligotro- 
phic environments (0.01-0.5 mg/l), compared 
with eutrophic systems (0. l-> 10 mg/l). The 
range between the minimum and maximum con- 
centrations are also greater in the eutrophic envi- 
ronments. 

We have found that in calculating a charac- 
teristic interstitial P concentration for a lake 
sediment, it is necessary to have results from 
observations made during all four seasons. 

Generalized vertical profiles 

Vertical pore-water P profiles, obtained in 
different trophic environments, exhibit various 
shapes. In order to understand the different pro- 
cesses involved in creating a profile, a good con- 
ceptual understanding may be obtained by 
reading the discussion of different iron and man- 
ganese profiles provided, in generalized terms, by 
Davison (1982). As a result of the strong inter- 
relation between iron and phosphorus, it can be 
stated that many of the processes controlling the 
iron system also affect phosphorus. Manganese 
may also be important for the adsorption of P in 
the presence of divalent cations (Kawashima 
et al., 1986). 

Figure 5 shows a generalized picture of some 
pore-water P gradients in different trophic envi- 
ronments. The following gradients were recorded: 

a) in most of the oligotrophic lakes, with a more 
or less homogeneous SRP concentration 
throughout the sediment and water column 
(Lake Sk&sjon, Enell & Lbf, 1984). 

b) at shallow water depths in eutrophic sedi- 
ments (L. Vallentunasjbn, Lbfgren, unpubl.), 
in eutrophicated surface sediments caused, for 
example, by cage fish farming (Lake Sk%rsjbn, 
Enell & Lbf, 1984), after a shift from oxidized 
to reduced conditions in eutrophic sediments 
(Tessenow & Frevert, 1977), after a collapsed 

I CONCENTRATION - 

Fig. 5. Schematic representation of profile shapes of soluble 
reactive P (SRP) in the water-sediment column. The water- 
sediment interface is usually equal to the redox boundary. 
Broken lines denote turnover periods. The individual shapes 
a-e are discussed in the text. 

(Modified from Davison, 1982). 

Myriophyllum bloom in eutrophic littoral sedi- 
ments (Lake Buckhorn, Carignan, 1984b), and 
after the collapse and sedimentation of a dense 
phytoplankton bloom (Funka Bay, Watanabe 
& Tsunogai, 1984). 

c) in eutrophic sediments during turnover (Lake 
Arungen, Skogheim, 1978). 

d) in eutrophic sediments during stratification 
(Lake Arungen, Skogheim, op. cit.). 

e) in hypertrophic sediments during both strati- 
fied and circulating periods (Lake Bysjon, 
Enell, 1980). 

The broken lines in the water phase in the figure 
represents a circulating water mass. 

Temporal variation 

Temporal variations are particularly pronounced 
in shallow and eutrophic systems. This results in 
increased P concentrations especially during 
summer and autumn periods (Fig. 6), in con- 
nection with the degradation of plant debris 
(Carignan, 1984b, 1985), and following the sedi- 
mentation of a phytoplankton bloom (Watanabe 
& Tsunogai, 1984). In addition, short term 
variations within days are found in these upper 
sediment layers (Fig. 7, Kawai et al. 1985). 
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Fig. 6. Seasonal variation in the concentration of P in pore water from A. Lake Mendota, water depth 5-6 m. B. Lake Mendota, 
water depth 18-19 m. C. Stone Lake, water depth 18 m. D. Lake Charles East, water depth 3.2 m. (A and B Tom Hbkansson 
& Jansson (1983), modified from Holdren et al., 1977, and C and D reprinted with permission from Water Res., 12, Theis a 

McCabe, Phosphorus dynamics in hypereutrophic lake sediments, Copyright 1978, Pergamon Journals Ltd.) 

Hourly changes can be expected in shallow Temporal changes in the surface-sed~ent 
regions in view of the rapid changes in oxygen pore-water chemistry are mainly caused by micro- 
gradients recorded in marine environments by bial activity, but the hydrodynamics of the water 
microelectrode measurements (Revsbech et al., column and seasonal variations in benthic popu- 
1983; Jorgensen & Revsbech, 1985). Deeper sedi- lations may also have a great influence. Micro- 
merit strata (usu~ly below 20-30 cm) show small organisms rapidly change their activity in re- 
seasonal changes (Fig. 8). sponse to environmental changes, such as input of 
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Fig. 7. A. Changes in the concentration of TDP and PO,-P in the pore water at Station 1 in Takahamairi Bay. I: 2916-417 1979; 
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organic matter, fluxes of electron acceptors and 
changes in temperature. This creates changes in 
redox potential and thereby in the adsorption- 
desorption characteristics of the iron-phosphorus 
system. Simultaneously, there is a biological up- 
take or release. A diffusive flux, directed down- 
wards and/or upwards from this biological active 
layer also leads to a slow change in this more 
biological inert zone. 

The seasonal variation in the ground-water 
inflow may also be of interest (Vanek, 1985a & b; 
Enell, 1985a). 

Spatial variation 

Factors creating different spatial distribution 
patterns of the pore-water P concentrations show 
a great diversity. In general, the variations are 
determined by the chemical composition and 
amount of sedimentating material, in combination 
with bottom dynamics. Higher concentrations are 
usually found at accumulation bottoms with sedi- 
ments rich in organic material and phosphorus 
(Holdren et al, 1977; Frevert, 1979; Enell, 1980, 
1985b). 

Point sources, such as sewage treatment plants 
and industries can also create sediment areas with 
high interstitial-P concentrations (Fig. 9, Frevert, 
1979). Ground-water inflow to a lake-water 
seepage through the organic sediment can also 
create strange distribution patterns. The latter 
process results in a more or less homogeneous 
concentration throughout the water and pore 
water column (Enell, 1985a). A high oxygen con- 
tent in the lake water can result in a well-oxidized 
surface sediment with low P concentrations in the 
pore water down to considerable depth. 

Physical and chemical transformations 

Adsorption-desorption 

The distribution of P between solids and solution 
in sediment-water systems has been investigated 
in numerous adsorption-desorption studies, 
where interest has been focused on the capacity of 
the sediments to fix or liberate P. 

Adsorption in a solid-solution system is caused 
by surface reactions, where solute species attach 
to solid surfaces by either chemical bonds, steric 
effects or electrostatic forces (Stumm & Morgan, 
198 1). In sediment adsorption studies, however, 
the results obtained are dependent upon the expe- 
rimental technique used. Adsorption or sorption 
is often synonymous with uptake, which may 
include biological processes as well as precipi- 
tation of discrete solid phases. 

The sorption capacity of a sediment is strongly 
influenced by its mineral composition. Inorganic 
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Fig. 9. Isoconcentration diagram vs. sediment layers (cm) for TDP in the pore water of station KN-LA in Lake Constance. 
Concentration in mg/l. (Modified from Frevert, 1979). 

solids, such as ferric oxyhydroxides, ahtminium 
oxyhydroxides, calcium compounds (e.g. calcite 
and aragonite) and clay minerals (e.g. illite, mont- 
morillonite and kaolinite) have a high affinity for 
phosphate (Cole &al., 1953; Stumm & Leckie, 
1971; Edzwaldet al., 1976; Lijklema, 1977; 1980, 
deKane1 & Morse, 1978; Stumm & Sigg, 1979). 
These compounds can serve as adsorption sites in 
sediments (Stumm & Leckie, 1971; Tessenow, 
1974; Jacobsen, 1977; 1978a,b, Ku et al., 1978; 
Krom & Berner, 1980a). With the exception of 
humic-iron complexes (Ohle, 1937; 1964), the 
organic matrix, however, seems to be less efficient 
in adsorbing phosphate. Bostrbm et al. (1982) in 
fact state that ‘the organic matter itself cannot 
bind phosphate, but that the adsorption of P is 
entirely dependent on the amount of associated 
metals such as iron and ahuninium’. 

By changing the surface charge of the solids, 
pH greatly affects the adsorption capacity. A 
positive correlation is found between a decrease 
in pH and an increased binding of P to iron, 
aluminium and clay compounds (not for mont- 
morillonite). On the contrary, the calcium 

compounds, calcite and montmorillonite increase 
their phosphate reduction capacity at high pH 
and as a result of the precipitation of an insoluble 
calcium phosphate phase, possibly apatite 
(Stumm & Leckie, 1971; Edzwald et al., 1976; 
Jacobson, 1978a). 

Sediment desorption experiments at different 
pH values show increased release with increased 
pH (Bostrom et al., 1982). However, extrapo- 
lation of results obtained from exchange experi- 
ments at pH 8-10 to lake conditions may be 
somewhat hazardous, since sediments are gener- 
ally extremely well-buffered systems with approxi- 
mately neutral pH. High pH might possibly re- 
lease phosphate attached to iron and aluminium 
compounds at the sediment surface. It has been 
shown, however, that the internal P load rises 
during periods of high pH in the lake water 
(Ryding 1985). 

Ever since the studies of Einsele (1936, 1938) 
and Mortimer (1941, 1942) the importance of the 
redox-dependent sediment-phosphorus release 
has been well established among limnologists. 
Under oxidized conditions, phosphate is adsorb- 
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ed and coprecipitated with amorphous ferric oxo- 
hydroxides, while reduced conditions cause dis- 
solution of the ferric-oxyhydroxide-phosphate 
complexes, resulting in a release of ferrous iron 
and phosphate. 

Equilibrium models such as the Langmuir of 
Freundlich equations are most frequently used to 
describe the adsorption-desorption properties of 
different sediments, but empirical models have 
also been used (e.g. Logan 1982). Krom & Berner 
(1980a) used a linear isotherm to describe ad- 
sorption between sediment particles and pore 
water (Fig. lo), and described two estuarine sedi- 
ments with a simple linear adsorption coefficient 
both at oxidized and reduced conditions 
(Table 3). Their study is the only one, as far as we 
know, in which the changes in P concentration 
both in pore water and bottom water are followed 
so as to permit the amount of P adsorbed to be 
calculated. 

It is difficult to make a quantitative comparison 
of adsorption isotherms reported in the literature 
because the experimental designs are not stan- 
dardized. Table 3 shows, however, a summary of 
some reported values of phosphate adsorbed per 
equilibrium concentration for different sub- 
stances. Figure 11 shows the adsorption of iso- 
therms for eight Danish lake sediments. 

No general conclusions can be drawn on the 
adsorption capacity of calcareous as compared 
with non-calcareous sediments. Williams et al. 
(1970) and Shukla (197 1) found that non- 
calcareous sediments were more efficient in 
sorbing phosphate than calcareous, but Berner 
(1974) and Morse & Cook (1978) have shown 
large phosphate fixation also in calcareous sedi- 
ments. These contradicting results are not unex- 
pected because the adsorption capacity is depen- 
dent not only on the type of substrate, but also on 
the number of adsorption sites, which can differ 
greatly as a result of varying amounts of adsor- 
bent, competition between phosphate and other 
ligands or be reduced as a result of organic 
coatings on the surfaces. Jacobsen (1978a) 
strongly emphasizes the importance of the ferric 
iron system for the adsorption of phosphate at the 
sediment surface. He also emphasized the fact 

that calcium-bound phosphate is more abundant 
in the reduced sediment strata. 

To some extent, the pore-water P concen- 
tration reflect the adsorption characteristics 
within the sediment. It seems reasonable to con: 
elude that sediments with a large reduction in P 
concentration between oxidized and reduced 
layers have a high adsorption capacity, caused by 
the iron system. 

Precipitation of solid phases 

Formation of discrete P mineral phases within 
sediments (authigenic formation) have been in- 
tensively studied for a long time. Interest has been 
focused on whether there are any equilibrium 
reactions which can ‘buffer’ high pore water P 
concentrations by precipitation of solid phases. It 
has been proposed that a number of mineral 
species control the pore-water P concentration in 
sediments, but empirical evidence for such a 
buffering system is not available, except for 
minerals formed during geological time perspec- 
tives (Altschuler, 1973). The formation of 
vivianite (Fe,(PO,), 8H,O), which has been re- 
ported to have a short response time (l-20 days) 
for phosphate with respect to iron phosphate 
precipitation, must also be considered as a poten- 
tial buffering system (Emerson & Widmer, 1978). 

Environments suitable for authigenic phos- 
phate mineral formation are mostly found in 
highly reduced sediments, where mineralization 
and reduction have created high concentrations 
of such elements as iron, calcium and phosphate 
(Gulbrandsen, 1969; Jones & Bowser, 1978). 
Vivianite crystals, suggested to be authigenically 
formed, have been identified by X-ray diffraction 
in limnic sediments from such reduced environ- 
ments (Dell, 1973; Tessenow, 1974; Nriagu & 
Dell, 1974; Postma, 1981; Nembrini et al., 1982; 
Merkt, 1985). Poorly crystalline or amorphous 
vivianite has also been reported (Emerson & 
Widmer, 1978; Siebers et al., 1982). Apatite 
(Ca,(PO,),(F,OH)) and carbonate apatite 
(Ca,,(PO,),CO,F,(OH)) crystals, authigenically 
formed, have been identified in marine environ- 
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Table 3. Values of mass of phosphate adsorbed/equilibrium concentration for different substrates. Data should be used for 
approximate comparisons. Experimental conditions varied between studies and data have often been fitted to more complex 
isotherms than the linear model used. From Krom & Berner (1980a, references in the table can be found in the original paper). 

Substrate 

Iron oxide (goethite) 
Illite 
Montmorillonite 
Calcium carbonate (syn. powder) 
Calcite 
Aragonite 

Soil 
Soils 

Lake sidement 

Lake sediment 
calcareous 
noncalcareous 

Lake sediment 
calcareous 
noncalcareous 

Estuarine sediment 
Estuarine sediment 
Estuarine sediment 

Oceanic sediment 

Estuarine sediment 

K* = linear adsorption coefficient 

Oxygen status in exp. K* 

oxic 3000 
oxic 250 
oxic 100 
oxic 20 
oxic 20 
oxic 10 
oxic 175 

oxic 15-70 
oxic and anoxic 80 

oxic 40 

oxic 35 
oxic 25-35 

anoxic 5 
anoxic l-5 

oxic 3750 
oxic 250 
oxic 50 

oxic 500-5000 

anoxic 1 

Reference 

Hingston et al. 1974 
Edzwald et al. 1976 
Edxwald et al. 1976 
Edxwald et al. 1976 
Cole et al. 1953 
deCane1 & Morse 1978 
deCane1 & Morse 1978 

Olsen and Watanabe 1957 
Khalid et al. 1977 

Hwang et al. 1976 

Li et al. 1972 
Li et al. 1972 

Li et al. 1972 
Li et al. 1972 

Jitts 1959 
Pomeroy et al. 1965 
This study 

Berner 1973 

This study 

0.1 0.2 0.3 0.4 

C (pm01 ml -’ ) 

Fig. 10. Representative plot of mass of phosphate adsorbed 
during experiment (AC) in pmol/g against equilibrium con- 
centration of dissolved phosphate (C) in umol/ml. C,, is 
concentration of phosphate in original pore water. (Redrawn 

from Krom & Berner, 1980a.) 

ments (Gulbrandsen, 1969; Altschuler, 1973). 
The presence of poorly crystalline particles in 
limnic sediments has also been suggested (Emer- 
son & Widmer, 1978), but the precipitation 
kinetics at least for the crystallized apatite, seem 
to be slow (Frevert, 1979). 

As a result of the findings of authigenically 
formed P minerals in sediments, thermodynamic 
equilibrium models have been tested in a search 
for possible phosphate ‘buffering’ systems. This 
approach assumes that the system is in thermody- 
namic equilibrium and that the solid phase is well 
characterized and present in the sediment. This is 
obviously not always true, but the approach indi- 
cates which minerals might be formed and defmi- 
tively rules out those that cannot be formed. 

Supersaturation with respect to vivianite, apa- 
tite and other minerals is frequently reported and 
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is explained by slow kinetics for the precipitation 
reactions. Crystal growth of vivianite is controlled 
by a slow process at the grain surface rather than 
by diffusion to the surface (Emerson 8z Widmer, 
1978). Postma (1981) showed that processes 
tending to increase pH were much more rapid 
than the precipitation reaction. Accordingly, it 
may be concluded that high supersaturation with 
respect to vivianite is to be expected at higher pH, 
and that many other processes which tend to 
change the pore-water phosphate and ferrous iron 
concentration more rapidly than within l-20 days 
may affect the saturation level. Saturation or 
supersaturation with respect to vivianite in marine 
environments was reported by Elderfield et al. 
(1981) and Martens et al. (1978) and in limnic 
systems by Dell (1973), Emerson (1976), Emer- 
son & Widmer (1978), Frevert (1979), Holdren & 
Armstrong (1985), Lofgren & Ryding (1985a), 
Nembrini et al. (1982, 1983), Norvell (1974) 
Nriagu & Dell (1974), Postma (1981) and 
Tessenow (1974). 

Apatites can be directly precipitated on sur- 
faces of biogenic silica and/or inorganic phases, 
such as calcite (Burnett, 1977; Stumm & Leckie, 
197 1) or be deposited in place of CaCO, 
(D’Anglejon, 1968; Manheim et al., 1975). For- 
mation is, however, greatly inhibited by Mg2+ - 
ions and the reaction rate is strongly reduced at 
high CO,’ - /Pod3 - ratios (Stumm & Leckie, 
1971). Supersaturation has also been found for 
apatite in many sediments (Burnett, 1977; 
D’Anglejon, 1968; Gaudette & Lyons, 1980; 
Korm & Berner, 1980b, Manheim, 1974; 
Carignan, 1984b; Emerson, 1976; Holdren & 
Armstrong, 1985; Ldfgren & Ryding, 1985a,b; 
Norvell, 1974). 

Other minerals in pore-water systems 
reported as saturated or supersaturated (in- 
dicating slow reaction kinetics) are struvite 
MgNH,P046H20 (Elderfield et al., 198 1; 
Martens et al., 1978, McCaffrey et al., 1980) 
anapaite Ca,Fe(PO,),4H,O (Holdren & Arm- 
strong, 1985 ; Nriagu & Dell, 1974) proapatite 
CaJHPO,)(OH), (Frevert, 1979) and whitlockite 
Ca,(PO,), (Holdren & Armstrong, 1985 ; 
Matisoff et al., 1980; Norvell, 1974). 

From these kinetic considerations it may be 
concluded that phosphate precipitation reactions 
are slow processes and that the kinetics of many 
other physical, chemical and biological processes 
are much more rapid. Formation of discrete 
minerals can hardly ‘buffer’ pore-water P changes 
to any great extent in biological active sediments 
in which the environmental conditions can 
change within hours. In biologically more inert 
sediments and below the active biological surface 
layer, however, minerals can form and act as a 
phosphate ‘buffer’ system over the long term. 

Fluxes of phosphate in the sediment column and 
across the sediment-water interface 

Pore-water P compounds are directly exchange- 
able with the water column (Syers et al., 1973 ; 
Bostrdm et al., 1982) and the often very steep 
concentration gradients at the sediment-water 
interface, create a driving force for a diffusive flux 
towards the lower concentration in the overlying 
water. Phosphorus release from sediments is 
caused by this concentration gradient, but the 
rate-determining process does not have to be of 
molecular diffusive origin. Bioturbation, gas 
ebullition, currents, etc., are other processes 
which can significantly increase the P flux 
(Bostrbm et al., 1982). From a P concentration 
maximum (Fig. 12) in the pore water, a diffusive 
flux is directed both upwards and downwards in 
the sediment column (Berner, 1980; Davison, 
1982; Watanabe & Tsunogai, 1984). 

Fluxes within the sediment column 

Sediments may be regarded as liquids containing 
high concentrations of solids (Davison, 1982). 
Accordingly, Fick’s First Law of diffusion in 
aqueous solution may be applied to the system 
with some modifications. Theories for mathema- 
tical modelling of diffuse fluxes within sediments 
have been described by Lerman (1978) and, more 
recently, by Berner (1980). 

Solid particles in the sediment hinder the 
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Fig. 12. Vertical profiles of the calculated interstitial phosphate flux (ymol/m” d) in the top 20 cm. The three curves relate 
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(Modified from Watanabe & Tsunogai, 1984). 

mobility of ions and molecules and suppress free 
diffusion in all directions, causing a lower diffu- 
sive flux than in aqueous solution. To correct for 
this, Berner (1980) has suggested the introduction 
of a sediment diffusion coefficient (D,) dependent 
on the diffusion coefficient of the investigated 
component at infinite dilution (D) and turtuosi- 
tY (e). 

DS=s where 0>1 

Turtuosity can be calculated from the measure- 
ments of porosity ($) and formation factor (F) 
where : 

$= 
volume of pore water 

volume of total sediment 

F= 
electrical resistivity of sediment 

electrical resistivity of pore water 

O2 = qi*F 

The modified Fick’s First Law of diffusion in 
sediments is then expressed by the equation: 

J,= -$.Ds. 2 
( > 
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where 
J, = diffusive 
area* time) 

flux in sediment (mass/ 

dC 
1 = concentration gradient of substance i 
dx in the x direction (mass/volume * dis- 

tance 

The sediment diffusion coefficient is multiplied by 
the porosity in order to obtain the correct unit of 
J,. Ci is the concentration of dissolved species per 
unit volume in the interstitial water and not of the 
total sediment. Multiplication by porosity cor- 
rects for this (Berner, 1980). 

Diffusion is also influenced by adsorption, 
which has a retarding effect on the diffusive pro- 
pagation of tracers. This is corrected for by intro- 
ducing a linear equilibrium adsorption term (K) 
in the sediment diffusion coefficient (Krom & 
Berner 1980b), where K can be calculated from: 

K = K*.PS*(’ - $1 

K* = linear adsorption constant, indepen- 
dent of porosity 

p, = average density of sediment solids 

The final expression for the sediment diffusion 
coefficient corrected for adsorption (DSA) is: 

Ds D ~ 
‘*=l+K 

The general model of sediment diffusion, accord- 
ing to a modified Fick’s First Law equation, can- 
not be rendered operative when discrete mineral 
formation takes place in the system (Krom & 
Berner, 1980b, Davison, 1982), but this is prob- 
ably a less important process in most sediments 
(see section 4.2). 

Few determinations of D,, have been perform- 
ed to take account of the influence of adsorption, 
advection, bioturbation, currents, etc. Krom & 
Berner (1980b) calculated a sediment diffusion 

coefficient for the composite of the diffusivities 
HPO,*- and H,PO,_ in anaerobic marine sedi- 
ments to DSAcZO 0cI = 3.6 k l.l~lO-~ cm’/s, 
which is slightly lower than the diffusion 
coefficient for these ions at infinite dilution 
D (20 “C) = 7.0 x 10W6 cm2/s (recalculated by 
Krom & Berner from Li & Gregory, 1974). 

From the pore-water P profile in a reduced lake 
sediment, Tessenow (1972) calculated the maxi- 
mal diffusion coefficient ‘DsA’ = 
4.4x lo- 6 cm2/s, which is in good agreement with 
Da, calculated by Krom & Berner (1980b). The 
theoretical model for the determination of ‘Da*’ 
was, however, based on an exponential function. 

Sediment diffusion coefficients cannot be 
transferred from one system to another without 
correcting for differences in temperature and po- 
rosity (Krom & Berner, 1980a). The diffusion 
coefficient can, however, be modified for different 
temperatures by the Stoke-Einstein relation. Ap- 
plications of the model are also restricted to envi- 
ronments with low bioturbation and turbulence 
caused by other processes. Diffusion coefficients 
from measurements in this type of environment 
must be considered as ‘apparent diffusion 
coefficients’ (Da& which reflect the sum of physi- 
cal, chemical and biological processes involved in 
the vertical transport of phosphate. 

Fluxes across the sediment-water intevface 

Vertical transports across the sediment-water in- 
terface are much more complicated than fluxes 
within the sediment. This complexity is increased 
if the redox potential shifts from reduced to oxid- 
ized conditions in this boundary (Davison, 1982), 
where the adsorption characteristics of phosphate 
changes drastically. Bioturbation, gas ebullition 
and currents are frequently more pronounced in 
this region too, which means that measurements 
of Rpp must be made in order to calculate diffu- 
sive fluxes. 

Flux measurements at the sediment-water in- 
terface have been performed in numerous studies 
both with intact cores in laboratory and with bell 
jars and similar equipment in situ. Table 4 and 5 



show the results obtained from some of these 
studies where the diffusive flux has also been cal- 
culated from the pore-water P profiles. The re- 
sults show large discrepancies, often up to more 
than one order of magnitude, between calculated 
and measured fluxes. The general pattern, how- 
ever, is that the measured fluxes are correlated to 
the pore-water P concentrations (Fig. 13, 
Callander & Hammond, 1982; Carignan & Flett, 
1981; Elder-field& al., 1981; Holdrenet al., 1977; 
McCaffrey et al., 1980; Psenner, 1984). A tem- 
poral pattern is often shown with larger fluxes 
during high temperature during the summer 
(Table 5, Fig. 6), when the pore-water P concen- 
tration is usually higher near the sediment surface 
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(Theis & McCabe, 1978; Watanabe & Tsunogai, 
1984). 

Table 5 also shows that measured fluxes across 
the sediment-water interface are in closer agree- 
ment with the diffusive fluxes during reduced con- 
ditions (measured/calculated = 0.15-3.6), com- 
pared with oxidized environments (measured/cal- 
culated = 0.7-20). The lower ratio obtained un- 
der reduced conditions might be explained by a 
steeper pore-water P concentration gradient at 
the sediment-water interface, caused by dis- 
solution of ferric phosphate complexes during 
anaerobic conditions, as outlined by Tessenow & 
Frevert (1977). They stated that anaeroby simul- 
taneously causes a liberation of phosphate from 

Table 4. ‘Apparent’ diffusion coefficients and the ratio of measured to calculated diffusive phosphorus fluxes (Mess/Cal) across 
the sediment-water interface in different aquatic systems. 

Local Technique + Redox 
state 

D WP 
cm”/s 

Meas. flux 
Cal. flux 

Reference 

L. Furess 
L. Esrom so 
L. St Gribss 
L. Grane Langss 
L. Trummen 

L. Piburger See 

L. Brielle 

L. Mendota 

L. Constance 
(obersee) 

Baltic Sea 

Potomac River 
Estuary 
Potomac River 
Estuary 

Narragansett Bay 
Narragansett Bay 

Great Bay Estuary 

Lab Red 0.6. 1O-6 0.15* Kamp-Nielsen (1974) 

Lab 

Lab 

Mass balance 

Lab 

In situ 
In situ 

In situ Ox + Red 5-10 Callander (1982) 

In situ 

In situ 
In situ 20 “C 
Insitu 5°C 
In situ 

Ox + Red 

? 

Ox + Red 

Red 

ox 
Red 

ox 

ox 
ox 
ox 
ox 

10.10-6 

14.6. 1O-6 

- 
- 

10-50 

2.5* 

2.8.3.4 

3.6* 

5-20 Holm (1978) 

3.3-l 

2.1-3.9 
1.3-3.8 
0.7-0.9 
6.6 

Psenner (1984) 

Lijklema & Hieltjes 
(1982) 

Holdren et al. (1977) 

Frevert (1982) 

Callander & Hammond 
(1982) 

McCaffrey et al. (1980) 
Elderfield et al. (1981) 

Lyons et al. (1982) 

* We have made a rough estimation of the measured/calculated fluxes by calculating the D,,,/D,,-ratios. At a constant 
concentration gradient across the sediment-water interphase, this ratio reflects the influence of advective and random processes 
on the phosphorus flux. D,, = 4. 10e6 cm’/s (Krom & Berner 1980b) was used in the calculations. 
+ Technique refers to how the measured flux have been obtained. 



124 

Tub/e 5. Calculate diffusive and measured fluxes across the sediment-water interface in different aquatic systems. 

Narragansett Bay, 
Rhode Island, USA 

Narragansett Bay, 
Rhode Island, USA 

Oxic-suboxic 

Potamac River Estuary, 
Cheasapeake Bay, 
USA 

Oxic-suboxic 

SW1 - 

Great Bay Estuary, 
New Hampshire, 
USA 

Oxic-suboxic 

SW1 20-24 

Lake Mendota, USA SW1 Summer 
Sum of oxic-anaerobic SW1 Winter 

Gullmarsfjorden, 
Sweden, Oxic 
Anoxic 

SW1 lO+ -1 
SW1 lO+ -1 

4.10-6 

3.3 ’ 10-6 

7.10-6 

4.10m6 

1.10.10-6 

10.7 10-6 
4.10-6 

5.6 

0.2 

5-62 

3.4-40 

1.9-6.2 6.2-43 

1.3 

2.9 
1.3 

4.0 
1.5 

15-22 

19-81 

3.1-28 

8.6 

8-10 

0 
9.3 

McCaffrey et al. 
(1980) 

Elderfield et al. 
(1981) 

Callender & Ham- 
mond (1982) 

Lyons et al. (1982) 

Holdren et al. 
(1977) 

Sundby et al. 
(1986), Hall P. 
(pers. corn.) 

SW1 = Sediment-Water Interface 

the sediment interface and increases the diffusive 
gradient across the sediment-water boundary 
(Fig. 14). Sometimes, this ‘surface’ liberation 
leads to higher fluxes than those calculated from 
pore-water P gradients, which are almost inva- 
riably the results of investigations with sampling 
intervals too large for this phenomenon to be de- 
tected. 

Another explanation for a closer fitness to dif- 
fusive fluxes during anaerobic conditions might be 
greatly reduced bioturbation activity. Substan- 
cially increased benthic fluxes can occur in 
aerobic environments (Petr, 1977; McCafIrey 
et al., 1980; Graneli, 1979; Matisoff et al., 1985). 
Graneli (op.cit.) showed a 2-4 times larger flux 
with the presence of chironomid larvae 
(1000 ind/m2) at oxidized conditions. The biotur- 
bation effect was negligible under anaerobic con- 
ditions. The same results have been observed in 

marine environments (van der Loeff et al., 1984). 
The effects of benthic organisms on the P flux 

to the water mass are mainly due to active trans- 
port of sediment particles and water across the 
sediment-water interface and by alteration of the 
physical environment, for example, pH and redox 
properties (Petr, 1977; Matisoff et al., 1985; 
Berner, 1980; McCaffrey et al., 1980). 

Increased P fluxes to the water mass are com- 
monly observed, but Davis et al. (1975) found 
that tubificids could decrease the pore water P 
concentration in the upper sediment layer as a 
result of inflow of oxygenated water into the worm 
burrows. Jorgensen & Revsbech (1985) arrived at 
the same results. Davis et al. (op.cit.) state, 
however, that both liberation and fixation can 
occur, depending on the amount of redox-sensi- 
tive P. 

Different ways of modelling the influence of 
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Fig. 13. A. Release rate of phosphorus from Stone Lake sediments as a function of average pore-water phosphorus concentra- 
tions. (Modified from Theis & McCabe, 1978). 3. Anaerobic phosphorus release rate as a function of the concentration gradient 
across the segment-water interface. Concentration gradient = difference between phosphate concentration in water and NE-I,- 
-G-extractable phosphorus in the topmost centimetre in the sediment, for Lake Trummen between lake water and pore water. 
(Modified from Kamp-Nielsen, 1974). Cl. Average phosphorus release rates at 4, 8 and 12 “C under aerobic and anaerobic 
conditions in laboratory experiments with Lake Piburger See sediments. C2. Mean and extreme values of the pore-water 
phosphorus concentrations (Oct. 1980-Aug. 1981) in Lake Piburger See sediments. (Cl and C2, modified from Psenner, 

1984). 
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concentration - 
Fig. 14. Probable concentration gradients of Fe, Mn and P in the sediment pore water during the breakdown of an oxidized 
sediment surface by reduction (a-b-c-d is the time order, a = oxic, b-c-d- = anoxic). C, = saturation (equilibrium) concentration 

of low, permanently reduced sediment (Modified from Tessenow a Frevert, 1977). 

bioturbation on fluxes in sediments and across the 
sediment-water interface are given by Hakansson 
& Kallstriim (1978), Berner (1980), McCaffrey 
et al. (1980), Aller (1980) and Kamp-Nielsen et al. 
(1982). 

Increased diffusive flux caused by stirring 
effects, such as water action, has been shown by 
Hesslein (1980). He presented clear evidence for 
an increased mixing of pore waters to a depth of 
10 cm during autumn overturn and also higher 
diffusive fluxes in sediments in contact with water 
from the mixed layer, compared with hypolimnion 
bottoms. These advective movements can cause 
either liberation or futation of P as a result of the 
influence on redox potential. A positive correla- 
tion between P-release and mixing energy was 
found in laboratory experiments by Holdren & 
Armstrong (1980), and in lake studies by Ryding 
& Forsberg (1977) and Ahlgren (1980). 

Very little is known of the impact of macro- 
phytes on the pore water P flux. Carignan (1985) 
found a decreased P concentration in the pore 
water during summer as a result of root assi- 
milation activity. The trend was reversible, with 
higher concentrations in spring and autumn, 

caused by root decay. Possible effects on the 
pore-water composition were suggested as re- 
sulting from changed sedimentation patterns, al- 
teration of redox potential, pH, sorption of P and 
release of organic compounds, such as root 
exudates (Carignan, 1985). 

Conclusions and applications 

The use of pore-water investigations (concentra- 
tions and gradients of phosphorus) have been 
restricted to a few research projects. One reason 
for this has been the lack of an appropriate 
method for separating the pore water from the 
sediment. 

The commonly used separation techniques, 
employing centrifugation and/or pressure til- 
tration, have been found in a number of 
methodological studies, to overestimate or under- 
estimate the actual concentrations of different 
substances in the pore water. The reasons for this 
are, for example, increased temperature during 
separation, oxidation of the sediment, excessively 
high filtration pressure, excessively long time 



between sampling and separation etc. During the 
late 1970s the development of separation tech- 
niques resulted in methods which allow in situ 
sampling. These in situ techniques are dialysis and 
suction. 

It is, however, difficult to state that these in situ 
techniques really permit the actual composition of 
pore water to be determined. Since these tech- 
niques are based on in situ incubation, the discre- 
pancies arising from the actual interstitial compo- 
sition will be dependent, for example, on time of 
incubation, porosity of the dialysis membrane, 
equilibration medium, etc. The influence of these 
factors can, however, be measured qualitatively 
and quantitatively by the investigator. Factors 
that are difficult to measure are, for example, 
changed porosity caused by microbial degrada- 
tion of the dialysis membrane and Donnan 
effects. The suction technique can be superior to 
the dialysis technique when rapid sampling is ne- 
cessary for studying short-term changes. 

It must also be stressed that the equipment 
used for in situ separation is inexpensive and the 
sampler can easily be constructed by the investi- 
gator. 

It is possible to describe the trophic state of a 
lake ecosystem on the basis of the total P concen- 
tration in the sediment. In eutrophicated lakes, 
however, an increased total P is often registered 
in the surface sediment (gyttja of domestic origin). 

Chemical extraction of the total P content of 
sediment into different fractions increases the 
chances of classifying the trophic level. 

127 

Pore water investigations (P concentrations) 
are excellent, however, for describing the trophic 
status of a lake ecosystem. Large differences in 
pore-water P concentrations occur between oligo- 
trophic, mesotrophic and eutrophic systems 
(Table 2). This technique also provides an oppor- 
tunity for following seasonal changes (Fig. 6) and, 
in eutrophic ecosystems, even short-term var- 
iations (Fig. 7). In connection with the discussion 
of these temporal variations in the pore-water P 
concentration, it may be stated that potential 
precipitation mechanisms of solid phases are 
probably of minor importance. Discrete minerals 
are only formed in the long term. 

The use of traditional P-budget calculations 
(input-output models) has provided data on inter- 
nal P loads for many lakes. Mechanisms regulat- 
ing this sediment-P release were reviewed 
thoroughly by Bostriim et al. (1982). They con- 
cluded that for the release of P, two different 
mechanisms have to occur simultaneously or 
within a short period of time: (i) mobilization of 
particulate P to the pore-water P, and (ii) trans- 
port to the water body (Fig. 15). 

Pore-water phosphorus concentrations and 
gradients can be used for diffusion flux calcu- 
lations for evaluating the quantitative impact of 
internal P loading. 

However, results from calculated and measur- 
ed diffusive flux studies have shown relatively 
large discrepancies between the calculated and 
measured values, although mixing processes, such 
as bioturbation, gas ebullition and currents, have 
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Fig. 15. Illustration of the dominating processes regulating the release of phosphorus from lake sediments. (From Hgkansson 
& Jansson, 1983, modified from Bostriim et al., 1982). 
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been low. This leads us to suggest that a direct 
release of particulate P, mainly bound to iron 
oxyhydroxides in the top layer on the surface, can 
also occur, as a result of high pH or of partly 
reduced conditions (see Fig. 14). 

Although the theoretically calculated diffusive 
fluxes do not equal measured fluxes, a good esti- 
mation of the importance of sediment-P release 
may be obtained. Further investigations are ne- 
cessary before reliable quantitative P-release rates 
can be calculated. In this respect, studies in 
marine environments are much more common 
and better developed than in freshwater systems 
(Table 5). 

Studies of different P forms in the interstitial 
water, their vertical distribution, pH- and redox- 
dependence, transformations, etc., are other 
important aspects of sedimentological research. 

Finally, pore-water investigations have ob- 
viously been underestimated as an ecological tool 
for collecting information and data on: 

- trophic status of lakes, 
- redox conditions in the sediment, 
- spatial and temporal distribution of P in lake 

sediments (mapping point and diffusive 
sources), 

- sediment P release (internal P load), 
- potential precipitation mechanisms on a long- 

term basis, 
- ground-water inflow areas and lake-water 

seepage. 
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