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1.   INTRODUCTION

Phosphorus (P) is an essential element for living organisms, both in terrestrial and aquatic ecosystems. Within ‘normal’ agriculture, P is added to soils in order to maintain or ameliorate crop production. In regions with confined animal production often more P containing manure is produced than is necessary for maintaining soil fertility, and manure is considered as a waste product. Application of excessive amounts of manure to soils has led to an increased movement of P from soils to surface waters, on many places leading to eutrophication. This paper deals with the chemical mechanisms by which P can be released from the solid matrix of a soil to the liquid phase: the soil solution or ground water. After this release P can move with the liquid to surface water, either across the soil surface or through the subsoil. Biological processes by which organic matter is mineralized, releasing inorganic P, is the subject of another paper, by Gil-Sotres et al. Some overlap may occur with the papers of Barberis and Quinton on particle bound P.

In the following (i) the pools of P in the soil and the fate of P that is added to the soil are briefly discussed; (ii) chemical factors are discussed which can influence the different pools; (iii) experimental or environmental conditions are mentioned where the chemical factors occur, and may thus have implications for leaching of P. Finally, mathematical descriptions of sorption reactions of P in soils are summarized.

2.   POOLS OF PHOSPHORUS IN SOIL AND FLOWS BETWEEN POOLS

In the following (simplified) scheme a number of pools are shown in which P can be found, both in the solid phase of the soil and within the soil solution. In the solid phase a distinction is made between organic (left) and inorganic forms (right), in the soil solution between ortho-P and dispersed colloidal P. The last fraction can be either adsorbed on inorganic colloids (clay particles, Fe/Al-hydroxides), or is bound to dissolved organic matter (DOC).
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In the solid phase the precipitated pool mainly consists of Ca-P in calcareous soils, and in heavily manured neutral soils besides Ca-P also struvite can be expected when the sorption capacity of the soil is exceeded (De Haan & Van Riemsdijk 1986, Bril & Salomons, 1990). Sorbed P can be distinguished into adsorbed P, on the surface of aggregates, and P sorbed inside aggregates (fixed, 'absorbed'). Also, P can be associated with colloids which are (a metastable) part of the soil matrix.

The flows of P between the pools can be summarized as follows. Living biota  can die, and P becomes part of fresh organic material. From this pool, P can be released by biological breakdown (mineralization), forming more stable organic matter and/or inorganic P in solution. Especially on calcareous soils, soluble ortho-P can precipitate (as a separate phase or on the surface of e.g. carbonates) or adsorb on the surface of  Fe/Al-hydroxides. Adsorption is a fast process, which can be followed by diffusion into aggregates and sorption on internal surfaces; this process is mainly important with amorphous hydroxides. Also, P can be associated with colloidal material; depending on soil conditions, this material can be attached to the soil matrix or be dispersed in the soil liquid. 

Directly relevant for loss of P to the environment are ortho-P in solution and P associated with suspended particles. Recent research indicates that in soil solution particle bound P can represent the majority of total P (Lookman, 1995; Chardon et al., 1997; Haygarth et al., 1997; Hens, 1999). It was shown that the particle size forms a continuum, which makes the distinction between soluble P and particle bound P questionable.

Flows that can bring P in solution (solubilize) are: mineralization of organic material, dissolution of precipitated P; desorption of adsorbed P; diffusion of P from the interior of aggregates, followed by desorption; breaking of the association between P and dispersed colloids, and detachment of P containing colloids from the soil matrix.

3.   INPUT OF PHOSPHORUS TO SOILS

The main forms of P input to soils are:

1. superphosphate and other inorganic fertilizers

2. solid or liquid animal manure

3. sewage sludge or (drinking) water treatment sludge

Superphosphate readily dissolves in soil and will enter, in first instance, the pool of dissolved ortho-P, followed by adsorption or precipitation. After application of superphosphate to a soil, the conversion of MCP (monocalciumphosphate) into DCPD (dicalciumphosphate dihydrate) can cause temporal and local acidification of the soil:

Ca(H2PO4)2.H2O + H2O ( CaHPO4.2H2O+ H2PO4-  + H+

The pH of the solution around fertilizer granules can reach values below 1.5, which causes dissolution of both Fe and Al hydroxides (Lindsay, 1979; par. 12.13). Reprecipitation of the Fe and Al, with co-precipitation of P, can produce colloidal material. However, overall effects of addition of superphosphate will be local and concentrated in the top soil.

Both animal manure and sewage sludge contain P in organic form, which can be released through mineralization. The process of mineralization can locally cause anaerobic conditions. Animal manure also contains precipitates of P (with Ca, NH4, K, Mg; Bril & Salomons, 1990), which will easily dissolve. Sludges can contain insoluble Fe- or Al-P precipitates due to secondary treatment with Fe or Al salts. In general, these precipitates have a large sorption capacity for P, and can thus be responsible for a reduction of plant available P (Elliot & Dempsey, 1991).

Through conversion of urea, liquid manure is often oversaturated with bicarbonate. After field application, volatilization of CO2 causes a (temporal) increase in soil pH:

HCO3- + H+  (  H2CO3 0  (  CO2(
Comparable reactions were found in soils after application of urea fertilizers (Hartikainen & Yli-Halla, 1996), and under urine patches on grassland soils (Williams et al., 1999).

Summarizing: the application of P containing compounds may have a varying local and (in most cases) temporal influence on soil chemistry, which can change the behaviour of P forms that were already present in the soil.

4. CHEMICAL CONDITIONS WHICH CAN INFLUENCE PHOSPHORUS 

BEHAVIOUR IN SOILS

The processes that cause retention or release of P are summarized in the following scheme, including the main soil types for which the processes are relevant. The left column shows processes that lead to retention of P by the sold phase; the middle shows corresponding processes that release (solubilize) P, and the right column shows the soil types were the processes are important.
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The main factors influencing reactions of P in soils are:

· pH

· ionic strength / cations

· organic acids

· redox potential

· temperature

In the following, these factors will be briefly discussed.

4.1 pH

Changes in pH have a large influence on the solid phase of the soil, since pH determines the surface charge of Fe/Al-hydroxides, the main sorption medium of P. An increase of the pH reduces the positive charge of hydroxides, and mobilizes anionic P-forms like ortho-P and P bound to dissolved organic carbon (DOC). However, at a higher ionic strength the effect of pH on P sorption is less pronounced than at a low ionic strength (Barrow, 1989).

Examples of mobilization of P at elevated pH are:

· the application of lime, a normal agricultural practice for maintaining soil fertility after application of urea (Hartikainen & Yli-Halla, 1996);

· below animal urine spots (Williams et al., 1999) or after application of mixed manure slurry (see above; Van Faassen et al., 1990);

· from particulate P in surface water, due to e.g. sewage effluent with a higher pH than the soil from which the particles originate (Fox, 1991).

In calcareous soils where precipitates with Ca determine P solubility, a decrease of pH causes dissolution of the precipitates, and thus causes P release.

4.2 Ionic strength / cations
The effect of ionic strength can be separated in the influence on (1) P sorption and (2) colloids with which P is associated. However, if mobile soil colloids are a continuum, (see above), it will be hard to experimentally distinguish between desorption of ortho-P and detachment of reactive P on small colloids.

Cations have an influence on P sorption via the neutralization of the negative charge of the sorbed P. Small cations that can reach the soil surface more closely have a larger influence than large ions. Barrow & Shaw (1979) found that desorption of P varied in the presence of different monovalent cations as follows: Li > Na > NH4 > K,Rb > Cs. They also found that desorption in MgCl2 was faster than in CaCl2. The influence of a decrease in the concentration of CaCl2 from 0.1 to 0.001 was relatively small: in 96 hr P desorption doubled. 

The following examples show that a decrease in ionic strength can be important for mobilizing P, through its influence on the detachment of colloidal particles.

· During 7 years the effluent of maize grown, outdoor lysimeters was sampled on MRP, total P, NO​3 and Cl. Results showed that P was mobilized during periods with a low NO3 and Cl-content of the effluent, indicating a low ionic strength. Binding of P to colloidal material, mobilized at low ionic strength, was given as an explanation of these results (Chardon et al., 1997).

· Shaking soil with Na-solution can cause mobilization of DOC, by removing divalent (Ca2+) bridges between organic anions and clay mineral surfaces (Greenland, 1971).

· The stability of soil aggregates can be increased both by Ca and by microbial activity, which is ascribed to bridging between Ca, humic acids and clay particles (Muneer & Oades, 1989). Thus, reducing Ca-content will increase dispersion.

· At low concentrations of bivalent cations, the mobility of humic substances (Tipping & Ohnstad, 1984) and of colloidal forms of iron phosphate (Cameron & Liss, 1984) is greatly enhanced.

The influence of several factors on behaviour of colloid bound P is discussed in the paper by Barberis and Withers in this volume. Recently, Kretzschmar et al., (1999) extensively reviewed the role of colloids in contaminants transport.

A low ionic strength in the soil solution can be expected in case of preferential flow, the transport mechanism by which relative high volumes of water flow through a small portion of the soil volume (Simard et al., 2000). Preferential flow makes it possible that rain water, which has a much lower ionic strength than the average soil solution, passes through the soil profile without equilibrating with the soil solution. It can thus mobilize colloidal material from the soil. Preferential flow can either be caused by (1) a local low hydraulic conductivity, forcing the water to soil parts with a normal conductivity, or (2) by soil parts that have a high hydraulic conductivity, attracting water from the surrounding soil. 

· A low hydraulic conductivity can be caused  by soil material with a low porosity, e.g. clayey material, or by organic matter causing water repellency of a soil (Dekker, 2000; Ritsema, 2000). According to Ritsema (2000) water repellency occurs in natural and agricultural soils all over the world, but its influence on transport of agrichemicals (like P) is poorly understood due to insufficient knowledge about the water flow and transport processes.

· A high hydraulic conductivity can be found in macropores (> 100 (M), originating from e.g. soil cracks, root channels, and earthworm borings (Edwards et al., 1993). Preferential flow through these pores only occurs when the rainfall intensity exceeds the infiltration capacity of the bulk soil (Simard et al., 2000).

4.3 Organic acids

Organic acids compete with  P for sorption sites when they are in anionic form, thus enhancing P mobilization. The source of acids can be e.g. plant roots, animal manure, and sewage sludge.

  Citric acids, as produced by plant roots in P-deficient soils, dissolve Fe, Al and the P adsorbed to it (Gerke, 1992). However, the impact will be concentrated around plant roots, thus an environmental effect is probably not to be expected. High molecular weight material from animal manure and the high pH of liquid manure both influence P leaching (Gerritse, 1981; Chardon et al., 1997).

4.4 Redox potential

Reducing conditions in a soil can be responsible for reducing iron compounds. If P is adsorbed on the Fe-oxides it will be mobilized. When conditions become oxic again reprecitation of the Fe will occur, and P will readsorb. This leads to mobile forms of colloidal Fe-P-compounds (Mayer & Jarrell, 1995).  Extensive research on the influence of redox on P mobility was done in rice fields, where flooding induces anaerobic situations; this research was reviewed by Ponnamperuna (1972). Other causes of a low redox potential are the application of manure, which will only have a temporal and local effect, and an increase in water table of a soil. This will have an effect if P, leached from the topsoil, has enriched the subsoil; in this case an increase in P loss can be expected. However, at present no research on this specific topic is known to the authors. In The Netherlands, increasing the water table is studied with the aim of reducing the 'drying out' of nature reserves.

4.5 Temperature

An increase in temperature enhances a number of soil processes:

· kinetics of movement of ions within aggregates (slow reactions), both absorption and desorption / mobilization;

· mineralization of organic matter (e.g. increasing P availability in spring);

· dissolution of precipitated P.

The adsorption of P itself decreases by an increase in temperature (Barrow, 1992), the sum of adsorption and absorption will increase in most cases. Overall, temperature has more influence on the transport of P between pools than on the distribution of total P over the different pools, and is probably less relevant for P solubilization.

5. MODELLING SORPTION AND DESORPTION OF P
In the past, a number of models have been developed that describe sorption processes of P in soils. Models that describe sorption of inorganic P forms are summarized in the appendix. These models are able to predict the behaviour of inorganic P both in the laboratory and under field conditions (Schoumans & Groenendijk, 2000). However, untill now no models that describe sorption (kinetics) of specific organic or particular forms of P were developed. At present there is thus an unbalance in modeling skills between inorganic forms of P on the one hand and organic/particular forms on the other hand.

6. SUMMARY AND CONCLUSIONS

From the chemical factors mentioned above than can solubilize P in soils, the following are (probably) most important, and thus should receive more attention:

· preferential flow, which creates a flow of water with a low ionic strength through the soil, which can mobilize colloidal P forms;

· application of liquid manure, which increases soil pH and adds high molecular weight organic acids;

· increasing the soil water table, in situations where the subsoil is enriched with P.
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APPENDIX

1. Fast adsorption

An extensive equation that describes adsorption of different ions on varying components (e.g. clay, org. matter, hydroxides, lime) is given by Barrow (1987, p.86).
K. (.(.C.e(-zF(/RT)
(  =  ----------------------------- 
(1)

         1  + K. (.(.C.e(-zF(/RT)
where:
( is the proportion of the component occupied by the adsorbed ion


K is the binding constant for the ion


z is the valence of the adsorbing ion


( is the electrostatic potential of the component


( is the fraction of the adsorbate present as the ion


( is the activity coefficient


C is the total concentration of the adsorbate


F,R Faraday and gas constant, respectively


T is absolute temperature

The Langmuir equation describes adsorption of a component at equilibrium, for given values of T, pH, surface potential:

                     K.C

Q  =  Qmax ------------
(2)

                  1 + K.C

where Q is concentration of adsorbate on the surface and Qmax is the sorption maximum.

For non calcareous sandy soils (5 < pH < 6; salt conc. = 10-2N) it was found that K varies from 10 to 100  m3 mol-1 (Van der Zee et al., 1988). Also,  Qmax  was estimated from oxalate extractable Al and Fe-content according to (Van der Zee et al., 1990): 

Qmax =  ( (Al+Fe)ox    and   ( ( 0.5/3
(3)

2. Slow sorption 

For the slow process of sorption (S), also called 'absorption', empirical functions are used most of the time. As an example, Van der Zee and Van Riemsdijk (1986) used the polynomial:

S(c,t) = ( ai {ln (I)} i          with     I = ( ( (c-ce) dt
(4)

The symbol I is called exposure integral. Ce corresponds with a threshold value below which no slow sorption is assumed to occur. The value of Ce is almost zero if the slow reaction is ascribed to the slow penetration of an adsorption front into a porous reactive particle. Since Eqn. (4) has no maximum, Eqn. (5) was presented as an alternative by Freese et al. (1995):

                          (kI)ω
S(c,t) =  Smax -------------- 
(5)

                        1 + (kI)ω
with k and ω as parameters, and Smax as the maximum that S will reach after prolonged exposure of a soil to P.

For non calcareous sandy soils the following estimation was made (Van der Zee et al., 1990):

Smax  =  ( (Al+Fe)ox     and ( ( 1/3
(6)

Schoumans (1995) used the following equation for the long term sorption:

dS/dt = ( ( (KCN - S) 
(7)

3. Total Sorption

In many studies total sorption (F) was measured, and described with an extended Freundlich equation (Kuo and Lotse, 1974; Barrow and Shaw, 1975):

F = k cn tm
(8)

Total sorption can also be calculated as the sum of fast adsorption and slow sorption, which depends both of exposure time and of the concentration to which the soil is exposed:

F(c,t) = Q(c) + S(c,t)
(9)

Combining Eqns. (3) and (6) gives the estimation of the maximum of F, used for non calcareous sandy soils (Van der Zee et al., 1990):

Fmax = 0.5 (Al+Fe)ox
(10)

However, in a number of studies also more crystalline oxides (e.g. dithionite extractable fractions) were included in the estimation of Fmax. (Borggaard, 1986; Torrent et al., 1992; Werner & Pihl, 1998). These studies led to the conclusion that in soils relatively poor in oxalate extractable Fe and Al, and thus more rich in crystalline forms, the approach of Eqn. (10) may lead to underestimation of the sorption maximum of a soil for P.







