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Abstract 

Worldwide, large quantities of wastewater are produced, including municipal 
effluent, dairy-shed effluent, and wastewater from factories.  Most wastewater is 
treated to remove solids and contaminants.  But even treated wastewater may 
still contain organic matter and high levels of nutrients, such as nitrogen and 
phosphorus (P).  To assess the feasibility of effluent disposal to land with respect 
to P leaching to groundwater and build up at the soil surface leaching 
experiments were performed in the laboratory and in the field.  The soil used for 
the study was the Kawhatau stony silt loam from New Zealand.  In the laboratory 
undisturbed soil columns were leached under steady unsaturated flow conditions 
using either wastewater, or solutions containing 6 or 60 ppm of phosphorus.  In 
the field drainage lysimeters were irrigated with wastewater or a solution 
containing 60 ppm at a rate of 30 mm/day. 
     Results from the leaching study in the laboratory show that after an 
infiltration equivalent to about 1 year of application, the P concentration in the in 
drainage water was below 0.4 ppm, regardless of the input concentration.  Thus 
under the unsaturated, steady state flow conditions, the silt loam adsorbed all the 
applied P.  In the field P concentrations in the drainage water after 2500 mm of 
wastewater application were below 0.3 ppm in all lysimeters, except one, where 
preferential flow occurred and P concentrations reached 2 ppm.   
     A model, based on the convection dispersion equation, simply linked with the 
Freundlich adsorption isotherm could not be used successfully to describe the 
build up and movement of P in the soil. 
Keywords: P leaching , CDE dispersion equation, Freundlich isotherm. 
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1 Introduction 

Onsite wastewater treatment systems, such as septic tanks, are common in urban 
areas, which are not serviced by centralised waste-water systems.  These systems 
are designed for application of primary treated wastewater into the natural soil, 
which acts as an absorption system for solids and nutrients at relatively low cost 
[1]. After passing through the soil adsorption system, the wastewater is 
undergone a secondary treatment process.    With increasing numbers and 
densities of septic tanks in urban areas there is a growing awareness and concern 
over system performance with respect to removal of bacteria and nutrients.  
Typical concentrations of organic and inorganic phosphorus from residential 
septic tanks range between 4-8 and 8-12 mg/l.  Poor performance of onsite 
wastewater treatment has been reported, often due to inadequate soil assessment 
prior to the installation of the system [2].  While phosphorus is mainly lost via 
runoff and erosion, elevated levels of soil P, and leaching of P from repeated 
waste application has been reported [3–7]. 
     Modelling the fate and transport of nutrients and contaminants is an efficient 
and feasible means for assessing the sustainability of long term wastewater 
application, as well as for determining maximum loading rates. However an 
accurate, yet simple, description of the leaching and sorption processes in the 
soil is needed.  Phosphorus adsorption by soils is often described by an 
instantaneous initial transfer from the soil solution to the sorbed phase followed 
by a slow transfer.  Various time dependent sorption reactions, including 
instantaneous and kinetic reactions and diffusion precipitation, have been 
developed [8, 9].  Models, based on such adsorption reactions require the 
determination of various parameters, which are generally not known and require 
time consuming experiments.  Large scale information on P sorption capacity of 
soils is often limited to P retention capacity or P adsorption isotherms 
determined from batch experiments in the laboratory with equilibrium times of 
24 hrs.    
     Leaching experiments were carried out in the laboratory (i) to determine if the 
soil around Tararua Road, Levin, proposed for subdivision with on on-site 
wastewater systems, can accommodate the phosphate loading originating from 
the wastewater without ill effects on the groundwater and (ii) to verify if the 
convection dispersion equation (CDE) linked with a simple adsorption isotherm 
can describe the experimental data and be used to assess the long term 
sustainability of wastewater application from septic tanks to the soil.     

2 Methods and materials 

The soil used for the study was the Kawhatau stony silt loam, which is the 
dominant soil within the proposed subdivision on Tararua Road, Levin, New 
Zealand.  The upper soil (0-500 mm depths) contains 15% sand, 60% silt and 
25% clay, with 25% stones in the upper 200 mm and 35% in the depth from 200 
to 500 mm.  The soil has a carbon content of 9.5%, a total N content of 1.1%, 
and a pH of 6.0.      
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     The wastewater was obtained from the Palmerston North Wastewater 
Treatment Plant (Totara Road) in March 2008.  Wastewater was taken from the 
first of the two aerated lagoons for secondary treatment, before undergoing P 
removal treatment.  The wastewater had a P concentration of 6 mg/l, which is in 
the range of P concentrations typically given for new and improved septic tanks. 

2.1 Batch P adsorption isotherm 
Phosphorus adsorption in the soil was determined from batch experiments.  
Samples of the topsoil taken to a depth of 150 mm were air dried, sieved  
(<2mm) and subsamples (1g) were then shaken with 10 ml of 0.01 M CaCl2 
containing varying amounts of phosphate (10 to 200 mg P l-1 ) added as KH2PO4 
in an end-over-end shaker for 40h at 25oC.  Phosphate concentration in the 
solutions was measured by the vanado-molybdate colorimetric method [10].  The 
amount of P adsorbed was calculated from the P added and not recovered in the 
solution.  The adsorption isotherm was fitted to the Freundlich equation.  

2.2 Column leaching experiments 
For the leaching experiments in the laboratory undisturbed soil columns, 100 
mm in diameter and 150 mm long were taken after removing the pasture.  
Leaching experiments were carried out in the laboratory under controlled, 
unsaturated flow conditions using a leaching apparatus, as described in Vogeler 
et al. [11].  The pressure potential at the top and bottom of the columns was kept 
at –80 mm, resulting in flow rates of about 2.5 mm h-1.  Three different leaching 
experiments were carried out.  All three columns were pre-equilibrated by 
leaching with about 1000 mm of 0.005 M CaCl2.  Then Column A was leached 
with wastewater, Column B and C with solutions of KH2PO4.  For Column B a 
concentration of 6 ppm P was chosen, which is about the P concentration in the 
wastewater.  To investigate the influence of concentration on phosphate 
movement Column C was leached with 60 ppm P.  A nonreactive tracer, 
bromide, was also added to the solution used for column C.  The leachate was 
collected in aliquots ranging from 50 to 120 ml and analysed for P as described 
below.  After leaching with about 2000 mm the columns were sectioned into 30 
mm thick layers.  Sub-samples of each layer were taken for the determination of 
the gravimetric water content, the total P concentration, Olsen P, water-soluble P 
(WS-P), and calcium-chloride extractable P (CaCl2-P).  Olsen P was determined 
as described in Blakemore et al. [10], and total P was determined from the 
increase in 0.5 M H2SO4 -soluble phosphorus caused by ignition of the soil based 
on the procedure of Blakemore et al. [10] and determination of the total 
phosphate by flow injection analysis.  For the determination of WS-P and CaCl2-
P one gram of dry soil was shaken for 1 hour with 10 ml of deionized water or 
0.005 M CaCl2, and then filtered.  The extracts and leachates were analysed for 
by the method of Murphy and Riley [12] by using a Microplate Reader Fluostar 
Optima.  

2.3 Drainage lysimeters 
For the drainage lysimeters six undisturbed soil columns, 150 mm in diameter 
and 300 mm long were taken in the field in February 2008.  The soil columns 
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were placed into a drainage lysimeters, similar to the fluxmeters described by 
Gee et al.  [13].  The drainage lysimeters consisted of a soil core placed ontop of 
a funnel, which is inserted into a 1 m long tube, from which a rope created a 
hanging water columns of 500 mm.  The rope, 15 mm in diameter, was made of 
fibreglass wick material, that was kiln dried at 400oC for 3 hrs to remove glue 
and organic materials.  The funnel was filled with a 30 mm layer of acid washed 
sand and then the soil column was placed on top.  Ryegrass (Lolium perenne cv 
Grassland Nui) was sewn on 6th of March (Day of Experiment, DOE = 1).  
Irrigation started 5 days later, with three of the drainage lysimeters receiving 
wastewater and the other three a solution containing 60 ppm P.  To ensure 
optimal nitrogen status of the soil, the lysimeters irrigated with P solution were 
fertilised on DOE 41 and 95 with 4 g Calcium Ammonium Nitrate (CAN 17, 
which contains 8.8% calcium and 17% nitrogen). The lysimeters were irrigated 
at a rate of 15-30 mm/day depending on the moisture status of the soil.  The 
drainage was sampled via a suction pump every 3 to 7 days, and the pasture was 
cut back to a height of 20 mm every 7 to 14 days, depending on the growth rate.   

3 Modelling 

To describe the transport of P through the soil we used the classical convection 
dispersion model (CDE).  For one-dimensional transport under steady state the 
CDE for reactive solutes can be written as [14]: 
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where θ is the volumetric water content (m3 m-3), C is the soil solution 
concentration of ion species s (mol m-3), Q the cumulative infiltration depth (m), 
ρ the bulk density (kg m-3), S is the concentration of the ion s on the solid phase 
of the soil (mol kg-1), λ the dispersivity (m), and z the depth (m) 
     A commonly used adsorption isotherm is the Freundlich equation, which has 
been found to describe well the adsorption of anions, such as phosphorus, in soils 
[15], and is given by: 

N
F ss CkS =                                                       (2) 

where kF, the distribution coefficient, and N are empirical coefficients. 

4 Results and discussion 

4.1 Phosphorus adsorption isotherm 

The phosphorus adsorption isotherm (Figure 1) reflects the high P retention of 
the Kawhatau silt loam.  The Freundlich equation was fitted to the data, resulting 
in a KF value of 60 L kg-1 and a value for N of 0.34. 
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4.2 Leaching experiments 

The P concentrations (dissolved reactive phosphor) in the leachate during 
preleaching with CaCl2 ranged from 0.2 to 0.3 mg l-1.  In Column A, leached 
with wastewater, the concentration remained low over the entire duration of the 
experiment, with a total application of about 800 mm (Figure 2).  In Column B, 
leached with a 6 ppm P solution, and Column C, leached with a 60 ppm P 
solution, the concentrations in the leachate increased slightly to about 0.4 mg l-1 
after about 600 mm.  However even after about 1000 mm of infiltration, 
equivalent to about 14 pore volumes of wastewater application over one year at a 
rate of 3 mm day-1, the P concentration in the leachates was low under all 
columns.  This shows that under the controlled, unsaturated, steady state flow 
conditions, no preferential flow of P occurred. 
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Figure 1: Phosphate adsorption isotherm for Kawhatau stony silt loam and 
fitted Freundlich isotherm with values for KF of 60 L kg-1 and N of 
0.34. 
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Figure 2: P concentrations in leachates from column A ( ), B( ) and C( ). 

     The values for the resident P concentrations determined by the various 
extracts are presented in Table 1 for the three different columns and depths.  
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Also given are the initial concentrations, as measured on subsamples taken 
adjacent to the columns.   In the top 30 mm The WS-P and CaCl2-P 
concentrations, which represent the more readily de-sorbable forms of P, are 
elevated in all three columns, compared with the initial concentration measured.  
Concentrations measured by water are in general higher than those measured by 
CaCl2.   
     Maguire and Sims [16] compared various soil P tests as an indicator for 
phosphorus leaching using a series of five different soils.  They also found that 
CaCl2-P concentrations were lower than W-SP, and defined change points of P, 
above which rapid increases in the leaching of dissolved reactive phosphorus 
occurred, as 8.6 for WSP and 1.59 mg kg-1 for CaCl2-P.  According to their study 
P concentrations in topsoils should be kept below these values to avoid leaching.  
In our experiments W-SP and CaCl2-P concentrations are higher than their 
respective change points for Column C up to a depth of 75 mm following 
leaching with about 800 mm of a solution containing 60 ppm P.  Values of 
CaCl2-P are also slightly higher than the change point in column A following 
about 800 mm of irrigation with wastewater.  This suggests that P leaching from 
the soil is likely to increase with continued wastewater application. 

Table 1:  Phosphorus concentration resident in the soil initially and at the 
end of the leaching experiments as determined by water (WS-P), 
0.01M CaCl2, Olsen solution and total P. 

Column Depth  
[mm] 

Method for P concentration [mg kg-1] 
WS-P CaCl2-P Olsen-P Total P 

initial 

15 1.9 1.1 54.3 2145.7 
45 1.8 1.5 37.6 2060.7 
75 0.8 1.6 34.5 2000.0 
105 1.5 1.2 35.0 1854.0 
135 0.9 1.4 30.6 1486.9 

A 

15 2.4 2.6 65.7 2265.5 
45 1.6 2.1 52 2144.4 
75 1.1 1.8 43.1 2012.7 
105 1.0 2.1 46.0 1878.3 
135 0.5 1.7 30.1 1322.1 

B 

15 3.4 1.5 59.7 2422.9 
45 2.2 1.1 55.9 2111.7 
75 1.8 0.9 41.6 1809.3 
105 1.3 1.1 42.3 1412.9 
135 1.3 1.0 55.7 1102.2 

C 

15 64.7 24.5 177.2 3022.2 
45 21.6 7.0 153.5 2632.9 
75 13.9 4.2 119.6 2395.7 
105 4.1 1.7 88.5 1854.0 
135 1.5 1.3 55.3 1486.9 
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     The Olsen P concentrations in the soil at the end of the experiment have 
slightly increased in Columns A and B compared with the initial concentrations, 
but within the range typically found in New Zealand [17].  Olsen P 
concentrations have highly increased in Column C, the column leached with the 
higher P concentration of 60 mg l-1.   Over the three columns 15-25% of the 
wastewater applied P was recovered as Olsen P, the remaining part is likely to be 
transferred into the P-pool unavailable for plants.  Such high Olsen P values in 
the topsoil also have the potential to increase P loss via runoff, with the well 
known detrimental impacts on freshwater quality.  McDowell and Condron [18] 
used an empirical equation to estimate the dissolved reactive phosphorus (DPR) 
from the Olsen P values and the phosphate retention capacity (PR) of the soil: 
DPR = 0.024 (Olsen P/PR) + 0.024.   According to their approach estimated 
DPR values in our study were 0.038, 0.04, 0.038, and 0.068 mg l-1 for the initial 
soil, Column A,B, and C.  These values are all much higher than the 
concentration of 0.01 mg P l-1, the threshold value given for stimulating algae 
growth. 
     The total P concentration in the soil was elevated at the end of the 
experiment, compared with the initial concentration, in the top 15 to 45 mm in 
columns A and B and to a depth of 75 mm in column C.  The recovery of the 
applied P as calculated from the changes in total soil P and leachate 
concentrations ranged from 88 to 127%. 
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Figure 3: P concentrations in leachates from the drainage lysimeters 
irrigated with (a) a solution containing 60 ppm P, and (b) 
wastewater.  Three replicate lysimeters are shown. 

4.3 Drainage lysimeters 

Results from the drainage lysimeters in the field also suggest little P leaching 
(Figure 3).  Even after an application of 2500 mm of wastewater or P solution 
the P concentration in the drainage did not change much compared to the with P 
concentrations below 0.2 mg l-1.  These concentrations are higher than the 
threshold value given for stimulated algae growth of 0.01 mg l-1, but were 
measured at a depth of 300 mm and are likely to be decrease before entering the 
groundwater. This application amount equates to 2.5 yrs based on a daily 
application of 3 mm/day. With continued application of excessive amounts of P, 
as will be with wastewater, the soil may eventually become saturated with P, 
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enabling increased leaching of P.   In one of the drainage lysimeters irrigated 
with wastewater preferential flow of P occurred, resulting in drainage 
concentrations of up to 2 mg l-1 P.   

5 Modelling 

The P status in the topsoil is a valuable early indicator for the risk of P leaching.  
However for long term risk assessment deterministic models are needed.  We 
used the convection dispersion equation (CDE), linked with the nonlinear 
Freundlich equation and the adsorption parameters determined from the batch 
experiments to simulate the P concentration in the leachate and the final soil 
resident concentration.  Only results from the lysimeters studies, column C, are 
presented, as this column showed the largest differences between initial and final 
P concentrations.  A value of 10 mm for λ, the dispersivity, in equation 1 was 
obtained from the breakthrough curve of bromide (data not shown). As a first 
modelling attempt only two P-pools were considered, namely the soil solution 
and the total P in the soil.  This P pool was assumed to be in equilibrium with the 
soil solution concentration, according to the adsorption isotherm (Figure 1).  
According to the model 42% of the applied P would have leached over the entire 
duration of the experiment (Figure 4a), and the soil resident concentration at the 
end of the experiment would be much lower than measured (Figure 4b). 
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Figure 4: Measured and modelled total P concentration of Column C using 
the CDE with the Freundlich equation with kF of 60 L kg-1 and n of 
0.34 and assuming equilibrium between soil solution concentration 
and total soil P in a) leachate and b) resident in the soil at the end 
of the experiment. 

     This disagreement between model and data suggests that a more complex 
configuration for the model is needed.  A large fraction of the applied P should 
have been transferred into a more stabile P pool, which is not in equilibrium with 
the soil solution concentration.  Thus as a next step three different P-pools were 
considered, the soil solution, a labile pool that is in equilibrium with the soil 
solution concentration, and a stable P pool.  The labile pool was taken as being 
the Olsen P, and the stabile pool taken as the difference between measured Olsen 
P and total P concentration initially in the soil.  The P applied to the soil surface 

134  Water Resources Management V

 
 www.witpress.com, ISSN 1743-3541 (on-line) 

© 2009 WIT PressWIT Transactions on Ecology and the Environment, Vol 125,



was assumed to equilibrate with the labile, or Olsen-P pool, according to the 
Freundlich equation.  Model results show no P leaching, but a much higher 
Olsen P-concentration in the top soil than measured, and thus also a higher total 
P concentration in the top 300 mm of the soil column (Figure 5).  This suggests 
that a fraction of the applied P is transferred into the stabile P-pool.  This 
transfer, however, seems to be time dependent, as the P concentration is not only 
higher in the top, but up to a depth of 75 mm.  Godlinski et al. [19] could 
simulate data from a long term lysimeter study reasonable well assuming simply, 
that 10% of the average adsorbed P is annually transferred into a fixed P pool. 
Various models have been developed that include different P pools and rate 
coefficients [9, 20], but soil information on P retention by various pools and their 
transfer rates are generally not available [21]. Similarly these data are not 
available for the soil used here, and cannot be determined from modelling, as this 
would require more data.  Our modelling approach shows that the soil can 
accommodate more P than predicted simply based on a single P pool that is in 
equilibrium with the soil solution and can be described by a nonlinear Freundlich 
equation. 
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Figure 5: Measured and modelled P concentration of Column C using the 
CDE with the Freundlich equation with kF of 60 L kg-1 and n of 
0.34 and assuming equilibrium between soil solution concentration 
and Olsen P. 

6 Conclusions 

The results of the column leaching experiment in the laboratory indicate that the 
Kawhatau stony silt loam with a high P retention had the capacity to retain most 
of the phosphorus originating from the wastewater application.  Even after a total 
application of 800 mm, equivalent to wastewater application over one year at a 
rate of 3 mm day-1, the P concentration in the leachates were below 0.4 mg l-1, 
irrespective of the P concentration of the leaching solution.  However Olsen P 
concentrations in the topsoil were elevated, indicating a high risk of freshwater 
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contamination by P in the case of surface runoff.   Results from the drainage 
lysimeters in the field confirmed that the soil could accommodate the P loading 
from wastewater application over 2.5 years at a rate of 3 mm/day.  In one of the 
lysimeters, however, preferential flow of P occurred, resulting in drainage 
concentrations of up to 2 mg l-1.    
     The convection dispersion equation, coupled with the non-linear Freundlich 
isotherm to describe P retention by the soil, could not accurately predict the 
movement and retention of P in the soil.  The model needs to be improved to 
consider a second stable P pool with a time dependent transfer rate.  
Parameterisation of such a model was not be feasible with the limited data 
available from this study. 
     The study was limited to the feasibility of wastewater application with respect 
to phosphorus.  Other contaminants, such as pathogens which can cause diseases 
in humans and livestock also need to be considered in future studies. 
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