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Abstract 
The phosphorus (P) content and P distribution in the soil profile, and P adsorption capacity of soil at a 
land filtration site of the Werribee sewage treatment complex is reported. Sewage irrigation over 50 years 
has increased the total P in each layer of soil to 100 cm depth compared to an untreated soil. P 
accumulation was maximum in the 0-10 cm depth and the concentration of P gradually declined with 
depth in both the sewage treated soil and untreated soil. P that has accumulated in sewage treated soil was 
mostly as inorganic P. P addition has reduced P adsorption capacity of the upper soil horizons. The high 
level of P (28 mg/L) in the ground water indicates that currently soil is unable to retain all of the 
wastewater P applied. 
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Introduction 
Melbourne in the state of Victoria, with a population of about 3.5 million produces large amount of 
industrial and municipal waste in the form of solid, liquid, and/or gases. Solid waste normally is confined 
in landfills, whereas, city sewage is treated by land application processes at a farm in Werribee, located 
50 km southwest of Melbourne central business district (Fig. 1). It is a large-scale land application system 
that dates back to 1891. Three methods of land treatment are used at Werribee. These are (i) land 
filtration (irrigation), (ii) grass filtration (overland flow), and (iii) lagoons. Although all three methods of 
land treatments remove considerable amounts of P from wastewater, due to the soils potential to retain P, 
land filtration is considered to be the most efficient in removing P from wastewater (Syers and Iskandar 
1981). Land filtration occurs on 3,833 ha of the Farm, and treats an average of 30,000 ML of sewage 
annually (about 60%, Melbourne Water, 1999, unpublished data). The land filtration system involves the 
periodic application of wastewater on permeable soil and relies on purification by passage through the 
soil matrix for treatment. The objectives of this application are chemical adsorption, microbial 
stabilization, immobilization, and crop removal, leading to an environmentally acceptable assimilation of 
waste (Loehr et al. 1979; Iskandar 1982). The farm receives an average rainfall of 488 mm/yr (av. of 84 
years) and has a potential evaporation rate of 1456 mm/yr (av. of 5 years). 
 
Melbourne sewage contains many contaminants. Among the pollutants, the high concentration of P in 
wastewater (Annual average of total inorganic P and organic P is 10 and 0.52 mg/L, respectively) has 
been identified as a major element for the accelerated algae and water-plant growth in receiving water 
particularly at Port Phillip Bay. This process can reduce biota diversity resulting in their death, as the 
masses of dead algae and other organic material undergo decomposition and depletes dissolved oxygen 
from the water (Bordie 1995). The level of P concentration in solution that could cause eutrophication is 
not clear, but it could be as low as 20 µg/L (Correll 1998).  
 
In this study, P characteristics of soil which have received wastewater through land filtration system have 
been investigated. The study includes the quantity and distribution of phosphorus in the soil profile, and 
changes in P retention capacity of the soil layer. The information obtained will enable better management 
of land treatment of sewage and more reliable risk analysis to minimize the downstream effects of high P 
loadings on water quality and eutrophication in sensitive areas. 
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Figure 1 Location of the Werribee Township, Victoria 
 
Methods 
Experimental plots 
Two sites were selected for the study. One site was a paddock 120m X 80m, which had received sewage 
by land filtration system for the last fifty years. This site is known as sewage treated soil (STS). On this 
site sewage irrigation is carried out on a nominal 21 day rotation, involving a watering period of 2 days 
and a drying time of 5 days. After irrigation and a drying out period, pastures (Lolium Perenne) are 
grazed with livestock (three cows/ha) for about 10 to 14 days before the next watering. In each watering 
approximately 10 to 15 cm of sewage water is applied. About 10 to 12 irrigations occur over a year 
during the periods of high evaporation in spring, summer, and autumn. Another site known as control soil 
(CS) never received sewage irrigation since the farm commenced its operation in 1891 and had been 
under barley grass (Hordeum leporinum).  Sewage treated soil and control soil were formed on 
Quaternary sand and silt deposited in the Werribee delta and overlying a sequence of Cainozoic sediments 
(Condon 1951). Both the sewage treated soil and control soil are Vetrosols (Isbell 1996), or Vertisols 
(Soil Survey Staff 1994).  
 
Soil sampling and groundwater collection 
Five soil cores from each site (sewage treated soil and control soil) were collected randomly down to 100 
cm depth. Soil samples collected from both sites were divided into 0-10, 10-20, 20-35, 35-50, 50-70, 70-
90, and 90-100 cm segments for analysis. For bulk density measurements fourteen undisturbed samples 
down to 100-cm depth were also collected from pits for both the sewage treated soil and the control soil. 
Ground water was collected from two boreholes situated on the land filtration site under investigation.  
 
Soil properties measurement and groundwater analysis 
Soil physical properties include particle size distribution, bulk density, and saturated hydraulic 
conductivity were measured. Soil particle size distribution was determined by hydrometer method as 
described by Gee and Bauder (1986). Soil bulk density was determined using the core method (Blake and 
Hartge 1986). Soil saturated hydraulic conductivity (Ks) measurements were carried out on the site of 
sewage treated soil and control soil by a disc permeameter as described by Perroux and White (1988). To 
analyze the chemical properties of sewage treated soil and control soil, soil samples collected were air 
dried and then ground lightly with a mortar and pestle to pass through a 2 mm round-hole sieve. Soil pH 
was measured in a 1:5 soil/0.01M CaCl2 suspension according to the methods described by Rayment and 
Higginson (1992). Organic carbon was determined by oxidizing the soil with dichromate (Cr2O7

2-) as 
described by Walkely and Black (1934) and later modified by Mebious (1960). Total, organic and 
inorganic phosphorus in soils were determined by extraction methods as described by Mehta et al. (1954). 
Cation exchange capacity was determined as described by Gillman and Sumpter (1986). Phosphorus in 
groundwater was determined colorimetrically using the vanadomolybdophosphoric acid method after 
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digesting an aliquot in sulfuric acid and nitric acid as described in American Public Health Association 
(1985). 
 
Soil P adsorption capacity was measured by the Freundlich adsorption isotherms  
The Freundlich equation is written as: 
X = KC N 
Where 
X = total amount of P in adsorbed phase, mg/kg 
K = Freundlich adsorption constant,  
a measure of the total number of sites involved in sorption, L/kg 
N = empirical constant that provides an estimate of the intensity of sorption (N < 1) 
C = solution P concentration measured after 16 h equilibrium period, mg/L 
 
The data on P adsorption isotherms were obtained by using a laboratory batch method analysis. One gram 
of < 2 mm air-dried, sieved soil was shaken in an end over-end shaker for 16 hours with a 20 ml 0.01M 
CaCI2 solution containing varying amounts of KH2PO4-P (0, 5, 10, 20, 40, and 60 µg/ml). The solution 
was then centrifuged and filtered through Whatman No. 41 filter paper. Phosphorus in solution was 
determined by the Murphy and Riley (1962) method. The amount adsorbed was estimated from the 
difference between the amount of KH2PO4-P added and that remaining in solution (Rajan 1975a; Ryden 
et al. 1977a). 
 
Results 
Physical and chemical properties of the sewage treated soil and the control soil down to 100 cm depth are 
given in Table 1. The particle size analysis of sewage treated soil and control soil from surface to 100 cm 
depth shows that both soils have a high clay content, with the control soil having significantly higher clay 
content. The bulk density in the surface (0-10 cm) of the sewage treated soil was 1.0 g/cm3 and in control 
soil was 1.4 g/cm3. Soil saturated hydraulic conductivity was 3.18 mm/h in the sewage treated soil, that 
was several orders of magnitude lower than the control soil where it was 23.4 mm/h.  At the surface (0-10 
cm), sewage treated soil had 13% organic matter compared to 6% in the control soil. Cation exchange 
capacity (CEC) of the control soil was higher than the sewage treated soil at every depth except at 0-10 
cm where the sewage treated soil was 28 meq/100 g compared to 12 meq/100 g in control soil.  It is 
assumed that most of the differences in organic matter content, CEC, and the hydraulic conductivity in 
sewage treated soil and control soil may be attributed to long-term application of wastewater in soil (Ross 
et al. 1982; Bernal et al. 1992; Balks and McLay 1996). However, clay content and possibly plant and 
land management may also contribute to differences (Campbell et al. 1980). 
 
Table 1. Some properties of sewage treated soil and control soil. 
Sewage treated soil 
Depth 
(cm) 

PH 
(CaCl2) 

Sand
(%) 

Silt 
(%) 

Clay 
(%) 

Bulk density
(g/cm 3) 

Organic matter
(%) 

CEC 
(mequiv./100 g) 

 0-10 
10-20 
20-35 
35-50 
50-70 
70-90 
90-100 

6.0 
6.5 
6.6 
6.7 
7.3 
7.8 
7.9 

20 
16 
10 
11 
12 
16 
15 

23 
19 
20 
19 
18 
22 
27 

58 
64 
71 
72 
69 
63 
59 

1.04 
1.27 
1.47 
1.84 
1.53 
1.53 
1.53 

13.08 
4.83 
1.77 
1.03 
0.76 
0.48 
0.34 

28 
19 
19 
21 
20 
21 
19 
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Control soil 
Depth 
(cm) 

pH 
(CaCl2) 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Bulk density 
(g/cm 3) 

Organic matter 
(%) 

CEC 
(mequiv./100 g) 

 0-10 
10-20 
20-35 
35-50 
50-70 
70-90 
90-100 

6.7 
7.3 
7.6 
7.7 
7.5 
7.7 
7.9 

16 
15 
13 
14 
15 
14 
14 

9 
8 
9 
7 
7 
6 
6 

75 
77 
78 
79 
78 
80 
80 

1.0 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 

6.60 
3.38 
1.55 
1.06 
0.22 
0.15 
0.15 

12 
22 
30 
33 
38 
39 
39 

 
Sewage treated soil had more P (both inorganic and organic) than the control soil (Table 2) and inorganic 
P is the principal form of P present in each layer of sewage treated soil and control soil. Concentration of 
inorganic P was significantly high in the 0-20 cm depth and gradually decreased with depth. At the 
surface (0-10 cm) sewage treated soil had nearly 10-times that of control soil. These values suggest that 
about 90% of the total P in sewage treated soil is inorganic P compared to 65% in the control soil. The 
presence of high inorganic P in sewage treated soil is presumed to be due to the high inorganic P in the 
Melbourne sewage effluent. High concentration of inorganic P in Melbourne sewage was first observed 
by Khin (1960).  
 
Table 2. Distribution of inorganic P and organic P ( µg/g) in the profile of sewage treated soil (STS) and 
control soil (CS). 
 Inorganic P Organic P 
Depth (cm) STS CS STS CS 
0-10 
10-20 
20-35 
35-50 
50-70 
70-90 
90-100 

2256a 
1061b 
834bc 
662bc 
580c 
471c 
434c 

242a 
86b 
72bcd 
55bcd 
30cd 
13d 
11d 

237a 
157ab 
148ab 
68b 
65b 
72b 
71b 

138a
82b 
71bc
46cd
32d 
18d 
19d 

Means followed by the same letter in the vertical column are not significantly different according to 
Duncan’s Multiple Range Test (p≤ 0.5). 
 
P not only had accumulated in the surface soil but a significant amount has moved down to 100 cm 
depths in the profile of the sewage treated soil (Table 2). Movement of P in the soil profile was expected 
as soil has a finite capacity to hold P. When this limit is reached, as is often the case in soils used in 
wastewater renovation, P moves in soil beyond the zone of application (Latterell et al. 1982; Sharply et 
al. 1994; Simard et al. 1995; Nair et al. 1995). 
 
Accumulation and movement of P in soil profile can be described by sorption-desorption reactions (Syers 
and Iskandar 1981). A frequently used sorption equation most to describe P sorption is the Freundlich 
equation (Rajan 1975a; Earl et al. 1979; Holford 1982). The Freundlich measured and fitted adsorption 
isotherms shows that P adsorption capacity of the sewage treated soil has decreased at every layer of soil 
compared to control soil. In sewage treated soil, the maximum decrease in P adsorption capacity was 
observed in the surface horizons (Fig. 2) and a gradual increase in soil adsorption capacity with depth up 
to 100 cm (Fig. 3). An increase in soil P adsorption capacity with depth was also observed in control soil, 
but compared to sewage treated soil there was little increase.  
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Figure 2. Freundlich fitted and measured adsorption isotherms for both sewage treated soil (STS) and control 
soil (CS) at 0-10 cm depth. 
 

90-100 cm depth

0

200

400

600

800

1000

0 200 400 600 800 1000 1200
P in solution (µg/ml)

P 
ad

so
rb

ed
 (µ

g/
m

l)

STS (Fitted)

STS (Measured)

CS (Fitted)

CS (Measured)

 
 
Figure 3. Freundlich fitted and measured adsorption isotherms for both sewage treated soil (STS) and control 
soil (CS) at 90-100 cm depth. 
 
The Freundlich K coefficient (a measure of the total number of sites involved in P sorption), was less at 
every layer of sewage treated soil than the control soil down to 100 cm depth (Table 3). The K value was 
only 4 on the surface (0-10 cm) of sewage treated soil, compared to 43 in the control soil. These results 
suggest that P saturation had been reached in the topsoil of the sewage treated soil. Although the number 
of available P adsorption sites has increased with the increase in depth in both soils, the sewage treated 
soil still has fewer sites available for adsorption of P. The reduced soil P adsorption capacity of the 
sewage treated soil is reflected in the high concentration of P (28 mg/L) in the groundwater measured 
approximately 2m below the soil surface. Ground water containing this amount of P is poses a major 
threat to any receiving water body. 
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Table 3. Freundlich adsorption isotherm coefficients at different depth of sewage treated soil and control soil. 
 Sewage treated soil Control soil 
Depth (cm) K (L/kg) N R2 K (L/kg) N R2 
0-10 
10-20 
20-35 
35-50 
50-70 
70-90 
90-100 

4.13 
12.53 
20.41 
28.22 
54.65 
67.30 
53.00 

0.645 
0.479 
0.406 
0.400 
0.351 
0.344 
0.361 

0.93 
0.96 
0.98 
0.99 
0.97 
0.86 
0.99 

43.54 
48.44 
57.32 
58.96 
55.72 
72.08 
62.55 

0.386
0.386
0.389
0.374
0.389
0.343
0.371

0.97
0.99
0.99
0.99
0.99
0.99
0.99

 
Conclusion 
Throughout the sewage treated soil profile more P had accumulated than the control soil. Most (90%) of 
the P that had accumulated in the sewage treated soil was inorganic form reflecting the high dissolved 
inorganic P content in wastewater. Accumulation of P is generally restricted to the upper layers of the 
soil. However, significant downward movement of P in the profile was observed in the study. Movement 
of P in the soil profile is controlled by inorganic chemistry. The P-sorption capacity of the topsoil of the 
sewage treated soil had been reduced over time with the application of wastewater. As a consequence the 
soils ability to retain P against leaching had been reduced in the upper soil horizons.  This was reflected in 
the large amounts of P (28 mg/L) found in leachate at approximately 2m. The results indicate that to 
continue land treatment of wastewater, and to optimize the soil P removal efficiency there needs to be a 
change in the present management strategy at Werribee. Challenge is to use the facility without 
overloading the system. Inefficient use of the system may not only lower the capacity of soil to remove 
pollutants adequately but also may convert this valuable natural resource into a wasteland. 
 
Acknowledgements 
We deeply appreciate Melbourne water for its financial assistance and logistic support towards this 
investigation.  
 
References 
American Public Health Association (1985) Standard methods for the examination of water and 

wastewater. 17th Ed. Washington, DC. 
Balks MR, McLay CDA (1996) Application of meat processing effluent to soils: Effect of effluent, soil, 

and environment attributes on selected soil properties, In ‘Ist int. Conf.-Contaminants and the Soil 
Environment-Extended Abstracts’. February 1996, Adelaide. pp.263-274. 

Bernal MP, Roig A, Lax A, Navarro AF (1992) Effect of the application of pig slurry of some physio-
chemical and physical properties of calcareous soils. Bioresources Technol. 42, 233-39. 

Blake GR, Hartge KH (1986) In Methods of soil analysis, Part 1, Physical and Mineralogical Methods. 
American Society of Agronomy, Inc. Madison, Wisconsin USA. 364-367. 

Brodie, J (1995) The problems of nutrients and eutrophication in the Australian marine environment. In 
“Pollution, State of the Marine Environment Report for Australia”. Technical Annex 2. (Eds. L.P. 
Zann and D.C. Sutton.) pp. 1-29. Department of the Environment Sport and Territories: Canberra. 

Campbell AS, McKenzie KM, Reid TC (1980). Some effects on soil properties, herbage composition, and 
blood chemistry of sheep, arising from the irrigation pastures with woolscour effluent. New Zealand 
Journal of Agricultural Research 23, 483-488. 

Condon MA (1951) The geology of the lower Werribee river. Victoria Proceeding of Rural Science, 
Victoria, 63, 1-24. 

Correll DL (1998) The Role of Phosphorus in the Eutrophication of Receiving Waters: A Review. 
Journal of Environmental Quality 27, 261-266. 

Earl KD, Syers JK, McLaughlin JR (1979) Origin of the effects of citrate, tartrate, and acetate on 
phosphate sorption by soils and synthetic gels. Soil Science Society of America Journal 43, 674-678. 

Gee GE, Bauder JW (1986) Particle-Size Analysis. In ‘Methods of Soil Analysis’. Part 1, Physical and 
Mineralogical Methods 2nd edn (Ed. Klute A) pp. 404-408. American Society of Agronomy, Inc. 
Madison, Wisconsin. 



 

© 2004. SuperSoil 2004: 3rd Australian New Zealand Soils Conference, 5 – 9 December 2004, University of Sydney, Australia.  
Published on CDROM. Website www.regional.org.au/au/asssi/ 

7

Gillman GP, Sumpter EA (1986) Modification to the compulsive exchange method for measuring 
exchange characteristics of soils. Australian Journal of Soil Research 24, 61-66. 

Holford ICR (1982) The comparative significance and utility of the Freundlich and Langmuir parameters 
for characterizing sorption and plant availability of phosphate in soils. Australian Journal of Soil 
Research 20, 233-242. 

Isbell RF (1996) ‘The Australian soil classification.’ (CSIRO: Melbourne) 
Iskandar IK (1982) In ‘ Modelling wastewater renovation’. John Wiley and Sons. 
Khin A (1959) Study of forms of accumulation of phosphorus on some Victorian Soils. M.Agr. Sc. 

Thesis. University of Melbourne. 
Latterell JJ, Dowdy RH, Clapp CE, Larson WE, Linden DR (1982) Distribution of phosphorus in soils 

irrigated with municipal wastewater effluent: A five year's study Journal of Environmental Quality 11, 
124-28. 

Loehr RC, Jewell WJ, Novak JD, Clarkson WW, Friedman GS (1979) In ‘Land Application of Wastes’. 
Volume II. Van Nostrand Reinhold Company. pp. 24-39. 

Mebious LJ (1960). A rapid method for the determination of organic carbon in soil. Analytica Chimica 
Acta 22, 120-124. 

Mehta NC, Legg JO, Goring CAI, Black CA (1954) Determination of organic phosphorus in soils: 1. 
Extraction method. Soil Science Society of America Proceedings 18, 443-49. 

Murphy J, Riley JP (1962) A modified single solution method for the determination of phosphate in 
natural waters. Analytica Chimica Acta 27,  31-36. 

Nair VD, Graetz DA, Portier KM (1995) Forms of Phosphorus in Soil Profiles from Dairies of South 
Florida. Journal of Environmental Quality  59, 1244-1249. 

Perroux KM, White I (1988) Designs for disc permeameters. Soil Science Society of America Journal 52, 
1205-1215. 

Rajan SSS (1975a) Adsorption of divalent phosphate on hydrous aluminium oxide. Nature 253, 434-436. 
Rayment GE, Higginson FR (1992) Australian Soil and Land Survey Handbook: Australian Laboratory 

Handbook of Soil and Water Chemical Methods. Inkata Press, Melbourne, Sydney. 
Ross DJ, Tate KR, Cairns A, Pansier E (1982) Effects of slaughterhouse effluent and water on 

biochemical properties of two seasonally dry soils under pasture. New Zealand Journal of Science 25, 
341-349. 

Ryden JC, McLaughlin JK, Syers JK (1977a) Mechanisms of phosphate sorption by soils and hydrous 
ferric oxide gel. Journal of Soil Science 28, 72-92. 

Sharpley AN, Chapra SC, Wedepohl R, Sims JT, Daniel TC, Reddy KR (1994) Managing agricultural 
phosphorus for protection of surface waters: Issues and options. Journal of Environmental Quality 23, 
437-451. 

Simard RR, Cluis D, Gangbazo G, Beauchmin S (1995) Phosphorus status of forest and agricultural soils 
from a watershed of high animal density. Journal of Environmental Quality 24, 1010-1017. 

Soil Survey Staff 1994. ‘Keys to soil taxonomy.’ 6th edn. (US Department of Agriculture: Washington, 
DC). 

Sommers LE, Nelson DW, Owens LB (1979) Status of inorganic phosphorus in soils treated with 
municipal wastewater. Soil Science Society of America Journal 127, 340-350. 

Syers JK, Iskandar IK (1981) Soil phosphorus chemistry. In ‘Modelling wastewater renovation: Land 
treatment’. (Ed. Iskandar IK) pp. 571-599. Wiley, New York. 

Walkley A, Black IA (1934) An examination of the Degtjareff method for determining soil organic matter 
and a proposed modification of the chromic acid titration method. Soil Science 37, 29-38. 


