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Abstract

A column study was conducted to assess the potential Cr, Ni, Cu, Zn, Cd and Pb movement through a reconstructed soil pro-
file to which surface composted sewage sludge was applied. Sewage sludge was mixed into the top 100 mm of each column at 
the rates of 357 (H), 223 (M) and 22 Mg·ha-1 (L). Treatment H was calculated according to the critical soil concentration and 
treatments M and L were calculated according to the amount of metals which may be added to agricultural land on 10 yr aver-
age  (M) and 1 yr (L) according to European legislation. Soil columns were leached with 5 000 mℓ of water. After leaching, 
soil columns were sampled at depth intervals of 0 to 100, 100 to 300, 300 to 500 and 500 to 840 mm. Metal balance accounted 
for over 97% of metals and over 86% of metals were retained in the first 100 mm of the column. The average percentage of 
metals leached decreased in the order Cd (0.04%) > Cu (0.02) ~ Ni (0.02) ~ Zn (0.02) > Pb (0.01) ~ Cr  (0.01). The maximum 
metal concentration in leachates was lower than the limit value for irrigation water but metal concentrations exceeded the 
drinking water levels for Pb and Ni in all treatments. Thus, harmful health effects may result from the application of sewage 
sludge. 
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Introduction

Sewage sludges are inevitable by-products of wastewater puri-
fication. Over the past decades, there has been a significant in-
crease in sewage sludge production from wastewater treatment 
plants due to the major limitations in wastewater disposal and 
the increase in the percentage of households connected to cen-
tral treatment plants. Consequently, the world is currently un-
dergoing a rapid increase in sludge production that is expected 
to continue in coming years.
 At the moment, the conventional uses of sewage sludges in-
clude industrial utilisation, landfill, combustion and composting 
for farmland utilisation (Sánchez Monedero et al., 2004). Com-
posted sewage sludge applied to agricultural land to improve 
soil fertility is a widespread practice in Mediterranean areas. 
Compost supplies a high content of organic matter with favour-
able effects on soil physical, chemical and microbiological prop-
erties. Organic matter improves soil structure, infiltration rate, 
aggregate stability to raindrop impact and water holding capac-
ity of the soil (Sort and Alcañiz, 1999). Indeed, the addition of 
organic residues reduces soil loss and runoff (Ojeda et al., 2003). 
However, composted sewage sludge has a high metal and soluble 
salts content which could constitute a toxic threat to plants and a 
contamination source due to its potential lixiviation to ground-
water. 
 Several countries have regulated the use of sewage sludge 
in agriculture to avoid harmful effects on soil, vegetation, ani-
mals and human being. For example, European Communities 
(European Community, 1986) and the United States of America 
(USEPA, 1997a) have fixed limit values for concentrations of 

metals in soil and sewage sludge for use in agriculture and have 
determined limit values for amounts of metals which may be 
added annually, based on a 10-year average in European legisla-
tion or 20-year average in American regulations. Nevertheless, 
regulations in European countries and the USA differ largely 
with respect to requirements of organic waste quality and the 
quantities of pollutants which can be added to the soil (Düring 
and Gäth, 2002).  For this reason, both field and laboratory ex-
periments are necessary to measure the critical load which can 
be supported by different soils. 
 Various researchers have studied the potential lixiviation of 
metals after sewage sludge applications in different soils. Berti 
and Jacobs (1998) studied distribution of trace elements Cr, Ni, 
Cu, Zn, Cd and Pb in a Typic Hapludaf after application of sew-
age sludge at total rates of 240, 690 and 870 Mg·ha-1 over a pe-
riod of 10 years and observed that > 90% of metals applied were 
recovered from surface soil. Sloan et al. (1998) obtained similar 
percentages of metals recovery in sandy-loam soils after cumu-
lative biosolids loadings of 0, 60, 120 and 180 Mg·ha-1. McGrath 
and Lane (1989) concluded that metals movement was practi-
cally limited to a depth of 100 mm. 
 However, metal movement occurs and metals leaching 
through the soil could contaminate groundwater (Reynolds et 
al., 2002; Emmerich, 1982; Singh et al., 2000).
 Soil column studies can be an appropriate methodology to 
assess metals movement in soils since the possible errors caused 
by sampling or plant uptake can be avoided. For example, Vo-
geler (2001) used leaching columns to study copper transport 
trough a dryland Dystric Fluventic Eutochrept and an Ustollic 
Haplargid, or more recently, Voegelin et al. (2003) used soil col-
umns to investigate the potential of metal release in response to 
soil acidification in non-calcareous and neutral soil.  
 The main objective of this work was to study the balance of 
metals in a reconstructed soil profile to which three treatments 
of a composted sewage sludge were applied. The experiment 
was completed with the measurement of electrical conductivity 
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of leachates to assess soluble salts movement. The selected sew-
age sludge was from the Alcalá de Henares treatment plant (Ma-
drid, Spain) and presented a typical composition for this kind of 
solid wastes (Polo et al., 1995). The soil used was classified as 
Luvisols (WRB, 1998) which represents 650×106 ha in the world 
and is extensively used in agriculture.

Materials and methods

Soil characterisation

The soil samples were air-dried, crushed, and sieved through 
a 2 mm mesh. Soil metal content was determined after  
extraction by digestion with 3:1 (v/v) concentrated HCl-HNO3 
following 3051a method (USEPA, 1997b) and measure-
ment by Varian 10/20 atomic absorption spectrophotometer 
with graphite furnace. Initial pH and electrical conductivity 
(EC) were determined in a ratio soil: water of 1:2.5 (g·mℓ-1).  
Final soil EC was determined in a saturated extract (ECse). pH 
was measured by a Crison micro-pH 2000 according to the 
method of Thomas (1996) and EC with a Crison 222 conduc-
tivimeter following Rhoades’ method (1996). Organic carbon 
(OC) content was determined by the Walkley-Black method 
(Nelson and Sommers, 1996). N content was determined by 
the Kjeldahl method (Bremner, 1996) with a Büchi 435 diges-
tor. Soil cation exchange capacity CEC was determined with 
NH4OAc/HOAc pH 7.0 (Sumner and Miller, 1996). Soil cations 
(Ca2+, Mg2+, Na+ and K+) moved with NH4OAc/HOAc pH 7.0 
were measured using a Perkin Elmer 2280 atomic absorption 
spectrophotometer. Soil texture was determined according to 
Bouyoucos (1962) and soil moisture characteristics according 
to Richards (1954). Soil colour was measured by a Minolta 
Chromameter calibrated with Munsell Color Charts (Munsell 
Color Co., 1998). 

Sewage sludge characterisation 

Sewage sludge was air-dried, crushed and sieved through a  
2 mm mesh. A fraction was crushed and sieved through 0.074 
mm mesh. This fraction was used to determine total carbon 
(TC), organic carbon (OC), N and total content of Cr, Ni, Cu, 
Zn, Cd, Pb, Ca, Mg, Na and K. EC and pH were determined 
in a saturated extract. Total carbon (TC) was determined by 
ashing at 540ºC (Nelson and Sommers, 1996). Organic carbon 
(OC) was analysed by the Walkley-Black method (Nelson and 
Sommers, 1996). Dissolved organic carbon (DOC) was ex-
tracted by agitation for 1 h using a soil: water ratio of 1 g soil 
to 10 mℓ water and determined by the Walkley-Black method.  
Total humified substances (THS), humic acids (HA) and ful-
vic acids (FA) were extracted according to Schnitzer (1982).  
N was determined by the Kjeldahl method (Bremner, 1996) 
and phosphorus (P) according to Watanabe and Olsen (1965). 
Total content (TCm) of Cr, Ni, Cu, Zn, Cd, Pb and Ca, Mg, 
Na and K in sewage sludge was determined following 3051a 
method (USEPA, 1997b). Ca, Mg, Na and K were determined 
using a Perkin Elmer 2280 atomic absorption spectrophotom-
eter. Metals bound to organic carbon (OCm) were released with 
30% H2O2 and HNO3 at pH 2.0 and 85 ºC. After cooling, 3.2 M 
NH4OAc in 20% (v/v) HNO3 was added to prevent adsorption 
of extracted metals onto the oxidised sediment (Tessier et al., 
1979).  Metals bound to dissolved organic carbon (DOCm) were 
analysed in a DOC extract (see above). Metals were measured 
using a Varian 10/20 atomic absorption spectrophotometer 
with graphite furnace. 

Leachates and irrigation water characterisation

The metals content of leachate samples was measured by atomic 
absorption spectrophotometer with graphite furnace. Also, lea-
chate EC was measured.
 Irrigation water EC was 91 μS·cm-1, 25ºC and it was classi-
fied as C1S1 according to Richards (1954). Therefore, its content 
in Cl- and SO4

2-, less than 1 cmol(+)/ℓ, did not influence soluble 
salts movement through soil columns. The metals content of the 
irrigation water was below the detection limit. 
 The analyses of soil, composted sewage sludge, leachates 
and irrigation water were done in quadruplicate.   

Metals and salts transport 

Solute movement through soil has been studied by many au-
thors. The most widely used model is the convection-dispersion 
equation (CDE) (Parker and Van Genuchen, 1984; Biggar and 
Nielsen, 1967). This model has two terms: the first term de-
scribes convection and the second one represents diffusion of 
solutes in the solution:
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where:
 C is solute concentration
 z is soil depth
 t is the time taken  between soil surface and depth z
 D is the diffusion coefficient of the solute
 U is the real solute velocity.

The CDE model can be solved by using the Laplace equation 
(Vallochi, 1985) resulting in a Fickian distribution probability 
function (pdf). This Fickian pdf can be fitted to a Lognormal pdf 
when z is constant (Jury and Roth, 1990). Analysis of lognor-
mal distribution can be done according to Parkin and Robinson 
(1992). Thus, mean lifetime of solutes in the soil columns μτ can 
be calculated according to the equation:
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where:
 Ci is solutes concentration 
 vi is leached volume on the day ti.  

The mean solute concentration in leachates (Cmean) can be calcu-
lated using the next equation:
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where:
  Ci is solute concentration  
 vi is leached volume on the day ti.  

Experimental design

The soil profile was sampled in terms of horizons. Afterwards, 
soil samples were packed into columns by horizons to approxi-
mate the field bulk densities of each horizon Ap: 1.368 kg·m-

3, B1t: 1.276 kg·m-3, B2t: 1.231 kg m-3 (Emmerich et al., 1982).  
Columns to hold the soil were made from 1m lengths of PVC pipe 
(114 mm i.d.). Columns were closed at the bottom with a plastic 
mesh of 2 mm. The last 60 mm of each column was filled up 
with coarse sand without metals and organic matter. Composted 
sewage sludge collected from Alcala de Henares water treatment 
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plant was mixed into the top 100 mm of each column and was 
added to each column according to the following treatments: 
364.5 g (High H – equivalent to 357 Mg·ha-1), 227.8 g (Medium 
M-equivalent to 223 Mg·ha-1) and  22.8 g (Low L-equivalent to 
22 Mg·ha-1).  Sludge was crushed to pass a 2 mm sieve to im-
prove the mixture between soil and sludge. Dosage H was cal-
culated according to the critical soil concentration, above which 
toxicity is considered to be possible (Kabata-Pendias and Pen-
dias, 1992). Dosages M and L were calculated according to the 
limit values for amounts of metals which may be added to agri-
cultural land on a 10 year-average (M) and 1 year (L) allowed by 
European Legislation (European Community, 1986) (Table 1).  
A completely randomised design was implemented with the 
three soil treatments and a control soil (C). Each treatment was 
replicated four times resulting in 12 soil columns treated with 
sewage sludge and 4 untreated columns.
 Over the duration of the study, 5 000 mℓ of water was  
applied to each of the columns and 6 pore volumes of water was 
leached from each of the columns simulating the drainage re-
gime of a Mediterranean climate. Irrigation consisted of 500 mℓ 
every 15 to 20 d. Soil columns were maintained at unsaturated 
moisture and under steady state (time-independent) water flow 
conditions over 174 d. After each irrigation, leachates were col-

lected over a 48-h period by a funnel (area: 12 000 mm2) located 
in a 750 mℓ capacity bottle. 
 Finally, columns were sectioned and soil samples were col-
lected at four depth intervals: 0 to 100 mm, 100 to 300 mm, 300 
to 500 mm and 500 to 840 mm. Analytical concentrations of Cd, 
Cr, Cu, Pb, Ni and Zn were determined in the soil samples. A 
metals mass balance was completed by determining the metals 
content of the leachates.
 The risk of groundwater salinisation by sewage sludge ap-
plication was studied by measuring the electrical conductivity 
of leachates, since EC correlates well with the dissolved salts 
concentration (Barbarick et al., 1980). 

Results and discussion

Soil properties

Soil properties are shown in Table 2. Soil is classified as Typic 
Palexeralf by USDA-SSS Soil Taxonomy (USDA, 1999) and as 
Luvisol by FAO (WRB, 1998). Soil profile was A-B1t-B2t and 
presented an argillic horizon whose illuviation clay content in-
creased with depth. The metal content of the soil did not exceed 
the limit values for concentrations of metals in soil fixed by Eu-

TABLE 1
Critical soil concentration and limit value for amounts of metals which 
may be added to agricultural land on 10 yr average and 1 yr allowed by 

European Legislation (kg·ha-1)
Cu Zn Ni Cd Pb

Critical soil concentrationa 150 480 120 9.6 480
10 yr average allowed by European legislationb 120 300 30 1.5 150
1 yr allowed by European legislationb 12 30 3 0.15 15
Note: 
a  Critical soil concentration (kg·ha-1) is calculated from critical soil concentration 
(mg·kg-1) (Kabata-Pendias and Pendias, 1992) for a bulk density = 1 200 kg·m-3 and a 
depth = 0.10 m. 
b (European Community, 1986)

TABLE 2
Soil properties

H D
(mm)

Texture Colour Soil moisture 
characteristics

Sand
(%)

Silt
(%)

Clay
( %)

Dry Wet 33 
(kPa)

1 500 
(kPa)

Ap 0-300 46.0 34.0 20.0 8.3 YR
  4.9/4.3

7.3 YR  
3.2/3.1

17.43 9.08

B1t 300-500 40.0 16.0 44.0 7.4 YR
4.7/4.8

6.9 YR  
3.7/3.9

27.21 15.85

B2t 500- 840 35.0 10.0 55.0 8.4 YR
 4.5/4.3

8.7 YR  
4.1/3.8

32.22 16.31

H EC (1:2.5)
(µS cm-1, 25ºC)

pH
(1:2.5)

OC
(%)

N
(%)

Ca
(mg/kg)

Mg
(mg/kg)

Na
 (mg/kg)

K
(mg/kg)

Ap 350 ± 20a 5.21 ± 0.01 1.23 ± 0.05* 0.064 ± 0.05 387 ± 50 109 ± 8 125 ± 20 102 ± 3
B1t 550 ±  40 5.62 ± 0.03 0.58 ± 0.02 0.046 ± 0.04 3590 ± 319 680 ± 28 151 ± 37 121 ± 5
B2t 1 190 ± 130 6.33 ± 0.05 0.48 ± 0.02 0.030 ±0.04 4389 ± 298 743 ± 30 148 ± 31 122 ± 3
H Cr

(mg/kg)
Ni

(mg/kg)
Cu

(mg/kg)
Zn

(mg/kg)
Cd

(mg/kg)
Pb

(mg/kg)
CEC

(cmol(+)/kg)
Ap 1 090 ± 60 18.6 ± 1.6 9± 1 17 ± 1 0.38 ± 0.03 24.8 ± 1.1 13.26 ± 2.25
B1t 120 ± 30 18.0 ± 1.5 6 ± 1 19 ± 1 0.06 ± 0.01 25.4 ± 1.6 27.68 ± 1.05
B2t 110 ± 20 17.9 ± 0.9 4 ± 1 20 ± 1 0.07 ± 0.01 21.0 ± 1.2 33.39 ± 2.55
Note:  H: Soil horizon. D: Depth interval. EC: Electrical conductivity.  OC: Organic carbon content. CEC: Cation ex-
change capacity. a Mean values ± SD  
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ropean (European Community, 1986) and Spanish regulations 
(CEE-CM, 1998; MAPA, 1990); and these contents were normal 
for this type of soil (Polo et al., 1995).

Composted sewage sludge properties

Tables 3 and 4 show sewage sludge composition. The metal con-
tent of the composted sewage sludge was below the limit values 
for concentrations of metals in sewage sludge fixed by European 
Regulation (European Community, 1986). The ratio of THS/OC 
(0.13) confirmed that the sewage sludge organic matter had not 
undergone a high degree of transformation and it was not very 
humified. The polymerisation index HA/FA (1.86) was normal 
for composted sewage sludge (Iakimenko et al., 1996). The 
DOC of the sewage sludge was high due to FA and organic com-
pounds produced during the composting process (Fletcher and 
Beckett, 1987). These organic substances can bind to Cr, Ni, Cu, 
Zn, Cd and Pb forming soluble organic complexes which can 
move down soil columns.
 The ratio OCm/TCm decreased as follows: Cd 0.63 > Ni 0.48 
> Cu 0.18 = Zn 0.18 > Cr 0.05 > Pb 0.01) and the ratio DOCm/OCm 
was in the following order: Pb 0.77 > Ni 0.12 > Cu 0.11 > Cr 0.08 
> Zn 0.04 > Cd 0.03. These results show that Pb was first and 
Cd last in the order of metals bound to DOC which follows the 
stability order of organic-metal complexes described by Klassen 
et al. (2000). The positions of Ni and Pb in the above sequence 
depend on the Ni and Cu content of the soil organic matter (Mc-
Bride, 2001). Zn and Cd are in the last positions which can be re-
lated to their low capacity for occurrence in organic complexes 
(Hay, 1984).

Mass balance of metals

Mass balance of metals was calculated after determining the 
initial metals content of the soil treated with sewage sludge, the 
final metals content of the soil at four depth intervals: 0 to 100 
mm, 100 to 300 mm, 300 to 500 mm and 500 to 840 mm, and the 
total Cr, Ni, Cu, Zn, Cd and Pb leached from the soil columns. 
 The percentage (of initial metals content of the soil treated 
with sewage sludge) of leached Cr, Ni, Cu, Zn, Cd and Pb from 

soil columns (Table 5) ranged from 0.10% (Cd, treatment H) to 
0.01% (Cr, Pb, treatments H, M, L, C). The lixiviation of each 
metal (Fig. 1) increased with the doses which had a significant 
effect on the metals’ mobility. The low percentage of leached 
metals could be caused by clay content (data for whole soil pro-
file 39.17%), which could influence the metals’ retention. It must 
be pointed out that clay minerals and oxides of iron occur in the 
clay size fraction (< 2 µm). Indeed, soil colour (Table 2) indi-
cated a high content of iron oxides (Scheinost and Schwertmann, 
1999) that are excellent scavengers for trace metals (Tessier, 
1979). Obtained results have been compared with the results 
obtained in three soils with different clay content (Table 6) to 
which surface composted sewage sludge was applied at the rate 
H. Results show that since the P-value in the ANOVA test is less 
than 0.05, there is a statistically significant relationship between 
clay content (%) and total percentage of leached metals at the 
95% confidence level (Fig. 2). Moreover, the R-squared statistic 
indicates that the model as fitted explains 92% of the variabil-
ity in total percentage of leached metals at the confidence level.  
The correlation coefficient equals -0.96, indicating a relatively 
strong relationship between clay content (%) and total percent-
age of leached metals at the 95% confidence level. These results 
are in agreement with the results reported by other authors that 
have described the influence of clay size fraction in metals re-
tention (Alloway, 1995; Kabata-Pendias and Pendias, 1991). For  
example, McGrath and Loveland (1992) observed that the reten-
tion of Cr and Ni in topsoils increased with the increment of the 
clay size fraction, Kiekens (1995) that the maximum Zn adsorp-
tion by soils increased with the percentage of clay in soils with 
similar pH and Kabata-Pendias and Pendias (1991) observed, 
that usually, total soil content of Cr, Ni, Cu, Zn, Cd, Pb was 
related to soil texture being higher in clay soils than in silty or 
sandy soils. 
 The average of leached metals expressed as a percentage of 
initial content (Table 5) followed the sequence:

 Cd (0.04%) > Cu (0.02) ~ Ni (0.02) ~ Zn (0.02) 
 > Pb (0.01) ~ Cr  (0.01)               [4]

These results are in agreement with those of other authors. Singh 

TABLE 3
Sewage sludge properties

TC 
(%)

OC 
(%)

THS
 (%)

HA
 (%)

FA 
(%)

DOC 
(%)

N
 (%)

28.6±0.2a 12.8 ± 0.1 3.80 ± 0.14 2.47 ± 0.10 1.33 ± 0.09 0.26 ± 0.01 1.5 ± 0.1
P

 (g/kg)
EC 

(dS m-1, 25ªC)
pH Ca  

(g/kg)
Mg 

(g/kg)
Na 

(g/kg)
K 

(g/kg)
1.2 ± 0.1 7.1 ± 0.5 6.65 ± 0.06 45 ± 2 7.1 ± 0.3 0.6 ± 0.2 5.1 ± 0.7

Note: TC: Total carbon. OC: Organic carbon. THS: Total humified substances. HA: Humic 
acids. FA: Fulvic acids. DOC: Dissolved organic carbon. EC: Electrical conductivity.
a Mean values ± SD

TABLE 4
Metals content of sewage sludge: total content (TCm), bound to total organic carbon (OCm) 

and dissolved organic matter (DOCm)
Fraction Cr

(mg/kg)
Ni

(mg/kg)
Cu

(mg/kg)
Zn

(mg/kg)
Cd

(mg/kg)
Pb

(mg/kg)
TCm 518 ± 29a 63 ± 2 377 ± 3 1344 ± 17 1.7 ± 0.2 229 ± 11
OCm 25 ± 3 30 ± 2 68 ± 5 247 ± 14 1.07 ± 0.08 1.68 ± 0.11
DOCm 1.99 ± 0.05 3.60 ± 0.21 7.67 ± 0.14 9.89 ± 1.46 0.03 ± 0.01 1.30 ± 0.05
Note:  a Mean values ± SD
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TABLE 5
Leached metals from soil columns expressed as a percentage of soil initial content

Treatment Cr Ni Cu Zn Cd Pb Total
% of total applied

H <0.01aa 0.04 ± 0.01ab 0.04 ± 0.01a 0.03 ± 0.01a 0.10 ± 0.01a 0.01 ± 0.01a 0.21± 0.01a
M <0.01a 0.02± 0.01ab 0.03± 0.01ab 0.03± 0.01a 0.06± 0.01b <0.01ab 0.14± 0.02b
L <0.01a 0.01± 0.01b 0.02± 0.01b 0.02± 0.01ab 0.02± 0.01c <0.01ab 0.08 ± 0.02c
C <0.01a 0.01± 0.01b 0.01± 0.01bc 0.02± 0.01ab 0.01± 0.01cd <0.01ab 0.04± 0.01d
Average <0.01 0.02±0.01 0.02± 0.01 0.02± 0.01 0.04± 0.04 <0.01
Note: a Mean values ± SD  b Values in a given column followed by the same letter are not significantly different 
(P = 0.05) using Duncan method (Manugistic, 2000).

Figure 1
Amounts of metals leached from soil columns as a function of experimental time
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TABLE 6
Main properties and leached metals from three different soils treated at the rate H

CECa

(cmol(+)/kg)
pHa OCa

(%)
Claya 
(%)

Cr  
(%)

Ni 
(%)

Cu
(%)

Zn
(%)

Cd 
(%)

Pb
(%)

17.04 6.7 4.6 31.36 0.02± 0.01b 0.12± 0.01 0.07± 0.01 0.04± 0.01 0.31± 0.01 0.02± 0.01
19.23 8.2 1.5 28.86 0.02± 0.01 0.14± 0.01 0.09± 0.01 0.03± 0.01 0.41± 0.01 0.04± 0.01
11.46 8 2 11.63 0.02± 0.01 0.15± 0.01 0.14± 0.01 0.03± 0.01 0.67± 0.01 0.02± 0.01
Note: aData for whole soil profiles. b Mean values ± SD

TABLE 7
Maximum metal concentration (Cmaximun), mean 

metal concentration (Cmean) in leachates and met-
als’ mean lifetime

Treat-
ment

Metal Cmaximun
(μg/ℓ)

Cmean
(μg/ℓ)

μt
a

(day)
H Cr 11.81±0.91abc 7.47±0.20a 79±2
M 7.41±0.07b 5.23±0.26b 79±3
L 5.25±0.23c 3.71±0.14c 73±1
C 3.54±0.62d 2.40±0.12d 73±2
Average 76±4ad

H Ni 62.98±2.43a 32.8±0.63a 72±2
M 44.79±0.18b 17.93±0.56b 68±3
L 21.14±0.36c 10.58±0.47c 65±1
C 16.60±1.09d 6.05±0.52d 55±2
Average 63±7b
H Cu 76.69±0.43a 32.37±1.37a 69±1
M 57.13±0.53b 17.51±0.32b 69±3
L 14.33±0.25c 10.58±0.47c 64±3
C 4.40±0.15d 6.05±0.52d 75±4
Average 70±5ab
H Zn 262.50±1.61a 68.61±1.79a 58±3
M 137.83±2.57b 52.02±2.06b 60±6
L 47.10±5.22c 29.09±0.74c 72±3
C 25.51±4.40d 14.51±0.49d 74±5
Average 68±9ab
H Cd 2.81±0.32a 1.06±0.03a 74±2
M 1.14±0.13b 0.55±0.03b 87±3
L 0.39±0.03c 0.22±0.02c 80±1
C 0.24±0.03d 0.05±0.01d 93±3
Average 84±8c
H Pb 40.61±0.52a 17.4±0.75a 64±2
M 34.96±0.67b 11.60±0.49b 63±2
L 14.23±0.21c 6.07±0.35c 61±2
C 2.54±0.56d 0.84±0.09d 66±7
Average 64±6b
Note: a Metals’ mean lifetime in soil columns. bMean values 
± standard deviation. cFor each metal, values followed by the 
same letter are not significantly different (P = 0.05) using 
Duncan method (Manugistic, 2000). d For each average,  val-
ues followed by the same letter are not significantly different 
(P = 0.05) using Duncan method (Manugistic, 2000).

Figure 2
Percentage of metals leached from different soils as a function 

of clay content

et al. (2000) obtained a similar sequence for metals leached with 
H2O at pH 4. Cd was the most leached metal according to Sidle 
and Kardos (1977) who found, in a soil amended with sewage 
sludge, 6.6% of Cd at 120 cm soil depth. Welch and Lund (1989) 
measured a higher Zn concentration (0.37%) in sandy soil (50% 
sand) and a higher Cd mobility was described by Schmitt and 
Sticher (1991). Pb mobility was lower than Zn and Cd due to the 

formation of insoluble organic-Pb complexes (Camobreco et al., 
1996). 
 The displacement of Cr, Ni, Cu, Zn, Cd and Pb through 
soil columns presented temporal differences (Table 7). The 
mean lifetime of metals in soil columns μτ  followed the  
sequences:

 Cd (84 days) > Cr (76) ~ Cu (70) ~ Zn (68)       [5]

 Cu (70) ~ Zn (68) ~ Pb (64) ~ Ni (63)        [6]

Cd is on the borderline of soft Lewis acids according to ion-
ic potential (IP) and Misono softness (Sposito, 1989), and 
its displacement depends on the presence of soluble organic 
compounds.  The mean Cd lifetime was almost 87d, half of 
the experimental time (174 d), and therefore Cd was uniform-
ly distributed. Cr distribution was similar to Cd distribution. 
However, Cr is classified as a strong Lewis acid by Misono 
softness, as is Al3+, and their behaviour can be related to their 
high affinity for inorganic ligands such as H2O and OH- which 
are strong Lewis bases that can precipitate with Cr. Ni and Pb 
occupied the last positions in the mean lifetime of metals se-
quence and, therefore, their distribution was not very uniform. 
Ni is preceded by Cu in Irvin-Williams order according to their 
relative affinities for their adsorptions by the soil and there-
fore, Ni forms more stable compounds than Cu according to 
ionic radius-1 and electron configuration (Sposito, 1989; Fia-
bane and Williams, 1977). Indeed, Ni and Zn are located on 
the borderline between soft and strong Lewis acids and could 
have a similar behaviour to Ca2+, Mg2+ and, therefore, could 
form stable soluble complexes with Cl-, SO4

2- and HCO3
-, which 

are strong ligands (Hay, 1984). Finally, Pb is a soft Lewis acid, 
and its displacement depends on soluble organic compounds. 
Thus, each metal has different chemical properties, due to their 
atomic structures, which affect their displacement in the soil 
after sewage sludge application. 
 Mean metal concentrations (cmean) and maximum metal con-
centrations (cmaximun) in leachates for all metals (Table 7) were 
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below the limit values for irrigation water (Branson et al., 1975). 
Nevertheless, concentrations of Pb and Ni were greater than the 
guideline values for drinking water (WHO, 1996). Thus, poten-
tially harmful health effects may result from the application of 
sewage sludge. Indeed, the risk of harmful effects increases in 
soils with less clay content due to the influence of clay in metal 
retention (Gascó et al., 2003).
 Organic ligands of soil and sewage sludge can form organic-
mineral complexes which can influence the displacement and 
fixation of metals. Soil organic matter may make an appreciable 
contribution to the capacity of the soil to fix metals by adsorp-
tion or complex formations (Bear, 1964). Metal movement may 
be related to the DOC of sewage sludge since some organic lig-
ands have a high affinity for the metals and form soluble com-
plexes (McBride et al., 1997).   

 The influence of DOC on metals lixiviation was studied. 
Figure 3 shows leached metals (leachedm, expressed as percent-
age of metals bound to DOC of sewage sludge added by each 
treatment) as a function of applied metals bound to DOC of sew-
age sludge added (applied DOCm) by each treatment (expressed 
as percentage of metals bound to DOC of sewage sludge applied 
according to treatment H). The analysis of variance (ANOVA) 
showed that applied DOCm had a statistically significant effect 
on leachedm at the 95.0% confidence level.  These results con-
firmed that Cr, Ni, Cu, Zn, Cd and Pb were displaced in soils 
bound to DOC and leached metals increased with dose. Recent-
ly, Al-Wabel et al. (2002) suggested that DOC increased Cu and 
Zn mobility and only a small percentage of the total dissolved 
metals existed as free ions or organic complexes. For this reason, 
organically complexed forms of metals can account for the mi-
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Figure 3
Leached metals as a function of applied metals bound to sewage sludge dissolved organic carbon by each treatment
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surface, which is in accord-
ance with the findings of 
other authors (McGrath and 
Lane, 1989; Bergkvist et 
al., 2003; Emmerich et al., 
1982).
 Mass balances of Cr, Ni, 
Cu, Zn, Cd and Pb (Table 
10) in soil columns, calcu-
lated for all profiles and not 
only for the superficial lay-
er, recovered over 97% of 
initial metal content. These 
data were close to 100% 
for all metals since the soil 

and sewage sludge were homogenized 
and the soil and sewage sludge were 
mixed together before being packed 
into the soil columns, thus avoiding 
experimental errors due to the bypass 
flow through structural cracks, root 
channels, wormholes, and other highly 
conductive paths. Because of this, the 
recovery percentages were more accu-
rate than those obtained in field experi-
ments due to the bypass flow through 

structural cracks, root channels, wormholes, and other highly 
conductive paths. For example, Berti and Jacobs (1998) obtained 
trace element recoveries that ranged from 45 to 155% of the total 
applied.  Dowdy et al. (1991) could only account for slightly less 
than half of the total added Cd and Zn in the top 1m of soil pro-
files.

TABLE 8
Metal content of soil in the Typic Palexeralf columns

Depth Cr Ni Cu Zn Cd Pb

Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final
(cm) (mg·kg-1)

Control
0-10 109±9a 94 ±7 19±2 17±1 9±1 8±1 18±2 16±2 0.40±0.03 0.36±0.04 25±1 24±1
10-30 109± 9 107±10 19±2 17±2 9±1 8±1 18±2 17±2 0.40±0.03 0.36±0.04 25±1 24±2
30-50 12±3 15±2 18±1 18±1 5±1 4±1 19±1 19±4 0.05±0.01 0.06±0.01 26±1 25±2
50-84 11±2 16±2 18±1 17±1 4±1 4±1 20±1 16±2 0.07±0.01 0.07±0.01 21±1 18±1

Treatment H
0-10 168±10 146±10 28±1 27±3 84±7 77±5 286±13 272±11 0.65±0.05 0.59±0.08 137±6 123±2
10-30 108±5 103±4 17±1 17±1 10±1 8±1 18±1 15±1 0.38±0.03 0.34±0.04 24±1 21±3
30-50 12±3 23±3 18±1 18±3 5±1 11±2 19±1 30±7 0.05±0.01 0.11±0.02 26±1 35±4
50-84 11±1 18±1 18±1 17±1 4±1 6±1 20±1 28±5 0.07±0.01 0.10±0.02 21±1 30±4

Treatment M
0-10 140±9 121±8 25±1 24±3 59±4 53±3 199±7 188±8 0.56±0.04 0.50±0.03 130±4 115±4
10-30 108±7 110±7 18±2 18±1 10±1 10±2 18±1 19±2 0.38±0.03 0.36±0.06 24±1 25±2
30-50 12±3 18±3 18±1 18±1 5±1 8±2 19±1 23±3 0.05±0.01 0.10±0.01 26±1 31±3
50-84 11±1 15±4 18±1 17±1 4±1 6±1 20±1 21±1 0.07±0.01 0.09±0.01 21±1 35±3

Treatment L
0-10 121±8 105±7 19±1 19±2 15±2 14±2 38±4 33±5 0.40±0.03 0.38±0.04 28±1 26±1
10-30 104±7 106±5 19±1 19±1 9±1 9±1 18±1 19±2 0.37±0.03 0.35±0.02 25±1 27±1
30-50 12±3 16±1 18±1 16±1 5±1 6±1 19±1 20±2 0.05±0.01 0.08±0.01 26±1 23±2
50-84 11±1 17±2 18±1 16±1 4±1 4±1 20±1 21±3 0.07±0.01 0.07±0.02± 21±1 20±2
Note: a Mean ± SD

TABLE 9
Ratio between final metal concentration (Cf) of soil surface and the initial metal 

soil surface concentration (Ci)
Treatment Cr Ni Cu Zn Cd Pb
H    0.87±0.01aa    0.98±0.13ab 0.92±0.06a 0.95±0.06a 0.92±0.16a 0.90±0.04a
M 0.86±0.06a 0.97±0.14a 0.90±0.03a 0.94±0.04a 0.91±0.10a 0.90±0.01a
L 0.87±0.07a 0.93±0.05a 0.93±0.05a 0.88±0.17a 0.96±0.16a 0.93±0.03ab
C 0.87±0.08a 0.93±0.14a 0.89±0.11a 0.91±0.18a 0.97±0.16a 0.97±0.08b
Averagec 0.87±0.06a 0.95±0.12bc 0.91±0.08b 0.92±0.13 0.95±0.14c 0.93±0.06c
Note: a Mean ± SD. bValues in a given column followed by the same letter are not significantly differ-
ent (P = 0.05) using Duncan method (Manugistic,2000). cAverage values followed by the same letter 
are not significantly different (P = 0.05) using Duncan method (Manugistic, 2000).

TABLE 10
Mass Balance of Cr, Ni, Cu, Zn, Cd and Pb recovered from soil columns

Treatment Cr Ni Cu Zn Cd Pb Average
% of  initial + added

H 101± 3a 100± 3 102± 3 105± 5 102± 2 103± 4 102 ± 4
M 101± 3 98±  3 105± 6 100± 3 102± 3 105± 2 102 ± 4
L 102± 2 93± 4 102± 5 100± 3 100± 5 96± 3 99 ± 5
C 100± 3 96± 4 92± 13 93± 3 98± 7 94± 2 95 ± 7
Average 101± 3 97± 5 98 ± 10 98 ± 7 100 ± 5 99 ± 5
   Note: aMean ± SD

gration of a substantial fraction of metals out of the soil surface 
(McBride et al., 1997).
 Table 8 shows the final metal soil surface concentration (Cf) 
and initial metal soil surface concentration (Ci). The ratio Cf/Ci 
(Table 9) confirms that over 86% of metals were retained in the 
first 100 mm and that the metals’ movement was limited to soil 
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Electrical conductivity evolution

Sewage sludge application produced an increase 
in soil ions which raised the soil electrical conduc-
tivity (Table 11), but it was, in all cases, under 4 
dS·m-1at 25 ºC, which is the limit between normal 
and saline soils (Richards, 1954). Sewage sludge 
produced a saline pulsation which was measured 
by maximum electrical conductivity of leachates 
(ECmaximun) in the 22nd experimental day for all treat-
ments (Fig. 4).  The ECs of leachates were below 
the guideline value (2.78 dS·m-1, 25 ºC) fixed by the 
European Union (Council of the European Union, 
1998). Mean electrical conductivity of leachates 
(ECmean) and ECmaximun increased in proportion to the 
amount of sludge applied, and so the dose of sewage 
sludge should be calculated carefully to avoid the 
risk of groundwater salinisation (Table 11). 

Conclusions

Mass balance recovered over 97% of the initial 
soil metal content and metal movement was lim-
ited to topsoil. The ratio Cf/Ci confirmed that over 
86% of applied metals were retained in the top 10 
mm and that the retention was similar for all met-
als. Total Cr, Ni, Cu, Zn, Cd and Pb leached from 
soil columns ranged from 0.01% to 0.10%. Results 
confirmed that metals were displaced through soil 
columns bound to dissolved organic carbon. Met-
al concentrations in leachates did not exceed the 
maximum allowed metal concentrations for irriga-
tion water. Nevertheless, Pb and Ni concentrations 
in leachates were above the guideline values for 
drinking water in all treatments. Thus, potentially 
harmful health effects could occur after applica-
tion of sewage sludge. 
 Sewage sludge application produced an in-
crease in soil ion concentration which raised the 
soil EC to close to 4 dS·m-1, 25ºC, which is on the 
boundary between normal and saline soils.  Electri-
cal conductivity of leachates was below the guide-
line value fixed by the European Union.
 Soil column experiments can provide rapid results about 
metal behaviour. These studies can serve as an aid in designing 
field experiments and the results can be used to assist in develop-
ing new regulations for sewage sludge use or disposal. .

References

ALLOWAY BJ (1995) Heavy Metals in Soils. Blackie Academic & Pro-
fessional, London, UK. 285-305.

AL-WABEL MA, HEIL DM, WESTALL DG and BARBARICK KA 
(2002) Solution chemistry influence on metal mobility in biosolids-
amended soils. J. Environ. Qual. 31 1157-1165.

BARBARICK KA, KLUTE A and SABEY BR (1980) Application of 
sewage effluent to columns of a Mountain Meadow soil: I. Errors 
in calculating the transport of ionic salts. Soil Sci. Soc. Am. J. 44 
921-924. 

BEAR FE (1964) Chemistry of the Soil. Reinhold Publishing Corpora-
tion, New York, USA.

BERGKVIST P, JARVIS N, BERGGREN D and CARLGREN K (2003) 
Long-term effects of sewage sludge applications on soil properties, 
cadmium availability and distribution in arable soil. Agric. Ecosyst. 
Environ. 97 167-179.

BERTI WR and JACOBS LW (1998) Distribution of trace elements in 
soils from repeated sewage sludge applications. J. Environ. Qual. 
27 1280-1286.

BIGGAR JW and NIELSEN DR (1967) Miscible displacement and 
leaching phenomena. J. Agron. 11 254-274.

BOUYOUCOS GJ (1962) Hydrometer method improved for making 
particle size analysis of soils. J. Agron. 54 464-465.

BRANSON RL, PRATT PF, RHOADES JD and OSTER JD (1975)  
Water quality in irrigated watersheds. J. Environ. Qual. 4 33-40.

BREMNER JM (1996) Nitrogen - Total. In: Bigham JM (ed.) Methods 
of Soil Analysis: Part 3. Chemical Methods. SSSA, Madison, USA, 
1085-1121.

CAMOBRECO VJ, RICHARDS BK, STEENHUIS TS, PEVERLY JH 
and MCBRIDE MB (1996) Movement of heavy metals through un-
disturbed and homogenized soil columns. Soil Sci. 161 740-750.

COUNCIL OF THE EUROPEAN UNION (1998) Council Directive 
98/83/EC of 3 November 1998 on the quality of water intended for 
human consumption. Off. J. Eur.Commun. L 330 32-54.

CEE-CM (1998) Decreto por el que se regula, en la Comunidad de Ma-
drid, la utilización de lodos de depuradora en agricultura. BOE 287 
27-31.

DOWDY RH, LATTERELL JJ, HINESLY TD, GROSSMAN RB and 
SULLIVAN DL (1991) Trace metal movement in an aeric ochraqualf 

TABLE 11
Electrical conductivity 

Treatment ECse
a

(dS m-1, 25ºC)
ECmean

b

(dS m-1, 25ºC)
ECmaximun

c

(dS m-1, 25ºC)
μt

d

(day)
H   2.07 ± 0.08ae 0.69 ± 0.03a 1.68 ± 0.08a 66 ± 2a
M   1.72 ± 0.07bf 0.38 ± 0.03b 1.04 ± 0.08b 57 ± 4b
L 0.57 ± 0.03c 0.11 ± 0.02c 0.22 ± 0.05c 58 ± 3b
C 0.11 ± 0.02d 0.06 ± 0.02d 0.11 ± 0.02d 62 ± 3a
Note: a Final soil electrical conductivity in saturation extract. b Mean leach-
ates electrical conductivity. c Maximum leachates electrical conductivity. d 
Mean lifetime soluble salts. e Mean values ± SD. f Values in a given column 
followed by the same letter are not significantly different (P = 0.05) using 
Duncan method (Manugistic, 2000).

0,00

0,20

0,40

0,60

0,80

1,00

1,20

1,40

1,60

1,80

2,00

0 30 60 90 120 150 180

time (days)

E
C

 (
dS

 m
 -1

, 2
5 

ºC
) 

H

M

L

C

Figure 4
 Electrical conductivity evolution



318 Available on website http://www.wrc.org.zaISSN 0378-4738 = Water SA Vol. 31 No. 3 July 2005

following 14 years of annual sludge applications. J. Environ. Qual. 
20 119-123.

DÜRING RA and GÄTH S (2002) Utilisation of municipal organic 
wastes in agriculture: Where do we stand, where will we go? J. Plant 
Nutr. Soil Sci. 165 (4) 544-556.

EMMERICH WE, LUND LJ, PAGE AL and CHANG AC (1982) Move-
ment of heavy metals in sewage sludge-treated soils. J. Environ. 
Qual. 11 174-178.

EUROPEAN COMMUNITY (1986) Council Directive of 12 June 1986 
on the protection of the environment, and in particular of the soil, 
when sewage sludge is used in agriculture. Directive 86/276/EEC. 
Off. J. Eur.Commun.  L 181 6-12.

FIABANE AM and WILLIAMS DR (1977) The Principles of Bio-Inor-
ganic Chemistry. Monograph for Teachers 31. The Chemical  Soci-
ety, London, England.

FLETCHER P and BECKETT PHT (1987) The chemistry of heavy met-
als in digested sewage sludge. 2. Heavy metal complexation with 
soluble organic matter. Water Res. 21 1163-1172. 

GASCÓ G, LOBO MC and GUERRERO F (2003) Heavy metals mass 
balance in a Typic Xerofluvent treated with aerobically digested sew-
age sludges. Electron. J. Environ. Agric. Food Chem. 2 (3) 1-9.

HAY RW (1984) Bio-Inorganic Chemistry. Ellis Horwood Limited, 
Chichester, England.

IAKIMENKO O, OTABBONG E, SADOVNIKOVA L, PERSON J, 
NILSSON I, ORLOV D and AMMOSOVA Y (1996) Dynamic 
transformation of sewage sludge and farmyard manure components.  
1. Content of humic substances and mineralization of organic car-
bon and nitrogen in incubated soils. Agric. Ecosyst. Environ. 58  
121-126.

JURY WA and ROTH K (1990) Transfer Functions and Solute Move-
ment Through Soil. Theory and Applications. Birkhäuser Verlag, 
Berlín, Germany. 

KABATA-PENDIAS A and PENDIAS H (1992) Trace Elements in Soils 
and Plants (2nd edn.). CRC Press, Boca Raton, USA.  

KIEKENS L (1995) Zinc. In: Alloway BJ (ed.) Heavy Metals in Soils. 
Blackie Academic & Professional, London, UK, 285-305.

KLASSEN SP, McLEAN JE, GROSSL PR and SIMS RC (2000) Fate 
and behaviour of lead in soils planted with metal-resistant species 
(River Birch and Smallwing Sedge) J. Environ. Qual. 29 1826-1834.

McBRIDE MB, RICHARDS BK, STEENHUIS T, RUSSO JJ and SAU-
VÉ S (1997) Mobility and solubility of toxic metals and nutrients in 
soil fifteen years after sludge application. Soil Sci. 162 (7) 487-500.

McBRIDE MB (2001) Cupric ion activity in peat soil as a toxicity indica-
tor for maize. J. Environ. Qual. 30 78-84.

McGRATH SP and LANE PW (1989) An explanation for the apparent 
losses of metals in a long- term field experiment with sewage sludge. 
Environ. Pollut. 60 235-256.

McGRATH SP and LOVELAND PJ (1992) The Soil Geochemical Atlas 
of England and Wales. Blackie Academic & Professional, London, 
UK.

MANUGISTIC (2000) Statgraphics Plus 5. Manugistic, Rockville, 
USA.

MAPA (1990) Real Decreto por el que se regula la utilización de los 
lodos de depuración en el sector agrario. Real Decreto 1310/1990. 
BOE 262 32339-32340.

MUNSELL COLOR CO (1998) Munsell Soil Color Charts. Munsell 
Color Co., New York, USA.

NELSON DW and SOMMERS LE (1996) Total carbon, organic carbon 
and organic matter. In: Bigham JM (eds.) Methods of Soil Analysis: 
Part 3. Chemical Methods. SSSA, Madison, USA, 961-1010.

OJEDA G, ALCAÑIZ JM and ORTIZ O (2003) Runoff and losses by 
erosion in soils amended with sewage sludge. Land Degrad. Dev. 
14(6) 563-573.

PARKER JC and VAN GENUCHTEN M TH (1984) Flux-averaged and 
volume-averaged concentrations in continuum approaches to solute 
transport. Water Resour. Res. 20 866-872.

PARKIN TB and ROBINSON JA (1992) Analysis of lognormal data. In: 
Stewart BA (ed.) Advances in Soil Science 20. Springer-Verlag, New 
York, USDA, 193-235.

POLO A, GUMUZZIO J and DÍAZ MA (1995) Utilización agrícola de 
lodos de estaciones depuradoras de aguas residuales. Aplicaciones 
en el territorio de la Comunidad de Madrid. Canal de Isabel II, Ma-
drid, Spain.

RHOADES JD (1996) Salinity. Electrical conductivity and total dis-

solved solids. In: Bigham JM (ed.) Methods of Soil Analysis: Part 3. 
Chemical Methods. SSSA, Madison, USA, 417-435.

RICHARDS LA (1954) Diagnosis and Improvement of Saline and Alkali 
Soils. Handbook No. 60 USDA,Washington, USA.

REYNOLDS K, KRUGER R, RETHMAN N and TRUTER W (2002) 
The production of an artificial soil from sewage sludge and fly-ash 
and the subsequent evaluation of growth enhancement, heavy metal 
translocation and leaching potential. Water SA Special Edn.: WISA 
Proc. 73-77.

SÁNCHEZ MONEDERO MA, MONDINI C, DE NOBILI M, LEITA L 
and ROIG A (2004) Land application of biosolids. Soil response to 
different stabilization degree or treated organic matter. Waste Man-
age. 24 (4) 325-332.

SCHEINOST AC and SCHWERTMANN U (1999) Color identification 
of iron oxides and hydroxysulfates: use and limitations. Soil Sci. Soc. 
Am. J. 63 1463-1471.

SCHMITT HW and STICHER H (1991) Heavy metal compounds in the 
soil. In: Merian E (ed.) Metals and their Compounds in the Environ-
ment, Occurrence, Analysis, and Biological Relevance. VCH Ver-
lagsgesellschaft, Weinhein, Germany, 311-331.

SCHNITZER M (1982) Extraction, fractionation and characterization of 
soil organic matter. In: Page AL (ed.) Methods of Soils Analysis. Part 
2. Chemical and Microbiological Properties (2nd edn.). ASA-SSSA, 
Madison, USA.pp 539-579.

SIDLE RC and KARDOS LT (1977) Transport of heavy metals in a 
sludge-treated forested area. J. Environ. Qual. 6 431-437.

SINGH SP, MA LQ, TACK FMG and VERLOO MG (2000) Trace metal 
leachability of land-disposed dredged sediments. J. Environ. Qual. 
29 1124-1132.

SLOAN JJ, DOWDY RH and DOLAN MS (1998) Recovery of biosol-
ids-applied heavy metals sixteen years after application. J. Environ. 
Qual. 27 1312-1317.

SORT X and ALCAÑIZ JM (1999) Effects of sewage sludge amendment 
on soil aggregation. Land Degrad. Dev. 10 (1) 3-12.

SPOSITO G (1989) The Chemistry of Soils. Oxford University Press, 
New York, USA.

SUMNER ME and MILLER WP (1996) Cation exchange capacity and 
exchange coefficients. In: Bigham JM (ed.) Methods of Soil Analysis: 
Part 3. Chemical Methods. SSSA, Madison, USA. 1201-1229.

TESSIER A, CAMPBELL PGC and BISSON M (1979) Sequential ex-
traction procedure for the separation of particulate trace metals. 
Anal. Chem. 51 (7) 844-851.

THOMAS GW (1996) Soil pH and soil acidity. In: Bigham JM (ed.) 
Methods of Soil Analysis: Part 3. Chemical Methods. SSSA, Madi-
son, USA. 475-489. 

USDA (1999) Soil Taxonomy. Agriculture Handbook Nr. 436 (2nd edn.)  
SSS-NRCS- USDA,  U.S. Government Printing Office, Washington, 
USA.

USEPA (1997a) 40 CFR Part 503-Standards for the Use or Disposal of 
Sewage Sludge (7-1-97 edn.). USEPA, US Gov. Print. Office, Wash-
ington, USA.

USEPA (1997b) Method 3051a: Microwave Assisted acid Dissolution of 
Sediments, Sludges, Soils, and Oils (2ndedn.). U.S. Gov. Print. Office, 
Washington, USA.

VALLOCHI AJ (1985) Validity of the local equilibrium assumption for 
modeling sorbing solute transport through homogeneous soils. Water 
Resour. Res. 21 808-820.

VOEGELIN A, BARTMETTLER K and KRETZSCHMAR R (2003) 
Comparison of column leaching and bath extraction results. J. En-
viron. Qual. 32 865-875.

VOGELER I (2001) Copper and calcium transport through an unsatu-
rated soil column. J. Environ. Qual. 30 927-933.

WATANABE FS and OLSEN SR (1965) Test of an ascorbic acid method 
for determining phosphorus in water and NaHCO3 extracts from 
soils. Soil Sci. Soc. Am. Proc. 29 677-678.

WELCH JE and LUND LJ (1989) Zinc movement in sewage-sludge-
treated soils as influenced by soils as influenced by soil properties, 
irrigation water quality and soil moisture level. Soil Sci. 147 (3) 208-
213.

WHO (1996) Guidelines for Drinking Water Quality- (2nd edn.) Vol 2. 
Health Criteria and Other Supporting Information. World Health 
Organization WHO, Geneva.

WRB (1998) World Reference Base for Soil Resources. FAO-ISRIC-
ISSS, Leuven, Belgium. 


