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The concentrations of heavy metals in agricultural soils are increasing gradually from various diffuse sources. The 
metals can transfer from contaminated soils into the growing plants or may affect the respiration rate of soil 

In &e first part of this paper, the following simple model to predict the biorelevant metal concentration in 
anthropogenically or artificially contaminated soils is reported: 

log MP = a + B log [MNINO~] 
log MR = a' + p' log [MNINO~] 
log MP = log Metal concentration in test plant (mgkg dry weight) 
log MR = log percent Redution in the respiration or enzyme activity 
[MNINO~] =Metal concentration in NaNO3-soil extract (mgkg soil) 
a and B B t  a' + p' = Intercepts and slopes of the linear regression lines. 

The model has been tested in laboratory experiments, in growth experiments either in a greenhouse or in the field. 
Also, an attempt is made to present a theoretical interpretation. 

Critical concentrations are calculated with the help of the relationship between metal concentration in soil 
solution [MNINO~] and metal concentration in plants. The critical concentration, which is able to induce either 
phyto- or zootoxic concentrations in the plant parts (productive or vegetative) or reduce their growth or to reduce 
significantly the growth of soil microorganisms, are found to be uniform in a wide range of soils (pH 3 to 8 and 
CEC 10-50 millimoVl OOg soil). the critical concentrations ofNaNO3 in soil extracts are comparable with the values 
obtained with plant growth experiments in nutrient solution and also with the concentrations obtained from soil 
respiration experiments reported in literature. 
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26 S. K. GUFTA AND C. ATEN 

In the second part of this paper several salt extraction media such as NaNO3, CaC12, m N 0 3 ,  KN@ along 
with strong acid and chelating agent are evaluated, compared and discussed with respect to prerequisites for 
selection of an extracting medium. Chelating agent and strong acid extraction media extract more metal from soil 
than salt extraction media and are unsuitable for the prediction of either the phyto-andor zootxic concentration in 
the plants or the reduction in respiration of soil microorganisms. 

The evaluation clearly shows that in spite of the fact that the metal concentrations in NaNO~extracts are lower 
than in other salt extracts, NaNO3 fulfils most of the prerequisites and is one of the best available choices to predict 
biorelevant metal concentration in soils and indicates that it is most suitable for the risk assement of metals in soils. 
Comparable data for other salt extraction media tested in this paper are not available in literature. 

KEY WORDS Heavymetals,ecotoxicity ofmetals, contaminatedsoils, soil microorganisms, extraction procedures. 

INTRODUCTION 

There are two types of interrelationships between soil and environmental pollution. Either 
soil can be a source of environmental pollution (“Source”-Function) or it can be a victim of 
environmental pollution (“Sink”-Function). The concentrations of heavy metals in agricul- 
tural soils are gradually increasing from various processes such as utilization or dumping of 
sewage sludge, use of fertilizers, creation of landfills, and atmospheric fall-out of contami- 
nated dust particles. The general aspects of metal ollution, binding in soils, contents of 
metals in plants have been reviewed 2* 3 9  6* lo  ’ I‘ 13. The metals may transfer from 
contaminated soils into the growing plants and may retard the growth of plants and the 
growth of soil microorganisms. The bioavailability of metals in soil is determined by 
characteristics of both the soil and plants. Although some metals at low concentrations are 
essential for life since they are required for enzyme systems, larger concentrations may be 
toxic; general considerations of mineral uptake by plants and microorganisms have been 
been reviewed by Marschner and Gupta ’, respectively. 

In order to protect agricultural soils from heavy metals, it is essential to assess and 
predict the biological relevance of the metals e.g the rate of growth and/or activities of soil 
microorganisms, the growth of plants and leaching of heavy metals into the ground water. 
Gupta and Gupta and Hgni proposed, on the basis of several laboratory, greenhouse 
growth, and micro-plot field experiments, the following generalized model to predict the 
critical metal concentration in soil, which could induce either the phyto- and/or zootoxic 
concentration of metal in two indicator plants i.e. rye grass (monocot) and lettuce (dicot) is 
proposed: 

Mp=a+p[Mi]  (1) 
MI = Metal activities in soil solution 
a and f3 = Intercept and slope of the linear regression line 

Metal activities in soil solutions [MI] can be approximated by metal concentratrion in neutral 
salt extract of soils [MN~No~]. 

MP = a and p [MN~No~] (2) 
Mp = Metal concentration in test plant ( m a g  dry weight) 
[MN~No~] = Metal concentration in NaN03-soil extract (mgkg soil) 
a and p = Intercept and slope of the linear regression line 
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EXTRACTION OF HEAVY METALS IN SOILS 27 

Experimental data generally fitted better by a log linear regression model than a simple 
linear regression model. The model can be written as follows s*6*16: 

log MP = and p log [MN~No~]  (3) 
This model is also successfully used 
organsims 5,I6.2 1.2629,3 1.32 

for repiration rate studies with soil micro- 

log MR = a' + p' log [MN~No~]  (4) 
Where log MP = % Redution in the respiration rate 
a' + p' = Intercept and slope of the linear regression line 

Other symbols are used as described above. 
Stadelmann et a1 16, Gupta and Stadelmann 26 and Gupta et a1 verified this model using 

respiration as an indicator and found it to be valid under laboratory, greenhouse and field 
experiments. 

The specific effects of experimnental conditions, types and species of plant and selected 
soil properties are well accounted for by this model. The results, which substantiated the 
usefulness of this model have been published previously 5 9  9* 19, 26v 31. 33 . Thus it is possible 
to correlate the metal concentration in soils, as measured by a neutral salt extraction (e.g. 
NaN03), either with the respiration rate of soil microorganisms or with the Phyto- or zootoxic 
(ecotoxic) concentration in plants or plant growth. From the regression line, it is possible to 
calculate the metal concentration in soils, which could induce ecotoxic concentrations in 
plants or growth of organisms. These calculated concentrations are denoted as the critical 
concentration in soil solution, which are independent of soil properties except soil pH and 
total metal concentration. These critical concentrations are of very great help in the 
assessment of risk posed by metal accumulation. 

During the last 5 years, there have been suggestions to use either other extracting salt 
media or complexing agents @'PA, EDTA) for use with this predictive model. However, it 
should be mentioned that although in the literature very comprehensive experimental evidence 
is available, as far as NaN03 is concerned, for other salt extraction media either no critical 
concentrations are caculated using standard growth experiments and/or else they have not tested 
in anthropogenically contaminated soils under field conditions. Or the activities and rate of 
growth of soil microorganisms were not tested. Much information is missing. 

The specific objectives of this paper are: 

to provide a summary of the theoretical considerations and experimental facts in 
the development of a simple model to calculate critical metal concentrations, which 
could induce ecotoxic concentration in plants or significant reduction in the % 
respiration rate of soil microorganisms in anthropogenically contaminated soils, 
to enumerate the reasons to replace the metal activity in a soil solution (MI) with 
metal concentration in the neutral salt solution (e.g. MNaN03), 
to summarize and evaluate the available literature in order to estimate the critical 
concentrations of metals in soils for the assessment of risks posed by them. 
to compare and evaluate the usefulness of other extraction media for a variety of 
metals in order to predict the metal concentration in plants grown on different 
anthropogenically contaminated soils. 
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28 S. K. GUPTA AND C. ATEN 

THEORETICAL CONSJDERATIONS FOR THE USEFULNESS OF THIS MODEL FOR 
CALCULATING CRITICAL CONCENTRATIONS OF METALS IN SOILS 

Critical concentration of metals in soils 

The critical concentration ofmetals in soil solution (NaN03 extract) is the concentration, which 
is able to induce either phyto-or zootoxic (ecotoxic) concentrations in the plant parts (productive 
or vegetative) or reduce their growth or to reduce significantly the growth or activities of soil 
microorganisms. The critical concentration is independent of growth media. 

Soil as a reaction system 

The soil is an open reaction system composed of three important phases i.e. Solid, Solution, 
and Gas. Total mineral analysis, in fact does not provide any information about the 
biochemical activity of the heavy metals in a soil. 

The solution-Phase or soil-water, which consists of metals in ionic form (charged and/or 
neutral species) and as organic complexes, is the most important part of the soil system. The 
soil-solution pool is in equilibrium with the Solid-Phase. A part of the metal bound to 
Solid-Phase can be mobilized to the Solution phase either as a result of a decrease in soil 
pH or as a result of the decomposition of humus. However, so far, no standardized chemical 
or biological methods are available to assess the mobilizable part of the metal in the solid 
phase 19, 23. 

Choice of extraction media to meet the model conditions to estimate the critical metal 
concentrations in soils, which could inducephyto- orzootoxic metal concentrations in plants 

i )  Extracting media which simulate the solid phase of a soil Media (e.g. strong acids, 
buffered and unbuffered chealting agents, mixtures of acid and chelating agents), which 
extract either a large portion or almost all of the total metal from the solid phase are not 
suitable for this model because of reasons discussed in following paragraphs. 

The regression lines caclulated from the growth or metal concentration in plants are 
different for different soils (Figure 2). Thus, the caculated critical concentration is different 
for different soils. The so called “total” metal content is an excellent criterion to define the 
extent of metal build up or degree of contamination in soil. It provides an estimate of the 
extent or degree of saturation of total cation exchange capacity of soils colloids through 
metal or metals. As the % of metal saturation increases, the selective binding strengths of 
metals with soil solids decreases and hence the metal concentration in the solution phase 

To assess the change in the metal status of soil, the so called “total” metal content in soil 
is not suitable parameter. For example for two soils having the same total metal concentration 
but differing in pH, humus, clay and oxide contents, the metal concentration in the solution 
phase would be significantly different 9, ”, ‘9*29 (Figure 2). 

increases IS, 17,21,33 
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EXTRACTION OF HEAVY METALS IN SOILS 29 

ii) Extraction media to obtain simulated solution phase of soils: The solution phase also 
designated as the soil solution is composed of water and dissolved soil salts and completely 
envelopes soil solids. A part of the total metals or nutrients is either in the form of charged 
or uncharged ions or charged and uncharged soluble organic complexes. It provides 
information about the net result of variety of reactions mediated through chemical, biological 
and a physical processes in soils. Howerver, it does not tell us the contribution of each 
individual reaction (Figure 1). 

The Soil solution bathes the plant roots and forms the source from which roots and soil 
microorganisms obtain their water, as well as their inorganic and, for a part, their organic 
nutrition (Figure 1). The acidity of soil solution largely regulate the equilibria. In the 
following paragraph, it will be shown that the metal concentration in the solution phase of 
soil is the net result of the interactions between different solid components (clay, humus, 
oxides etc), and influencing factors such as soil pH, total metal content and soil oxygen 
content. Significant changes in any of the influencing factors are immediately reflected in 
the metal concentration in the soil solution. 

In this way, analysis of the soil solution is a very sensitive means to assess chemical or 
biological change in a soil system; for all practical purposes it is independent of soil 
properties and it is similar to the metal activity in nutrient solution used for growth 
experiments. 

iii) Calculation of metal distribution coeficient (KJ with the help of a simple adsorption 
model (equilibrium model) and relationship of K d  with properties of solid phase 

H a -SB + [MI] + M-SB + a H' ( 5 )  

H a -SB = Protonated metal binding sites on the solid surface [measured as Cation exchange 

[MI] = Metal (divalent) Concentration in solution phase 
M-SB = Bound metal on the soil surface 
a = number of proton released per metal ion adsorption 

capacity (CEC)] 

(M - SB)(H') a Kd (H') a 
- K =  - 

(H, - SB) [MI] (& - S B )  

Upon rearrangement: 

log Kd = log K (H,, - SB) +a pH 
= log K (CEC) + a pH 

= log K + log CEC + a pH (7) 

Thus with the results shown in Equation 3, the graph of log I6 vs pH gives: 
Intercept = log K + log CEC 
Slope = a 
Adsorption experiment with Cd shows following relationship: 
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30 S. K. GUPTA AND C. ATEN 

Synergistic and antagoniatk 
behavior ot heavy metals 

TYPES OF ROOTS 

schaa 

- 
INTENSITV 

REACTION RATE 
(temperatur, water. 
biological activity) 

I - 
QUANTiTV 

TOTAL OUANTITV 
(Ilthogenic and anthropooanic) 

as 
orecipitate 

ad- and abaorbed. 

organically bound 
- minerals 

* Simulated by axtracting soils with a neutral an11 (00. N a N q )  using a ratio 01 1:Z.S. 

Figure 1 Important parameters to characterize the bio-availability of soil heavy metals. 
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EXTRACTION OF HEAVY METALS IN SOILS 31 

log Kd = -3.16 + 0.78 pH (r = 0.96) 
(21323) 

(8) 

iv) Interrelationship between metal distribution coeficient (&) and soil properties: The 
following equations, which are empirical in nature, help in understanding the contribution 
of soil components to the metal adsorption process in soils. This equation was tested with 
Cd metal. 

log [ $1 = log Kd = constant + a log CEC + b log pH (9) 

Where Kd is the distribution coefficient between metal in solid (MJ and metal in solution 
phase (MI Or M N ~ N O ~ )  (23). 

CEC =Cation exchange capacity of soil, which is significantly related to soil properties such 

log CEC = 3.38 + 0.48 log (clayoh) + 0.45 log (Humus %) 
clay, oxide, humus content 

(21923) 

The distribution coefficients Kd for Cadmium have been significantly correlated with soil 
properties as f o ~ l o w s ~ ~ :  

(10) log K& = -5.13 + 0.47 log (CEC) + 0.78 pH (r2=0.89) 
(2 1723) 

v) Conclusions: The above presented discussion clearly shows that the metal concentration 
in the soil solution reflects soil properties. It means that the critical metal concentrations are 
comparable in different soils and it can be interpreted on its own. 

With the help of Figure 2, an attempt has been made to illustrate the interrelationship between 
metal in soil solution, [MI] or [ M N ~ o ~ ] ,  metal in solid phase, MT, metal concentration in plants, 

or growth rate and activities of soil microorganismens, MR, and soil properties. 
The following two important observations can be inferred from Figure 2. 

A) Variable amounts of metal in the solid phase (MT) are needed to induce a fixed ecotoxic 
concentration (phyto- or zootoxic) of metal in indicator plants (Mp). (MT) is mainly depend 
upon soil pH and cation exchange capacities (CEC) as shown in equation 5 and 8 [Figure 21. 
B) An uniform and comparable metal concentration in soil solution (MI) should be able to 
induce a fixed amount of ecotoxic concentration of metals in plants irrespective of the soil 
properties such as pH, CEC, and total metal in solid phase (MT) [Figure 21. 

Reasons for the choice of neutral salt VaN03) as a measure of soil solution to predict the 
biorelevant metal (metal-intensiw) in diferent soils 

The following characterstics of NaN03 led us to decide upon it as an extraction media to 
use in this model: 
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Y2  Y 3  

constant  cr i t ica l  
onc.( independent 
,f soil properties 

1-0 

y 2 0  y30 

lprowth or activities 
of m i l  microorpaniamal 

b 

Y1 
1 

Ecotoxic Conc. 
IPhyfo-  or 
m o t o x i c l  

Y'O 

M e t a l  Conc. in  
Nutr ient  Sol. S ~ I I  a o l . i M . ~ 0 3 ~  

Meta l  Conc. in 

Soil (1) Soil (2) 
low CEC medium CEC Soil (3) 

me l u m  high CEC 
/ high pH 
P low pH 

X 
Increasing levels of 'total metals contents' (HN03-Soluble) Imp "S 4 ' v  'o"1 

'variable critical conc..which depends upon soil propertien 

Figure 2 Influence of metal in HNO,-extract, metal in nuhient solution, metal in soil solution (NaNo3), and soil 
properties on the critic01 concentrution in soils, which is capable of inducing phyto- or zootoxic conc. in plants and 
growth of organisms. 

i) NaN03 is a neutral salt. 

This does not in any way affect the equilibrium between soil solution and soil solid neither 
by changing soil pH nor by forming complexes nor do its cations or anions take active part 
in exchange reactions. These characterstics are the most important and deciding factors in 
selecting any extraction medium for such a purpose (Figures 1 and 2). This is because of the 
fact that a fixed amount of extracting media would affect differently the soil pH (depending 
upon its buffering capacity) or would form varying amount of the complexes (metals are 
complexed or bound on exchange sites in different soils with different components and with 
different strengths). The critical metal concentrations, which induce ecotoxic metal concen- 
trations in plants, especially in contaminated soils, comes mainly from the loosely bound 
metal pool, which is easily washed away by neutral salt. 
ii) The NaNO3 soluble metal concentrations, which could induce ecotoxic concentrations 
in indicator plants are found to be uniform specially in anthropogenically contaminated 
soils having different soil properties (clay, organic matter, oxides content and soils 
environment) 9t'J9. 
iii) Critical metal concentrations (ecotoxic) extracted by NaNOs have been calibrated for 
different metals over a wide pH range (free calcium or with free calcium oxides) in 
artificially and anthropogenic contaminated soils (PH 3.5 to 8): 

The metal concentrations inNaNO3 extracting medium has been calibrated with ecological 
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EXTRACTION OF HEAVY METALS IN SOILS 33 

parameters such ecotoxic concentration in plants or growth of microorganisms, and in 
different types of soils (Table 1). For this purpose, greenhouse, laboratory, and mini-plot field 
experiments were carried out, and critical concentrations calculated for metals such Cd, Cu, 
Zn, Ni, Pb and finally they were tested in field conditions. In a mini plot field experiment in 
anthropogenically contaminated soils the following observations were made’. In a number of 
mini-plot locations, where the NaN03 soluble metal content lie above the doubled VSBo 
critical concentration (Table l), it has been found that the plant concentrations are still below 
the ecotoxic concentrations (phyto- or zootoxic) are given in the following table. 

The total number of mini plot loca- 
tions are eiven in brackets. 

Metal Ryegrass Lettuce 

Copper 1(34) 3 (32) 
zinc 2 (35) 2 (33) 
Cadmium O(43) 

In a recent unpublished study, samples of fodder corn, wheat and other edible plant parts 
along with soil samples were collected. The soil samples and different plants (edible parts) 
were analyzed for Zn and Cd. The results showed that the Cd and Zn concentrations in the 
edible parts are correlated with NaN03 solution ( r w  0.447 and r&= 0.764 n =19). The p & c ~  

Table 1 Comparison of critical concentrations of NaNO3 soluble metals with the critical concentrations ascer- 
tained with the help of other extraction media and substrates (nutrient solution). 

Metals Concentration in fitractants (mg metalll) 
VSBo Pot- Water 

NaNO, Saturation Nutrient (German 
Extract solution guide-values) 

(1) (4 (3) (4) (5) (6) (7) (8) 
~~ ~ ~ ~ ~ 

Zinc 0.3 0.4 0.24 1.0 0.4 0.2 2.0 
Copper 0.6 0.28 - 0.20 0.4 0.4 0.28 
Cadmium 0.02 0.008 0.003 0.02 0.01 0.05 0.012 0.006 
Nickel 0.08 - 0.16 - 0.03 0.08 0.04 
Lead 0.8-2 0.4 0.4- 

(I): Pot Ex riments used to establish calibration curves and from these curves critical concentrations are esti- 

(2): Mini plot field experiments were conducted in anthropogenic contaminated soils. The concentrations are es- 
timated from metal concentration in N a N a  extracts of 34 different soils vs metal concentration in indicator 
plants grown on them 33. 
(3): These values are estimated irrespective of culture. The pH values mged  in between 7.4-7.9. 
(4): Laboratory experiments carried out to calibrate the respiration rate of soil microor anisms and metal conc. 
in NaNOs extracts. The critical concentrations were estimated from these curves . 
(5): Growth experiments with soil : Metal concentration in saturation extracts 33 of soils. 
(6): Growth experiments in nutrient solution. The values are calculated from calibration curves between metal 
conenbation in plants vs metal in nutrient solution ”. 
(7): VSBe-1986 (Verordnung Uber Schadstoffgehalt im Boden [Swiss Ordinance on Pollutants in Soil]). The 
critical values in NaNO3 were calculated from pot experiments. The values obtained were halved. In VSBo the 
values are given in g/t of dry soil. However, in order to compare the values with nutrient solution, the values 
were divided by a factor of 2.5 (Soil solid to solution is 2.5). 
(8): Geman Guide values for Pot water 13. 

mated 5.8.9.F21.29 

16.31 ,A 
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34 S. K. GUPTA AND C. ATEN 

of soil samples ranged between 7.4 to 7.9. Zn and Cd concentrations measured ranged in 
between 0.04-7.15 mg M g  Soil and 0.3-52 mg Cdkg soil, respectively. In spite of such a 
narrow pH range and low metal concentrations it is possible to predict the change in the 
metal concentration in the edible plant parts thus showing definitely usefulness of NaNO3 
in this model. 
iv) Critical concentrations have been calibrated with growth rate and activities of soil 
microorganisms: 

With the help of laboratory aerobic incubation growth studies in an acid soil, the critical 
concentrations of metals for the growth rate of microorganisms (respiration rate) have been 
estimated 599316,32. The results substantiate the critical concentrations obtained from the plant 
growth experiments (Table 1). 
v) 0.1 Molar concentration of NaNO3 is comparable to the commonly found molar concen- 
tration of soil solutions under field conditions, which ranges between 0.05 to 0.2M 36. 

This provides another advantage in that the dilute NaNO3 extracting medium does not 
contain excessive salt concentrations and does not extract very high amounts of soil borne 
salts as compared to concentrated extracting media such as 1 M solutions. This enables 
one to measure, with modern sensitive analytical instruments, the metal concentrations 
in the NaNO3-extract without significant interference from salts. In the case of concen- 
trated W N 0 3  extracting medium, the danger of explosion during the measurement can not 
be ruled out. 
vi) Low molar concentration of NaNO3 extraction medium is suitable for many metal 
detection techniques. 

Figure 3 Relationship between metal concentration (log) in soils (extraction media) and metal concentration (log) 
in lettuce leaves. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
3
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



EXTRACTION OF HEAVY METALS IN SOILS 35 

Molar salt concentrations are even important for measurement techniques such as 
photometer, ICP, AAS etc. They may either affect the sensitivity or choke the burner or 
interfere with color development etc. The salt content of the extracting media may interact 
with other soil borne salts and thus have unknown effects on soil solution-soil solid 
equilibrium. 
vii) Quantity of extracted metal in the extraction media. 

The quantity or total metal concentration in the extraction media is not so important as 
the relationship of extracted metal to the induced phytotoxic concentration in the indicator 
plants. 

Very often it is said that the metal concentrations found in NaN03 extracts are low. 
However, this should not be used to argue against this extractant since, it predicts very 
successfully the ecotoxic concentrations. Modem sensitive analytical instruments are 
able to measure accurately the metal concentration range usually found in NaN03 
extracts. 
viii) Calibrated and field tested critical concentrations in NaNO3 are comparable with the 
estimated critical concentrations found with other extraction media and other growth 
substrates as nutrient solution. 

The results of Table 1 clearly show that the critical concentrations estimated for NaN03 
extractable metals in soils are comparable with the results of saturation extracts. 

The extracts were prepared by mixing 40 g soil with 100 mL extraction solution, the 
slurry was shaken for 2 hours at 120 rpm at room temperature, and after centrifugation 48 
mL liquid was filtered through cellulose acetate (0.45 m)38. The filtrates were acidified to 
prevent bacteria or fungi from growing in the solutions. For ion chromatography the filtrate 
was used directly with no added acid. These solutions were refrigerated and were analyzed 
within a few days before conspicuous organism growth occurred. The physico-chemical 
propertie? and locations of the soil samples are given in Table 2. The coded names of soils, 
which will be used in the discussion are given in Table 2. The list of selected extraction 
media and their composition are given in Table 3. 

COMPARISON OF EXTRACTION EFFICIENCY OF NAN03 WITH THAT OF OTHER 
SALT EXTRACTION MEDIA OR STRONG ACID MEDIA 

In last five years several other salt solutions such CaClZ’’’ 30, NH4N0?8, or some chelating 
agents such as NH40Ac + EDTA, DTPAI4 have been proposed for use in this simple model, 
which correlates the extracted metal concentrations with the critical concentration for 
ecotoxic effects. 

Experimental 

For this experiment 13 soil samples were selected from a miniplot field experiment, in which 
lettuce (dicot) and rye grass (monocot) were grown on 35 different anthropogenic contam- 
inated sites in Switzerland in order to assess the usefulness ofNaN03 in predictive model ’. 
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T
able 2 

Physico-chem
ical characteristics of surface soil sam

ples (0-20 cm) and abbreviations for Sites (on these sites M
iniplot field grow

th experim
ent w

ere 
canied out). 

Sites 
C

ode 
Physical and chem

ical characteristics of soils 
pH

* 
organic 

field 
C

lay 
Silt 

AI- 
F

e- 
CEC-total 

H
eayy m

etals (H
N

@
-soluble) 

carbon *%
 bulk 

%
 

%
 

oxide 
oxide 

m
VaUllOOg 

density 
m

gkg 
m

g
kg

 
soil 

cu 
zn 

C
d 

Pb 
m

g/kg 
m

gkg 
m

gkg 
m

&g 

R
einach 

Re 
5.633.1 

2.8M
.4 

1.04 
40.4 

39.2 
2006 

3458 
36.18 

56.0 
151 

0.825 
32.5 

progrero1 
PI 

6.2i0.2 
4.ofo.5 

0.77 
50.0 

17.6 
6643 

2907 
23.06 

511 
56 

0.290 
18.0 

progrero2 
P2 

6.533.3 
3.8M

.1 
0.77 

6.6 
16.2 

6047 
2541 

20.38 
806 

71 
0.450 

31.0 
D

ottikon 
D

o 
6.234.1 

1.7M
.4 

1.26 
18.8 

50.4 
1028 

2939 
13.63 

513 
187 

0.420 
30.0 

D
hikeIl 

D
ae 

6
.lM

.2
1

.5
M

.1
1

.1
2

 
14.0 

30.8 
976 

3056 
12.75 

13.5 
176 

0.400 
25.0 

Salez 0 
so 

6.M
.3 

6.ofo.8 
0.70 

41.3 
52.2 

2036 
8718 

53.92 
35.0 

69 
0.395 

29.5 
Salez 2 

s2 
7.2iO

.3 
4.21.1 

0.94 
21.7 

61.6 
1216 

5800 
33.36 

33.0 
132 

0.540 
27.5 

D
om

ach B
 

D
B 

7.3M
.1 

5.4f1.0 
1.08 

20.6 
55.5 

1288 
3493 

13.29 
794 

1092 
2.910 

149 
D

om
ach F 

D
F 

6.8M
.1 

5.7f1.0 
-
 

21.7 
0.7 

1438 
2818 

36.15 
1950 

1943 
4.500 

281 
D

om
ach C

 
Dc 

7.633.2 
3.8M

.8 
1.15 

20.3 
59.8 

1066 
2044 

28.13 
53 

116 
0.520 

33.0 
B

iberist 
Bi 

7
.2

M
.1

2
.8

f1
.1

1
.0

8
 

11.6 
36.7 

746 
3266 

17.52 
82.5 

552 
1.120 

200 
schafis 

sc 
7.3M

.1 
6.333.4 

1.00 
15.4 

43.7 
1225 

3247 
20.95 

466 
564 

2.030 
225 

N
idau 

Nu 
7.5M

.2 
4.432.3 

1.08 
10.2 

49.7 
821 

2484 
24.39 

77.5 
188 

0.545 
155 

*A
verage values of three independent m

easurem
ents carried out in 1987,1988 and 1989 

(R
ef. 8) 
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EXTRACTION OF HEAVY METALS IN SOILS 

Table 3 Composition of the Extraction Solutions. 

37 

Relative Extraction Strength 
Code Solute in Water Cu Zn Cd Pb I 

m o 3 *  2 950 2400 1300 100,000 
D 0.5 MNaOAc+O.O2MEDTA 360 540 460 42,000 
F 0.1 M NaNO3 + 0.05 M 5.5 13 12.0 4.1 

K 0.1 MCaC12 1.6 8.6 31.0 5.1 0.548 
E 0.1 M W O 3  1.0 1.8 1.0 3.6 0.316 
H 0.1 MNaNO3 1 . 1  1.0 1.2 1 .o 0.316 
B3 0.1 MNaNO,+O.SMNH4NO3 2.2 3.9 4.2 6.0 0.775 
B2 0.5 MNH4NO3 2.2 3.9 3.9 2.6 0.707 
B1 0.1 M m N O 3  1.0 1.8 1.6 1.6 0.316 
C 0.1 M NaNO3 + 0.1 M NH4NO3 1.5 2.0 2.1 6.3 0.447 
A 0.05 MCaC12 1 . 1  3.9 13.0 4.1 0.387 
L 0.01 MCAC12 - - - - - 

* Schriftenreihe der FAC Nr. (Ref. 8) 
I = Ionic Strength 

Calcium lactate 

Soil samples were dried at ambient temperature, passed through a 2mm sieve and mixed. 
Approximately 5 kg of each soil was taken from each site. 

Duplicates of each soil in each extraction media were analysed for the elements Cu, Zn, 
Cd and Pb by atomic absorption spectroscopy. The concentrations of Cu and Zn were 
determined in the flame, and Cd and Pb concentrations were determined in a heated graphite 
furnace. Each set of measurements was calibrated with standard solutions prepared in the 
extraction medium. Duplicate solutions in extraction media 0.1 M NaNO3+ 0.1 M NI-LNO3, 
0.05 M CaCl2 and 0.1 M NaNO3 were analyzed by ion chromatography for the elements Cu 
and Zn with the following apparatus and conditions: 

- Dionex IC System 2010i 
- Analytical Column: Stagroma AG KO2 Cation Exchange 
- Concentrator Column Dionex HPIC-CG2 
- Eluent 8.4 mM oxalic acid + 7.5 mM tartaric acid pH 4.3 (LiOH). Flow rate 0.8 mL mid'. 
- A postcolumn reactor mixed the column eluent with 4-(2-pyridylazo)-resorcinol (PAR) 

in N H 3  and NH40AC; detection was by absorbance at 520 nm. 

Under these conditions Cu and Zn eluted with clean, sharp, and well resolved peaks within 
the first 3.2 mL. The Pb signal was too weak and the Cd signal was too late (25 mL, broad, 
and subject to interference) to be useful. With a stronger eluent Cd could be eluted much 
faster and probably could be separated from the two interfering substances observed 
(retention volumes of 20 and 23 mL) 

Comparative extraction efficiency 

The chemical and physical properties of the 13 selected soils are presented in Table 2. 
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Figure 4 Compnrision of Zn, Cu and Cd extraction efficiency of 7 extraction media in 13 soils. 
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EXTRACTION OF HEAVY METALS IN SOILS 39 

The concentrations of each particular metal extracted from 13 soils by the various 
extraction media containing different salts are in approximately the same range for each soil 
(Figure 4) except for HN03 and NH40Ac + EDTA. This implies the absence of specific 
interactions between the soils and the extractants and allows us to rank the extractants in 
order of strength. The relative extraction strengths are calculated as average extraction ratios 
(the ratio of concentrations for a pair of extractants for each soil, averaged over the soils) 
and are listed in Table 3. 

The 2 M HNO3 and 0.5 M NI-LOAc + 0.02 M EDTA are much stronger than the others 
and behave qualitatively differently with respect to the soils than the other extractants 
(Figure 4). Extraction with 0.1 M NaNO3+ 0.05 M calcium lactate is somewhat anomalous 
since the patterns of extractions are similar to salt extractants for Cu and Zn although not 
for Cd and Pb. Apparently, the latter effect is due to lactate complexes of the Cu and Zn 
ions. The extractant calcium chloride (CaC12) which was used in three different molarities 
i.e. 0.1 M and 0.05 M and 0.01 removed higher concentrations of Cd and Zn from soils than 
expected from the equation perhaps because of formation of chloro-complexes. According 
to the studies of Verloo and Eeckhout ’’ the complexing ability of chloride anions is very 
high (lmeqfl C1- forms 5 mg CdCI’ per liter). Copper and lead are usually not affected by 
chloride. 

The NH4NO3 extracting solutions usually affect the soil equilibrium between soil solid 
and soil solution. Thus a part of the metal in solid phase, which is less of active and of less 
biological significance is mobilized into soil solution. This can occur due to following 
reasons: 

- it decreases the initial bulk soil pH and thus metals fiom the solid phase of soil are 
mobilzed to the soil solution phase. 

- the transformations of NH4 ions to N H 3  which form strong complexes with the Cu, Ni 
and Cr are accelerated due to high soil pH and increased biological activity. The biological 
activity in the sluny during the 2 hours of shaking is normally high, and is significantly 
enhanced due to presence of free calcium ions. 

Ionic and total metal concentrations in salt extracts 

In three of the salt extractants the concentrations of Cu and Zn were measured by the ion 
chromatography (IC) in addition to AAS. The chromatographic technique estimates to a 
large extent free metal ions and ions bound weakly in complexes so that the ion-exchange 
resin in the concentrator column can compete with the ligands and retain the metal ions. 
Strong complexes would pass through the concentrator column and out of the apparatus, 
when the sample was loaded. In contrast, A A S  measures total metal concentrations regard- 
less of the ligands or strength of complexation. Concentrations of Cu determined by the two 
methods in three extraction media (Tables 4 to 7) were significantly correlated with the IC 
measurement being 44% of the AAS value. Thus, in each of these extractants about 44% of 
the Cu2+ was essentially free, while 56% was in strongly bound complexes. Concentrations 
of Zn2’ determined by JC in CaC12 and m N 0 3  correlate well with AAS measurements and 
showed 12 % of the Zn” to be free (Tables 4 to 7). 
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R
elationshipbetw

een Extractable C
opper in 1 1 different htracting M

edia (log) and C
opper Concentration in leaves of Lettuce and R

yegrass (log) grow
n 

in M
iniplot Field Experim

ent. 

M
esstechniques 

Plant 
A

tom
ic A

bsorption 
Ion-C

hrom
otograph 

E
xtrac- 

2M
 

0.5M
 

O
.IM

 
0.IM

 
0.IM

 
O.IM

 
0.5M

 
0.lm

 
0.IM

 
O

.05m
 

O.IM
 

0.IM
 

0.IM
 

0.05M
 

0.IM
 

ting 
H
Na 

M
&

A
c+ 

N
aN

a 
CaCl2 

K
N
a 

N
aN

a 
N

H
&

C
%

N
H

d?C
hN

JV
a 

C
aC

lz 
N

a
N

a
 

cOC12 
N

aN
a 

cOC12 
N

a
N

a
 

m
edia 

0.02M
 

+O.O5M
 C

a- 
+0.5M

 
+O

.IM
 

+O
.IM

 
ED

TA 
lactate 

"
0
,
 

N
H

&
a 

N
H

4N
a 

D
 

F 
K

E
 B3 

B2 
BI 

C
 

A 
H

L
 IC 

L4 
IH

 

H
N

o, 
I 

D 
0.998 

F 
0.848 

K 
0.598 

E 
0.685 

B3 
0.872 

B2 
0.89 1 

B1 
0.935 

C 
0.925 

A
 

0.829 
H

 
0.960 

L 
0.900 

C
-IC

 
0.826 

A
-IC

 
0.837 

H
-IC

+ 
0.911 

plants 
Lettuce 

0.585 
R

yegrass 
0.894 

I 0.852 
I 

0.601 
0.898 

0.690 
0.882 

0.878 
0.889 

0.895 
0.886 

0.938 
0.910 

0.930 
0.902 

0.835 
0.980 

0.961 
0.918 

0.904 
0.982 

0.840 
0.928 

0.839 
0.974 

0.918 
0.960 

0.603 
0.677 

0.891 
0.882 

I 0.966 
0.756 
0.723 
0.720 
0.71 1 
0.888 
0.735 
0.862 
0.823 
0.928 
0.845 

0.589 
0.736 

I 0.804 
I 

0.770 
0.997 

I 
0.773 

0.982 
0.990 

I 
0.760 

0.988 
0.995 

0.997 
I 

0.882 
0.949 

0.942 
0.944 

0.942 
I 

0.798 
0.968 

0.975 
0.992 

0.987 
0.935 

I 
0.887 

0.949 
0.945 

0.962 
0.956 

0.742 
0.%2 

I 
0.836 

0.949 
0.937 

0.924 
0.940 

0.959 
0.925 

0.845 
I 

0.936 
0.869 

0.858 
0.880 

0.869 
0.947 

0.902 
0.784 

0.892 
I 

0.892 
0.924 

0.918 
0.941 

0.936 
0.950 

0.958 
0.934 

0.926 
0.971 

I 

0.576 
0.523 

0.521 
0.552 

0.563 
0.601 

0.578 
0.598 

0.608 
0.726 

0.736 
I 

0.n9 
0.797 

0.799 
0.844 

0.839 
0.829 

0.885 
0.867 

0.820 
0.910 

0.941 
0.811 

*R
esults of 1987-1988, m

ean values (R
ef. 8) 
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T
able 5 

R
elationship between Extractable Zinc in 1 I different Extractanring M

edia (log) d
 Zinc C

oncentration in leaves of Lettuce and R
yegrass (log) grow
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M

iniplot Field Experim
ent. 
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Lem
dce 

ting 
HN@ 

N
H
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Ac+ 

N
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CaCl2 

K
N
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H
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N
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C

aC
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C

aC
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N
aN

@
 

CaCI2 
m
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0.02M 

+O.OSM
 C

a- 
+O

.SM
 

+O
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+O

.IM
 

ED
TA 

lactate 
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NH
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&
 

NH&& 
D

 
F 

K 
E 

8
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B2 

B
i 

C
 

A 
H

L
 IC 

IA 
~~ 

~ 

H
N
o3 

1 
D 

0.957 
I 

F 
0.405 

0.510 
I 

K 
0.215 

0.321 
0.973 

I 
E 

0.127 
0.226 

0.904 
0.966 

I 
B3 

0.108 
0.228 

0.916 
0.973 

0.988 
I 

B2 
0.136 

0.244 
0.931 

0.985 
0.991 

0.993 
I 

B1 
0.151 

0.233 
0.891 

0.955 
0.9% 

0.979 
0.984 

I 
C 

0.173 
0.274 

0.936 
0.984 

0.9% 
0.992 

0.997 
0.991 

I 
A

 
0.218 

0.337 
0.977 

0.997 
0.958 

0.964 
0.978 

0.943 
0.977 

I 
H
 

0.203 
0.301 

0.943 
0.985 

0.994 
0.988 

0.993 
0.989 

0.999 
0.978 

I 
L 

0.253 
0.378 

0.951 
0.937 

0.875 
0.889 

0.900 
0.846 

0.901 
0.950 

0.903 
I 

C
-IC

 
0.193 

0.291 
0.936 

0.978 
0.980 

0.981 
0.979 

0.970 
0.986 

0.969 
0.989 

0.899 
I 

A
-IC

 
0.471 

0.605 
0.952 

0.901 
0.844 

0.873 
0.875 

0.826 
0.876 

0.908 
0.880 

0.927 
0.866 

I 
Elants 
Lettuce 

-0.123 
0.021 

0.780 
0.867 

0.883 
0.879 

0.901 
0.854 

0.874 
0.877 

0.861 
0.831 

0.834 
0.746 

I 
R

yegrass 
0.286 

0.401 
0.857 

0.827 
0.709 

0.763 
0.789 

0.686 
0.756 

0.832 
0.752 

0.799 
0.743 

0.847 
0.736 

"R
esults of 1987 -

 1988, m
ean values (R

ef. 8) 
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-0.020 

-0.041 
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-0.214 
-0.036 
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0.740 
0.842 
0.844 
0.8 18 
0.823 
0.894 
0.812 
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I 0.907 
0.955 
0.947 
0.943 
0.939 
0.948 
0.941 
0.745 

I 0.941 
I 

0.917 
0.994 
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0.943 

0.997 
0.993 
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0.992 
0.991 
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I 

0.877 
0.928 

0.896 
0.905 
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I 

0.942 
0.980 

0.971 
0.973 

0.979 
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I 
0.916 
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0.877 
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0.906 
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0.645 

0.676 
0.683 
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I 
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0.764 

0.584 
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0.761 
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0.258 

0.130 
-0.076 

R
yegrass 

-0.077 
0.113 

0.361 
-0,044 

-0.315 
-0.075 

-0.029 
0.031 

0.328 
0.177 

0.249 
0.645 
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Relationship between metal concentration in extraction media and metal concentration in 
indicator plants 

The relations among the concentrations of metal ions removed from the soils by the various 
extracting media and by the two plant types lettuce (dicot) and rye grass (monocot) are 
summarized in four tables (log vs log Pearson correlation coefficients) (Tables 4 to 7). 

In the following discussion Pb will not be included because the plants grown in none of 
these 13 soils were found to exhibit zootoxic concentrations (10 mg/kg). Further, the ranges 
of Pb concentration were 0.4 to 2.2 and 0.5 to 2.3 mgkg for lettuce and rye grass, 
respectively. Since the mean uncertainity in measurements is 1 mg/kg of plant materials, it 
is not possible to obtain reliable correlations in the data. 

Since the correlations between lettuce and rye grass are not very high (0.8 1 1,0.736,0.76 1 
for Cu, Zn and Cd, respectively) any extraction media which yields higher correlation 
coefficients for both plant types offers a potentially useful means of predicting the concen- 
tration of the metal. 

Among the correlation coefficients for the extraction media similar results summarized 
in Table 8 may be seen clearly; the two strongest extractants correlate well with each other 
and poorly with the others for each metal as is shown in Table 8. The salt extractants correlate 
very well for Cu, Cd and moderately well for Zn. 

Extraction with strong acid and the chelating agent i.e. 2 M HN03 and 0.5 M NH40Ac 
+ EDTA) agree well with each other and correlate slightly better with copper concentrations 
in both lettuce and rye grass than the plants do with each other. In addition, the weak neutral 
salt extractant (0.1M NaNO3) correlates significantly with the copper concentration in both 
plant species. The other salt extractants agree poorly with the plants. The range of copper 
concentration was 8-25 mgkg dry matter for lettuce and 8-39 mgkg for rye grass'. 

The correlation between lettuce and rye grass is only 0.54. All of the salt extractants 
correlated rather well with lettuce and lot poorly with rye grass. The range of zinc 
concentration was 56-369 mgkg for lettuce and 3 1-360 mgkg for rye grass. 

Although the extractants containing strong acid and chelating - agents agree well with 
each other and the weak extractants agree fairly well among themselves, the correlations 
among the plants and the NaNO3 soluble Cd is better correlated with the cadmium concen- 
tration of lettuce and rye grass. 

Table 8 The relationship between extractable Copper, Zinc and Cadmium (log) in 5 selected important extraction 
media and Cu, Zn and Cd concentration in lettuce and rye grass (log). 

Exrraction Uolarity Plants 
Media (W 

Lettuce Rye grass 
Copper Zinc . Cadmium Copper Zinc Cadmium 

mo3 2.0 M 0.585 -0.123 -0.336 0.894 0.286 0.128 
W40Ac+EDTA 0.52 M 0.603 0.021 -0.076 0.891 0.411 0.359 
NaNO3 0.1 M 0.578 0.861 0.683 0.885 0.752 0.669 
CaC12 0.05 M 0.601 0.877 0.676 0.829 0.832 0.787 
W 4 N 0 3  0.1 M 0.552 0.854 0.615 0.844 0.686 0.691 
mo3 0.1 M 0.576 0.883 0.603 0.779 0.709 0.584 
CaCIz 0.01 M 0.598 0.831 0.673 0.867 0.799 0.732 
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AVAILABLE INFORMATION TO EVALUATE THE SUITABILITY OF EXTRAC- 
TION MEDIA TO PREDICT CRITICAL [PHYTOTOXIC] CONCENTRATION OF 
METALS IN PLANTS OR THE GROWTH OF SOIL MICROORGANISMS 

The important characterstics ofthree important salt extractant are presented in Table 9. These 
results summarize the available information to find a compromise extractant to be used in 
the simple model to prdict either the expected concentration in the plants or reduction in 
growth and activities of soil microorganisms grown on a given anthropogenic contaminated 
soil. The final goal of such extraction medium is to predict the toxicity (either to plant or 
soil microorganisms or water and air) and thus to help in assessment of risk posed by the 
presence of metals in anthropogenically contaminated soils without carrying out the time 
consuming growth experiments. 

The following conclusions can be drawn from Tables 8 and 9: 

- Strong acid (2M HNO3) and strong acidified Chelating agents (NHcOAC+EDTA) are 
unsuitable for the prediction of either critical (phytotoxic) concentration in the plants or the 
growth of micro-organisms. 

- The correlations coefficients between NaN03 soil extractable Cu, Zn and Cd are for both 
indicator plants are significantly correlated with the Cu, Zn and Cd concentrations, in spite 
of the fact that it extracts comparatively lesser quantity of metals from soil compared to other 
extractants. However, in case of other salt extractants the correlation coefficients for all 
metals and both plants are not always significant. 

Acknowledgement 

The second author would like to express his sincere thanks to Department of Food Science 
and Technology, New York State Agricultural Experiment Station and Department of 
Chemistry, Hobart and William Smith Colleges, Geneva, U.S.A. for sabbatical leave and 
Prof. von Ah, Director, and Dr. H. HIni (Head of the Department) for providing infra-struc- 
ture and for the necessary help. Authors are thankful to Mr. V. Lehmann for his help in 
collecting soil samples and to Mrs. R. Hort, Mrs. C. Gerber, Mr. F. Schiir, Mr. H. Bachmann 
and Mr. J. Paul for extending their help in analysis of soil samples. 

References 

1.  U. Forstner, in Pmc.  of the International Symposium on Metals Speciation, Separation. and Recovery 
(Chicago, IL, Lewis Publishers, Chelsea, MI, 1987). pp. 1-26. 

2. N.J. Barrow, Aust. J .  Soil Res., 21,475492 (1989). 
3.  P.H. Nye, SoilSci., 123,292-297 (1977). 
4. H. Marschner, in Encyclopedia of Plant physiology (New Series, Vol. 15 A. ed. Uuchli, A. et al. Springer- 

Verlag, Berlin-Heidelberg, 1983). pp. 5-40. 
5. S.K. Gupta, F.X. Stadelmann, H. Hbi ,  and A. Rudaz, Toxicol. and Environ. Chem., 8,173-1 84 (1984). 
6. L.E.Francois,J. Amer. HOG. Sci. 114,615-619(1989). 
7. C.F. Aten, J.B. Bourke, J.H. Martini, and J.C. Walton, Bull. Environ. Contam. Toxicol., 24, 108-1 15 (1980). 
8. S.K. Gupta, H. H b i ,  A. Rudaz, E. Santschi-Fuhrimann and A. Blatter, FAC-Schrifienreihe Nr. 2. (Swiss 

Federal Research Station for Agri. Chemistry and Hygiene of Environment [FAC], CH-3097 Liebefeld-Bern, 
1989). pp. 1-54. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
3
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



46 

9. 

10. 
11.  
12. 

13. 

14. 
15. 

16. 

17. 

18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 

27. 
28. 
29. 
30. 

31. 

32. 

33. 
34. 

35. 

36 
37 

38. 

39. 

S. K. GUPTA AND C. ATEN 

S.K. Gupta and H. HSlni, Schlussbericht des Cost-Projekts 681. (Swiss Federal Research Station for Agri. 
Chemistry and Hygiene of Environment [FAC], CH-3097 Liebefeld-Bern, 1989). pp. 1-57. 
P.R. Anderson and T.H. Christensen,J. Soil Sci., 39, 15-22 (1988). 
A. Anderson, SwedishJ. Agric. Res., 5 ,  125-135 (1975). 
C. Aten, S.K. Gupta und H. Hh i ,  Ist Provisional Internal Report on Evaluation of Extraction Media (Swiss 
Federal Research Station for Agril. Chemistry and Hygiene of Environment [FAC], CH-3097 Liebefeld-Bern, 
1990). 
P. Schachtschabel, H. -P. Blume, K.-H. Hartge and U. Schwertmann, Lehrhch der Bodenkunde. (Schef- 
fer/Schachtschabel, Ferdinand Enke Verlag Stuttgart, 1984). pp. 1 4 2 .  
C.L. Browne, Y.M. Wong and D.R. Buh1er.J. Environ. Quality, 13, 184-188 (1984). 
S.K. Gupta, in Trace Metals in the Environment I ,  (ed. Vernet, J.P., Elsevier-Publisher, Amsterdam-London, 
1991). pp. 5545.  
F.X. Stadelmann und E. Santschi-Fuhrimann, Beitragzur Abstiitzung von Schwennetall-n'chtwerten im Boden 
rnit Hiye von Bodenatmungsmessungen. (Swiss Federal Research Station for Agril. Chemistry and Hygiene 
of Environment [FAC], CH-3097 Liebefeld-Bern, Switzerland, 1987). pp. 1-105. 
S.K. Gupta and H. HSlni, in Proc. ofthe 2nd European SLmpOsium on Characteriration, Treatment. and Use 
ofsewage Sludge. (D. Reidel Publishing Co., Dordrecht, Niederland. pp. 665-677 (1980). 
M. Foroughi, D. Fritz, K. Teicher, and F. Venter, Landwirtsch. Forsch. SH, 39,426-433 (1 982). 
S.K. Gupta, A. Blatter and H. Hhi ,  Intern. J. Environ. Anal. Chern., 34,45-50 (1988). 
D. Mengel und W. Ktkter, Lundwirtsch. Forsch. SH, 33,274-281 (1976). 
S.K. Gupta, Schweiz. Landw. Fo., 23,209-225 (1984). 
0. Horak, Landwirtsch. Forsch. SH, 39,404-414 (1982). 
S.K. Gupta, Bulletin Bodenkundliche Gesellschafr der Schweu (BGS), 13,69-74 (1989). 
D.C. Joshi, Plant and Soil., 94, 157-367 (1986). 
M. Verloo and M. Eeckhout, Intern. J .  EnM'ron. Anal. Chem., 39,179-186 (1990). 
S.K. Gupta and F.X. Stadelmann, in Proc. of the 3rd International Symposium on Processing and Use of 
Sewage Sludge (ed. P.L. 'Hermite and H. Ott, D. Reidel Publishing Company, Dorderecht, Holland, 1983). 

A. Wallace, Soil Science, 147,469-473 (1989). 
A. Priiess, G. Turian and V. Schweikle, Mitt. Dtsch. Bodenkundl. Gesellsch. 6 6 , 1 4  (1991). 
S.K. Gupta and H. Hh i ,  Korrepondenz Abwasser, 28,211-213 (1981). 
V.J.G. Houba, 1. Novozamsky, Th. M. Lexmond and J. van der Lee, Commun. in Soil Sci. Plant Anal., 21, 

F.X. Stadelmann, S.K. Gupta, A. Rudaz, and E. Santschi-Fuhrimann, Schweiz. Landw. Fo. 23, 227-239 
(1984). 
F.X. Stadelmann, S.K. Gupta, A. Rudaz, und C. Stoeckli-Walter. Landwirtsch. Forsch. SH, 39,384393 
(1982). 
A. Herms und G. BrUnuner G., Londwirtsch Forsch., 323,408423, (1980). 
Verordnung uber Schadstofigehalt im Boden [VSBo] (Swiss Ordinance on Pollutants in Soil Nr. 814.12, Publ. 
Eidg. Dmcksachen und Materialzentrale [EDMZ], 3000 Bern, Switzerland), pp. 14,1986. 
H. HSlni and S.K. Gupta, inProc. of the 3rdlnternational Symposium on Processingand Use ofsewage Sludge 
(eds. P.L. 'Hermite and H. Ott, D. Reidel Publishing Company Dorderecht, Holland, 1983). pp. 387-393. 
K.H. Tan, Principles of Soil ChemisQ (Marcel Dekker Inc., New York, 1982). 
K. Vogler and H.W. Schmitt, Schwernetalltransfer Boden-Pflanzen (Bericht 53 des Nationalen 
Forschungsprogrammes <Boden> Liebefeld-Bern), pp. 1-97 (1 982). 
S.K. Gupta and HBN, Methodenbuchfir Bodenuntersuchungen (Schrifienreihe der FAC Nr.5. Publ. Swiss 
Federal Research St. for Agril. Chemistry and Hygiene of Environment [FAC], CH-3097 Liebefeld-Bern, 
Switzerland), pp. 1-266 (1989). 
H. Vogel, A. Desaules and H. HSlni, Schwennetallgehalte in den B a e n  (Bericht 40 des Nationalen 
Forschungsprogrammes <Boden> Liebefeld-Bern), pp. 1-1 18 (1989). 

pp. 4 3 5 4 5 .  

228 1-2290 ( 1  990). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
3
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1


