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Preface

This report is the result of a fact-finding project initiated at the Danish
Institute of Agricultural Sciences (DIAS) on the initiative of the Danish
Environmental Protection Agency. The aim of the project was — based on an
examination of literature — to throw light upon the connection between
degradation and sorption of chemicals in soil and to assess the influence of the
sorption on the fate of pesticides. In the examination of literature and the
compilation of material, focus has been on 1) summing up data from a broad
range of published studies, 2) comparing the methods applied for studying
simultaneous sorption and degradation, and 3) identifying mathematical
models applied for describing the connection between sorption and
degradation. Finally, information about ongoing experiments at DIAS has
been included.

The report has been prepared on the basis of a systematic examination of all
the papers that have been identified in the Agricola and Chemical Abstract
databases and that describe the connection between sorption and degradation.
Where relevant, papers dealing with methods of analysis or isolated
degradation and sorption experiments have also been studied. As regards the
latter, the examination is not complete as the number of separate papers
dealing with degradation or sorption is numbering thousands.

Initially, the inclusion of all types of xenobiotic chemicals in the assessment
was under discussion. The examination has, however, turned out to be
dominated by studies concerning pesticides, which are the substances that
have primarily aroused interest when the influence of sorption on the
degradation was to be described.

The project was financed by the Danish Environmental Protection Agency.

The steering committee for the project consisted of Christian Dejbjerg
Hansen, the Danish Environmental Protection Agency, and Inge S.
Fomsgaard, DIAS.

Inge S. Fomsgaard has been in charge of the examination of literature and the
compilation of material.

Our thanks to Kirsten Jensen, DIAS, for a large effort in translating the report
into English and to Sonja Graugaard and Henny Rasmussen for the lay-out of
text and figures.






Sammenfatning og konklusioner

Det er ofte antaget at kemiske stoffer i jord nedbrydes efter en simpel 1.
ordens kinetik, hvoraf udledes en halveringstid, DT, -veerdi. Det har dog i
mange tilfeelde vist sig, at nedbrydningen ikke fglger en simpel 1. ordens
kinetik. Arsagen til disse rapporterede afvigelser fra en simpel 1. ordens
kinetik kan formodentlig findes dels i det mikrobielle miljg i jorden, dels i, at
sorptionen over lengere tid (og dannelsen af bound residues) foregar efter
mere komplicerede processer end almindeligvis antaget.

Alle kendte modeller, der anvendes til at beskrive skaebne, transport eller
risikovurdering af kemiske stoffer i jord indeholder termer, der beskriver
henholdsvis binding og nedbrydning. En forstaelse af disse parametres
dynamik og den indbyrdes sammenhzang mellem dem er saledes
uomgeengelig, hvis modellerne skal anvendes med succes.

Selvom det hidtil ikke har veeret muligt at give en komplet beskrivelse af
bindingen af miljgfremmede kemiske stoffer til jord, sa er der udfert et utal af
undersggelser pa omradet og beskrevet et stort antal processer, idet stoffernes
binding i jorden er af stor betydning for deres videre skaebne. Sorption af
kemiske stoffer til jord kan variere fra at veere total reversibel til at vere total
irreversibel.

En meget kompleks sammenhzaeng mellem sorption af miljgfremmede kemiske
stoffer til jordbundens organiske materiale og den mikrobielle nedbrydning af
stofferne i jordmiljget er mere reglen end undtagelsen. For at kunne belyse
sammenhangen er udviklingen de sidste ar saledes gaet i retning af at foretage
undersggelser af den mikrobielle nedbrydning af kemiske stoffer i jord under
omstendigheder, der er sa tet pa det virkelige miljg som muligt. Det er
hyppigt set, at sorptionen har en begraensende effekt pa
nedbrydningshastigheden af kemiske stoffer, hvilket forklares med, at det farst
og fremmest er de mangder af det kemiske stof, der er tilgaengelig i jordens
vandfase, der kan nedbrydes mikrobielt. Selvom dette forhold ger sig
geeldende, vil der dog stadig til en vis grad kunne forega en nedbrydning af
sorberet kemisk stof. Hvis desorptionen er afhaengig af tid og foregar med en
hastighed, der er pa niveau med, eller lavere end nedbrydningshastigheden, sa
leder nedbrydningens afhaengighed af sorptionen til en komplex kinetik,
selvom selve nedbrydningskinetikken er en simpel 1. ordens. Nyere
undersggelser er domineret af den holdning, at en to-compartments 1. orden
kinetik giver en bedre beskrivelse af kemiske stoffers nedbrydning i jord, nar
der arbejdes med systemer, der simulerer de naturlige omstendigheder. To-
compartmentskinetikken udtrykker en fordeling af det tilfarte kemiske stof
mellem vandfasen og jordfasen og angiver en 1. ordens hastighedskonstant for
nedbrydningen i henholdsvis vandfasen og jordfasen. To-
compartmentskinetikken er ofte foretrukket uanset om der er tale om kemiske
stoffer, der fortrinsvis bindes til jordens organiske materiale eller til
lermineralerne.

Af to-compartmentsmodellen kan der ikke udledes en halveringstid, hvorfor
den ikke uden tilpasning kan anvendes i de almindeligt anvendte dynamiske
udvaskningsmodeller som PRZM-2, PRZM, PELMO, GLEAMS, PESTLA,



VARLEACH, LEACHM, MACRO, PLM og MIKE-SHE, der anvendes til
at forudsige udvaskning til grundvandet af pesticider. Bade i
godkendelsessammenhange og i modelkarsler ville det veere relevant at tage
hgjde for at nedbrydningen falger en mere komplex kinetik end den simple 1.
ordens, ligesom det ville veere relevant at tage hgjde for problematikken
omkring bound residues, som der har vaeret overordentlig meget fokus pa
inden for de sidste 10 ar.

Der findes allerede en lang reekke undersggelser af bindingsmekanismer bade
for desorbare miljgfremmede stoffer og for bound residues. Det er dog
ngdvendigt at koble disse undersggelser op pa undersgglser af
biotilgeengelighed for at afgere, i hvor stor en grad stofferne vil kunne
reaktiveres i det naturlige system.

Det er vigtigt at understrege, at laboratorieforsgg, der gnskes anvendt til at
beskrive den komplexe sammenhang der er mellem bindingen og
nedbrydningen ma tage hgjde for, at disse processer varierer overordentlig
meget. Der er i forvejen en stor variation, som blot skyldes jordens
heterogenitet. Den del af variationen, der kan skyldes metoden, ma
elimineres. Det farste skridt her ma vere at udfgre undersggelserne under
betingelser, der ligner de naturlige betingelser sa meget som muligt. Det er
desuden ngdvendigt at udvikle kemiske analysemetoder, der kan ekstrahere
meangder af de miljgfremmede stoffer fra jorden, som kan korreleres med de
biotilgzengelige maengder der er resultaterne af biologiske undersggelser af
biotilgeengelighed.

Bade fra et lovgivningsmaessigt synspunkt og fra et videnskabeligt synspunkt
er det vigtigt at differentiere mellem frie pesticidrester og bundne
pesticidrester, ligesom det er vigtigt at skelne mellem biologisk persistens og
kemisk persistens, nar man taler om persistens, da disse ikke ngdvendigvis
folges ad.



Summary and conclusions

It has often been assumed that chemicals in soil are degraded according to
simple first-order kinetics from which a half-life, a DT, -value, is deduced.
However, it has emerged from many cases that the degradation does not
follow simple first-order kinetics. The cause for these reported deviations
from simple first-order kinetics may probably be found partly in the microbial
environment in the soil, partly in the fact that the sorption over longer time
(and the formation of bound residues) take place according to more
complicated processes than generally assumed.

All known models used for describing the fate, transport or risk evaluation of
chemicals in soil include terms describing binding and degradation,
respectively. Thus, an understanding of the dynamics of these parameters and
the mutual connection between them is unavoidable if the models are to be
used successfully.

Even though it till now has not been possible to give a complete description of
the binding of xenobiotic chemicals to soil, a vast number of studies of this
subject have been carried out just as a large number of processes have been
described because the binding of the substances in the soil is of great
importance to their fate. The sorption of chemicals to soil may vary from
being completely reversible to being completely irreversible.

A very complex connection between the sorption of xenobiotic chemicals to
the soil organic matter and the microbial degradation of the substances in the
soil environment is more the rule than the exception. In order to throw light
upon this connection, the development in the past few years has been in the
direction of investigating the microbial degradation of chemicals in soil under
circumstances as close to the real environment as possible. It has often been
seen that the sorption has a limiting effect on the degradation rate of
pesticides, which can be explained by the fact that first of all it is the amounts
of pesticide available in the aqueous phase of the soil that can be microbially
degraded. Even though this factor plays a part, a degradation of sorbed
chemicals may still take place to a certain extent. If the desorption is
dependent on time and takes place at a rate that is on a level with or lower
than the degradation rate, the dependence of the degradation on the sorption
leads to complex kinetics even though the degradation kinetics itself is simple
first-order kinetics. Recent studies are dominated by the view that two-
compartment first-order kinetics provides a better description of the
degradation of chemicals in soil when systems are used that simulate the
natural circumstances. The two-compartment kinetics expresses a distribution
of the added chemical between the ageous phase and the soil phase and
indicates a first-order rate constant for the degradation in the fluid phase and
the soil phase, respectively. The two-compartment kinetics is often preferred,
both for chemicals that are mainly bound to the soil organic matter and for
chemicals that are mainly bound to the clay minerals.

A half-life cannot be deduced from the two-compartment model for which
reason it cannot be used without adaptation in the commonly applied
dynamic leaching models, such as PRZM-2, PRZM, PELMO, GLEAMS,
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PESTLA, VARLEACH, LEACHM, MACRO, PLM, and MIKE-SHE,
which are used for predicting leaching of pesticides to the groundwater. Both
in connection with approvals and in model runs, it would be relevant to take
into account that the degradation follows more complex kinetics than simple
first-order kinetics, just as it would be relevant to take into account the
problem concerning bound residues, which has been extremely much in focus
in the last 10 years.

There are already a large number of studies of binding mechanisms for both
desorbable xenobiotics and bound residues. However, it is necessary to couple
these studies to studies of bioavailability to determine to which extent the
substances can be reactivated in the natural system.

It is important to emphasize that laboratory experiments that are intended to
be used for describing the complex connection between the binding and the
degradation must allow for the extreme variation of the processes. There is
already a large variation, which is merely caused by the heterogeneity of the
soil. The part of the variation, which may be caused by the method, must be
eliminated. Here, the first step must be to carry out the studies under
conditions that resemble the natural conditions as much as possible.
Furthermore, it is necessary to develop chemical methods of analysis able to
extract the amounts of the xenobiotics from the soil that can be correlated
with the bioavailable amounts that are the results of biological studies of
bioavailability.

Both from a legal and a scientific point of view it is important to differentiate
between free pesticide residues and bound pesticide residues just as it is
important to distinguish between biological persistence and chemical
persistence when persistence is in question, as these do not always go
together.



1 Introduction

Many reported studies in which the fate of pesticides or other chemicals in soil
have been studied have shown that it is exceedingly difficult to draw general
conclusions about the degradation of these substances in soil compared with
the soil parameters. A number of indexing methods have been developed that
from few parameters for each substances aim to rank the pesticides according
to the risk of leaching to the groundwater. E.g. the GUS-index ranks the
pesticides solely according to inherent properties, degradability (measured as
DT_-values), and sorption (measured as K__) and in this way provides a
measure of the potential of leaching. Lindhardt et al. (1998) showed that a
ranking according to the GUS-index with a starting point in the DT, and K__
—values of 12 pesticides that had been reported to the Danish Environmental
Protection Agency involved great unreliability stemming from the large
variation in the data material. For 12 pesticides (atrazine, bentazone, diuron,
glyphosate, isoproturon, MCPA, mecoprop, metamitron, metsulfuron-
methyl, phenmedipham, propiconazole, and triasulfuron), data of
degradability DT, and sorption K__ were collected in order to evaluate the
dispersion on these parameters. The calculated GUS_, and GUS__ show that
11 of 12 substances (glyphosate left out) for extreme combinations of
degradability and sorption conditions, based on information in the material
that underlay the approval of the substances by the Danish Environmental
Protection Agency, must be rated as “probably leachable™ and that 8 of the 11
pesticides under other circumstances must be rated “probably not leachable”.
It has often been assumed that chemicals in soil are degraded according to
simple first-order kinetics from which a half-life is deduced. However, it has
emerged from many cases that the degradation does not follow simple first-
order kinetics. The cause for these reported deviations from simple first-order
kinetics may probably be found partly in the microbial environment in the
soil, partly in the fact that the sorption over longer time (and the formation of
bound residues) take place according to more complicated processes than
generally assumed.

In some connections authors choose to distinguish between the meanings of
the expressions “half-life” and “DT, -value”. “Half-life”” is used when it is a
question of first-order kinetics where the time for a number of halvings is the
same, whereas “DT,-value” is used about the time that can be stated for a
single halving (frequently the first one) but where the time varies for the
following halvings.

The present report does not distinguish between the meanings of these two
expressions.

According to the Uniform Principles Directive, 94/43 (OJ L227 31-55), a
pesticide - if it is to be approved - must have a half-life of less than 90 days
unless it can be shown that it is very probable that there are no harmful
effects. The Danish Environmental Protection Agency generally accepts half-
lives of 3-6 months if supplementary ecotox studies are carried out showing
that the substance has no undesirable adverse effects.

Glyphosate is an example of a substance which is bound extremely strongly to
soil and which therefore has a very variable half-life. The assessment whether
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pesticides can be approved in spite of their long half-lives may depend on e.g.
the type of binding.

The pesticides are the group of substances of which by far the most
information is available as to studies of the fate of chemicals in soil. This goes
for both earlier applied hydrophobic substances such as DDT and similar
substances and all the later developed substance groups of pesticides. In order
that pesticides may be used, they must pass the approval system of the Danish
Ministry of the Environment. Even though the pesticides have been approved
for use in practical farming, there has generally been large interest within the
research community in carrying out supplementary studies of the fate of the
substances in the environment. And, indeed, a number of cases are known
where the approvals have been withdrawn because of published studies.

Within the last 10 years, there has been an interest in studying the fate of
other chemicals in soil as the widespread practice of spreading sludge from
sewage treatment works on to the agricultural soil has made it necessary not
just to introduce limit values for the presence of chemicals in sludge but also
to study the fate of the permitted concentrations of these chemicals in
agricultural soil. The chemicals in question may be antibiotics, other
medicinal substances, biocides, and detergents. Finally, focus has been put on
the fate in soil of other chemicals, which among other things are present in the
soil as industrial pollutions, as it — in the last cases — frequently is a question of
the need to throw light upon purification techniques such as bioremediation.

Just as pesticides are the most studied substances, pesticides are also the
substances for which the most specific legislative requirements exist as regards
their presence in and effects on the environment. In drinking water the
concentration of a pesticide must not exceed 0.1 g/l. Studies of the fate of the
substances in soil have thus always been carried out with the aim of predicting
whether the limit value for the presence in drinking water can be exceeded.
But there are no legislative requirements concerning either the quantities of
pesticides that may be present in soil or the form of the pesticides.

All known models used for describing the fate, transport or risk evaluation of
chemicals in soil include terms describing binding and degradation,
respectively. Thus, an understanding of the dynamics of these parameters is
unavoidable if the models are to be used successfully.

One has to distinguish between chemicals that normally resist biological
degradation (recalcitrant), such as PCBs and PAHs (polychlorinated
biphenyls and polyaromatic hydrocarbons) and more readily transformable
substances such as modern pesticides. PCBs and PAHSs are hydrophobic, and
their binding to the soil is caused by van der Waals forces or interaction with
lipophile constitutents in the soil. Thus, these substances are not particularly
available to microbial degradation. For the same reason a large part of the
literature on bioremediation of these substances focuses on how the
substances can be made available.



2 The soil organic matter

Organic matter (humus) is a result of the biological and chemical degradation
of dead plant residue or animal remains in the soil. After a number of
transformations the matter no longer has any resemblance to plant residue or
animal remains after which it is called organic matter, macromolecular matter
or humus. The soil organic matter has a complex structure, and it can be
classified into soluble organic matter (DOM, dissolved organic matter) and
insoluble matter. A classification of the organic matter according to its
chemical structure includes fulvic acids, humic acids, and humin, where fulvic
acid is soluble in both acidic and alkaline solutions, humic acid is soluble only
in alkaline solutions, and humin is not soluble. The soil organic matter is
further composed of polysaccharides, lignin, simple carbohydrates, lipids,
proteins, and organic acids (Lassen, 1995; Stevenson, 1992). The exact
structure of the organic matter is not known, but most hypotheses agree that
the organic matter is composed of amorphous polymers of a three-
dimensional structure of which both aromatic and aliphatic hydrocarbons
form part and where there are both hydrophobic and hydrophilic side chains.
Thus, it is not possible to give a complete description of the binding of
pesticides and other xenobiotic chemicals to the soil organic matter.

13
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3 Sorption

Even though it till now has not been possible to give a complete description of
the binding of xenobiotic chemicals to soil, a vast number of studies of this
subject have been carried out just as a large number of processes have been
described because the binding of the substances in the soil is of great
importance to their fate. The sorption of chemicals to soil can vary from being
completely reversible to being completely irreversible. For certain
combinations of substance and soil, the desorption rate can be considerably
slower than the sorption rate. The sorption depends on the molecular
structure of the chemical and the soil properties, such as the amount and the
type of organic matter, the distribution of particle size, and the cation
composition. The sorption may be purely physical or chemical by nature.
Gevao et al. (2000) distinguished between ionic bonding, hydrogen bonding,
van der Waals forces, ligand exchange, complexes formed by charge transfer,
hydrophobic partitioning, covalent bonding, and sequestration. Figure 1
shows an outline from Gevao et al. (2000) of different types of pesticides.

Pesticides
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Figure 1. Outline of pesticides classified according to their molecular structure
(from Gevao et al., 2000). The figure is reproduced with the kind permission from
Elsevier.

Figur 1. Oversigt over pesticider inddelt efter molekylestruktur (fra Gevao et al.,
2000). Figuren er gengivet med tilladelse fra Elsevier.

lonic bonding occurs when the chemicals occur in cationic form in the soil or
can be protonated, and the substances are bound to hydroxyl groups in
humus, either phenolic or carboxyl groups. Cationic substances are e.g. diquat
and paraquat while e.g. the triazines, which are alkaline, can form ionic bonds
if both the chemical and the hydroxyl groups on humus have been ionised by
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the present pH-value in the soil. Hydrogen bonds can be formed between
functional groups in humus that contains oxygen or OH and similar groups in
the pesticide molecules. Hydrogen bonds are supposed to be of great
importance to the sorption of non-ionic pesticides. If the pH-value in the soil
is below the pKa-value of acidic and anionic pesticides such as phenoxy acids,
phenoxyacetic esters, and dicamba, these are brought on a non-ionic form by
which they also can form part of hydrogen bonds. The triazines can also form
part of hydrogen bonds with the parts of the molecule that are not ionised.
E.g. hydrogen bonds can be formed between carbonyl groups in humic acids
and secondary amine groups in the triazines. Glyphosate is often mentioned
as a substance that does not bind to the soil organic matter. However, Piccolo
and Celano (1994) showed that glyphosate [N-(phosphonomethyl)glycine]
via its phosphono group formed hydrogen bonds with O-atoms in soluble
humic acids. Van der Waals forces are weak dipolar attractions that occur
frequently where non-ionic or non-polar chemicals come into contact with
humic acid molecules. Van der Waals forces are thought to be the dominant
type of binding for picloram and 2,4-D (Khan, 1973). In hydrophobic
partitioning the soil organic matter is regarded as an organic phase that is
immiscible with water whether the organic matter is solid or dissolved. When
referring to hydrophobic partitioning, the part of the chemical that is found on
the hydrophobic phase is regarded as being dissolved in this phase.
Hydrophobic partitioning is an important element in the binding of the “old”
chlorinated compounds such as DDT, but it also occurs as one of the binding
processes for trazine and urea herbicides. Covalent bonds are chemically well-
defined bonds, which most frequently are irreversible and which by definition
result in the originally well-defined structure of the pesticide, metabolite or
other chemicals no longer existing. The chemicals that most frequently form
covalent bonds are substances that have functional groups similar to the
functional groups in humus (Bollag & Myers, 1992; Bollag et al., 1992;
Senesi, 1992). E.g. substances that have phenolic groups will often form
covalent bonds with humus. The covalent bonds are often formed by
oxidative coupling and catalysed chemically, photochemically or
enzymatically (Bollag & Myers, 1992; Dec & Bollag, 1997). In some cases,
the microbial activity is the cause of the formation of the covalent bonds while
some groups of substances can form covalent bonds without the participation
of microorganisms (Parris, 1980).

The sorption is often described by a simple equilibrium reaction between the
concentration of substance sorbed to the solid matrix C_(mg/kg) and the
concentration in the aqueous phase C , (mg/l). Several empirical expressions
for describing this relation exist; the most common is the Freundlich-isotherm
or a simple linear isotherm:

Cs = KxC]

where K is called the Freundlich constant and n is a constant describing the
“non-linearity” of the isotherm. If n = 1, the isotherm will be linear.

If it is assumed that the sorption isotherm is linear for the individual substance
to a given soil, a sorption coefficient can be calculated:

Kd:&

W
As most of the pesticides and other foreign chemicals that are found in soil are
bound to the organic matter of the soil, a distribution coefficient between



organic carbon and water K __ is often calculated on the basis of the sorption
coefficient:

Ko = % or
oc
_ 100K,
*  %0C

where f_. is the fraction of organic carbon. This relation is expected to be
valid for soils with more than 0.1% organic carbon.

By far the majority of the published studies on measurements of sorption have
used the OECD method (OECD, 2000) in a more or less adapted form. This
is a batch method by which a given volume of water with a known
concentration of the substance is added to a known amount of air-dried soil.
This mixture is shaken until equilibrium after which the concentration in the
agueous phase is measured. Based on the difference between the initial — and
the equilibrium concentrations in the aqueous phase, the sorbed amount is
measured. In recent times, however, a number of attempts at applying
techniques for measuring the sorption have been carried out by means of
which a natural soil/water ratio is retained (Weber & Young, 1997; Rochette
& Koskinen, 1997). In addition, studies have been published in which more
complex models have shown to describe the sorption better than simple one-
compartment models (Pignatello & Xing, 1996; Ma & Selim, 1994; Streck,
1995; de Jonge et al., 2000).
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4 Degradation

The degradation of a chemical in soil can take place through either chemical
or microbiological processes. Often one or more steps take place chemically
(e.g. a hydrolysis) whereas the following steps are microbiological. The
degradation processes that take place chemically come to an end relatively
quickly whereby the microbiological processes become the more interesting
subject to study. The degradation happens gradually through the formation of
one or more metabolites. By a total degradation of a chemical, CO,, salts, and
water are formed, and parts of the chemical are built into new molecular
structures in the soil humus or in biomass. Thus, it will not be a question of all
the carbon atoms added to the soil through a chemical becoming CQO,
(mineralised) within a foreseeable time. This is illustrated in Figures 2 and 3.
Figure 2 shows a general diagram of the degradation of the herbicide
mecoprop whereas Figure 3 shows the measurements of collected “CO,,
developed from the incubation of *“C-labelled mecoprop in soil in the
concentration of 5 ny g*. At the time when the incubation has stopped, about
62% of the added substance has been converted to “CO,, but at this time no
extractable residues of mecoprop or metabolites are found. The remaining
38% of the added radioactivity is thus either built into the organic
constitutents of the soil or bound very strongly to these constituents.

CH,
CH-COOH

) CH,

/ \ Biomasse — CO,
Cl
\ Humus —  CO,

Figure 2. Diagram illustrating the degradation of the pesticide mecoprop. An inter-
stage may occur in which the metabolite 2-methyl-4-chlorphenol is formed.

Figur 2. Skema der illustrerer nedbrydningen af pesticidet mechlorprop. Et
mellemtrin, hvor metabolitten 2-methyl-4-chlorphenol dannes, kan forekomme.
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Figure 3. Mineralisation of mecoprop 5 ng g' in soil.
Figur 3. Mineralisering af mechlorprop5ng g’i jord.

Degradation experiments can be carried out either by measuring the
disappearance over time of the added pesticide or the formation of the
mineralisation product “CO, from “C-labelled pesticides. The soil
microorganisms manage most of the degradation processes, and the
degradation can either take place metabolically — that is microorganisms
making use of the substances that are being degraded for growing — or it can
take place cometabolically where the substances are degraded by
microorganisms without these being able to make use of the pesticide as a
source of energy or nourishment. In the metabolic degradation process the
degradation rate of the substance is increased as the microorganisms are
growing. Figure 4 shows an example of the illustration of
degradation/mineralisation experiments when the process takes place with no-
growth kinetics and growth kinetics, respectively. Growth kinetics may take
place for selected chemicals but will in plough layer soil typically not be seen
until the concentration of the substance is relatively high (Fomsgaard, 1999).

Without growth of microorganisms With growth of microorganisms

—a—formation of
mineralisati
on product

—a—degradation

Conc. of chemical
%?14C as 14CO,

e

Days Days

Figure 4. Examples of illustrating degradation and mineralisation of chemicals in
soil when the processes take place with and without growth, respectively.

Figur 4. Eksempler pa afbildning af nedbrydning og mineralisering af kemiske stoffer i
jord, nar processerne foregar henholdsvis med og uden vakst.

Many factors influence the degradation of chemicals in soil. Factors such as
temperature, water content, and other climatic factors, soil texture,
microbiological activity, the composition of the other organic matter of the soil
and the soil microbial biomass as well as the biological diversity and plant
coverage. The fact that the depth of the soil influences the degradation rate of
pesticides because of the very variable chemical and biological conditions has



been described in many publications (Dictor et al., 1992; Muelleret al., 1992;
Minton et al., 1990; Moorman & Harper, 1989; Pothuluri et al., 1990).

The effect of temperature on the degradation rate of pesticides is also well
described (Helweg, 1993; Helweg, 1987; Matobaet al., 1995; Ismail & Lee,
1995; Walker et al., 1996; Jones, 1986; Eberbach, 1998). Walker et al. (1996)
reviewed a large number of studies of pesticide degradation and calculated
mean Q,, -values. The water content of the soil has also often been described
as being of importance (Ismail & Lee, 1995; Helweg, 1993; Helweg, 1987)
just as the initial concentration of the pesticide (Helweg, 1993; Helweg, 1987;
Reffstrup et al., 1998; Jacobsen & Pedersen, 1992; Parker & Doxtader, 1982;
Mueller et al., 1992; Alexander, 1985; Helweg, 1993; Fomsgaard &
Kristensen, 1999b). Temperature, water content, and soil depth are factors
taken into account as having an influence on the degradation rate of pesticides
in the 9 dynamic leaching models PRZM-2, PRZM, PELMO, GLEAMS,
PESTLA, VARLEACH, LEACHM, MACRO, and PLM used in the
FOCUS comparisons (Boesten et al., 1995). Biological activity/biomass have
also often been measured just as it has been attempted to relate them to the
degradation rate of pesticides, either directly or through the variation in soil
depth (Anderson, 1984; Torstensson & Stenstrdm, 1986; Monrozier et al.,
1993; Dictor et al., 1992). The amount of organic matter is normally also
related to the soil depth, and its influence on the degradation of xenobiotic
chemicals has also often been studied (Reddy et al., 1995; Duah-Yentumi &
Kuwatzuka, 1980; Greer & Shelton, 1992; Knaebel et al., 1994). The pH-
value in the soil (Smelt et al., 1983; Smelt et al., 1978), the oxygen conditions
in the soil (Sinclair & Lee, 1992; Pothuluri et al., 1990; Ouet al., 1988), the
water content of the soil Helweg, 1987; Helweg, 1993; Konopka & Turco,
1991), and repeated sprayings with the same substance (Moorman, 1990;
Rahimaecet al., 2000) influence the degradation rate as well. Koetler et al.
(2001) described how wetting/drying cycles reduced the extractable amount
of atrazine and phenanthrene. Finally, there is the influence of the factor on
the degradation, which the present report deals with, viz. sorption. To a great
extent, the sorption of the substance determines whether it is available to
microbial degradation.
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5 Bioavailability

Bioavailability is a term frequently used when one describes the possibility of
plants absorbing the chemical or the availability of the substance to soil
organisms, the latter case often being coupled with toxicity. Bioavailability
understood as availability to the microorganisms in the soil is very consistently
used in literature focusing on bioremediation in which an increase in the
microbial degradation of a chemical is wanted. The focusing on techniques
for increasing bioavailibity in this context may probably be attributed to the
fact that many bioremediation tasks have focused on very hydrophobic
substances such as the PAHSs. Literature that describes the natural microbial
degradation of pesticides in the soil environment only rarely makes use of the
expression “bioavailability””. Most publications phrase the problem — that the
substances may be not be able to establish contact with the microorganisms —
in different ways. E.g. formation of bound residues, the influence of the
binding on the degradation, and microcavities in the soil where the chemical
molecule can penetrate but where the space is too small for the
microorganisms. Thus, the expression “bioavailability” can in principle be
understood as the availability of the chemicals to microorganisms.

The amount of organic matter in the soil will generally increase the binding of
the substances to soil particles unless it is a question of substances, such as
glyphosate, which are chiefly bound to clay particles and where in several
cases a reverse correlation has been shown between the binding of glyphosate
and the amount of organic matter (Parfitt et al., 1995; Glass, 1987). The first
reactions between foreign chemicals and soil are physically-chemically
reversible interactions. However, it applies to many pesticides in soil that the
sorption-desorption process is not completely reversible, and the possibility of
desorption is often reduced the longer the chemical has been present in the
soil (Lehmann et al., 1990; Barriuso et al., 1992). At the same time as the
extractability of the pesticide decreases, the formation of bound residues
increases. A large number of authors have described this connection in
conceptual diagrams (Novak et al., 1995; Wauchope & Meyers, 1985; Scow
& Hutson, 1992; Calderbank, 1989).

The amount of the organic matter in the soil has also another effect, as the
presence of a large amount of organic matter in soil may be attributed to
higher biological activity, as a large amount of degradable organic matter has
been present on which the microorganisms could be propagated. A higher
biological activity will often increase the transformation rate of not just the
organic matter found naturally but also the added foreign organic substances.
With this the organic matter may have two opposite effects in the soil. Mueller
et al. (1992) showed that there was a positive linear correlation between the
degradation rate for fluometuron and the content of organic matter in the soil
and the microbial biomass while Simon et al. (1992) showed that such a
correlation could not be shown for fenamiphos. Veeh et al. (1996) found a
positive correlation between the degradation rate for 2,4-D and the number of
microorganisms and asserted that it would be possible to find such a
correlation for most pesticides with a low binding to the soil organic matter.
Torstensson and Stenstrom (1986) measured the biological activity as a basic
respiration rate and also studied the degradation of 2,4-D but in contrast to
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Veeh et al. (1996) found no clear correlation between the respiration rate and
the degradation rate for 2,4-D. They found this correlation for linuron and
glyphosate, however.

A very complex connection between the sorption of xenobiotic chemicals to
the soil organic matter and the microbial degradation of the substances in the
soil environment is more the rule than the exception. In order to throw light
upon this connection, the development in the past few years has been in the
direction of investigating the microbial degradation of chemicals in soil under
circumstances as close to the real environment as possible. When the sorption
is so significant as to whether the added chemical comes into contact with the
degrading microorganisms, there will be a great difference in what is found
when degradation experiments are carried out in soil that has a natural water
content as opposed to experiments where the soil is suspended in water.
Therefore, publications that describe degradation experiments with pesticides
in agueous suspensions are becoming very rare. At pesticide concentrations of
more than 1 ng/g in soil, substances that can be degraded metabolically will
often be degraded according to growth kinetics whereas at lower
concentrations the degradation will often take place according to no-growth
kinetics. A normal consumption of pesticides will lead to concentrations of 1
ny/g or less in the upper soil layer. On the other hand, point source pollution
with pesticides or industrial pollution with industrial chemicals may lead to
higher concentrations. Therefore, one ought to be aware whether experiments
are carried out at realistic concentrations.

While the aim is to carry out experiments under circumstances that resemble
the natural ones, development has also gone in the direction of making a
complete description of the mechanisms that control the degradation of the
chemicals so that the influence of the sorption on this can be described.



6 The influence of sorption on the
degradation described by
mathematical models

It has often been seen that the sorption has a limiting effect on the degradation
rate of pesticides, which can be explained by the fact that first of all it is the
amounts of pesticide available in the aqueous phase of the soil that can be
microbially degraded. Even though this factor plays a part, a degradation of
sorbed chemicals may still take place to a certain extent. If the desorption is
dependent on time and takes place at a rate that is on a level with or lower
than the degradation rate, the dependence of the degradation on the sorption
leads to complex kinetics even though the degradation kinetics itself is simple
first-order kinetics. Guo et al. (2000) studied the influence of the sorption on
the degradation rate of 2,4-D in the presence of varying amounts of activated
carbon and described the sorption by a two-compartment first + first-order
degradation process which took place in the aqueous phase and in the sorbed
phase, respectively. Guo concluded that the degradation process took place in
the two phases at different rates.

Hill and Schaalje (1985) described a two-compartment model for the
degradation of deltamethrin in soil. Jones et al. (1996) and Reid et al. (2000)
pointed out that curves (Figure 5) that describe the course of the degradation
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Figure 5. A biphasic degradation process for a chemical in soil (Reid et al., 2000). The
figure is reproduced with the kind permission from Elsevier.

Figur 5. Et to-faset nedbrydningsforlagb for et kemisk stof i jord (Reid et al, 2000).
Figuren er gengivet med tilladelse fra Elsevier.
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of chemicals in soil often consist of two phases, an initial phase with a quick
degradation and a second phase with a much slower degradation, where they
were of the opinion that the relative significance of each of these phases would
be determined by the volatility and hydrofobicity of the chemical. If the
degradation takes place according to such a biphasic process, it is not logical
to determine the degradation of chemicals by means of half-lives. Using *‘C-
labelled substances and measurement of the formed “CO,, Scow et al. (1986)
analysed the kinetics of the mineralisation of chemicals in soil and pointed out
that this, too, was a two-phase process (Figure 6). Fomsgaard and Kristensen
(19993, 1999b) and Fomsgaard (1999) described the biphasic mineralisation
of ETU with mathematical models, which were able to describe processes
both with and without microbial growth (Figure 7), and stated, just like Scow
(1986) and Brunner and Focht (1984), that the second — considerably slower
— phase of the mineralisation process had to be a mineralisation of the soil
organic matter in which “C from the pesticide had already been built in or to
which it had already been strongly bound. Whether - in the second phase - it
is in actual fact a question of *“C being first built into the soil organic matter,
which subsequently is mineralised, or whether a slow mineralisation takes
place of the foreign chemical molecule that is bound to the surface of the soil
is difficult to tell. If measurable amounts can be extracted when the
mineralisation experiment is interrupted, then the latter is the case. In the
cases in the studies of Fomsgaard and Kristensen (1999a, 1999b) where the
mineralisation in the first compartment took place with no-growth kinetics, a
two-compartment first + first-order process was the model which resulted in
the best fit of the mineralisation.

% OF ADDED '4C MINERALIZED

L ] 1 1 1

10 20 30 40 50
HOURS

Figure 6. Biphasic mineralisation curve for aniline in varying concentrations (from
Scow et al., 1986). The figure is reproduced with the kind permission from American
Society for Microbiology.

Figur 6. To-faset mineraliseringskurve for anilin i varierende koncentrationer (fra
Scow et al, 1986). Figuren er gengivet med tilladelse fra American Society for
Microbiology.
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Sjelborg et al. (2002a) compared the use of a one-compartment first-order
model and a two-compartment first + first-order model respectively for the
description of the degradation of ioxynil: The models were described as

first-order model: c(t) = axe’
first + first-order model: c(t) = axe \* +bxe et
where

c(t) = the amount of remaining pesticide at the time t

a = the initial amount of pesticide degraded according to the initial first-
order process

b = the initial amount of pesticide degraded according to the second first-
order process

t = the time in days

k, = rate constant for the degradation in the first compartment

k, = rate constant for the degradation in the second compartment

The comparison of the application of the two different models is seen in
Figure 8. A first-order degradation process can be solved analytically, and a
half-life (DT,,) can be determined. A two-compartment first + first-order
process cannot be solved analytically, and it was concluded that the use of a
half-life, calculated from the simple first-order process, for a description of
degradation rates is not adequate.

Many mathematical models, which were formerly used to describe the
degradation kinetics of a chemical, took as their starting points the
degradation of a single soluble chemical by means of a single culture of
bacteria in a suspended experimental system. One of the models, which were
often used where bacterial growth occurs, is the Monod model. From this,
various other models can be derived for describing the degradation of a
substance, each of these models having its own relevance depending on the
initial concentration of the chemical and the bacterial density — models such as
first-order, zero-order, Michalis-Menten, logarithmic, and logistic equations
(Simkins & Alexander, 1984). As to chemicals in soil, first and foremost
pesticides, it is frequently assumed that the degradation takes place according
to simple first-order kinetics from which a DT -value is derived. Scow et al.
(1986) and Fomsgaard (1999) showed that the mathematical description of
mineralisation curves, in which the *CO, development from *C-labelled
pesticide is measured, is best carried out by means of two-term models where
the second term describes the slow degradation of *“C from the pesticide,
which has been built into or strongly bound to the soil constituents.

Many authors have been of the opinion that a degradation that was much
slower than expected is due to a slow diffusion of the chemical through the
soil matrix before it reaches the microorganisms (Gustafson & Holden, 1990;
Firestone, 1982; Focht & Shelton, 1987; Myrold & Tiedje, 1985; Schmidt &
Gier, 1989). Pignatello (1989), Harmon et al. (1989), Brusseau and Rao
(1989), and Brusseau et al. (1991) showed that diffusion is the process that
dominates sorption and desorption processes. Scow and Hutson (1992) and
Scow and Alexander (1992) developed a diffusion-sorption-biodegradation
model (DSB) and applied it to empirical experiments. The model is outlined
schematically in Figure 9. The results show that in suspensions of soil in water
or if the soil aggregates are very small or when the concentration in the
solution is very large a simple first-order process can often be used to describe
the degradation of chemicals in soil. But if systems are involved where the
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Figure 8. Application of first-order and two-compartment first-order model,
respectively, for description of the degradation of ionynil (0.5 mg/kg) in plough
layer soil and soil from a depth of 80-100 cm from Faardrup. The points are the
experimental values whereas the full-drawn line is the mathematical model (Sjelborg
etal., 2002a).

Figur 8. Anvendelse af 1. ordens henholdsvis to compartment 1. ordens model til
beskrivelse af nedbrydningen af ioxynil (0,5 mg/kg) i plgjelagsjord og jord fra 80-100
cm fra Faardrup. Punkterne er de eksperimentelle vaerdier, mens den fuldt optrukne
linje er den matematiske model (Sjelborg et al., 2002a).
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water content of the soil is natural, if large aggregates are present or when the
concentration in the soil water is small, a two-compartment model must be
used to describe the degradation, and the rate constant for the slow part of the
two-compartment degradation and the distribution of the amount of pesticide
on the two degradation processes are determined by the diffusion/sorption of
the substance in the soil (Scow & Hutson, 1992). Shelton and Doherty
(19973, 1997b) described a combined sorption-degradation model, which
involved growth kinetics of the degradation process and used it for describing
the decomposition of 2,4-D in soil. Gamerdinger et al. (1990) and Beigel et al.
(1999) developed models that described the simultaneous sorption and
degradation of chemicals in soil that could be used for studies, which were
carried out as leaching experiments in small columns.
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Figure 9. Schematic diagram showing the relation in the diffusion-sorption-
biodegradation model (Scow & Hutson, 1992). The figure is reproduced with the kind
permission from Soil Science of American Journal.

Figur 9. Skematisk diagram, der viser sammenha&ngen i diffusion-sorption-
bionedbrydningsmodellen (Scow og Hutson, 1992). Figuren er gengivet med tilladelse
fra Soil Science of American Journal.

Sjelborg et al. (2002b) compared the degradation of fenpropimorph in three
different soils that had been incubated with the substances in the
concentration of 0.5 mg/kg and with a natural water content and described the
degradation by a two-compartment first + first-order process and a simple
first-order process respectively (Figure 10 — Figure 12). It was entirely
consistent that the description by the two-compartment model resulted in a
higher correlation coefficient than the description by the simple first-order
model (see the values in Figures 10 — 12). As in the literature mentioned
above, the two compartments can be regarded as one compartment where a
relatively quick decomposition of freely available pesticide takes place and
another compartment where the decomposition is slower because it is
controlled by a desorption or diffusion process. The distribution of the
amounts of pesticides a and b between the two compartments is apparently
determined by the structure of the pesticide, the amount of present organic
matter to which the substance can be bound, and the rate k, at which some of
the pesticide can be decomposed in the first compartment before the
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Figure 10. Degradation of phenpropimorph Faardrup 0-20 cm. a) Two-compartment
first + first-order model. b) First-order model. Points: data points. Full-drawn line:
model. Correlation coefficient r’ Half-life according to the first-order model =15
days. The first three half-lives according to the first + first-order model: 4.2 days, 21.8
days, and 35.8 days, respectively (Sjelborg et al., 2002b)

Figur 10. Nedbrydning af fenpropimorph Fardrup 0-20 cm. a) to-compartment 1.+1.
ordens model. b) 1. ordens model. Punkter: datapunkter. Fuld optrukken linje: model.
Korrelationskoefficient r?. Halveringstid ifglge 1. ordens modellen = 15 dage. De
farste tre halveringstider ifglge 1.+1. ordens modellen: 4,2 dage, 21,8 dage and 35,8
dage (Sjelborg et al., 2002b).
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Figure 11. Degradation of phenpropimorph Jyndevad 0-20 cm. a) Two-compartment first
+ first-order model. b) First-order model. Points: data points. Full-drawn line: model.
Correlation coefficient r’ Half-life according to the first-order model = 122.6 days.
The first three half-lives according to the first + first-order model: 66.3 days. The
following half-lives cannot be calculated (Sjelborg et al., 2002b).

Figur 11. Nedbrydning af fenpropimorph Jyndevad 0-20 cm. a) to-compartment 1.+1.
ordens model. b) 1. ordens model. Punkter: datapunkter. Fuld optrukken linje: model.
Korrelationskoefficient r?. Halveringstid ifglge 1. ordens modellen = 122,6 dage. De
farste tre halveringstider ifglge 1.+1. ordens modellen: 66,3 dage. De faglgende
halveringstider kan ikke beregnes (Sjelborg et al., 2002b).
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Figure 12. Degradation of phenpropimorph Tylstrup 0-20 cm. a) Two-compartment first
+ first-order model. b) First-order model. Points: data points. Full-drawn line: model.
Correlation coefficient r’. Half-life according to the first-order model = 379 days.
The first three half-lives according to the first + first-order model: 483 days, 623 days,
and 624 days, respectively (Sjelborg et al., 2002b).

Figur 12. Nedbrydning af fenpropimorph Tylstrup 0-20 cm. a) to-compartment 1.+1.
ordens model. b) 1. ordens model. Punkter: datapunkter. Fuld optrukken linje: model.
Korrelationskoefficient r*. Halveringstid ifglge 1. ordens model = 379 dage. De farste
tre halveringstider ifglge 1.+1. ordens modellen: 483 dage, 623 dage og 624 dage
(Sjelborg et al., 2002b).

33



34

remaining amount is bound in the second compartment. The rate of the
degradation process in the first compartmentk  is probably determined by the
biological activity whereas the rate of process in the second compartmentK, is
determined by the desorption/diffusion rate. A model describing these
relations is being prepared.

In a two-compartment first + first-order equation the DT, -value cannot be
found analytically; half-lives can only be indicated from readings of the curve
or from an iterative method. The simple first-order equation, on the other
hand, can be solved analytically as DT, = In2/k. The half-life according to the
first-order equation is therefore the same no matter where one is in the
process whereas the half-life according to the two-compartment first + first-
order process changes over time and typically lengthens as the rate constant
for the degradation is low in the second compartment, which becomes the
dominant one as time passes.

In the leaching model, MACRO, a possibility is built in of inserting two DT -
values for the aqueous phase of the soil and the sorbed phase respectively.
The normal procedure is to insert the same DT _-value in both phases, which
has been calculated on the basis of a simple first-order process. However, on
the basis of the two-compartment model a half-life for each of the two
compartments can be calculated from In2/k, and the distribution of the of
substance can be taken into account. In this way, one can assess the
application of the two degradation models. However, a developed version of
MACRO of which a model description combining the sorption and the
degradation processes forms part would be preferable by far.

The error that is made by using a simple first-order model as the basis for
calculations of half-lives varies according to the other circumstances in the
soil. In Figure 10 is seen that the half-life is estimated at 15 days according to
the simple first-order process whereas it is just 4.2 days for the first halving
according to the two-compartment model. If one assumes that the part of the
substance that is decomposed in the second compartment has been extracted
only owing to the application of an organic extraction agent and that it will not
otherwise be available to the biology of the soil or to leaching to the
groundwater, then a more severe assessment of the substance has been made
when using the simple first-order process than might be considered
reasonable. On the other hand, if the amount that is decomposed in the
second compartment in actual fact is bioavailable or can be leached to the
groundwater, the substance is assessed too mildly when using the simple first-
order process as three halvings are estimated at just 45 days whereas it takes
62 days according to the two-compartment process. Thus it is not just a
guestion of a need to find the right model for describing the sorption-
degradation process but also a question of throwing light upon the type of
binding and the bioavailability of the amounts of the substance that are
decomposed in the second compartment.

Sorensen et al. (1998) ranked the results of a number of monitoring findings
of leached pesticides, compared this ranking with the ranking of various
descriptors for the pesticides, and showed that there was a close connection
between the ranking according to monitoring data and the ranking according
to the three descriptors, dosage, sprayed area, and K__-value. On the other
hand, the ranking in relation to the DT _-value was not nearly so usable in
relation to the found monitoring data. The ranking in relation to the



degradation rate might have been more usable if a two-compartment model
had been used for the description of the degradation.
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7 Bound residues

Several decades ago “aging” was frequently mentioned in the pesticide
literature whereby was understood the phenomenon that chemicals — most
frequently described for pesticides — were becoming less extractable and with
this less bioavailable after a prolonged residence time in the soil. In recent
years mention of this phenomenon has again become relevant where it now
most frequently is linked to discussions of the formation of bound residues.
On examination of literature on bound residues there seems to be some
confusion concerning the use of this term. Therefore, IUPAC (the
International Union of Pure and Applied Chemistry) has found it relevant to
define the term bound residues as “chemical species (active ingredient,
metabolites and fragments) originating from pesticides, used according to
good agricultural practice, that are unextracted by methods which do not
significantly change the chemical nature of these residues, but which remain
in the soil. These non-extractable residues are considered to exclude
fragments, recycled through metabolic pathways leading to naturally
occurring products” as stated by Roberts (1984) and Kearney (1982).

The ability of the chemicals to be bound (sorbed) to the soil organic or
mineral particles and to be degraded by the soil microorganisms is key
properties when the leaching risk of the substances is to be assessed. These
characteristics are determined by the molecular structure of the substances,
but the current binding and degradation taking place in a given environment
are further determined by the environment, e.g. the soil structure, biological
activity, and the amount of water running through. The binding is more or
less reversible, which was illustrated by e.g. Barriuso (1994) (Figure 13).
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Figure 13. Distribution of pesticide over time between liquid phase and solid phase
(Barriuso, 1994). The figure is reproduced with the kind permission from Elsevier.
Figur 13. Pesticidfordeling over tid mellem vaeskefase og jordfase (Barriuso, 1994).
Figuren er gengivet med tilladelse fra Elsevier.

The distribution of pesticides between the aqueous phase and the soil phase
was also illustrated by Barriuso (1994) as in Figure 14, where there is a
distinction between a water-extractable part, a solvent-extractable part, and a
non-extractable part of bound residues. Barriuso mentions a level of biocide
pollution, which is found at the time when a lot of pesticide and/or metabolite
is still present in the soil environment, which may have a measurable toxic
effect on e.qg. fish, plants or microorganisms; a level of chemical pollution,
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which is measured by chemical extraction methods where the efficiency of
these methods influence on the given result; and a level of ecological pollution,
which arises because he considers everything that is not measurable as active
bound residues of the pesticide remaining in the environment. Barriuso
(1994) was of the opinion that a chemical analysis with classic analytical
techniques underestimates the chemical pollution, as not all bound residues
present are extracted. At the same time Barriuso (1994) wrote that if the
interesting part is the size of the amount of pesticide present in the soil that
may have a toxic effect on soil organisms, then a chemical analysis will result
in a overestimated result, as the chemical analysis is traditionally carried out
with extraction agents that extract as large a quantity of the substance as
possible whereas a toxic effect on soil organisms only occurs if the substance
is present in the aqueous phase. In the same way a traditional chemical
method of analysis will often overestimate the amount of chemical that may be
a threat to the groundwater.
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Figure 14. Soil pollution levels over time (Barriuso, 1994). The figure is reproduced
with the kind permission from Elsevier.

Figur 14. Jordforureningsniveauer over tid (Barriuso, 1994). Figuren er gengivet med
tilladelse fra Elsevier.

When an extraction method for chemicals in soil is being developed
experiments with “spiked samples’ are always carried out, that is experiments
where known amounts of the chemical is added to the soil to which the
extraction method is then applied. It is normal practice to leave the spiked
sample for 24 hours as it is a well-known phenomenon that an extraction that
is carried out immediately after adding the substance will overestimate the
recovery percentage, which then does not cover the recovery percentage that
exists when a “genuine” soil sample is analysed as the chemical in such a



sample has been present for far more than 24 hours. Here, one is in reality
also a long way into the problem concerning the lag period, which influences
the binding (which again influences the degradation). Figures 15 and 16 show
selected examples of the change in the desorption over time of pesticides to
soil (Walker et al., 1995; Johnson et al., 2000).
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Figure 15. Changes in desorption over time for a) linuron, isoxaben, propyzamide and
b) metsulfuron-methyl (Walker et al., 1995). The figure is reproduced with the kind
permission from British Crop Protection Council.

Figur 15. £ndring af desorption over tid for a) linuron, isoxaben, propyzamid og b)
metsulfuron-methyl (Walker et al., 1995). Figuren er gengivet med tilladelse fra
British Crop Protection Council.
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Figure 16. Change of sorption over time of imazmethabenz-methyl in soil at varying
pH (Johnson et al., 2000). The figure is reproduced with the kind permission from
Weed Science Society of America.

Figur 16. £ndring af sorption over tid af imazmethabenz methyl i jord ved varierende
pH (Johnson et al., 2000). Figuren er gengivet med tilladelse fra Weed Science Society
of America.

A number of previous studies have described how “C-labelled bound residues
have been activated. The addition of fresh soil and addition of glucose or
manure increased the decomposition of **C-parathion bound residue (Racke
& Lichtenstein, 1985), and the addition of glucose increased the
decomposition of *“C-atrazine bound residue (Khan & Bheki, 1990). Both
studies explained the activation by an increased microbial activity. However, a
chemical analysis of the mentioned *“C-labelled bound residues was not
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carried out. Therefore, it is important to be aware whether studies describing
the activation of *‘C bound residues may describe a naturally increased
degradation of the organic matter where **C from the pesticide in a molecular
form that differs from the original has been built in.

Fomsgaard and Kristensen (2002) and Christensen (2002) showed that there
is a significant difference between water-extractable and solvent-extractable
isoproturon. Figure 17 shows selected results from Fomsgaard and Kristensen
(2002) where the difference between the water-extractable and the solvent-
extractable parts of isoproturon in a degradation experiment is significant.
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Figure 17. Degradation of “C-isoproturon in soil 0.1 ng/g. Water extractable and
solvent extractable amounts of IPU and metabolites, calculated in % of added amount
of “C-isoproturon (Fomsgaard & Kristensen, 2002).

Figur 17. Nedbrydning af *C-isoproturon i jord 0,1 ng/g. Vandekstraherbare og
solventekstraherbare maengder af IPU og metabolitter, beregnet i % af tilfart mengde
“C-isoproturon (Fomsgaard & Kristensen, 2002).

When the amount of extractable substance in Fomsgaard and Kristensen
(2002) decreases in the course of time, it is first and foremost due to the
microbial degradation, which can also be seen from Figure 7 showing the
formation of *“CO, from the pesticide. Nevertheless, after about 750 days only
about 18% of the added amount of *C (calculated in equivalent amounts of
“C-isoproturon) is transformed to “CO,. And 20% of the added amount can
be extracted (4% with water and 16% with an organic solvent). The remaining
amount of C (62%) will be built into the soil microorganisms and into the
soil organic matter or will exist as bound residues so strongly bound that it
cannot be extracted with a solvent. The fact that a formation of “CO,still
takes place after 800 days is natural as there will still be a microbiological
activity, which can transform the organic matter into/to which *C now is
built/strongly bound. A large pool of organic matter, which is decomposed in
the course of one growing season, is constantly found in the upper soil layers.
Bureaul et al. (1998) estimated that close on 8 t of organic carbon per hectare
is decomposed in the course of one growing season.



A. Calderbank

Table 2. Examples of bound pesticide residucs in soils

Structural Bound residues  Parent
1ype (% of applied}  detected® Reference®
Herbicides
Anilides and 34-90 No Hsu and Bartha (1976)
urcas Worcebey and Webster {1982)
Bipyridyliums 10-90 Yes Calderbank (1968)
Riley ct al. (1976)
~ Nitroamiines 7-85 No Helling and Krivonak (1978)
Golab et al. (1979
Wheeler et al. (1979)
Phenoxy 28 No Smith and Muir (1980)
Stott et al. (1983)
Phosphonate 12-95 Yes Rueppel et al. (1977)
(glyphosate) Nomura and Hilton (1977)
Triazincs 47-57 Yes Kahn (1982a)

Capricl ¢t al. (1985)

Insecticides

Carbamates 32-70 Yes Kazano et al. (1972)
Hill (1976)

Organochlorines 7-25 ? Lichtenstein et al, (1977)

Organcphosphates 1880 Yes Katan et al. (1976)

Spiliner et ai. (1979)
Ambrosi et al. (1977)

Pyrethroids 3-23 No Roberts and Standen (1981)
Zhang et al. (1984)
Jordan and Kaufman (1986)

Fungicides
Chlorophenols 45-90 Yes? Murthy et al, (1979)
Nitroaromatic 60-90 Yes? Mitteistaedt and Fuhr {1984)
(dinocap)

*Indicates where parcnt was positively identified. In cases with “No” or question mark,
method of extraction may have decomposed parent molecuie.
*Further references will be found in Kahn (1982), Klein and Scheunert (1982), and

Roberts (1984).

Figure 18. Outline of pesticides forming bound residues (Calderbank, 1989). The figure

is reproduced with the kind permission from Springer Verlag.
Figur 18. Oversigt over pesticider, der danner bundne rester (Calderbank, 1989).
Figuren er gengivet med tilladelse fra Springer Verlag.

Bound residues are formed to a greater or lesser extent from ALL types of
substances. There have been many reviews on bound residues (Klein &
Scheunert, 1982; Khan, 1982; Roberts, 1984; Fuhr, 1987), and in 1996 a
major workshop was held on this subject (Fuhr, 1996). Calderbank (1989)
summed up the lists of Klein and Scheunert (1982), Khan (1982), and
Roberts (1984) of pesticides that form bound residues (Figure 18). The size
of the amounts of bound residues stated in Calderbank’s (1989) list that has
been identified as starting substance or metabolite varies. Bound residues of
glyphosate have e.g. been quantitatively extracted from a volcanic ash soil
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with a strong alkaline solution (Nomura & Hilton, 1977). The bipyridilium
herbicides diquat and paraquat are unstable in alkaline solutions but can be
extracted from soil if the soil is opened with a strong sulphuric acid (Tucker et
al., 1967). Such a procedure destroys the soil colloids whereby the herbicides
can be quantitatively extracted from the soil. This procedure can only be
applied to a very few pesticides as most of them will be destroyed at the same
time as the soil colloids are destroyed.

In an experiment with pirimicarb Hill (1976) showed that up to 70% of the
added amount/quantity of pesticide was found as bound residues in the soil
after 2 years. When extracted with 0.1M NaOH, 18% of this could be
guantified as original pesticide. Khan (1982) showed that more than half the
“C-promethryn bound residues was present as the original molecule, and
Capriel et al. (1985) showed that after 9 years 10% of the bound residues
found in the soil from atrazine could be characterised as the original pesticide.
As to substance groups such as ureas, anilides, phenoxy acids, nitroanilines,
and pyrethroids, it has emerged that quantifiable amounts of the original
substances cannot be extracted from the bound residues (Hsu & Bartha,
1976; Stottet al., 1983; Wheeler et al., 1979).

Burauel et al. (1998) quantified bound residues from measurements of *C in
soil from 20 different outdoor lysimeter experiments where the experiments
were carried out with *“C-labelled atrazine, terbuthylazine, chloridazon,
dichlorprop-P, methabenzthiazuron, pyridate and anilazine. After two years’
experiments, more than 80% of the remaining *‘C was found in the upper 30
cm of the soil column of which the total length was 110 cm. Burauel et al.
(1998) stated that 50-90% of the remaining radioactivity in the upper layer in
such experiments normally can be characterised as “bound residues”, that is
non-extractable substance, metabolites or fragments of substance. Burauel et
al. (1998) pointed out, however, that in many cases the structure of these
bound residues has not been explained. In his lysimeter experiment with
methabenzthiazuron, he found that 28.8% of the added radioactivity could be
extracted from the soil in the form of the original substance after 127 days
whereas < 1% of the added radioactivity could be extracted from the soil in
the form of the original substance after 6.5 years. The bioavailability for the
following crops was minimal with the highest amount of built-in radioactivity
of 2% found in winter wheat — and it cannot be ruled out that the wheat has
assimilated “CO, as a part of the incorporated ““C. In the lysimeter experiment
with anilazine only about 10% of the radioactivity in the soil was found to be
extractable after just 6 weeks. As a supplement Burauel et al. (1998) carried
out “C-NMR studies of humic and fulvic acids, which had been extracted
from soil incubated with “*C-anilazine. The typical dialkoxy binding, which
occurs when anilazine is built into humic and fulvic acids, was present
whereas the free original substance was not.

Fomsgaard et al. (2003a; 2003b) carried out lysimeter experiments with
isoproturon and glyphosate. Experiments with **C-labelled isoproturon were
carried out as repeat determination in soil that had been treated
conventionally whereas experiments with **C-labelled glyphosate was carried
out as repeat determination in soil that had been tilled with a reduced
treatment. 48% and 54%, respectively, of the added radioactivity in the
isoproturon experiments were found in the upper 10 cm of the soil while 17%
and 14%, respectively, were found in soil from a depth of 10-20 cm.
Extractions were carried out in the 0-10 cm soil, at first with an aqueous
CaCl, solution where 0.49% and 0.2%, respectively, of the added activity was



extracted. By a subsequent extraction with acetonitril 1.19% and 0.56%,
respectively, were found. Nothing extractable was found in the deeper layers.
Because of the low extractable amounts no subsequent chemical analysis was
carried out. In these lysimeter experiments, it must be noted that almost the
whole amount of radioactivity left in the soil was bound residues. Further, it
must be noted that some of the extractable amount (which may be assumed to
be original matter or metabolites without it being known for certain) is more
easily mobilisable than the rest, as it can be mobilised (extracted) with an
aqueous solution while the rest needs acetonitrile. The possibility that the
extractable substance may be mobilised under natural circumstances may be
thought to be illustrated with the water extractable part. Whether the non-
extractable part may be mobilised as an active pesticide or metabolite will
need further investigation.

It is very difficult to predict how large an amount of pesticide remains that the
soil can bind and deactivate, but it must be assumed that the amount of
pesticide remains is very small compared with the large amount of natural
organic matter, which forms part of the soil cycle every year and that therefore
no saturation of the sites where the pesticide remains can be bound will ever
occur, especially when it is taken into consideration that a degradation also
takes place. It is normally a matter of less than 1 kg of carbon, which comes
from pesticides, out of a total amount of carbon, which constitutes between
20,000 and 40,000 kg/ha in an average plough layer depth in agricultural soil.

Sequestration or entrapment in micropores is a phenomenon that has been
studied and discussed very much in recent years. Waters and Oades (1991)
and Bergstrom and Stenstrém (1998) described the differences in size
between the soil pores, the chemical molecules, and the degrading organisms
(Figure 19), and in their experiment with degradation of 2,4-D, Bergstém and
Stenstrom (1998) showed that after 7.7 days most of the chemical substance
was found in micropores in the soil where there is no considerable exchange
of water and where the bacteria cannot penetrate (Figure 20). Thus the
availability of these parts of the substance is only possible if the substance
diffuses into the major pores or if the degradation of the substances can take
place by means of secreted enzymes from the microorganisms. Gevao et al.
(2000) wrote that entrapment of chemicals in the soil could take place after a
prolonged time or aging but did not define the prolonged time more closely.
Dec and Bollag (1997) defined sequestration as a situation in which the
substances could still be extracted from the soil. Sequestration differs from
adsorption in that adsorption takes place relatively quickly whereas
sequestration is a slower process; both processes can, however, take place at
the same time (Huang et al., 1996; Pignatello & Xing, 1996). According to
Alexander (1995), diffusion phenomena combined with sorption on available
microsites, control the sequestration.

What the chemical structure is like when bound residues are concerned is
another matter. Barriuso (1994) mentioned chemical binding of the pesticides
and their metabolites to the other soil constituents, incorporation in the
phenolic polymers, incorporation in the soil microorganisms after these have
been in control of a metabolic activity or binding in microcavities in the
polycondensates of the soil. However, according to IUPAC’s definition of
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Figure 19. Size of soil particles compared with the size of pores and the size of
chemical molecules and biota (from Bergstrom & Stenstrom, 1998). The figure is
reproduced with the kind permission from The Royal Swedish Academy of Sciences.
Figur 19. Jordpartiklers stgrrelse sammenholdt med porestgrrelser og stgrrelsen af
kemiske molekyler og biota (from Bergstrom & Stenstrém, 1998). Figuren er gengivet
med tilladelse fra The Royal Swedish Academy of Sciences.

bound residues, chemical binding or incorporation in the soil microorganisms
can only be included as examples of the formation of bound residues if the
foreign substance in its original form or identifiable parts of it can be released
again from the new complex molecule via a microbial or enzymatic
decomposition. If one looks at degradation process for bentazone proposed by
Huber and Otto (1994), which is illustrated in Figure 21, the degradation
products from bentazone are covalently bound in the complicated molecular
structure, which is a part of the soil organic matter. Whether the parts of the
foreign organic molecule that originates from bentazone become identifiable
and measurable in the process where the organic matter is decomposed by the
microorganisms in the soil is doubtful, however. It is more likely that parts of
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Figure 20. The influence of the soil structure on the availability of chemicals to
degradation (Bergstrom & Stenstrém, 1998). The figure is reproduced with the kind

permission from The Royal Swedish Academy of Sciences.
Figur 20. Jordstrukturens indflydelse pa kemiske stoffers tilgengelighed for

nedbrydning (Bergstrom og Stenstrom, 1998). Figuren er gengivet med tilladelse fra
The Royal Swedish Academy of Sciences.

that which originates from the bentazone molecule are degraded in the big
pool in which the degradation of the whole amount of organic matter in the
soil takes place. Only if e.g. the A or B structure is released again in the soil —
and cannot be extracted with extraction agents that change the chemical
structure — will it be bound residues. Measuring bound residues is often stated
as best being carried out with *C techniques (Barriuso, 1994; Calderbank,
1989). However, when using simple *C techniques, it is not possible to
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distinguish whether parts of the original substance have formed part of new
chemical structures or whether the chemical structure of the pesticide or of a
well-known metabolite has been preserved and the substance is just bound to
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Figure 21. Proposed structure of bentazone degradation products built into the soil
macromolecular organic matter (Huber & Otto, 1994). The figure is reproduced with
the kind permission from Springer Verlag.

Figur 21. Foreslaet struktur af bentazons nedbrydningsprodukter indbygget i jordens
makromolekylare organiske materiale (Huber & Otto, 1994). Figuren er gengivet med
tilladelse fra Springer Verlag.

Barriuso and Koskinen (1996) discussed which methods might be the most
careful for identification of where the bound residues are found in the soil.
They referred to studies by Andreux et al. (1991), Khan (1982), Capriel et al.
(1985), and Bertin and Scaviona (1989), who had chemically fractioned the
soil organic matter and found that the soil content of fulvic acid played an
important part in the initial quick immobilisation of pesticides while a higher
extent of bound residues formed by association of pesticides with more
polymeric humine links was observed over time. Barriuso and Koskinen
(1996) questioned whether the chemical fractioning with alkaline extraction



agents had modified the soil and the pesticides to an extent where it was no
longer a matter of bound residues. Barriuso and Koskinen (1996) were
therefore advocates of a physical fractioning of the soil particles. Barriuso and
Koskinen (1996) added “C-labelled atrazine to the soil in a number of
lysimeters and studied how the binding of the substance over time was
distributed on different fractions of the soil, which were grouped according to
particle size (Figure 22). The formation of bound residues was increased over
the first 4 months. Non-humus parts of the soil organic matter with particles
sizes of more than 50 mm showed the largest capacity for the formation of
bound residues, and the ability of the organic matter to form bound residues
with atrazine decreased with smaller particle size. This was explained by the
fact that the access of the microorganisms to the substance was expected to
decrease in the most difficultly accessible finest fractions of aggregates. The
most stable bound residues, however, were formed in the fraction where the
particle size was like that of clay. Depending on where bound residues are
found, their subsequent fate varies. Barriuso and Koskinen (1996) were of the
opinion that if they are found in the coarsest fractions and are bound to not
fully transformed plant material then they may partly be released again. But if
they are bound to the finest particles, they may be leached to the groundwater
by particle-bound transport.
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Figure 22. The distribution of bound residues from *C-atrazine on different soil size
fractions (Barriuso &Koskinen, 1996). The figure is reproduced with the kind
permission from Soil Science Society of America.

Figur 22. Fordelingen af bundne rester fra “C-atrazin pa forskellige
starrelsesfraktioner af jorden (Barriuso og Koskinen, 1996). Figuren er gengivet med
tilladelse fra Soil Science Society of America.

Northcott and Jones (2000) reviewed analytical techniques for measuring
organic bound residues in soil and sediment and described the most
dominating techniques as “release and identify”” techniques (Dec & Bollag,
1997). Gevao et al. (2000) stated that the separation between free and bound
chemicals in the soil is not always easy. Even though a substance can easily be
extracted without its chemical structure being changed, it will not be
completely free. Therefore, “extractability” is defined from the extraction
agent and the other experimental conditions under which the extractions take
place. Many methods of extraction have been used over the years for the
extraction of chemicals from soil for subsequent analysis. Soxhlet extraction,
shaking techniques with a solvent or ultrasound treatments are the more
traditional methods of extraction. In addition to these, the following methods
are now in use: supercritical fluid extraction (Khan, 1995; Khan, 1996,
Barnabas et al., 1994; Weber & Young, 1997; Rochette & Koskinen, 1997),
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microwave extraction (Stout et al., 1996; Molins et al., 1996; Lopez-Avila et
al., 1996), silylation previous to the extraction (Bolag & Stotsky, 2000), and
accelerated solvent extraction. “Release and identify”” techniques can only to a
smaller extent tell something about the types of binding based on the solvents
that extract the substances. The methods that extract different fractions of
the organic matter, such as humic acid, fulvic acid, and humine, have a more
elucidating effect concerning bindings. Methanolic saponification, alkaline
extraction, silylation of humic compounds, and pyrolysis have been used to
release chemicals that have been strongly bound to or sequestrated in the soil
organic matter (Northcott & Jones, 2000; Eschenbach et al., 1994; Haider et
al., 1992; Wais et al., 1995; Thornetal., 1996; Schulten & Leinweber, 1996;
Khan & Hamilton, 1980). However, with such methods, which are based on
extraction, fractioning or destruction, there is a risk that the methods have also
influenced the amount or the chemical form of the substance that is to be
studied. In recent years a number of non-destructive spectroscopic methods
have therefore been introduced, which now are preferred if one wishes to
study the interaction of chemicals with the soil constituents. These
spectroscopic methods can be ESR (Electron Spin Resonance spectroscopy),
FTIR (Fourier Transform InfraRed Absorption spectroscopy), Fluorescence
spectroscopy or NMR spectroscopy (Nuclear Magnetic Resonance
spectroscopy). ESR is a good technique for studies of charge-transfer, which
for example can be the mechanism for the binding of diquats and atrazine to
humic acid (Sanchezpalacios et al., 1992; Senesi et al., 1987). Infrared
absorption spectroscopy is very practicable for identifying the structure of
organic compounds, as the infrared absorption spectrum is complex even for
relatively simple compounds. FTIR is an advanced form of infrared
spectroscopy with which the changes taking place in the adsorption spectrum
of the organic matter because of bindings to the foreign chemicals can be
detected. FTIR is particularly suitable for substances where hydrogen
bondings and proton transfers occur (Aochi et al., 1992; Martin-Neto et al.,
1996; Weissmahr, 1997). Fluorescence spectroscopy is most frequently used
for measuring the association of hydrophobic substances such as PAH to
dissolved humic matter (Backhus & Gschwend, 1990; Chin & Gschwend,
1992). NMR has been used very much for characterising the humus matter of
the soil and is a well-tested non-destructive spectroscopic technique. *C-
NMR is the preferred method for studying covalent and non-covalent
interactions between specific xenobiotic organic molecules and natural
organic matter (Hatcher et al., 1993; Nannyet al., 1996; Kim et al., 1997;
Haider etal., 1992; Haider et al., 1993; Wais et al., 1995).

Roberts (1984) defined bound residues as ’chemical species originating from
pesticides, used according to good agricultural practice, that are unextracted
by methods which do not significantly change the chemical nature of these
residues”. As mentioned above, this definition was used by IUPAC.
Calderbank (1989) suggested a modification of this definition that took the
bioavailability into consideration: It may be that bound residues in soil could
be defined as residues of the intact pesticide or degradation products derived
from it that are no longer able to exert their original biological activity to any
significant extent and/or cannot be extracted from the soil by extraction
methods which do not degrade the compound unless such methods are able to
destroy the soil structure without affecting the compound. Clearly the
important matter is not so much how the residue is defined but the question
of its biological availability”. At a workshop held by the Deutsche
Forschungsgemeinschaft, “Pesticide Bound Residues in Soil””, a new
definition of bound residues was suggested (Fuhr et al., 1996): ”’Bound



residues represent compounds in soil, plant or animal which persist in the
matrix in the form of the parent substance or its metabolite(s) after
extractions. The extraction method must not substantially change the
compounds themselves or the structure of the matrix. The nature of the bond
can be clarified in part by matrix-altering extraction methods and
sophisticated analytical techniques. To date, for example, covalent, ionic and
sorptive bonds, as well as entrapments, have been identified in this way. In
general the formation of bound residues reduces the bioaccessibility and the
bioavailability significantly”. The difference between the suggestion for a
definition by Fihr et al. (1996) and the existing IUPAC definition is
important as Fuhr et al. (1996) incorporate a new condition, that the extraction
agent must not change the chemical structure of either the pesticide or the soil matrix
in order that it is possible to define the non-extractable part as bound
residues, while IUPAC’s definition only mentions that the extraction agent
must not change the chemical structure of the pesticide in order that it is
possible to define the non-extractable part as bound residues. In order to
apply Fuhr’s definition it would be necessary to define what it is meant by the
soil matrix. If the soil structure is meant, that is the association of primary
particles in secondary particles, then these can be destroyed by many
substances, which would have as a result that, on the whole, practicable
extraction agents for carrying out this separation could not be found. It must
be assumed that by “matrix’ is meant the soil colloids. The soil organic
matter is to a most predominant extent bound to clay minerals and in that way
forms an integrated part of the colloids. The clay minerals of the soil are
affected by acids and bases, as they are more or less dissolved in these
depending on the contact time (Borggaard, pers. comm.). It would therefore
be obvious to regard organic solvents as extraction agents that can be used for
distinguishing extractable residues from bound residues according to Fuhr’s
definition while to the extent that they do not destroy the foreign chemical, it
will also be possible to use acids and bases as extraction agents according to
IUPAC’s definition. Whether IUPAC's or Fuhr’s definition is used, it will
nevertheless be necessary always to define the specific extraction procedure,
but this limit will always solely be related to the chosen procedure and not to
any naturally occurring clear-cut limit in the soil. The effect of the extraction
agent on the soil colloids differs according to the given type of soil and
perhaps even according to the different contents of iron compounds and
organic matter in different soils (Christensen, pers. comm.).

Alkaline and acid extractions as carried out by Nomura and Hilton (1977),
Tuckeret al. (1967), and Hill (1976) would thus yield different results in
different types of soil when one is to assess whether the extracted substance
has been bound residues. This discussion will be relevant when assessing
whether glyphosate that is extracted from soil with a strong alkaline solution is
to be regarded as bound residues or not.

Jones et al. (2000) summed up the debate concerning bound residues: It has
been shown for certain that bound residues are formed from potentially
toxic/biologically active molecules in soil and that these residues are persistent.
IF they can still be or again become bioavailable or biologically active although
they cannot be extracted chemically — then they can still form part of the food
chain or influence the fertility of the soil in the long run. Processes in the soil
that result in the remobilization of bound residues may possibly also take
place. If these assumptions are correct, bound residues are not to be desired.
On the other hand, it is often pointed out that a reduced chemical
extractability indicates that the substance has a weaker tendency to enter the
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soil water phase again and that lower extractability can be correlated with
lower bioavailability. By this, the formation of bound residues must be seen as
the first steps in a deactivation of the foreign organic molecule, which finally
ends with a complete incorporation in the organic pool of the soil. Thus,
increased binding and formation of bound residues can be understood as
natural processes, which may even be used in the bioremediation as opposed
to the manner in which bioremediation is most frequently carried out today,
namely by increasing the bioavailability. It seems likely that the significance,
or otherwise, of bound residues in soils will ultimately be addressed by the
bioavailability issue and this is likely to be the focus of ongoing research over
the coming years” (Jones et al., 2000).



8 Methods for measuring the
Influence of sorption on the
degradation

As it emerges from the chapters above, there has in recent times been a great
deal of work going on carrying out studies where measurements of sorption
are linked to measurements of the degradation, either through model
descriptions of individual test readings of sorption and degradation,
respectively, or through practical experiments where the sorption and the
degradation are measured in the same series of experiments and a model is
developed that describes the experimental results. The latter, by some called
“reverse modelling”, must be assumed to be the best solution, if the sorption-
and degradation module in a leaching model such as MACRO is to be made
more complex than it is in the present version, which uses K -value
determinations for sorption specifications and simple first-order half-lives for
specification of the degradation rate (Jarvis, pers. comm.).

As mentioned in the part “Bound residues”, spectroscopic methods that
identify the type of binding between foreign chemicals and the soil organic
matter are becoming wide-spread. A further development in this area is to be
expected. Moreover, there have been attempts at studying the amount of
dissolved substances in the soil water under circumstances where the ratio
between soil and water was natural to be able in this manner to describe the
amount of pesticide in the soil water over time. For this purpose a high-speed
centrifugation technique (Ronday, 1997) and a technique using glass
microfibre filters for collecting small amounts of soil water have been used
(Gaillardon etal., 1991).

The difficulties of deducing from chemical measurements on residues of
pesticides and other chemicals whether there will be an undesirable effect on
the soil biota (earthworms, insects, plants, and microorganisms) and
presumably also on humans are obvious. Therefore, there is at present a large
focus on developing methods and descriptions that can relate these to one
another. Alexander (2000) stressed that, as chemical analytical methods used
at present overestimate both exposure and risk of foreign chemicals in soil, it
is important to develop methods for description of bioavailability. Such
methods have so far predominantly been biological, but it is also necessary to
develop chemical methods that describe bioavailability, as chemical methods
are easier to handle than biological (Alexander, 2000). Kelsey et al. (1996)
compared the amount of atrazine and phenanthrene that could be extracted
by various methods of extraction with the amounts that could be absorbed by
earthworms and/or degraded by bacteria. For one of the extraction agents, a
good correlation was found. White et al. (1999) showed that in an aged soil
with residues of phenanthrene the mineralisation curve and the desorption
curve had the same slope, which indicated that the desorption was
determinative for the mineralisation rate and thus for the bioavailability.
Kelsey and Alexander (1997) compared the amounts of atrazine,
phenanthrene, and naphthalene that were assimilated by earthworms with the
amounts that could be extracted from soil with mild and strong extraction
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agents and found the best correlation when using a mild extraction agent.
Kelsey and Alexander (1997) therefore stated that strong extractions should
not be used if one wishes to estimate exposure and risk for selected organisms.
Kelsey et al. (1997) presented selected chemical extraction agents to be used
for predicting the bioaccessibility of chemicals in aged soil. Szmigielska et al.
(1998) showed that anion interchange membranes could extract amounts of
metsulfuron from soil that could be related to the biological effects on roots
from lentil. At present Koskinen (pers. comm.) is working on studies of the
application of genetically manipulated bacteria for determination of
bioavailability of foreign chemicals in soil. The bacteria have had a gene
incorporated, which means that they have a very well-developed ability to
degrade a specific substance. Degradation experiments with the specific
substance in a radioactive version will then provide a measure of the
availability of the substance to degradation.

For the present the National Academy of Science in the USA (2001) has set
up a group of experts (the National Research Council Committee on
Bioavailability of Contaminants in Soils and Sediments), which is to evaluate
the scientific status concerning processes that influence whether chemical
pollutions in soil and sediment are available to humans, animals, and plants.
The group of experts will also evaluate the existing methods and methods
which are being developed for the determination of bioavailability as well as
assess how the bioavailability influences the effectiveness of bioremediation
techniques.



9 Soil treatment as a factor
Influencing the relation between
binding and degradation

The soil treatment influences many of the chemical, physical, and biological
factors in the soil and is therefore of great importance to how quickly and how
the pesticides are transported through the plough layer. The binding and the
degradation of the pesticides and their metabolites are also dependent on
whether the soil has been treated conventionally or not as the amount of
organic matter and the microbial activity have a great influence on the binding
and degradation of pesticides, which in their turn will influence whether the
substances are leached.

In the literature there are conflicting reports as regards degradation and
leaching of pesticides in soil that had been subjected to conventional tillage
(CT) and different degrees of reduced tillage (RT) or no tilllage (NT). Some
publications proved that there was no difference between the leaching of
pesticides when CT was compared with NT. Other publications proved that
the leaching was greater from NT soil than from CT soil explaining the
difference with the occurrence of a large number of macropores in the NT
soil. Other publications showed that the leaching was less from NT soil than
from CT soil explaining the difference with a larger binding and a more rapid
degradation rate in the N'T soil, which often has a higher content of organic
matter and a higher biological activity than the CT soil. In Denmark the NT
technique is used very infrequently. Some of the parameters that are different
in soil that has been tilled differently are the amount of organic matter and the
biological activity in the upper soil layers. Helling (1987) summed up the
results of measurements of the amount of organic matter in the upper soil
layers and found that the amount of organic matter in NT soil was between
1.5 and 2 times the amount in CT soil. Helling (1987) also quoted studies
where the total number of aerobic microorganisms, the facultatively anaerobic
microorganisms, and the denitrificating microorganisms were respectively
1.35, 1.57, and 7.31 times higher in NT soil than in the CT soil.

In many of the known studies where the leaching or run-off of pesticides has
been compared for different tillage systems, CT has been compared with NT
(Fermanich et al., 1996; Isensee et al., 1990; Levanon et al., 1993; Fermanich
& Daniel, 1991; Ritter et al., 1996; Sadeghi & Isensee, 1992; Isensee &
Sadeghi, 1993; Afyuni et al., 1997). In most of these cases (Fermanichetal.,
1996; Isensee et al., 1990; Fermanich & Daniel, 1991; Sadeghi & Isensee,
1992; Isensee & Sadeghi, 1993; Afyuni et al., 1997) it emerged that the
leaching or the run-off was significantly greater in NT than in CT for the
substances atrazine and deisopropylatrazine; atrazine, deethylatrazine,
alachlor, cyanazine and carbofuran; carbofuran and chlorpyrifos; atrazine;
atrazine, cyanazine and alachlor; chlorimuron and nicosulfuron whereas
Levanon (1993) showed that the leaching was greater in CT than in NT for
the substances atrazine, carbofuran, diazinon, and metolachlor. Ritter et al.
(1996) showed that there was no important difference in the leaching of
atrazine, simazine, cyanazine, and alachlor in CT and NT but that rain
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occurrences of more than 30 mm shortly after spraying was the important
factor, which determined whether the substances were found in the
groundwater. Comparisons between RT and CT were made by Coxet al.
(1996), who studied the leaching of metamitron in disturbed columns from
RT soil and CT soil and found that 9% was leached from CT soil while 5%
was leached from RT soil. The difference was explained with a higher
degradation rate in RT and a greater degree of preferential flow in CT.

Gish et al. (1991) showed that the leaching of pesticides was more extensive
in NT soil than in CT soil because of preferential flow, but they emphasized
that it mainly applied to wettable powder and liquid formulations while
encapsulated formulations reduced the significance of preferential flow.

It has often been stated that earthworm channels in the upper layers of NT
soil are a very important factor when a greater degree of preferential flow is
seen in NT soil than in CT soil. However, it is important to note that
Stehouwer et al. (1993) showed that there was about three times as large an
amount of organic matter in the linings of the earthworm channels than in the
matrix soil, which might increase the binding of atrazine.

Zablotowicz et al. (2000) studied the degradation of fluometuron in CT soil
and NT soil and found that the rate constant for the degradation in the upper
two cm in CT was twice that in NT. 48% more organic matter was found in
the upper two cm of the N'T soil than in the upper two cm of the CT soil, and
the microbial biomass and fluorescein diacetate hydrolysis activity was 106%
and 127% higher, respectively, in the upper two cm of the NT soil compared
with that of the CT soil. In this case the amount of organic matter has
apparently increased the binding of the pesticide so much that it — despite the
higher biological activity — is degraded more slowly in the NT soil.

Reese et al. (1999) found no significant difference in the degradation rates of
isoproturon and diflufenican when comparing CT and RT. Giupponi et al.
(1996), on the other hand, found that soil tillage influences the degradation
rate of isoproturon. In a prolonged study in Italy between 1993 and 1995, the
results showed that the K -values were higher in RT soil than in CT soil. The
degradation was faster in a ploughless ridge-cultivated soil than in both CT
and NT soils. Modelling in VARLEACH, where the measured values for
degradation rates and sorption were applied, showed that ploughless ridge
cultivation was the form of tillage that had the least influence on the quality of
the groundwater as regards leaching of pesticides.

Fomsgaard and Kristensen (2002) carried out a number of studies of the
degradation of isoproturon in three types of soil that had been tilled
differently: a) newly ploughed: Soil from a field that for 20 years previous to
the study had only been harrowed but was ploughed shortly before samples
were taken (RT-CT), b) harrowed: Soil that for 20 years had not been
ploughed but only harrowed (RT), and c) ploughed: Soil that had been
ploughed for a number of years before sampling (CT). The studies were
carried out in different concentrations (0.1 ng/g and 0.01 ng/g) in both plough
layers and deeper soil layers. **C-labelled pesticide was used so that the total
mineralisation to “CO, could be followed. At the time samples were
continuously interrupted during the incubation of some of the experiments so
that the remaining amount of isoproturon and formed metabolites could be
followed over time. Some of the samples were analysed by two extraction
methods, an aqueous and an organic one, by means of which it was possible



to a certain extent to distinguish between desorbable pesticide and non-
desorbable pesticide.

The mineralisation rate for isoproturon in plough layers at the concentration
of 0.1 ny/g was highest in RT soil. The biological activity, measured as the
mineralisation rate of Na-acetate, was also highest in this soil. Figure 23 shows
the results of the measurements of the mineralisation where the rise in the first
part of the curve is the measure of the rate that is calculated by the
mathematical modelling. The mineralisation rate for isoproturon was higher in
soil that normally had been ploughed (CT) than in soil that had been
ploughed for the first time in many years (RT-CT). A similar difference
between the mineralisation rates in the different types of soil was seen in the
concentration of 0.01 ng/g. The recent ploughing of the soil that formerly had
only been harrowed has also reduced the mineralisation rate considerably.
The microcosmos in which the bacteria live has been decisive for their
activity. And the activity has been so high that it has been able to cause a more
rapid mineralisation even though the binding, measured by K -values, was not
significantly different in the harrowed and the newly ploughed soil
(Fomsgaard & Kristensen, 2002).

The influence of the amount of organic matter on sorption and degradation,
respectively, has been discussed in many publications. Generally, it will be
expected that a larger amount of organic matter causes an increased binding
which then is expected to reduce the degradation rate because the substance is
less available to the microorganisms in the agueous phase. However, the
opposite — that a greater amount of organic matter is linked to a greater
biological activity — is often seen to be the case, which then increases the
degradation rate for the pesticides, as seen here in Fomsgaard & Kristensen
(2002) where the binding was not influenced when the K -values for newly
ploughed and harrowed soil are compared. A more detailed knowledge of the
type of organic matter would in this case have been interesting. What the
connection between the mineralisation presented in Figure 23 and the
disappearance of the parent substance (which for one series of experiments is
shown in Figure 17) is like has not been fully analysed yet. Only with these
results can it be determined whether the lower mineralisation rates result in
residues of extractable substance in the soil.
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Figure 23. Mineralisation rates for isoproturon at 15°C and 5°C and mineralisation
rates for Na-acetate. The trials/experiments have been carried out in CT soil (soil that
has been ploughed normally for a number of years), RT (soil that has only been
harrowed for 20-30 years), and RT-CT (soil that has only been harrowed in the
previous 20-30 years but was ploughed for the first time shortly before sampling)
(Fomsgaard & Kristensen, 2002).

Figur 23. Mineraliseringshastigheder for isoproturon ved 15°C og 5°C samt
mineraliserings-hastigheder for Na-acetat. Forsggene er udfgrti TJ (jord der har
varet plgjet normalt i en arrakke), Rl (jord, der kun har veret harvet i 20-30 ar) og RJ-
TJ (jord, der kun har varet harvet i de foregaende 20-30 &r, men som kort far
prgveudtagningen blev plgjet for fgrste gang) (Fomsgaard & Kirstensen, 2002).



10 Pesticides mainly bound to clay
minerals: glyphosate, paraquat, and
diguat

Both glyphosate and the metabolite of glyphosate, AMPA, are quickly and
strongly adsorped in most soil types. Unlike most other pesticides glyphosate
will not be very strongly bound to the soil organic matter, but on the other
hand primarily to the soil minerals. The content of cations on the clay
minerals is thought to be important for the binding. The binding is probably
caused by metal cations (e.g. Fe*" and AI’") forming complexes with
glyphosate and AMPA through the phosphonic acid part (Glass, 1987,
Sprankle et al., 1975). The binding of glyphosate takes place in competition
with free inorganic phosphate. The binding mechanisms have not been fully
explained, however (Franzet al., 1997).

K -values for glyphosate in a number of surface soils are reported to be
between 33 and 377 (Jacobsen et al., 1998). In a study of the sorption of *C-
marked glyphosate to a number of Nordic soils (Tiberg, 1998), K -values
above 100 were similarly found in most soils. Measurements of the sorption in
subsurface soils showed an even greater sorption than the corresponding
surface soils. Studies in Sweden (Torstensson & Lindholm, 1988) have
similarly shown K-values of 26 to 83 in soil sampled below railways in
Sweden. Similar values have been found in Danish soils and in samples taken
at a depth of about 1 metre (Petersenet al., 1998).

The degradation time for glyphosate can vary greatly from one soil to another.
On measuring the degradation time on the basis of the liberation of “CO,-
from *C-labelled glyphosate, half-lives from a few days to 175 days were
found. In soil sampled under the plough layer the degradation was
considerably slower (Jacobsen et al., 1998).

In most cases the half-life seems to be relatively short in agricultural soils and
has been shown to be similarly short in forest soils (Torstensson, 1985) even
though a few half-lives of more than 10 years have been proved in 2 soils from
Hawaii (Franzet al., 1998).

In a number of studies, agricultural soils have been analysed for residues of
glyphosate and AMPA between 3 and 8 months after being treated with
glyphosate. The results showed (Torstensson, 1985) that residues of
glyphosate and AMPA can be proved in the soils after 3 to 8 months. In some
cases mainly AMPA, in others mainly glyphosate. No results have been found
in the refereed studies showing an accumulation of glyphosate or AMPA after
incubation for a long time.

It has previously been shown that pesticides that are strongly bound to clay
particles can be stabilised in the soil so that they get a very long half-life even
though they are substances that in unbound state are relatively easily
degradable. Especially long persistence after binding has been proved for the
herbicide paraquat. Studies by Fryer et al. (1975) showed that almost the
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whole amount of paraquat, which was added in field experiments over 6
years, could be found again in the soil. Most remained in the upper 5 cm, but
low contents were also found to a depth of 25-35 cm, which were attributed to
the sampling method or to particle transport, cracks or earthworm activity.
Soil milling did not influence the found residues of paraquat.

Similarly, Smith and Mayfield (1978) found that under a number of different
incubation conditions paraquat was not degraded in 16 months, and Rileyet
al. (1976) stated that bound residues of paraquat were not available to living
organisms such as plants, earthworms or microorganisms. Riley et al. (1976)
distinguished between “loosely bound” and “tightly bound” paraquat as they
defined “loosely bound” paraquat as the part that could be extracted from the
soil with 5M NH,ClI and “tightly bound” paraquat as the part that could be
extracted by boiling with 18 N sulphuric acid. Riley et al. (1976) stated that it
has been shown in greenhouses that “loosely bound” paraquat potentially
might be available to plants again.

Eberbach (1998) studied the mineralisation of ““C-labelled glyphosate and
demonstrated a biphasic course in which a relatively rapid mineralisation of
available glyphosate and a slower mineralisation of bound glyphosate took
place. The biphasic course of a degradation curve is thus not reserved for
chemicals that are bound to the soil organic matter but occurs also for
substances mainly bound to the clay particles of the soil. Nomura and Hilton
(1977) and Rueppel et al. (1977) also mentioned the influence of sorption on
the course of the degradation of glyphosate. Eberbach found that glyphosate
is most strongly bound in soil with acid pH. Heinonen-Tanski (1989) found
that liming increases the degradation rate for glyphosate and de Jonge et al.
(2001) showed that the binding of glyphosate decreased with an increased
presence of phosphate. Despite the biphasic course proved by Eberbach, there
are many proofs that a higher biological activity in the soil increases the
decomposition rate of glyphosate. Thus, it is to be expected that the
decomposition will be quicker in a reduced tillage soil than in a conventionally
tilled soil.

Fomsgaard et al. (2003a; 2003b) carried out lysimeter experiments with
isoproturon and glyphosate. Experiments with *“C-labelled isoproturon and
unlabelled glyphosate were carried out as repeat determination in soil that had
been tilled conventionally while experiments with *“C-glyphosate and
unlabelled isoproturon were carried out as repeat determination in soil that
had been tilled with a reduced tillage technique. In the reduced tillage soil,
glyphosate had been applied regularly until 3 years before sampling while
glyphosate had not been applied in the last 5 years in the conventionally tilled
soil. 16% and 14%, respectively, of the added radioactivity in the “C-
glyphosate lysimeters were found in the top 10 cm of the soil while 0.2% and
0.7%, respectively, were found in soil from 10-20 cm. Alkaline extractions
were carried out in 0-10 cm depth and specific analysed on LC/MS of the
residues of glyphosate and AMPA in the entire soil profile in both repeat
determinations. The amounts of *C found in the upper soil layers were on a
level with findings of non-extractable radioactivity from *C-mecoprop in
Felding et al. (1996) and considerably lower than the findings of Burauel et al.
(1998) of more than 80% of the added radioactivity in the upper 30 cm in 20
different outdoor lysimeter experiments carried out with “C-labelled atrazine,
terbuthylazine, chloridazon, dichlorprop-P, methabenzthiazuron, pyridate,
and anilazine and considerably lower than the abovementioned results of *“C



from **C-isoproturon in lysimeter plough layers from the two lysimeters taken
from conventionally tilled soil.

With the specific analysis significantly greater amounts of AMPA residues
were found in the soil that had been cultivated with reduced tillage than in soil
that had been conventionally tilled. Decomposition has either been slower in
the soil that has been cultivated with reduced tillage than in the soil that has
been tilled conventionally or the decomposition of glyphosate and AMPA has
possibly not been sufficiently rapid for the residues of the previous years to
disappear completely from the soil given the actual pattern of pesticide
consumption. As glyphosate according to many studies is strongly bound, the
second part of the two-compartment process can be expected to pass off
exceedingly slowly. No direct comparisons can be made between the amount
of “C and the amounts of the substance, which were proved in the specific
analysis, as the *C-analyses do not measure the specific substances. It would
be highly interesting to know how glyphosate was bound to the soil particles
of different types and sizes. Gimsing et al. (2001) showed that the soil oxides
are of great importance as regards the ability of the soil to adsorb glyphosate
while the content and the type of clay are of small importance. It was shown
by delonge and delonge (1998) that a larger dispersion of clay did not
increase the binding of glyphosate to the clay minerals.
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11 Discussion

Whether it is a matter of chemicals mainly bound to the soil organic matter or
to the clay minerals, it is apparently a matter of basically the same model for
the influence of sorption on the degradation as illustrated in Figure 24:
Sorption and degradation take place in two dominating compartments, the
agueous phase and the soil phase. A part of the xenobiotic chemical may be
degraded relatively rapidly in the first compartment, the aqueous phase,
possibly through the formation of identifiable metabolites, and can be
completely mineralised to CO,. If the substance is not transformed sufficiently
rapidly, it may be leached. Both the xenobiotic chemical or metabolites from
this may be adsorbed to soil particles through a number of different binding
mechanisms, and the substances may partly be desorbed from this again and
go back into the agueous phase where they may be degraded or leached. From
being more “loosely”” bound to the soil particles, the substances may be more
“firmly”” bound whereby it becomes a matter of “bound residues”. “Bound
residues’ appear in various forms: The entire molecule of the xenobiotic or
parts of it may have entered a new molecular structure as a part of the organic
matter, it may be sequestrated in inaccessible places in the soil aggregates or it
may be strongly sorbed. There is a difference on what can be extracted by
chemical methods and what can be activated purely biologically. The dotted
lines (A) in Figure 24 represent substances that can be extracted with
extraction agents that do not change the chemical structure of the substances,
the soild lines (B) represent the bound residues that can be extracted with
stronger extraction agents, and the dashed lines (C) represent the bound
residues that cannot be extracted chemically. In each of the three groups,
there may be subgroups that may be/become bioavailable to both plants,
animals, and degrading microorganisms, as these subgroups are substances
that can be reactivated as the original molecule or a metabolite from this after
which it can be degraded or leached (process (1)). Other parts of the
substances may, in the strongly bound structure in which they form part, be
directly transformed to CO, by the microorganisms as a constant
transformation of the organic pool takes place (process (2) in Figure 24). The
fundamental principles — the model according to which the substances are
degraded — are as mentioned before the same for all types of substances. The
variations that are caused by the chemical structure of the substances and the
soil texture are seen in the distribution of the amounts of substance in the two
compartments, in the distribution of the amounts of substance in the
individual subgroups A, B, and C, and in how much of the amounts in A, B,
and C that can be transformed according to processes 1 and 2, respectively.
When the substances are bound to the clay minerals, they will not be
transformed according to process 2 but only according to process 1. If the
part that is transformed according to process 1 is small it will result in larger
amounts remaining in the soil as bound residues. The crucial question here is
whether there may be changes in the soil that can lead to an increased
reactivation and whether this reactivation may lead to the occurrence of
biologically active reactivated amounts of the substance that may have an
adverse effect on the soil environment or may be leached before it is degraded.
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Figure 24. Outline of the problems concerning the influence of sorption on the
degradation of pesticides and other chemical in soil.

Figur 24. Oversigt over problematikken omkring sorptionens indflydelse pa
nedbrydningen af pesticider og andre kemiske stoffer i jord.

The degradation in the second slow compartment is considerably slower than
the average degradation rate that usually can be calculated from a simple first-
order process, but at the same time the degradation is also considerably
quicker in the first compartment than it is when a simple first-order process is
used. The choice of model may not be particularly crucial for some
substances, but for others where the course is special in one compartment it
may be crucial. As far back as 25 years ago, Hamaker and Goring (1976)
described that the degradation of pesticides depends very much on the extent
to which the substance is bound to the soil particles and that the degradation
therefore can be described as taking place in two compartments. At that time,
results had to be marked and calculated on semilogarithmic paper, so the
simple first-order kinetics has often been assumed for the calculation of
degradation rates. The parameters in more complex models can now be
calculated by means of a computer, so the time should have come where the
importance of using one or the other model for the evaluation of the tendency
towards leaching of substances is assessed. It is therefore highly relevant that
a number of comparisons are made of the calculated remaining amounts of
substances after certain intervals during the application of the relevant simple
first-order model and the two-compartment model, so that there is a basis for
assessing whether the approval system for pesticides should be changed to
allow for this fact, and that the assessment of the persistence of the substances
according to a new approval system is carried out on the basis of calculations
in which the two-compartment model has been used. It is necessary to take a
position on the biphasic system for degradation and identify the different
results of the most frequently used models in leaching scenarios.

Such model runs will, however, only be a step on the way to a better
description. Soil that has a higher content of organic matter will in some cases
delay the degradation and the leaching of chemicals due to the stronger



binding. At the same time the larger amount of organic matter may result in a
higher microbiological activity, which increases the degradation rate for
pesticides. It is imperative that more studies are carried out in which
measurements of sorption and measurements of the degradation are linked,
e.g. through model descriptions of individual measuring results of sorption
and degradation, respectively, or through practical experiments, in which the
sorption and the degradation are measured in the same experiment process
and a model is developed that describes the results. The latter, so-called
reverse modelling, must be assumed to be the best solution. The published
examples, in which such models have been developed, have naturally
concentrated on individual substances. A test of these different models on a
large and varied data material would provide the best basis for assessing which
of these models allow for the varying soil conditions to the greatest extent.
Such a model might then be built into the most frequently used leaching
models as a substitute for the existing sorption and degradation modules,
which use K -value determinations for sorption specifications and simple first-
order half-lives for specification of degradation rates.

The error that is made by using a simple first-order model as the basis for
calculations of half-lives varies according to the other circumstances in the
soil. From Figure 10 is seen that the half-life is estimated at 15 days according
to the simple first-order process whereas it is just 4.2 days for the first halving
according the two-compartment model. If the part of the substance that is
transformed in the second compartment is assumed only to have been
extracted due to the application of an organic extraction agent and otherwise
will not be available to the biology of the soil or to leaching to the
groundwater, then the substance has been assessed harder than what could be
regarded as reasonable at the application of the simple first-order process. If,
on the other hand, the amount that is transformed in the second compartment
in reality is bioavailable or can be leached to the groundwater, the substance is
judged too mildly at the application of the simple first-order process as three
halvings are estimated at just 45 days while it takes 62 days according to the
two-compartment process. Thus, it is not just a question of a need to find the
right model for describing the sorption-degradation process but also the
question of a need to throw light upon the type of binding and the
bioavailability of the amounts of substance that are transformed in the second
compartment.

If the interesting factor is how much of the pesticide present in the soil that
may have a toxic effect on soil organisms, a traditional chemical analysis will
provide an overestimated result because the chemical analysis is traditionally
carried out with extraction agents that extract as much of the substance as
possible while after all a toxic effect on soil organisms only occurs if the
substance is present in the aqueous phase. In the same way a traditional
chemical method of analysis will often overestimate the amount of chemical
that might be a threat to the groundwater.

If the two-compartment model is taken into account in connection with
approvals and in model runs, the problem concerning bound residues must
also be taken into account as it has been extremely much in focus during the
last 10 years.

There are already a large number of studies of binding mechanisms for both
desorbable xenobiotics and bound residues. However, it is necessary to couple
these studies to studies of bioavailability to determine to which extent the
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substances can be reactivated in the natural system. Adsorption/desorption is
a balance that over time may be disturbed and adjusted in a new balance
where parts of bound substance will possibly be released. It would be very
appropriate if there were chemical methods of analysis able to extract the
amounts of the xenobiotics from the soil that could be correlated with the
bioavailable amounts that are the results of biological studies of bioavailability.
For the time being the biological studies are necessary to measure
bioavailability, but they are expensive and difficult. The work on developing
such methods should be intensified. There has been much focus on
developing chemical methods of analysis that can extract everything, so the
chemical laboratories needs to adapt themselves to focus on measurements of
bioavailable amounts.

It is important to emphasize that laboratory experiments that are intended to
be used for describing the complex connection between the binding and the
degradation must allow for the extreme variation of the processes. There is
already a large variation, which is merely caused by the heterogeneity of the
soil. The part of the variation, which may be caused by the method, must be
eliminated. Here, the first step must be to carry out the studies under
conditions that resemble the natural conditions as much as possible, that is by
application of the concentrations of pesticides that will be relevant according
to normal farming practice, incubation at temperatures, water content, and
oxygen conditions that conform to the climate and the soil where the
pesticides are used. Further, it is important to establish to which extent the
degrading microorganisms are influenced by the sieving and mixing of the soil
that is frequently carried out before the experiments. If the microorganisms
and with them the degradation process are significantly affected by this,
experiments can be carried out in microcosmos setups with undisturbed soil
columns where the conditions of the microorganisms are not changed.

In theory, one might imagine that the evaluation of the persistence of
pesticides by the approval system required studies of degradation and sorption
by methods closer to reality than the ones used at present and that these
studies had to be carried out in a number of different soils with a varying
content of organic matter and clay. At the same time it might be required that
the degradation process was described by the two-compartment model.
Different limit values for the degradation rate of the pesticides in the two
compartments might be introduced. It may be accepted that the degradation
rate in the second compartment (where the substance is bound) has a lower
value, but this value must be dependent on the quantitative distribution of the
pesticide in the two compartments. A demand for supplementary
measurements of microbiological activity in the soil could also be attached to
the system to ensure that the microbiological activity in the used soil samples
was within a standard area. Both from a legal and a scientific point of view it is
important to differentiate between free pesticide residues and bound pesticide
residues just as it is important to distinguish between biological persistence
and chemical persistence when persistence is in question, as these do not
always go together. Therefore, it might be assumed that the approval system
required a distinction between different types of extraction agents in the
analysis of degradation and sorption measurements, so it was possible to
predict the possibility of reactivation of the remaining amounts of substances.
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