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I. INTRODUCTION

l-e, comportement d'une substance chimique dans I'environnement est

complexe. Il met en jeu de nombreux phénomènes liés à ses propriétés

physico-chimiques et aux caractéristiques des écosystèmes. Pour les produits

que I'on souhaite introduire sur le marché ou ceux déjà présents, I'estimation

de leur devenir dans I'environnement est primordiale. Le nombre

considérable de composés chimiques employés dans nos activités rendant

inconcevable la réalisation exclusive d'études in situ,, on fait de plus en plus

appel aux techniques de modélisation. La souplesse de ces approches permet

de concevoir des modèles globaux (e.g., Mackay et al., 1992) ou restreints à

un phénomène particulier (e.g., PRZM (Carsel et al., 1985)). Ces outils

mathématiques sont utilisés pour comparer le comportement de plusieurs

molécules, rechercher des informations avant la réalisation d'essais en

laboratoire ou sur le ferrain, ou encore identifier des compartiments ou des

secteurs à risques. Cependant, I'emploi de modèles dans les analyses de risques

exige une grande sûreté dans les résultats obtenus et une connaissance parfaite

de leurs limites d'utilisation. Dans ces conditions, I'objet de notre travail a été

d'optimiser et de valider CHEMFRANCE, un modèle régional de fugacité

niveau III appliqué à la France (Chancrogne, 1991). Nous devions élaborer de

nouvelles relations structure-bioconcentration et structure-adsorption

possédant un large domaine d'application, mais également confirmer les

fondements théoriques et empiriques de CHEMFRANCE en mettant en

parallèle les observations faites en laboratoire ou sur le terrain et les résultats

des simulations effectuées sur ordinateur.



2. ESTIMATION DE LA BIOCONCENTRATION ET DE

L'ADSORPTION (Articles I et II)

[æs modèles de distribution sont pour la plupart fondés sur la notion de

répartition compartimentale nécessitant I'utilisation de coefficients de partage.

Chacun d'eux, défini pour deux phases, gouveme la distribution à l'équilibre

du composé et donc de sa concentration finale dans les différents

compartiments de I'environnement. Ainsi, pour estimer le potentiel

d'accumulation des molécules dans les sols, les sédiments et les matières en

suspension, on utilise le coefficient d'adsorption (i.e., Kp). De même, le

facteur de bioconcentration (i.e., BCF) permet d'évaluer I'accumulation des

substances chimiques chez les êtres vivants par des voies non-alimentaires. La

plupart des études sur la bioconcentration sont réalisées sur le poisson, compte

tenu de son importance économique et de la disponibilité de tests standardisés.

De ce fait, cet organisme est fréquemment utilisé pour représenter le

compartiment biotique dans les modèles de distribution. Le Kp et le BCF

peuvent être déterminés expérimentalement ou par des relations de type

structure-activité (i.e., QSAR). Depuis le début des années 80, I'importance

considérable de ces deux paramètres a engendré la publication d'une multitude

d'équations (Lyman et al., 1990; ECETOC, 1995; GÛsten et Sabljic' 1995).

En dépit de ce fait, des problèmes de modélisation restaient en suspens. La

première partie de notre travail a donc consisté à établir de nouvelles

équations possédant un domaine d'application plus étendu. Pour estimer la

bioconcentration, les modèles régressifs linéaires entre les transformations

logarithmiques des BCF et des coefficients de partage n-octanolleau (i.e., log



P) sont couramment utilisés. Cependant, pour les substances très hydrophobes

(log P > 6), ils ne sont plus applicables (Banerjee et Baughman, 1991). Cette

cassure dans la relation linéaire entre une activité biologique et le caractère

hydrophobe des molécules a été soulignée dans diverses études (Devillers et

Lipnick, 1990; Hansch et Leo, 1995). En pharmacologie.et en toxicologie, ce

problème de linéaritê a étê, résolu grâce à I'utilisation de modèles paraboliques

et bilinéaires (Kubinyi, 1993; Hansch et Leo, 1995). L'article I présente

l'aptirude de ces techniques non-linéaires à modéliser la bioconcentration chez

le poisson. Dans un premier temps, une analyse bibliographique a été réalisée

pour obtenir de nombreuses valeurs de BCF et de log P. Une banque de

données contenant 154 molécules dont les valeurs de BCF suivaient des

critères de sélection précis a étê constituée. A partir de cet échantillon, trois

équations (i.e., linéaire, parabolique, bilinéaire) reliant le BCF au log P ont

été développées. L'analyse des paramètres statistiques et des résidus

correspondant à ces relations a mis en évidence, le faible pouvoir prédictif du

modèle linéaire dans notre étendue de log P (i.e., l,l2à 8,60) etla supériorité

du modèle bilinéaire face à l'équation parabolique. Un échantillon test

constitué de 29 molécules a permis de confirrner ces conclusions et d'étendre

la validiré de la relation bilinéaire aux substances possédant une valeur de log

P comprise entre 0,39 et 9,50.

Les problèmes de modélisation du coefficient d'adsorption sont différents. En

effet, la trop grande spécificité et I'absence de paramètres prenant en compte

le degré d'ionisation des acides et des bases correspondent aux principaux

défauts des équations existantes. La finalité de l'étude décrite dans I'article

II était donc de pallier ces problèmes en élaborant un modèle général



intégrant le caractère hydrophobe et le potentiel d'ionisation des substances

(i.e., log P et pKa, respectivement) ainsi que le pH et le pourcentage de

carbone organique (i.e., VoOC) pour décrire le substrat. Ce modèle a étê,

construit à partir de 229 valeurs de Kp corespondant à 53 composés et a été,

testé sur 500 Kp mesurés pour 87 molécules. Ces données ont été extraites

d'articles originaux et non de compilations. Trois étapes ont été nécessaires

pour obtenir une équation applicable aux composés ionisés et non-ionisés.

Dans un premier temps, une relation intégrant le log P et le VoOC a confirmé

la nécessité d'introduire des facteurs correctifs intégrant le degré de

dissociation des molécules. En effet, il est admis que pour les substances

capables de former des ions (i.e., acides, bases) des phénomènes de répulsion

ou d'affinité avec les colloides du substrat chargés négativement induisent,

respectivement, une baisse du coefficient d'adsorption pour les substances

présentant une charge négative et une augmentation pour celles chargées

positivement (Bailey et a1.,1968; Jafvert, 1990). Pour prendre en compte ces

phénomènes, le pKa des molécules et le pH de la solution des sols ou des

sédiments ont été incorporés dans une seconde équation. Leur intégration a

provoqué un net accroissement de la qualité des résidus pour les composés

ionisés, tout en conservant un haut pouvoir prédictif pour les autres

substances. Cependant, une analyse précise des résidus a mis en évidence une

sous-estimation générale des valeurs de Kp pour les bases. Cette tendance

s'explique par le fait que I'adsorption de ces molécules dépend de I'acidité de

surface inférieure de deux unités de pH à celle de la solution. L'intégration de

cette observation empirique dans notre équation a permis d'obtenir une

distribution aléatoire des résidus pour les bases. La supériorité de cette



dernière équation a été confirmée par les simulations réalisées sur notre

échantillon test, qui ont également permis d'étendre son domaine d'application

à de nouvelles classes de substances chimiques et à des conditions pédologiques

très variées.

3. CHEMFRANCE (Art ic le I I r)

Les modèles de distribution peuvent être ponctuels ou globaux. Les premiers

perrnettent d'obtenir, en fonction de leur degré de complexité, des résultats

précis et une bonne compréhension des phénomènes étudiés. Cependant, la

masse d'information nécessaire à leur emploi limite leur domaine

d'application. A I'inverse, la finalité des modèles globaux est d'estimer le

comportement des molécules dans un environnement représenté par plusieurs

compartiments. Pour cela, un compromis entre Ia réduction des informations

nécessaires à leur fonctionnement et la pertinence des résultats fournis doit

être trouvé. Ces outils de simulation sont fondés, en quasi-totalité, sur le

concept de fugacité (Mackay, 1991; Cowan et al., 1995). Parmi eux, on

distingue les modèles régionaux et les modèles d'évaluation employant un

"monde unité" représentant un environnement hypothétique. [æs premiers

tentent de s'approcher le plus possible d'une situation réelle afin d'obtenir des

informations comparables aux données expérimentales. Les seconds

perïnettent uniquement de comparer les molécules entre elles ou d'identifier

les principaux processus mis en jeu. L'article III présente CHEMFRANCE,

un modèle régional de fugacité niveau III appliqué à la France. Le niveau III
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signifie que le système est à l'état stable (i.e., flux d'entrée = flux de sortie)

mais que des transferts entre les compartiments sont possibles (e.9.,

volatilisation, ruissellement, lessivage). CHEMFRANCE comprend six

compartiments globaux (i.e., air, eaux de surface, sol, sédiments, eaux

côtières, eaux souterraines). Les quatre premiers sont constitués de sous-

compartiments (e.g., poissons, matières en suspension). CHEMFRANCE

perrnet de simuler, pour les quatre saisons, le comportement des molécules en

France et dans 12 régions françaises définies en fonction de leurs

caractéristiques pédologiques, climatiques et hydrologiques. Les paramètres

environnementaux (e.g., pH du sol, volume des eaux de surface)

indispensables au fonctionnement de CHEMFRANCE ont été déterminés pour

chacune de ces régions. Ainsi, I'utilisateur doit fournir simplement les

propriétés physico-chimiques et les quantités d'émissions de la molécule à

analyser pour obtenir la concentration, la quantité absolue, les cinétiques

d'élimination et d'échange pour chaque compartiment...

4. "VALIDATION" DE CHEMFRANCE (Articles M VI)

Afin d'obtenir un outil de simulation efficace et fiable, tout logiciel doit être

vérifié et testé (Devillers et al., 1992, 1995; Fredenslund et al., 1995; Vincent

et al.,1996). Pour les modèles de distribution, la validation des informations

produites présente le niveau de difficulté le plus élevé. La complexité de cette

procédure est due à la rareté mais surtout à la variabilité spatiale et

temporelle des données expérimentales utilisées comme éléments de
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comparaison. Dans ces conditions, la validité d'un modèle ne pouna jamais

être pleinement affirmée. On pourra simplement confirmer la pertinence des

résultats obtenus en démontrant les concordances entre observations et

prédictions. Dans ce contexte, le pouvoir de simulation de CHEMFRANCE a

été évalué sur le lindane (Article IV) et I'atrazine (Articles V et VI). Du

fait de l'utilisation massive de ces pesticides, de multiples études ont étê

entreprises afin de connaître avec précision tous les aspects de leur

comportement dans I'environnement. Une synthèse de ces informations nous a

permis d'établir un profil environnemental assez précis de ces molécules. Une

fois cette base de travail établie, les données indispensables au fonctionnement

du programme (i.e., propriétés physico-chimiques, tonnages émis) ont été

déterminées le plus précisément possible pour faciliter la comparaison entre

les valeurs expérimentales et celles calculées par CHEMFRANCE. Quatre

scénarios intégrant les méthodes d'application de ces substances actives et

leurs déversements dans les eaux de surface ont été simulés. Cette approche

possède deux intérêts. D'une part, elle permet d'identifier les risques de

contamination et les principaux processus mis en jeu en fonction des

compartiments d'émission et d'autre part, d'obtenir une variabilité dans les

résultats. De fortes similitudes entre les résultats extraits de ces simulations et

ceux obtenus en laboratoire ou sur le terrain ont été observées. Ainsi, le

lindane est présent principalement dans les sols, les sédiments et les éléments

biotiques du fait de ses capacités d'adsoqption et de bioconcentration. A

I'inverse, I'atrazine se retrouve principalement dans les milieux aquatiques

bien que la contamination atmosphérique ne puisse pas être êcartée. Cette

molécule est faiblement adsorbée par les sols induisant par conséquent un fort

t2



potentiel de ruissellement et de lessivage. Enfin, elle est très peu

bioaccumulée. Une analyse sensitive portant sur le temps de demi-vie de

l'atrazine dans les sols est présentée dans I'article VI. Cette étude montre

que la concentration dans les sols et les eaux souterraines et les processus de

volatilisation au niveau du sol, de ruissellement et de lessivage sont les

paramètres les plus sensibles aux variations de la vitesse de dégradation de

l'atrazine dans les sols.

5. ETUDE COMPARATIVE DES EQUATIONS ESTIMANT LA

BIOCONCENTRATION (Art ic le VII)

Les modèles de type QSAR peuvent s'avérer des outils précieux pour évaluer

les risques écotoxicologiques s'ils sont performants et surtout utilisés à bon

escient. n est donc indispensable de connaître précisément leurs limites

d'utilisation. Dans ce contexte, nous avons entrepris de comparer différents

modèles perrnettant d'estimer la bioconcentration des molécules organiques.

Tous les modèles testés utilisaient le log P comme descripteur moléculaire.

La sélection des équations a étê motivée par une étude d'occurrences effectuée

à partir de rapports élaborés pour des organisations officielles (e.g., OCDE,

EPA, UE). L'intégration de ces équations dans les modèles de distribution a

également influencé notre choix. La réalisation de nos études comparatives

soulevait un certain nombre de problèmes méthodologiques. En effet, les

données expérimentales sur la bioconcentration des molécules sont

relativement peu nombreuses et ont donc largement été utilisées pour élaborer
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les équations à comparer. Or, lorsque I'on veut estimer le pouvoir prédictif

d'un modèle de type QSAR, il est indispensable d'utiliser un échantillon test

constitué de molécules n'appartenant pas à l'échantillon d'apprentissage. La

solution optimale aurait été de mesurer des valeurs de BCF pour de nouvelles

substances. Dans le cadre de notre travail, pour des raisons de temps et de

coût, une telle alternative ne pouvait être envisagée. Nous n'avons donc pas

cherché à sélectionner une seule valeur par composé mais plutôt, dans la

mesure du possible, à retenir un ensemble de résultats expérimentaux

cohérents permettant de fournir un profil de bioconcentration pour une

molécule donnée. Une étude bibliographique visant à récolter un grand

nombre de valeurs expérimentales a êté réalisée à partir de publications

originales et non de compilations afin d'obtenir des informations sur les

conditions expérimentales. L'article VII présente une étude comparative

réalisée sur sept équations linéaires ou non-linéaires peffnettant d'estimer le

BCF à partir du log P (Veith et al., 1979, 1980; Mackay, 1982; Connell et

Hawker, 1988; Isnard et Lambert, 1988; Nendza, l99l; Bintein et al., 1993).

Cette analyse a été effectuée à partir d'une banque de données constituée de

342 valeurs de BCF provenant d'essais dynamiques et 94 déterminées par

essais statiques ou semi-statiques. Pour des valeurs de log P inférieures à 6,

les différents modèles testés donnent des résultats équivalents. Par contre,

pour les substances très hydrophobes (i.e., log P > 6), les relations linéaires

ne sont plus applicables et sont nettement devancées par les équations non-

linéaires. Parmi celles-ci, notre équation possède le meilleur pouvoir prédictif

et le plus large domaine d'application.
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6. CONCLUSION

En élaborant de nouvelles relations structure-bioconcentration et structure-

adsorption nous avons accru le domaine d'application et le pouvoir de

simulation de CHEMFRANCE. Les études réalisées sur le lindane et I'atrazine

ont démontré le haut potentiel de simulation de CHEMFRANCE et ont permis

d'effectuer une synthèse du comportement dans I'environnement de ces

pesticides. Cependant, nous envisageons de poursuivre ce processus de

validation avec d'autres molécules aux propriétés physico-chimiques variées

pour définir d'une façon plus précise les limites d'utilisation de ce logiciel.

Nous prévoyons également d'intégrer dans CHEMFRANCE la méthode SIRIS

(Vaillant et al., 1995) ainsi que des informations écotoxicologiques afin de

mieux appréhender les risques (éco)toxicologiques et de créer un outil d'aide

à la décision plus facile à utiliser.
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The log1og relationship between the bioconcentration tendency of organic chemicals in fish and the

2 -octaiol/îater partiti;n coefficients breaks down for very hydrophobic compounds. The use of para-

bolic and bilinear models allows this problem to be overcome. The QSAR equltion log BCF:

0 . 9 1 0 l o g P - l . g 7 5 l o g ( 6 . 8  l 0 - 7 P + l )  0 . 7 8 6 ( n : 1 5 4 : r : 0 . 9 5 0 ; s : 0 . 3 4 7 ; F : 4 6 3 . 5 l l w a s f o u n d t o
be a good predictor of bioconcentration in fish.

KEY WORDS: Bioconcentration; BCF; fish; bilinear model; linear model; parabolic model.

INTRODUCTION

Bioconcentration is the process of accumulation of chemicals by organisms through

nondietary routes.r In aquatic ecosystems, the bioconcentration factor (BCF) of an

organic chemical is defined as the ratio of its concentration in a target organism to

that in water at steady state.2 Typically, fish are the target organisms of BCF
assessments due to their importance as a human food source and the availability of
standardized testing protocols.l The most common method for estimating chemicals'
BCFs consists of establishing correlations between BCFs and hydrophobicity of the
chemicals. The majority of these are obtained from linear regression models between
the log transformations of the BCF values and the n-octanol/water partition
coemcients (log P) of the chemicals.3-6 The regression equations have the following
general form:

logBCF-a logP+b

* Author to whom all correspondence should be addressed'
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(1)
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where a and b are constants. In most published BCF equations, the slope (a) is < 1
and the intercept (b) is negative.6 Equation I breaks down for strongly hydrophobic
chemicals (log P > 6).' The break in the linear relationship between a biological
activity (BA) and the hydrophobic character of the organic molecules has been
stressed by different authors in numerous QSAR studies.s Hansch initiated the use
of a simple parabolic models in log P (Eq. 2) to overcome this problem.

log BA -- a log P + b (log P)2 + c

Kubinyie-r2 subsequently proposed a better model (Eq. 3) that adequately accounted
for the fact that the biological activity and partition coefficient initially vary in a
linear fashion on a log-log scale, reaching an optirnum value, followed by a second
decreasing linear portion.

log BA : alog P - b log(pP * l) + c

This bilinear model (Eq. 3) has been successfully used in many drug design and
environmental QSAR studies.r3-r8

The aim of this paper is to compare the performance of the parabolic and bilinear
models to overcome the "cut-off" problem encountered in the estimation of BCF
values from the n-octanol/water partition coefficient (log P).

MATERIALS AND METHODS

Data selection

BCF values for 154 chemicals (Figure 1) were obtained from an extensive compila-
tion.le Data were selected according to the following criteria:

l) Only experimental data, measured in whole fish (wet weight), and obtained
under flow-through conditions, were used.

Substiurtcd benzencs
Posticides
PCB(12)+ PBB( l )
Aliphatics
POD(7)+PCDF(2)
PAC
Misoellaneous

(2)

(3)

Figme I Data set constitution. (PCB = polychlorobiphenyls; PBB: potybromobiphenyls; PCDD =
polychlorodibenzo-p-dioxins; PCDF = polychlorodibenzofurans; PAC: polyaromatic compounds).

2l



NONLINEAR MODEL FOR BCF 31

2,) Datawere included only if a steady state was reached or when BCF values lvere

obtained from the kinetic method.

3) BCF data were rejected if contamination by food and/or presence of adsorbents

(e.g., suspended sediments) was suspected.

4) Only studies using freshwater fish were considered. Five families \4'ere re-

presented in the selected data:

- Salmonidae: rainbow trout, whitefish,

-Cyprinidae: fathead minnow, goldfish, carps (from different geographical

origins), zebrafish, bleak, and topmouth gudgeon

- Centrarchidae: bluegill sunfish,

- Poeciliidae: guPPY'
- Cyprinodontidae: American flagfish and killifish'

Fish species distribution in the study is summarized in Figure 2' The log- P values

were ietrieved from an extensive bibliographical review aimed at preferentially

selecting data obtained by direct methods (e.g', shake-flask, generator column)'

Moilel deuelopment

Description and calculation procedures for the bilinear model can be found in

numerous comprehensive papôrs.e-12 Briefly, the bilinear model is derived from the

McFarland multicompartmental model *tti.tt allows the estimation of the prob-

uùif,y p of a molecuÈ crossing aqueous-lipid interfaces and reaching its receptor

site. Thus, if we consider a hypothetical biological system made up of alternating

aqueous phases A and lipid (membrane) phases L (Figure 3), the probability of a

-29

Figure 2 Number of BCF values per species'

l8

I
I
EI
N
tr
E
E

Rainbow trout
Fathead minnow
Zbrafish
Topmouth gudgeon
Bluegill sunfish
Guppy
Other species Cl)
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Figure 3 The McFarland hypothetical biological system
distribution process).

il
(k ' and k, are the rate constants of the

molecule leaving Ao and entering into L, is:

P o , t :  -  
O ' -

kr+k,

In the same way, the probability that a molecule goes from L, to A, is

k2
Pr,z:  i r i  t  ,

(s)

If both parts of the fractions in Eqs. 4 and 5 are divided by k, and if krlk2 is replaced
by P (the partition coefficient), we obtain:

(4)

Therefore, the probability
from .40 to An is given by

P
Po, t :  p  +  I

I
P r .z :  F+  f

that a molecule goes from Ao to A, and
Eqs. 8 and 9 respectively.

(6)

(7)

more generally

P
Po,z: Po. r  X Pt,z:  --------------^

(P + l) '

Pnlz
P o . n : P o . r  x  P t , z x " ' x P n - t . n : 1 p _ r l ; n  ( 9 )

If we consider first that the biological activity (BA) of a molecule is a function of its
intrinsic activity and of its probability of reaching the receptor site, and second that
the intrinsic activities of homologous series of chemicals are identical, we can write:

BA:cons tan txPo
(P + l)2^

The logarithmic transformation of Eq. l0 leads to Eq. 11.

log BA :  n lo9P -2n log(P + 1) + c (11)

Symmetrical curves with linear ascending and descending sides and a parabolic part
within the range of optimum lipophilicity result from Eq. 11.

(8)

(10)
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Figure 4 Hypothetical biological system for the bilinear model (kr and k, are the rate constants of the
distribution process).

The bilinear model is derived from the McFarland model (Eq. 1l) by taking into
account the different volumes of the aqueous and organic phases in a biological
system comprising four phases (Figure 4). The general equation of the bilinear model
(Eq. 3) applied to BCF and log P is:

log BCF : alog P - blog(pP + l) + c

33

(r2)

where p is the ratio volume between the lipid and the aqueous phases. For small P
values, (PP + 1) is approximately equal to one, therefore log(BP * 1) equals zero.
For large P values (llP + 1) is nearly equal to flP, therefore log(fP + l) is propor-
tional to log P.

The parameters a, b and c are linear terms, which can be calculated by linear
multiple regression analysis, B is a nonlinear parameter, which is generally estimated
by a Taylor series iteration method.2o

Calculations were performed as described by Kubinyi and Kehrhahn,ro from
software written in Turbo basic and running on an IBM PC compatible.

RESULTS AND DISCUSSION

Figure 5 depicts the ability of the linear (Eq. 13), parabolic (Eq. la) and bilinear
(Eq. 15) models to describe the set of 154 BCF values from log P.

log  BCF:0 .516 log  P +  0 .576

n -- 154; r :0.772; s : 0.702; F :224.32

logBCF : -0.164 (log P)2 +2.0591og P -2.592

n :154 ;  r :0 .914 ;  s :0 .450 ;  F :382 .09

log BCF : 0.9101og P - I.975log (6.8 10-7P + 1) - 0.786

n :154 :  r :0 .950 ;  s :0 .347 ;  F :463 .51

From the above and from Figure 5, it is obvious that Eq. 15 is the best regression
model and that the linear solution given by Eq. 13 is not valid in our range of log P

values (i.e. 1.12-8.60). This is confirmed by inspection of the statistical parameters

of Eq. 13 and the graphical analysis of the residuals in Figures 6 and 7. Furthermore,
lve can note the unsatisfactory behaviour of the residuals in Figure 6 which are
displayed according to a "parabolic band". This confirms the possibility of using a

(13)

(14)

(ls)
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log BCF
6

5

4

3

2

l { .  :

0

. l

r 2 3 4 5 6 7 8 9 1 0

Figure 5 Relationships between log BCF and log P'

log P

Figure 6 Distribution of the residual values obtained with the linear model (Eq' 13)'
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Figure 7 Residual analysis of the linear model (Eq' l3)'
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quadratic term in the BCF model in order to increase its statistical qualities andpredictive power.2o Thus, introduction of (rog p)z in the moder (Eq. ri) reads to abetter distribution 
9f1he residuals (Figures g ano 9). In the same way, the high quality

of the bilinear model (Eq. l5) is confirmed by analysis of the residuat fËigures toand 1l) which reveals that no chemicals .un 
-b. 

considered as outliers. io Ëstimate
the predictive power of the bilinear model (Eq. l5) a testing set of 29 chemicals has
been constituted (Table I). In Table I, experiméntai BCF values were obtained under
flow-through or static conditions and generally did not satisfy all the other constraints
defined for the selec.tion of the training set. Comparison of ihe expected BCF values
obtained from the different models (i.e., Eq. l3 t; l5) shows that the bilinear model(Eq. 15) is the most suitable to describe the-BCF behaviour of the chemicals listed in
Table I.

Wh-ile it is recognised that the bioconcentration of organic chemicals in fish is acomplex phenomenon involving numerous biotic and àbiotic factors, our results
underline the ability of the bilinear model of Kubinyie-r2 to simulate this process in

NONLINEAR MODEL FOR BCF

r 2 3 4 5 6 7 8 9
log p

Figure 8 Distribution of the residual values obtained with the parabolic model (Eq. l4).
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Figure 9 Residual analysis of the parabolic model (Eq. la).
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1 2 3 4 5 6 7 8 9
log P

Figure l0 Distribution of the residual values obtained with the
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Residuals

a rather simplistic way. If only a few data points are available or if the log P values

are not too high, the linear models3-6 are the most suitable to describe the bio-

concentration in fish due to their simplicity. However, if enough data points are

present and if the log P values vary over a wide range, the parabolic model and

preferentially the bilinear model are more relevant. Thus, it is interesting to note that

if we consider the range of log P values in our training and testing sets, the bilinear

model (Eq. 15) allows the prediction of the bioconcentration factor ôf organic

chemicals having log P values between 0.39 and 9.50.
Chemicals whichlre released to the environment as the result of a variety of

human-related activities migrate through the ecosystems according to their physico-

chemical properties (e.g., vapour pressure, hydrosolubility). Numerous models vary-

ing in compiexity are-available to evaluate such behaviour.32 Among them, the

fuiacity models of Mackay33 provide a convenient and accurate simulation tool for

r*iorur. and risk analysis. In the classical fugacity models,33 the bioconcentration

t.8 1.9 >2

J

2
(,

t a' o

oit
- l

-3

bilinear model (Eq. l5).

1.6

Figure ll Residual analysis of the bilinear model (Eq' l5)'
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Table I Comparison between experimental and calculated BCF values for 29 chemicals.

No. Chemical log P log BCF.,, (ref) Calculated log BCF

Eq. 13 Eq. 14 Eq. 15

I
2
J

4
5
6
7
8
9

l0
l l
t2
l 3
l 4
l 5
l 6
l 7
t 8
19
20
2 l
22
23
24
25
26
27
28
29

2-(t-Butoxy) ethanol
t-Butyl isopropyl ether
Octachloronaphthalene
Pigment, monoazo"
Pigment, monoazo"
Aniline
t-Butylphenyldiphenyl phosphate
2-Chloroaniline
3-Chloroaniline
4-Chloroaniline
2-Chloronaphthalene
2,4-Dichloroaniline
3,4-Dichloroaniline
1,4-Dichloronaphthalene
1,8-Dichloronaphthalene
2,3-Dichloronaphthalene
2,7-Dichloronaphthalcnc
2-Nitroanil ine
3-Nitroaniline
4-Nitroaniline
e3,7,8-TCDD
3,3',4,4' -T etr achlorobi phenyl
3,3',4,4' -T etr achlorodiphen yl ether
2,4,S-Trichlorobiphenyl
2,4,5-Trichlorodiphenyl ether
3,4,5-Trichloroveratrole
Tetrachloroveratrole
1,3,7-Trichloronaphthalene
Triphenyl phosphate

0.39' -0.22 (2ll
2.14^ 0.76 (2ll
8.40h 2.52 (22)
9.50 0.70 (23)
9.30 0.s0 (23)
0.90 0.41(24)
5.12 3.04 (25)
1.90 r.18 (24)
1.88 t.06 (24)
1.83 0.91(241
4.19 3.63 (26)
2.7e t.98 (241
2.79 t.48 (24)
4.88 3.36 (26)
4.4t 3.79 (26)
4.71 4.M (261
4.8r 4.M (261
r.78 0.9t (24)
l.3l 0.92 (241
r.3l 0.64 (24)
6.42d 3.90 (271
s.82 4.s9 (28)
s.78 4.51 (28)
s.sl 4.26 (28)
s.44 4.18 (28)
4.60 3.s0 (29)
s.80 4.40 (29)
5.59 4.43 (261
3.90" 2.76 (25)

0.78
1.68
4.91
5.48
5.37
1.04
3.22
r.56
1.55
1.52
2.74
2.02
2.02
3.09
2.85
3.01
3.06
1.49
1.25
1.25
3.89
3.58
3.56
3.42
3.38
2.95
3.57
3.46
2.59

-  l .8 l
1.06
3.1  3
2 . 1 7
2.37

-0.87
3.65
0.73
0.70
0.63
3.16
r .88
t .88
3.55
3.30
3.47
3.52
0.55

- 0 . 1 8
-0 .18

3.87
3.84
3.83
3.77
3.76
3.41
3.83
3.79
2.94

-0.43
l . l 6
2.44
r.28
1.49
0.03
3.80
0.94
0.92
0.88
3.02
1.75
1.75
3.61
3.21
3.47
3.55
0.83
0.41
0.41
4.18
4.19
4.18
4.06
4.02
3.38
4.19
4.10
2.76

" mean of two values.
b Ref. 26.
"Chemicals no.45 and 46 in Anliker et a1.,23 lTable | [part B] p.267).
d Ref. 30.
" Ref. 31.

in the biota (i.e., fish) is estimated from a simple linear regression equation (Eq. l).
This induces erroneous estimations for highly lipophilic chemicals. To overcome this
problem, we propose to introduce in the fugacity models our bilinear model (Eq. l5)
in order to stretch their domain of application.
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ABSTRACT

Sorption phenomena exert important influences on the environmental fate of anthropogenic

organic substances. Under these conditions, the aim of this study was to propose a general

QSAR model using the physicochemical properties of the molecules (i.e. log Ksy and pKa)

and some relevant properties of soils or sediments (i.e. pH and %OC) to estimate the sorption

behavior of both ionized and non-ionized chemicals. The proposed model was elaborated

from 229 Kp values rdcorded for 53 chernicals. The model was then tested on 500 other Kp

values obtained for 87 chemicals.

INTRODUCTION

fip fate of the organic chemicals introduced into the environment depends on a variety of

physicochemical and biological processes.l-2 Mattrematical models which attempt to integrate

these phenomena are widely used to predict the environmental transport and distribution of

the organic pollutants between the different compartments of the biosphere.S-7 Use of these

models requires a variety of abiotic and biotic parameters as inputs. Among them, the soil or

sediment sorption coefficient of chemicals (Kp) is one of the key input parameters in models

used to estimate the environmental mobility and fate of the pollutants.S Because its

experimental determination is time-consuming and expensive, estimated values based on

QSAR (Quantitative Structure-Activity Relationship) equations are now widely used.

fire distribution of organic chemicals between soils or sediments and water can be quantified

* Author to whom all corrcspondence should be addressed.
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through the use of the Freundlich isotherm:
S=Kp*CN ( l )

where S is the sorbed concentration, C is the solution concentration, and Kp and N

(traditionally expressed as l/n) are empirical constants. The values of N commonly range

betrpeen 0.7 and 1.2.9
The influence of the organic matter from soils and sediments on the sorption behavior of the

organic chemicals has been discussed in many studies.l0-l2 Consequently, the sorption
partition coeffïcient Kp is generally related to ttre fraction of organic carbon (fsc) associated

with the sorbent to yield an organic-carbon-partition coeffTcient, Ksç,

Koc = (Kp'r 100)/VoOC (2)

Sometimes, sorption coefficients are nornalized to the organic matter content instead of the

organic carbon content. This yields an organic-matter-partition coefficient, Kqn,

Kom = (Kp * 100)/7oOM (3)

Several regression equations, developed with physicochemical properties such as the n-

octanovwater partition coeffrrcient (Ko*) or aqueous solubility have been used to estimate K6ç

or Ko,n.l3-18 Topological descriptors (e.g. molecular connectivity indices) have also been

used to predict K6ç or Ko-.I, 19-23 Hsvlsver, many of these correlations were developed for

specific cliasses of compounds (e.g. PAFII3) and are not applicable to particular chemicals such

as acids and bases. Furthermorc, some of these models fail by using in the same data set Ks6

and Ksc values without correction factors. Indeed, the relationship K6ç = 1.724 * Kotl must

be used to convert Kom to Ko..l, 15,23 !xs1, in ecotoxicology modeling, it is obvious that Kp

is more inæresting to model than K66 or Ksc. Under these conditions, the aim of this study

was to prcsent a Kp equation easily incoqporable in the main environmental fate models and

allowing the prediction of the sorption behavior of structurally diverse chemicals in various

sediments and soils.

MODEL DEVELOPMENT

Kp values for 53 organic chemicals including aliphatics, aromatics, pesticides, PCB, PAH, and

related compounds (Table 1) were retrieved from the literature.9, 13' 16' 24-34 fhsy $'g1s

selected according to the following criteria:
- only experimental results obtained from Freundlich isotherms with N = I werc selected in

order to standardize the units,35
- Kn data recorded in soils or sediments having a goOC < 0.1 were rejected since for organic-

poor sorbents, the interactions of the chemicals with the inorganic matrix of sorbent may

become important,S, 28, 36, 37
- values conesponding to suspended sediments were rejecæd.
When necessary, the relationship ToOC = 7oOMll.724 was used to convert VoOM to VoOC.
The log Kqu,, and pKa values (fàUte l) were obtained from the literature.lS,l6'24,2G30,32,
38-49 Blpsrimental values or data obtained from critical compilations were preferentially

selected.
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Table 1: Training set.

Ctremical log Ko* PKA ToOC pH

Acetophenone
Acridine
Acrylonitrile
2-Aminoanthracene
6-Aminochrysene
fuiisole
Anthracene-9-carboxYlic acid
Benzamide
Benzene

n-Butylbenzene
Carbon tetrachloride
Ctrlorobenzene

2-Chlorobiphenyl
Chloroform
3-Chlorophenol
1,2:5,6-Dibenzanthracene
1,2-Dichlorobenzene

1,3-Dichlorobenzene
1,4-Dichlorobenzene

2,2' -Dichlorobiphenyl

2,4'-Dichlorobiphenyl
1,2-Dichloroethane
3,4-Dichlorophenol
7, I 2-Dimettrylbenzanthracene
1,4-Dimethylbenzene

2,4-Dinitro-o-cresol
Ethylbenzene
Furan
Hexachlorobenzene
Hexanoic acid
Methoxychlor

1.59Q4)
3.40(38) 5.63(3e)
0.12Q6)
4J3@) 4.10G8)
4.99Q7) 3.70(38)
2.1 l (16)
4.39(38) 3.6Stlsl
0.64(38)
2.1,:4J6)
23(J6)
4.13(28)
2.64Q6)
2.8406)
2.84Q6)
2.84Q6)
4.51(16)
1.97Q6)
2.S0Qe) 8.85(40)
6.50(30)
3.38(16)
3.33(t6)
3.38(16)
3.38(16)
3.39(16)
3.39(16)
4.80(16)
5.10(16)
1.45(41)
3.44(2) 7 39(40,
5.98(30)
3.15(28)
3.15(28)
2.85(43) 4.4692',)
3.15(16)
134Q6'
5.7394)
1.90(45) 4.85(46)
5.08(13)

0.rs-2.38 4.54-8.32
t.25
0.66-1.49
r .10
0.15
0.66-1.49
0.66-r.49
1.10
0.15
1.10
0.66-r.49
2.80 8.00
0.11-2.38
0.66-r.49
l . l0
0.93
l . l0
1 .10
0.15
1.10
1.10
0.93
2.80 6.00-8.00
0.15-2.38
0.66-1.49
0.15
0.15-3.04 4.n-8.29
1.10
0.66-1.49
0.66
4.85 2.80
0.13-3.29

l2Q4*)
tz?s)
2Q6)
B@)
B@)
l(16)
l2Q7)
1(e)
2Q6)
l(16)
l(28)
2Q6)
2Q6)
t (16)
l(28)
1(16)
2Q6)
t(ze)
l4(30)
2Q6)
t (16)
l (31)
1(16)
l (16)
t(28)
l(16)
l (16)
l (31)
2Qe')
l3(30)
2Q6)
t(28)
l2Q2)
l(16)
2Q6)
t(26)
t(e)
l3(13)

0.15-238**
0.48-2.38
0.66-1.49
0.r5-2.38
0.15-2.38
l . t0

4.54-7.93**

4.54-8.32
4.54-8.32
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Table I (continued)

Chemical n# log Kes, pKa ToOC pH

3-Methylcholanthrcne
Nitrobenzene
Pentachlorophenol
Pyrene

Silvex
2,3,7,8-TCDD
I,2,3,4 -T elrachlorobe nzene
1,2,4,5 -T etrachl orobe nzene
1,1,2,2-T etrachlo roethane
Tetrachloroethylene
2,3,4,6 -T etrach lo rophenol
Tetrahydrofuran
1,2,4,5 -T etramethylbenzene
Toluene

1,2,3 -Trichlorobenzene

1,2,4-Trichlorobenzene

2,4,4' -T rtchlo robiphenyl
1 , 1 ,l -Trichloroethane

2,4,5 -Trichlorophenol

1,2,3 -Trichloropropâne

1,2,3 -Trimethylbenzene

1, 3,5 -Trimethylbenzene

6.42Q0)
t.87Q6)
5.04(2) 4.92(|,0)
5.99(30)
5.09(30)
3.4l@7) 3.07g2',)
6.42@8)
4.64(u)
4.72Q8)
239Qr)
2.ffiQ8)
4.42((2) 538(40)
9.46Q6)
4.05(28)
2.71Q6)
2.71Q6)
4.14(M)
4.14(M\
4.0206)
4.0206)
5.6206)
2.47@r)
3.72/4e> 7.$@o)
2.Ola6)
3.60(28)
3.60(28)

0.1l-2.38*'r
0.66-1.49
3.20 4.70
0.11-2.38
0.r3-3.29
0.15-3.04 4.27-8.29**
0.66
0.15
0.15
0.93
0.15
t.70-3.20 3.404.70
0.66-r.49
0.15
0.66-r.49
0.15
0.15
4.70
r .10
0.15
t . l0
0.93
2.80 8.00
0.66-r.49
0.15
0.15

l2(30*)
2Q6)
t(2e)
l4(30)
tz(r3)
t2Q2)
1(33)
1(28)
l(28)
1(31)
l(28)
2Qe)
2Q6)
l(2E)
2Q6)
l(28)
I (28)

l(34)
l(16)
t(28)
l (16)
l (31)
t(ze)
2Q6)
l(28)
l(28)

#number of experimental Kp values; *reference; **range.

Regression analysis of the 229 Kp values obtained from the 53 chemicals under study versus
their log Ksç, and log fsc values (Table l) yields Eq. 4.

log Kp = 0.96 log Kso, + 1.04 log fsç - 0-13 (4)

n=229 s = 0.639 r = 0.924 F=660.07 p<0.Ol lo

Graphical analysis of the residuals obtained with Eq. 4 shows (Fig. 1) ttrat this model
overestimates the Kp values of the acids and underestimates those of the bases. At the

35



I 175

opposite, Fig.
distributed.

Frequencies

I reveals that the residuals for the other chemicals under study are well

El Acids
I Bases
@ Other

compounds

Residuals

Fig. 1. Graphical analysis of the residuals (log Kp obs. - log Kp calc.) obtained with Eq. 4.

Our results are not surprising since numerous autho632, 36, 39' 50-53 have underlined that it

was dangerous to neglect the role of pH in the modeling of the adsorption of acids and bases

in soils and sediments. Indeed, it is well admined that most weakly acidic chemicals are in

predominantly ionic (i.e. negatively charged) form at the pH of most natural soils, while most

weakly basic chemicals are in molecular form. In either case, as natural sorbent pH decreases

toward a value equal to the dissociation constant (pKa) of the chemical, sorption tends to

increase because at low pH, the acidic chemical has more of the molecular species and the

basic chemical has more of the protonated (positive) ionic species.S The colloidal surfaces of

most natural soils are negatively charged and therefore have an affinity for positively charged

molecules, but not much affinity for negatively charged mslssulss.S' 54

Therefore, to optimize the model, it could be interesting to introduce two different corection

factors (one for acids and another for bases) allowing to quantify the variations of the

concentntion of ionic species in the range of soil pH values.

Thus, for acids, the evolution of the anionic species concentration in relation to pH values can

be estimated by:55

CFa = log
T+TOPH-PKA

For bases, the relation between the protonated species concentration and the pH values can be

expressed by:55

(s)

-1.8 -1.6 -1.4 -1.2 -l -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 L 1-2 l-4
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CFb = log

1+ l0pKa-pH

(6)

Introduction of CFa and CFb in Eq. 4 allows to obtain the following model:

log Kp = 0.92log Ko* +

n=229  s=0 .453

1.09log fo. + 0.33 CFa - 1.32 CFb + 0.30 (7)

r = 0.963 F=713.57  pcO.OlVo

Like Wauchope and coworkers,56 we have defined acids as the sole chemicals whose neutral
(molecular) forms are capable of forming negatively charged ions. Therefore, in Eq. 7, CFa
must be taken equal to zero for bases and other compounds since this parameter is null when
the concentration of anionic species is zero.55 In the same way,56 rve have defined bases as the
sole chemicals whose neutral forms are able to form positively charged ions. Therefore in
F;q.7, CFb must be taken equal to zero for acids and other compounds since this parameter is
null when the concentration of cationic species is zero.55
Eq.l gives a better distribution of the residuals for the acids and bases (Fig. 2) than Eq. 4
(Fig. l), but some Kp values for basic chemicals are still underestimated.

Frequencies E Acids
t Bases
@ Other

compounds

Residuals

I

-1.8 -1.6 -r.4 -r.2 -l -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 | r.2 t.4

Fig.2. Graphical analysis of the residuals (log Kp obs. - log Kp cab.) obtained with Eq. 7.

The remaining difference between the adsorption behavior of bases and acids could be
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explained by the fact that the adsorption of basic compounds in certain soils (e.g.

montmorillonite clay systems) is principally dependent upon the surface acidity and not upon

the pH of the bulk solution, while the converse is true for the adsorption of acidic

compounds.50 Bailey et al.So have estimated that the surface acidity of montmorillonite

upp"àr, to be 34 pH units lower than the pH of bulk solution. Green and KarickhoffS have

stressed that a reasonable estimate of surface acidity (pHs) is two pH units lower than the bulk

suspension pH (i.e. pHs = pH - 2). Under these conditions, we have tried to introduce this

conection in our model (Eq. 7) defining the new following variable:

CFb' = log
l+10pKa- (pH-2)

Introduction of CFb' in Eq. 7 instead of CFb yields Eq' 9'

log Kp = 0.93 log Ks,r, + 1.09 log fqc + 0.32 CFa - 0.55 CFb' + 0'25 (9)

n=229 s=0.433 r = 0.966 F=786.07  p<0.017o

Fig. 3 depicts the high quality of Eq. 9 to describe the 229 Kp values of the training set

(Table l). Note rhat cFb' (like cFb) musr be taken equal to zero for acids and other

chemicals since this parameter is null when the concentration of cationic species is zero.

log Kp calc.

(8)

5

log Kp obs.
- 3 - 2 - 1 0 1 2 3 4 )

Fig. 3. Observed versus calculated (Eq. 9) Kp values for the training set.
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Introduction of CFb' in the model
compounds (Fig.4).

Frequencies

leads to a better distribution of the residuals of basic

E Acids
I Bases
E other

compounds

Residuals

-1.8 -1.6 -t.4 -r.2 -l 4.E -0.6 -O.4 -0.2 0 0.2 0.4 0.6 0.8 | r.2 t.4

Fig. 4. Graphical analysis of the residuals (log Kp obs. - log Kp carc.) obtained with Eq. 9.

MODEL VALIDATION

To estimate the predictive power of our final model (Eq. 9), a test set of 500 experimental Kp
values for 87 chemicals has been constituted (Table 2). It is important to note that these values
did not satisfy all the constraints defined for the selection of the original raining set since
they were generally obtained from Freundlich isotherms with 0.8 < N < 1.2 or by one initial
CgncentratiOn.9, 15, 29, 34, 39, 51, 57 -7 6
The log Ksç, and pKa values (Table 2) were obtained from the literature.4, 15, 16,29,38-46,
49,52,59,60, 63,70,71,75-85 Experimental values or data obtained from critical compilations
were preferentially selected.

Table 2: Test set.

I
E

Chemical log Ksyy pKa N ToOC pH

Acetanilide
Acridine
Alachlor

2(9")
l(3e)
l(s7)

1.16(38) 0.82-0.84t 1.58-4.85t
3.40(38) 5.68(3e) 1.02 0.58 7.64
2.64Q7',) l.0l t.t1
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Table 2 (continued)

log K6rry pKa

Aldicarb
Aldrin
Ametryne
Aniline
Atrazine

Benzamide
Benzoic acid (B.a.)

B.a. ethyl ester
B.a. methyl ester
B.a. phenyl ester
4-Bromophenol
Captafol
Captan
Carbendazim
Carbaryl
Carbofuran
Chlorfenvinphos
Chlorobenzene
2-Chlorophenol
3-Chlorophenol

Chlorsulfuron

3-Cresol
2,4-D

Diazinon
Dibenzottriophene
2,4-Dichloroaniline
3,5-Dichloroaniline
1,4-Dichlorobenzene
2,4-Dichlorophenol
3,4-Dichlorophenol

Dieldrin

1(15*)
1(1s)
34(5E)
l(se)
4(60)
l(61)
25(62)
1(e)
l(e)
3(el
3(e)
Z(el
l (15)
l (15)
l(ls)
l5(63)
1(15)
2(64)
1(1s)
1(6s)
1(66)
5Qe)
3(34)
1(66)
1(67)
Z3(68)
1(66)
3(e)
19(6e)
1(1s)
1 1(70)
3Q4)
1(5e)
1(6s)
3(71)
s?e)
4Q4)
l(1s)

1.08(77)
5.66(4)
2.58(78)
0.90(38)
233Q7)
233Q7)
233Q7)
0.64(38)
1.87(38)
2.64G8)
z.z0Q8)
3.59(38)
2.590s)
3.83(15)
,.540s)
1.5263)
23205)
t.63Q7)
3.19(ls)
2.84(16)
z. t7@3)
z.s}Qe)
2.50Qe)
2.50Qe)
2.20(80)
2.20(80)
1.98(38)
2 .81( t l )
2 .81(81)
3.  I  l ( ls)
4.38(70)
2.78$2)
2.69( 5e)

3.39(16)
3.21(2)
3.44@2)
3.44@2)
4.60(4)

5.70
3.40-6.00
3.60-5.90
5.70
4.ffi
5.20-7.n
5.70
2.80-7.r0
6.30-8.30

t$
t$ 2.Os

4.gg(7e) 1$ 0.35-20.88t4.50-9.007
4.60(46) 0.83 0.849 5.40$
1.68(7e) I 0.40-7.60 4.40-8.00
r.689er 0.92 0.43 6.05
1.63(7e) 1$ 0.35-2.84 4.30-7.10

0.88 4.85
4.20(46) 0.90 4.85 2.80

0.81-0.88t 1.25-4.85
0.81-0.85 1.25-4.85
0.91-0.93 1.25-1.58

9.34(46) 1$ 1.46 6.70
t$ Z.0S
t $ 2.Os

4.43(63) l$ 0.63-3.47 4.14-7.54
r $ Z.Os
0.90-0.94 1.60-2.50
t$ 2.05
0.87 4.70

8.49(40) 0.80 2.96
8.85(40) 0.80 r.70-3.20
8.85(40) 0.85-0.96 2.15-9.05
8.85(40) 0.83 2.96
3.60(52) 0.87 1.42
3.69(s2) 1$ 0.95-20.36
10.0(46) 0.87 2.96
2.64@6) 0.89-1.06 1.25-4.85
2.64@6) 0.82-l .16 0.28-2.73

r$ 2.Os
0.88-1.10 0.15-2.38

2.05(83) 0.85-1.11 3.54-9.05
237(46) 0.91 0.84$

0.96 2.15
7.63(a0) t$ 0.20-3.70
7 3g(.J0') 0.80-0.90 0.90-3.20
7 39@o) 0.81-0.94 2.15-9.05

l$ 2.05

3.60-s.90
5.40$

4.20-7.40
3.40-7.50
3.60-5.90

ll()
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Table 2 (continued)

log Ksw pKa pH

Dimethoate
NIV-Dimethylaniline
Diuron
Fenamiphos
Folpet
Hexachlorobenzene
Hexanoic acid
3-Methoxyphenol
N-Methylaniline
4-Methylaniline
4-Mettrylbenzoic acid
Metsulfuron-methyl
4-Nitroaniline
4-Nitrobenzoic acid
2-Nitrophenol
Parathion

2,2"5,5'-PCB

3,3"4,4'-PCB
212"3,4,s',-PCB
2,2"3,5"6-PCB
2,2"3"415-PCB
2,2"4,5rs'.-PCB

2,3,3"4"6-PCB
2r3"4r4"5-PCB
2,2"3,4,4"5-PCB
2,2"3,4,5,''-PCB
212"314"5"6-PCB
2,2"4,4"5,5'-PCB

Pentachlorobenzene
Pentachlorophenol

Phenol
Phenylacetic acid

l (15*)
3(e)
34(58)
l ( ls)
t(ls)
l (15)
2Q)
l(66)
l(e)
l(e)
t(e)
2368)
1(e)
1(e)
l(66)
1(15)
6Q2)
2Q3',)
5(74)
5Q4)
2Q3)
2Q3)
2Q3)
2Qt>
5(74)
2Q3)
2Q3\
2Q3)
2Q3)
2Q3)
2Qt>
5Q+'.1
2Q3'.)
6Qe)
4Q4>
3Qr>
l(ls)
2(e)

0.79(ls)
2.31(38)
2.60Q7)
3.18( ls)
3.63(ls)
5.73(u)
1.90(45)
1.58(4e)
1.66(38)
1 .39(38)
234|38',)
2.20$0)
1.39(4s)
1.89(45)
1.79@s)
3.76Q7)
3.76Q7)
6.10(84)
6.10(84)
6.10(E4)
6.50(84)
6.40(E4)
6.60(84)
6.40(84)
6.40(84)
6.53(85)
6.40(84)
7.00(84)
7.59(85)
6.80(84)
6.90(84)
6.90(84)
4.949r)
5.04G2)
5.04142)
5.04Q2)
1.46(15)
l .4 l (38)

s.70
2.80
2.80
2.80

6.70
2.80
5.70

3.40-7.50
3.60-5.90
4.20-7.40
6.70
1.254.85

t $ 2.05
5.15(46) 0.87-0.91t 1.25-4.85T 2.80-7.10f

r $ 0.35-20.88
1$ 2.05
r$ 2.05
I $ 1.53

4.35(46) l.0l 1.25-1.58 6.70-7.r0

3.36(80) t$ 0.95-20.36 5.20-7.90

9.65(46) 0.89 2.96
4.85(46) 0.89 4.85
5.08(38) 0.96 4.85
436(46) 0.82 4.85

l .0 l (46) 0.81 1.25
3.44@6) l.r4 4.85
7.22Q6) 0.89 2.96

t$ 2.05
1.02-l. l | 0.44-14.28
t $ 0.16-1.87
r $ 0.16-1.87
I $ 0.16-1.87
r $ 0.16-1.87
I $ 0.16-1.87
r $ 0.16-1.87
r $ 0.16-1.87
1$ 0.16-1.87
l  $ 0.16-1.87
t $ 0.16-1.87
r $ 0.16-1.87
t $ 0.16-1.87
l$ 0.16-1.87
l  $ 0.16-1.87
r $ 0.16-1.87
1$ 0.16-1.87

4.92G0) 0.80-0.90 0.90-29.80
4.92/40) 0.82-0.92 2.15-9.05
4.92(a0) l$ 0.20_3.70
9.99(46) 1$ 1.46
4.3 t@6) O.95-r.t2 2.80-6.70
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Table 2 (continued)

log Ke'r,, pKa

Phorate
Prometone

Prometryne
Propazine
Pyridine

Quinoline

Simazine

2,4,5-T

L,2,3,4-TCBg

1,2,3,s:lc,Bf
Tetrachloroguaiacol
2,3,4,'-TCP&
2,3,4,6-TCP&

3,4,5-Trichloroaniline 6Q6)
1,2,3-Trichlorobenzene 3(34)

2Q3)
1,2,4 -T richlorobenzen e 2Q 3)

1,3,5-Trichlorobenzen 
" 

2Q 3)

4,5,6-Trichloroguaiacol 3(7 I )

2,4,5-TichloroPhenol 8(29)
4Q4)

2,4,1-TichloroPhenol 3Ql)
Trifluralin 4(60)

3.93Q7) 1$ 2.05
1.9 4Q 8) 4.28Q e) 0.92-0.991 0.33-0.43t
t.g4QB) 4.2gQe) l$ 0.35-2.84
2.gg(78) 4.95(7e) l$ 0.35-2.84
3.09(78) 1.35(7e) l$ 0.35-2.84
0.65(38) 5.23Qe) t.04 0.58

2.03(38) 4.92Qe) 0.87 0.58
2.03(38) 4.92Ge)0.84-0.91 0.35-0.58
2.27Q8) 1.65(7e) l$ 2.05
2.27Q8) 1.65(7e) 1$ 0.35-2.84

3.36(8r)  2.90Qs) 0.84-1.14 1.25-4.85

3.36(8r) 2.90Qs) 0.81-0.85 0.46-1.74
4.64(M) 0.91-1 .13 2.15-4.70
4.64@) 1$ 0.16-1.87
4.469D I $ 0.16-1.87
4.45@2) 5.97(71) 1$ 0.20-3.10
4.82Q2) 6.96(40) 0.81-0.82 2.15-3.54

4.4292) 5.39(40) 0.80-0.90 0.90-29.80

4.42/12) 5.39(a0) t$ 0.20-3.70

3.49Q6) 1.78(83) I 0.12-6.34
4.r4(M) 0.96-1.01 2.15-9.05

4.14(M) I $ 0.16-1.87
4.0206) 1$ 0.16-1.87
4.rg(M) t$ 0.16-1.87
3.74@2) 7.49(71) l$ 0.20-3.70

3.72!4e) 7.43(40) 0.80-0.90 0.90-29.80

3.7z3e\ 7 .$@0\ 0.81-0.98 2.r5-9.0s
3.75(42) 7.42(J0) tS 0.20-3.70

5.07(60) I 0.40-7.60

1(15*)
2(6r)
2562)
2562)
25(62)
t(3e)
1(3e)
2(5r)
1(15)
25(62)

3(e)
2Qs)
2(6s)
2Q3)
2Q3)
3(71)
2Q4)
s?e)
3(71)

6.05-6.307
4.30-7.r0
4.30-7.r0
4.30-7.10
7.&
7.&
7.46-7.&
6.10
4.30-7.10
2.80-7.10
5.90-7.70

4.20-7.40
4.80-5.60
4.60-7.50
4.20-7.40
4.50-5.10

4.20-7.40
3.40-7.50
3.60-5.90
4.20-7.40

# number of experimental Kp values
*reference; Trangei  $single concentrat ion;  $ref .  86;  tTetrachlorobenzene;

&Tetrachlorophenol.

Comparison of Figs. 5 to 7 shows that Eq. 9 is the most suitable model to describe the

sorption behavior of the 87 organic chemicals listed in Table 2.
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Fig. 5. Observed versus calculated (Eq. 4) Kp values for the test set.
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Fig. 6. Observed ve$us calculated (Eq. 7) Kp values for the test set.
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log Kp obs.

Fig. 7. Observed versus calculated (Eq. 9) Kp values for the test set.

CONCLUSION

Our study shows that it is possible to propose a unique general QSAR equation (Eq. 9) for

estimating the sorption behavior of all the organic chemicals which can potentially

contaminate the ecosystems. Introduction of Eq. 9 in the environmental fate models (e.g.

fugacity models6, 87) could be useful to increase the accuracy of their outputs and stretch

their domain of application. It could be also interesting to test the usefulness of our correction

factors for ionization problems to improve the predictive power of the models based upon

linear relationships between soil and/or sediment sorption coefficients and topological

descriptors such as molecular connectivity indices.
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ABSTRACT

CHEMFRANCE, a computer model allowing to estimate the environmental fate of organic

chemicals in France, is presented. This multimedia model is represented by six bulk

compartnents (i.e., air, surface water, soil, bottom sediment, groundwater' coastal water),

and by ten subcompargnents. The model employs the fugacity concept and requires

information on chemical properties (i.e., molecular weight, aqueous solubility' vapor

pressurc, n-octanoVwater partition coefficient, dissociation constant, melting point, reaction

half-lives) and emission rates of the pollutants. The ouputs of the model consist of estimated

chemical distribution between environmental media, transport and transformation process

rates, and steady state concentrations in one of the twelve defined regions of France, or

France as a whole, at a chosen season.
The nature of the model and its underlying assumptions are described. An illustrative

example dealing with the modeling of the environmental fate of isobutylene is presented.

espects of model validation arc discussed and rccommendations are made for a proper use of

CHEMFRANCE.

* Author to whom all correspondence should be addressed.
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INTRODUCTION

Pollutants discharged into the environment are distributed across environmental media (e.g.,

air, water, soit) and among biota as the result of their physicochemical properties (e.g.,

aqueous solubility, vapor pnessure, n-octanoVwater partition coefficient (log P), dissociation

constant) and the nature of the environment (e.g., climatic parameters).1'2 The human mind

is not able to take into account simultaneously the above parameters in order to estimate the

theoretical distribution of a chemical between the different compartments of the biosphere.

Mathematical models, at different levels of complexity can be used to overcome this problem.

These models are very attractive since they provide a rapid and inexpensive simulation tool to

produce a comprehensive picture of the environmental fate of the organic chemicals.3'4

^A.mong them, the level III fugacity models are particularly powerful to estimate the

environmental distribution of pollutants in abiotic and biotic media.4-6 The assessment is

based on information relative to emission rates, environrnental conditions, and

physicochemical and reactive properties of the organic chemicals.

6 this paper, we describe a level III computer model (CFIEMFRANCE) which can be used to

estimate the environmental fate of organic chemicals in France. The country has been divided

into twelve rcgions where the environment is represented by a multimedia system constinrted

of six bulk compartments (i.e., air, surface water, soil, bottom sediment, groundwater,

coastal water). The first four bulk compartments are considered as a combination of

subcompargnents of varying proportions of pure and particle phases. Equilibrium is assumed

to apply within each bulk compartment, but is not assumed between compartments.

Expressions for emissions, advective flows, degrading reactions, and inærphase transports by

diffusive and non-diffusive processes are included in CHEMFRANCE.
The aim of this paper is basically to prcsent the theorctical foundations of CHEMFRANCE

and underline the difficulties encountered to construct such a model. For illustrative

purposes, the modeling of the environmental fate of isobutylene is presented.

MODEL DESCRIPTION

Regions of CHEMFRANCE

To develop CHEMFRANCE, it was necessary to divide France into a reasonable number of

regions of similar hydrogeological, climatic, and ecologic characteristics. These regions were

defined afær a careful study of the factors susceptible to have an effect on the environmental

fate of chemicals in France. Thus, it is obvious that all the economical or political parameters

inducing artifactitious divisions (e.g., limits of deparrnent, high density population area)

were excluded. The factors selected in priority were the drainage basins constituting the

French hydrographical network, the climate (i.e., precipitations, temPeratures, wind), the

nahrre of the soil, and the different qpes of vegetation.
Under these conditions, France was divided into the twelve following regions (Figure l):
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Region l- Bretagne, Pays de loire
Region 2- Nord, Normandie
Region 3- Bassin de Paris
Region 4- Alsace, Lorraine
Region 5- Vallée du Rhône
Region 6- Massif central
Region 7- Alpes
Region 8- Bassin méditerranéen
Region 9- Aquitaine, Midi-Pyrénées
Region 10- Pyrénées
Region 11- Bordure atlantique
Region 12- Centrc
Region 13 being France
Dividing a country into regions is ultimately a matter of judgement, and is almost certain to

generate controversy. Therefore, the segmentation presented in Figurc I has to be rcgarded

as an optimal compromise which can be modified for particular simulation purposes. Indeed,

in CHEMFRANCE an option allows a user to defîne its own regions without any kind of

restriction.

Environmental media

The choice of environmental compartment structurcs requircs to identify the acceptable level

of model complexity. The modeler should make a balance between the cunent perceptions of

the system and the experimental and environmental data available from the system. In

CHEMFRANCE, the environment is rationalized and simplifïed to a multimedia system

constituted of six bulk compartments (i.e., air, surface water, soil, bottom sediment,

groundwater, coastal water). The first four bulk compartments (i.e., principal comparûnents)

consist of a combination of subcompartments of varying proportions of pure and particle

phases. A brief description of these comParûnents is given below.

1- Air
The air compartment is divided into two subcompartments (i.e., pure air, air particles)" trn

CHEMFRANCE, chemicals enter the air compartment by local emissions, advective inflow

from adjacent regions, and by diffusion (i.e., volatilization) from soil and surface water. The

environmental loss processes are advective outflow, reaction, transfer to higher dtitude, wet

and dry depositions, rain dissolution of gaseous chemicals, and diffusion (i.e., adsorption) to

soil and water. An average value of 5 days was selected for the air residence time, in order to

calculate the advective flows.S The total surface area for each region was calculated from the

surface of departments and the fraction of departments included in each region.T TTre air

height was reduced to 1000 m, since the depth of the troposphere, into which emissions

generally occur and are constrained, is typically around 100 m during ttre night and 1000 m

during the daY.8' 9
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Figure 1: Defined regions of CHEMFRANCE.
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2- Surface water
The surface water compartment is composed of pure water, suspended sediment, and biota

(only represented by fish). In CItrEMFRANCE, pollutants move into this compartment by

local emissions, advective inflow from adjacent regions, diffusion from air and sediment, soil

and water runoffs, wet and dry depositions, rain dissolution of gaseous chemicals, and

sediment resuspension. The removal processes are advective outflow, reaction, diffusion to

air and sediment, and deposition. In order to calculate the advective flows, an average value

of 5@ days was selected for the surface water residence time.S This compartment is used to

reprcsent lakes, ponds, dams, rivers, and canals. The surface and volume of surface water

were estimated from numerous bibliographical references.lO-l8 When only the surface area

was available, we assumed an average depth of 10 m, 2 m, and 15 m for lakes, ponds, and

dams, rcspectively. The volume fraction of suspended sediment was also estimated for each

region.l9,20In order to take into account the possible ionization of chemicals, an average pH

value of suspended sediment equal to 7 was adopted for all the regions.2l

3- Soil
The soil compartment consists of three subcompartments (i.e., pure soil, soil water, soil air).

Pollutants move into this compartment by local emissions, diffusion from water (i.e.,

adsorption), wet and dry depositions, and by rain dissolution of gaseous chemicals. Chemicals

are assumed to be removed by reaction, diffusion to air (i.e., volatilization), soil and water

runoffs, and by leaching to groundwater. Soil was characterized by depth (15 cm), density,

air and water content, fraction of organic carbon, and the pH allowing to take into account

the ionization of acidic and basic compounds. In CHEMFRANCE, only the last two

parameters were adapted to each region. The nature of the soil of the twelve regions was

determined from a pedologic map,22 which allowed to select the predominant soil. The soil
was then characteriied from the upper layer type (i.e., horizon A0 or At in pedology).23-25

4- Bottom sediment
This comparEnent is constituted of two subcompartments (i.e., pure sediment, sediment pore

water). Chemicals enter this compartment by local emissions, deposition, and by diffusion
from water. The environmental loss mechanisms are reaction, diffusion to water,

resuspension, and sediment burial. As for the suspended sediment, an average pH value equal

to 7 was adopted for all the regions,2l in order to take into account the possible ionization of
chemicals.

5- Groundwater
The groundwater compartment represents the saturated material of the lowest soil horizon.
For each region, the volume of groundwater was estimated from the natul€, the surface area,
the thickness and the porosity of the substratum .26-35

55



462

6- Coastal water

The coastal water was assumed to extend 1 km offshore with a mean depth of 100 m. A

flushing time of 100 h and an advective inflow rate of 500 days were selected for all the

regions possessing coasts. Marine biota and sediments were ignorcd in our model.

Fugacity and basic equations

CHEMFRANCE is a level trI fugacity model. The concept of frrgacity36 and its usefulness in

environmental modeling4-6, 37-46 1Âys been clearly described in the seminal book of

Mackay.4 Briefly, fugacity, which means escaping or fleeing tendency, has units of pressure

(F in Pa) and can be viewed as the partial pressurc which a chemical exerts as it attempts to

escape from one phase and migrate to another.4l Fugacity is linearly related to concentration

(C in moVm3) ûrough the fugacity capacity (Z in rnoVm3 Pa):
C  =ZF ( l )

1;11eZvalues depend on the physicochemical properties of ttre studied substance, the nature of

ttle phase into which the chemical partitions, and the environmental temperaturc.

In CHEMFRANCE, the Zvalues are calculated according to Mackay and Paterson40 (Tables I

and tr) except for those related to the bioconcentration of chemicals in fish (BCF) and to the

sorption phenomena (Kp).

Table I. Definition of Z values (moVm3 Pa) for the subcompargnents.

Subcompartment (ij) 4itl

pure air (1,1)

air particles (1,3)

pure water (2,2)
srqpended sediment (2,3)

bioa (frsh) (2,4)

soil air (3,1)

soil water (32)
pure soil (3,3)

sediment pore water (4,2)
pure sediment (4,3)

I/RT
61C6Qr,r/ttPL

UH
Kp(z,t) PW4ze/rW
BcF p(2i) 4zeltw
1/RT

UH
Kp(3J) Pe,r4zz/r(ffi
rlH
Kp(al) Pwlzae/rwo

R = 8.314 @a m3/mol K); T = environmental tempcrature (K); VPLÛ = liquid yapor pressure (Pa); H = VP/S =

Henry's law constant (Pa m3/mol); Sf = solubility in wat€r lmol/in3); VPf = vapor plessure (Pa); Kp = so'rption

cæfficienq BCF = bioconcentration factor; p1i;1 = density of subcompartnent (ij) (kgfur3).
* for solids VPL = VP/exp (6.79 (I-MP/I)) in which MP is the melting point (K) of the chemical.
f ærrperature dependence is included4
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Table tr. Definition of Z values (moVm3 Pa) for the bulk compartments.

Compartment (i) qD

air(l) Qr.ry+Qr31ftr31
stnface water (2) 4zZl+4zryfitzSl +7+,clùell
soil (3) 4s,r) q3l)+4t,r) 0(r,r)+4s:,Rsel
bonomsedirrcnt(4) 4qgfi6,r+qary0(2)
groundwater(S) Ze2)=Ug
coastal water (O O.EEIA = O.EÆI

O(iO = volumc fraction of subcompartnent (ij).

Indeed, to estimate the BCF values in fish a bilinear model4T (Eq. 2) particularly suitable for
very hydrophobic chemicals is used.

log BCF = 0.910 log P - l.975log (6.8 lù7 P + l) - 0.786 (2)

n=154  s=0 .347  r=0 .950  F=463 .51
The Kp values are estimated from an original model taking into account the possible

ionization of basic and acidic chemicah.4S This model4S requires to know the log P and pKa

values of the chemicals and also the fraction of organic carbon (foc) and pH of the sorbent
(soil or sediment).

CHEMFRANCE describes a steady-state system with non-equilibrium distribution between
the bulk compartments in which each phase may have a different fugacity.39 Therefore,

intermedia transfer coefficients D (in molh Pa) for the various diffrrsive and non-diffusive
processes40 have to be calculated as displayed in Tables Itr and IV.

Table Itr. Calculation of D parameters (mo!h Pa).

Conpffinent Process Individual D

(1)-(2) diffusion Dv= l/((l/nqr2yAR1z14r,r))+(l/n<(z,r)AR(z)42ù)
rain Dqy=A\z)4zZlUq
wetdeposition poor =AR1z)4rll0OOUo

dry deposition D4r =4p,rr 4rJ) $rr,sl Up

(2)-(1) diffusion Dv= l/((lÆIqr2yA\z14r,rl)+(Vilqz,r)AR1z14zz>))
(l)-(3) diffusion Ds = l/((l/fiQr31A\ry ?r,rt)+ffy'(AR1r1(Bnr 4t,tpBç6 7e2ù)

rain Dqs =A\r1Z+ZlUq

wetdeposition Dps=AR(3)Qrllq<r"OUo

dry deposition Dps = AR(3) ?r,rlQO,clUp
(3)-(l) difrusion Ds = l/((lÆK(l$ AR(3) 4r,rl)+fiy'(ARp1 (Bns 4r,rpBw z+Zù)

(3)-(2) waterrunoff D$/tn'=AR(D4AUwt

soilnrnoff DS14'= A\r1Qr,f1UsW
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Table Itr. (Continued)

Conrpt@nt hocess IndividualD

Q)-@, diffusion Dy = lKlÆK(z0 AR(4) 7afi+C{nlBw AR+l zfz:l))

de,position Dpx=A&l)4zSlUox
(4F(2) diffusion Dy = I/((1/T1Q2OA&O 212fi+$elBwnA&+l4zpt))

resuqpension Dnx =ARl) 4l,sluRx
D pararnercrs for advective, pseudo'advective and reaction præesses

advætion(i= 1o2) Da(D=4)GaC)=4lVç/r<il

transfero higher altiode DsT = Qrl UslA\i

leaching frrom soil Dr =ARC) Z+aUt

advective flow frrom coastal watcr Dcv = 4O v<OÆcw

advcctivc flow o coastal watcr Dl(O = De(z)

sediment burial Dsx =AR(4?+31 Usx

reaction(i= 1to4) fuG)=VC)QU\U

Afu = area of compartmcnt i and V1i1 = volume of compartncnt i'

Table IV. Total D value (DTIO) for the principal compartments.

DT1i = D1r 21+D11 3pD61i+Da111+D51
DTlz; = D1z" t1+DP,4+D6P1+h,@)
DT6; = D6,r)+D(3â+DRG)+DL
D'i1a1 = D1a21+Dn(+)+Dsx

D(i,t = I inai"iauat D1i,9 of Table ltr.

Equations for calculation of the D values (Tables III and IV) require to use the transport

velocity parameters described in Table V.

Table V. Assumed transport paramete$.

Prameter Symbol Value Unit

air-side mass transfer coeffrcient over water TIql2) 3

wat€r-side mass transfer coeffrcient TKGr) 0.03

m/h

m/h

m/h

mtnonth

m/h

no unit

nVh

rrVtt

rain raæ

rain raæ

wet de,position velocity

scavengingratio

dry {eposition velocity

Uq 12 Uq,a/(24.365)

Ueru Region dcPendent

Uo UqQ

a 200000
Up lO.E
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Table V. (Continued)

Symbol Value UnitPramster

diffirsion path length in soil

effectivediftrsivity in soil air

molecular diffirsivity in air

effective diffirsivity in soil water

molecular diffirsivity in water

water runo,ff rate from soil

velocity of waterntnoff from soil

solids runofr rate from soil

water-side mass transfer coefficient over sedirrent

diffusion path length in sediment

effective diffusivity in sediment pore water

sedirnent deposition rate

ædiment resuspension rate

transfer to higher altitude

leaching rate from soil to groundwater

flushing time for coastal water

airresidence tinp

waterresidence time

sediment burial rate

0.05
srvlA (0€,r))3.334t-9133)2
0.04
BMrv (003))3.33/( I -/0€ Jr2
41û6
12 UwsrÀ/(2't*365)
0.4 Uqu
2rÉ1e4.365)
0.01
5 l0'3
gMW (ftipl)l'33

4rÉK2a$6s)
tt04l@4.365)
Çf,lQ4t365)
0.4 Uq
100
t20
12000

Upx-Unx =Qrc4K24.365))

Y3

B13

BITIA

BqB

Blvt\[,

uww
uwwu
usw
TI(ao
Yl
Bw
Uox
unx
ust
Ur.
tcrv
î ( t )

1Q'

ugx

m

n'Pth

n2th
r,PIh

m2lh
rrt/tt
ny'month
r|/h
m/h
m
nPlh
rillt
m/h
m/h
rûtt
h
h

h

rdtt

For the four principal compartments, the previous calculations (Tables I to IV) allow to setup

steady state mass balance equations (Table VI), which incorporate emissions, transfers

between adjacent phases, reaction, and advection. The solutions for the four unknown

fugacity values C1able VI) can be easily obtained by a matrix inversion technique such as the

Gaussian elimination.

Table VI. Mass balance equations.

Comparrnent Equation

air

surface $rater

soil

bottom sediment

Q 11+ Ga1 1y CB1 r1+F121 D1z.t;+F1r1 D1r,t1 = F1t1 DT11;

Rzy+ c61r, CB1z1+F1ry D1r2y+Ftr) Dlrpy+F1a) Dg21 = F1z1 DT1z1
g(3y+F1ll D(r$ =F(s) DT(3)

E1a1+F121 D1zz1 = F1a1 DTlay

CB1i1 = background inflow concentration (moVm3) of adjacent region in comparunent i and Ri) = emission

(moVm31 in compartnent i.

In order to estimate the fugacity in the two remaining bulk phases (i.e., groundwater, coastal

water), we use fugacity values relative to the principal phases:
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Groundwater F151= F1r1
Coastal water F(O = F1z1Da16/Dgw

(3)
(4)

Eq. (3) assumes ttrat the groundwater and the soil compartments are in equilibrium. firis

assumption is based on the relatively prolonged contact between the soil water and the surface

soil during infiltration.4O Eq. (4) allows to calculate the fugacity of the coastal trater from a

consideration of the advective inflow rate and the flushing time using a simple dilution

calculation.4o
Fugacity values of the subcompartments are obtained from those of the principal

compartnents, since equilibrium partitioning is assumed to apply within each of the four

principal compartments (i.e., F(i) = Ftijl). This implies that the time requircd to reach

equilibrium within a bulk phase is short compared to the time required to reach equilibrium

between bulk phases.4o

CHEMFRANCE allows one to obtain a considerable amount of information which is

summarized in Table VII.

Table VII. Some output information obtained with CHEMFRANCE.

Output Equation

concentration

amount

diffusive flux between two phases

nondiffusive flux between Phases
fint-order reaction præess in a phase

net flux between two phæes

persisænce tinr

residence tine

Q,l = Fo ?u
l"lCl= VO Ql
Nd(iO= D1P G1i1- Fg)

Nnd1i1=DgP,t,
Nk11=DRgF1il
Nflp =p6iy F1i1 - D6,i1F61

l t - - . . G -

! y.-(y (r,

*=  rMG)

tDAcff+I,E<D

rml,frn3
npl

molh

molh

molh

rnolh

h

i and j rcpresent oomparûnents.

Environmental parameten

The monthly mean precipitations and temperatures $'ere determined from maps49 and data

given locality by locality.5O Table VIII summarizes the environmental parameters for which

no region dependence was included. The values of the remaining parameters (i.e., area and

volume of the compartments, coastal length, monthly mean precipitation and temperature for

the four seasons, fraction of organic carbon content and pH of soil, volume fraction of

suspended sediment) were selected for each region.
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Table Vtrtr. Values of constant environmental parameters selected for the twelve regions of

CHEMFRANCE*.

Parameter Selecædvalue

fraction of organic crbon content of suspended sediment

fraction of organic carbon content of pure sediment

pH of suspended sediment

pHof pule sediment

volune fraction of airParticles

volume fraction of biota

volume fraction of soil air

volunp fraction of soil water

volume fraction of sedimentpore water

density of pure air and soil air

density of air particles and suspended sediment

density of pure soil and pure sediment

density of pure water, biota, soil water, and sediment pore water

height of air

depttr of soil

depth of sediment

depth of coastal wæer

foc1z31 = 0.2
foc(43) = 0.04
pHeJ)=7
pH631=7

0(tJ) = 2lÙrr

0(zr)= I to6
o€,r) = 0.2
0(r,z) = 0.9
Q(2)= o't
P(l,r) = P(3,1) = 1.2 kglm3

P(r3)= PQs)= 1500kg/m3

P(33)=P63)= 24(0kgln3
pez)= P(2.4r= P(gzr= P(42r= 1000 kglm3

DEPtrl = l0(X)m
DEP(3) = 0.15 m

DEP(3) = 0.03 m

DEF<O = l(X) rn

* aU these values can be changed by the user, as well as all those selected for each region.

CASE STLIDY: ISOBUTYLENE

Isobutylene ICAS RN 115-11-7] has become an important starting materiai for the

manufacture of polymers and chemicals. There are many patents describing the use of

isobutylene or its derivatives to produce insecticides, antioxidants, elastomers, additives for

lubricating oils, adhesives, sealants, and caulking compounds.sl, 52 The estimated \Vestern

Europe isobutylene consumption in 1984 was 1640 103 tly.53 The main sources for the

commercial production of isobutylene are catalytic or thermal cracking (730 tO3 t/y in

Western Europe) and steam cracking (920 103 Vy in Western Europe). There are other

processes available for the production of isobutylene but they are more site or manufacturer

specific (e.g., dehydration of tert-butanol, 50 t03 Vy in Western Europe).Sl' 53

Environmental contaminations of isobutylene principally occur during industrial processes of

production and use as well as during fuel combustions (stationary and mobile sources).54-57

To illustrate the usefulness of CHEMFRANCE as simulation tool, we have modeled the

environmental fate of isobutylene in France. In our case study, the physicochemical

properties required to run CHEMFRANCE werc the following:
- Molecular weight: 56.11 g/mol,
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- Solubility in \Hater: 263 mglat room temperature,SS
- Vapor pressure: 257.4 kPa at 20"C,59
- n-OctanoVwater partition coefficient (log P): 2.11,59
- Melting point: -140 oC,59

- Half-life in air: 4 h.59
kr addition to the six above input data, it was necessary to make the following assumptions:

- due to the lack of information on the degradation processes of isobutylene in the water, soil,

and sediment compartments, it was necessary to estimate the hatf-lives of this chemical in

these compar6nents. As generally assumed, in that case, fictitiously large half-life values are

supplied inducing that there is no reaction.4O kr this study, a half-life value of 1011 h was

arbitrarily selected.
- as no informatign was available on the amounts of isobutylene released to the environment

in France, a scenario was designed from the estimation of isobutylene emissions in the

Califomia's South Coast Basin.55, 60 Thus, considering that in the California's South Coast

Basin, an atmospheric emission of 7 103 kg/d was measured for a surface area of 600@ km2,

the ernissions in the 12 regions of CHEMFRANCE were calculated using the ratio of these

two above values and the surface area of the corresponding region. only the results obtained

with region n"8 (i.e., bassin méditenanéen) in sunrmer are presented here'

Thus, the outputs of GHEMFRANCE (Tables IX to XII) clearly show that the concentrations

of isobutytene are low in all the comparûnents. The highest amount (99997o) is found in the

air compartment (Table X). The high percentage found in air is due to the high vapor

pressuraof this chemical. It therefore exists as a gas at ambient temperature. This high vapor

prrrrop value combined to low log P and high Henry's law constant values induces that the

transfers from air to the other compartments are not important. It is noteworthy that the

major part of the emissions reacts in air (i.e.,95.47o) and the remaining is advected (i.e.,

4.67o) (Table XII). All other reacrions and rransfer processes are negligible. The individual

intermedia transport coefficients (D) are small compared to the reaction (Dp111) and

advection (Detrl) values (Table XI). Therefore isobutylene tends to remain in air where it is

rapidly degraded or advected. Indeed, its residence and persistence time values arc very low

(5.51 h and 5.77 h, respectively). From a practical point of view, this means that the oudlow

to other regions is unlikely due to the rapid degradation of this chemical'

Table m,Zand F values obtained in region no8 (summer) for isobutylene'

Computnent Z (moVm3 Pa) F (Pa)

Bulk compartment
air
surface water

soil
bottomsediment
goundwater

coastal water

2111=zt.631ga
ze\=l .63lus
2ç1=/.71l f4

4a) = 8.80 tO's

4t = 1.6g to-s
Z16y = t.3g 1g-s

F1t1= 1.17 196

F12y = 1.19 19'6

F131= t.17 19'6

Fgy = 1.19 196
F15y = 1.17 19-6

F(O = 6.42 10-10
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Table D(. (Continued)

Compartnent Z(molfn3 fa; F (Pa)

Subcompartment
pure air
airprticles
purc water
suspended sediment
biota (fish)

soil air
soil water
pure soil
sediment pore water
pure sediment

4r,r)--4.08 104

4r,z)=8-27lc.3
7{22)= 1.631ù5
743)=7'98 lû4
742$=2.17l9,l-

4t,rl--4.08 10'4
74tr= 1.63 lo5
743,3)=3.70lÉ

Oa,z)= l-63 lû5

443)=2.55lÉ

F1l,l) = 1.17 1016

FltJ) = 1.17 lÛ6

FP2)= 1.191û6

F(23)= l .19l0{

FQA)= l '191û6

F1l,l) = l.l7 105

F1t2) = 1.1? 10-6

F1l3) = l.l7 10-6

Fea)= 1.1910-6

F(nJ) = 1.19 10-6

Table X. Chemical fate of isobutylene.

Compartment Percentage Amount
moles

Concentrations

npVm3 mg/kg pg/m3

Bulk compartment
air
surface water
soil
bottom sediment
groundwater
coastal water
Subcompartment
pure air
airpaticles

PUre $ratef

suspended sediment
biota (frsh)

soil air
soil water
pure soil
sedimentpore $,at€r
pure sediment

4.77 tc.r0
1.94 10-ll
3.18 tù10
1.05 10-10
l.gl 10'll
8 .36Ie15

4.77 tùrO
9.68 10-e
1.941ùl l
9.49 1û10
2.58 lOl0
4.77 L0-r0
l.9t lûl l
4.33 1(}10
1.941ùl l
3.05 10-10

99.99
0.00
0.01
0.00
0.00
0.00

99.99
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00

2$6 rû
7.95 t0'2
2.38

3.58 10-3
0.88
6.62rÉ

2$6 rû
9.88 l0{
7.95 tù2
3.89 1û5
1.0610{
0.71
4.29 tù2
r.62
4.64rÉ

3.l l  lo3

2.23 tos
1.09 loe
l.19 10'8
4.15 lûe
1.f/ lûe
4.69 tùr3

2.23 tc"s
3.62tù7
1.09 10-e
3.55 lût
1.45 lo-E
2.23 t0"s
1.07 to-e
l.0l t0-8
1.09 10-e
7.12 tùe

2.68lù2
1.09 lû3
1.78 l0-2
5.89 10-3
1.07 to3
4.69 to7

2.68 rù2
0.54
1.09 1G3
532 rc-2
t.45 tù2
2.68 tc..2
1.07 l0-3
2.$ tu2
1.091ù3
L.1t tù2
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Table XI. D values and transfer rates.

Coûtpartnænt Process IndividualD (mo!h Pa) Transferrae (nnVh)

(1)-(2) diffusion

min

wetdePosition

drY dePosition

(2)-(1) diffusion

(1)-(3) diffusion

rain

wetdePosition

dry dePosition

(3)-(l) diffusion

(3)-(2) waterrunoff

soil runoff

(2)-(4) diffusion

dePosition

(4)-(2') diffusion

resusPension

Advective, Pseudo-advective

advection

uansfer o higher altitude

leaching frorn soil

advective flow from coastal water

ædirnent burial

reaction

Dv = 55.483 10t

Dqy=0.760
DPw=1.54310-3
DPw = 2.028lû3

Dv = 55.4E3 l0l

Ds = 30.1?l lOa

Des = 33.431

Dp5 = 6.784lrz

DPs = 8.915 lù2

Ds = 30.171 lOa

Dww =13.372

Dsw = 0.422
DY =8.774

DDx = 4.136l0-|z
Dv =8.774

Dsl = 3.309 10-3

and reaction Processes
Dn(t) = 17 '36 L07

Dl(z) = 5'57
Dsr = 21.38 104

D1=13.37
Dc$, = 10.32 103

DBx = 9.93 l0-3

Dn(t) = 36'0518 108

Dn1zl =4'6317 lù7

Dn(E) = l'4089 l0-5

Dn(+) = 2'vl72l0-8

6.501û4
8.901ù7
l.8l lûe
237 lre
6.601ù4
0.3s
3.91 10-5

7.94 l0-E

1.041ù7
0.35
1.57 l0-5

4.94l0'7
l.M l0-5
4.92lO'8
1.05 10-5

3.95 lo-e

20.32l0r
6.621ù6
0.25
1.57 lo-s

1.18 lûE
42.20 rt
5.51 1013

1.65 l0-ll

2.48 tùr4

Table XII. Summary of 4 principal compartment mass balance (molftt)'

Compdûnent Emission Reaction Oudlow Net flux out to otheroompts.

ah
surface wæer

soil
bouomsedircnt
bEl

4.24 t02
0.0
0.0
0.0
4.U 102

42.20 rû

5.51 10-13

1.65 10-ll

2.48 10-14
42.20 t02

20.32l0r
6.62 tO-6
0.0
0.0
20.32l}r

2.23 rc"s
-6.62 rù4
-1.56 105
-1.18 10-8

0.0
0.0
0.0
0.0
0.0
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From the simulation results of the environmental fate of isobutylene witlt CHEMFRANCE, it
appears that this chemical is of minor concern regarding its potential hazards to the
environment since it is rapidly degraded in air and it is not accumulated in other media.

trn order to test the predictive power of CHEMFRANCE, we have tried to compare the results
obtained with CHEMFRANCE to concentration data actually found in the environment. Onty
concentrations in air were retrieved from the liæraturc. There are listed in Table XIII.

Table XIII. Recorded concentrations of isobutylene in air.

location, date Concentration

Slonskogen Park (Swede î, 25lTl 190)6r

Avenue of Gôæborg (Sweden, 25107190,20"C;61

Avenue of Gôtebo'g near intersection with traffrc lights (Sweden, 30llll89,0"Cfl

Avenue of Gôteborg near intersection with raffic lights (Sweden, 7lOSlm,20oC)61

Bridgc 5 m above motorway approach to Gôteborg (Sweden, l7ll1l89,0oc)61

Motorway l0 km south of Gôteborg (Sweden, gns9D,l0C;ot

Inside parkin E garagenear cani leaving in the morning (Sweden, 23l05l9f,l5oC16t

Service station during refueting. No petrol vapor recovery (Sweden, 7n6ft8,22oC)62

Service station during rcfueling. No perol vaporrecovery (Sweden, 22frt6188,15oC162

Senice station during refueling. Petnol vapor rccovery (Sweden, 10/06/88, 2LoC)62

Service station. Ambient air. Perol vapor recovery (Sweden, 15106/88, 22oC)62

Fos-Berre basin* (Rance, L7 t@ t8T63

0.@ Pg/m3
0.7 ttelnf
7.7 pelrfr
3.21tglm3
1.5 pglm3

0.7 ttelm3
7.51tglm3
1300 pglm3

7@ pglm3

l01tglm3
9vetm3
0.058 Pglm3

* Located in the region no8 of CHEMFRANCE.

Table XIII shows that if we consider locations relatively far from sources of emission, the
concentrations recorded in air (Slottskogen park: 0.09 pglm3; Fos-Berre basin: 0.058 ttglm3)
are in accordance with our results (0.0268 ttglmS in Table X). However, note that the
concentrations recorded near the emission sources are significantly higher (Iable Xm).

From the simulations performed on isobutylene and those canied out on o-cresol and atrazine
(to be published), it appears that CHEMFRANCE is particularly suitable to estimate the
environmental fate of organic chemicals in France. However, it is obvious that to be
validated, CHEMFRANCE has to be tested more thoroughly against other substances of
widely differing physicochemical properties, reactivity and transport characteristics. The
principal difficulties in accomplishing this task are the lack or the variability of emission data,
environmental concentration data, reaction rate constants, and physicochemical

ProPerties.5' 64

CHEMFRANCE is basically a simulation tool for prcdicting the environmental fate behavior
of new or existing chemicals for which there is insufficient environmental experience. To
reach this goal, the predefined options of CHEMFRANCE easily allow to test different
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scenarios. In addition, as CHEMFRANCE is totally open and flexible, the users can modify

numerous parameters (e.g., comparfinent volumes and areas, densities, climatic parameærs)

in order to more easily interpret the differenr outputs or adapt CHEMFRANCE to local and

global situations.
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ABSTRACT

Lindane, a highly persistent and lipophilic pesticide, is still used in large quantities. This

chemical can be found with appreciable concentrations in biota, atmosphere, ild in other

environmental comparrnents in the adsorbed form. This information provided a basis for

assessing the simulation performances of CHEMFRANCE, a regional level Itr fugacity model

allowing to generate environmental behavior profile of organic chemicals in France. The

comparison betrveen the estimated environmental fate and field and laboratory observations

suggests ttrat ttris fugacity model can be used to determine the processes that control the

environmental fate of lindane in France. CHEMFRANCE also provides accurate estimates ôf

environmental compartment contaminations. Copyright @ 1996 Elsevier Science Ltd

INTRODUCTION

Lindane, the gamma isomer of hexachlorocyclohexane (1-HCH) is an organochlorine

insecticide. Like DDT, lindane was at first praised as almost a perfect insecticide, being

relatively cheap to manufacture, strikingly effective against a wide range of insects and some

animal ectoparasites and yet apparently safe to man and warm-blooded animals.l However,

lindane is notoriously persistent in the environment and possesses a lipophilic character which

strongly favors its bioaccumulation. In addition, its use has led to the indiscriminate killing of

beneficial as well as harmful insects and, incrcasingly, to the development of insect
resistance.æ Despiæ restrictions and banishments in several countries, large amounts of
lindane are still applied each year for crop protection.a Nowadays, the world and French
consumptiorui of lindane are estimated to æ,720 000 t/yeara and i 600 t/year,s respectively.

* Author to whom all correspondence should be addressed.
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The huge use of lindane and its long penistence pose serious environmental problems'

Sisnificant concentrations of IHCH have been found in surface waters, soils, plants, animals,

;il;j " ù;;;""r, due to of irs vapor pressure, T-HCI{ is released to the atmosphere

through spray uppfùu,ionto and volaiilization from contaminated surfaces and then

disseminated to adjacent or more distant regions.to-tt Du" to its economic and environmental

concerns, numerous publications dealing with the environmentar fate and hazards of lindane

are available. This information was urù fo, deriving the environmentar fate profile of this

chemical and then comparing experimental results with those obtained with GHEMFRANCE'

a regionar level IIi fugacitimod.r 
"llo*ing 

to simulate the environmental distribution of

organic chemicals in France"-

LITERATURE DATA ANALYSIS

P HYSI COC H EMICAL P RO P ERTI ES

An analysis of the literature allowed the selection of the following values:

- Molecular weight: 290.85 g/mol,
- Solubility in water: 7 -5?\8I ^:1t:ç;t
- Vapor pressure: 4.1 l0-' Pa at25"C,
- n-OctanoVwater partition coefficient (log P): 3'85'2r

- Melting Point: 112.5"C.22

ENVIRONM ENTAL BEH AVIO R

Degradation

The structure of lindane constituted entirely of c-c, c-H, and c-cl bonds induces a high

chemical stability in normal environmental conditions' Its degradation products are

principally volatile chemicals. In marine systems and soils, one of its main metabolites' T-

pentachlorocyclohex-l-ene (1PCCH), is r.uAity transferred to the atmosphere''-' Hoo''n"'

there are some divergences-in the literature on the part of 1-PCCH in the volatilization

process of lindane. ùmuel and- Pillai2a reported a percentage slightly superior to ten'

conversely, ct.n uni ip.n.rrtt found trrat two thirds to three fourths of the volatilized

material was lost as ypCCH from a calcareous soil treated wittr lindane. Another principal

metabol-ic product is 1-3,4,5,6+etrachlorocyclohex-l-ene 
(1TCCfl)- identified in treated

:i;i:#%iïiîuu,i. sedimenrs.- Mineralization produ.int cor'o'2t and bioisomerization

of IHCH to a, F, and ô-HCH in soilsD are other processes of degradation of lindane' Some

aquatic microorganisms can also convert lindane to a-HCH.23'6
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The degradarion profile of lindane can be depicted by the following reaction half-lives:

- HalfJife in soil: 2888 h (mean value calculated from data of Isnard and l-amberts), .
- Halflife in sediment: 1188 h (mean value calculated from data of Isnard and Lamberti),

- Half-life in water: 1848 h (mean value calculated from data of Isnard and Lambert5l,

- Half-life in air: 17000 h (in temperate climatic zones).3o

lævels of contamination in the different compartments of the environment

SoiI contamination

The soil concentrations in lindane depend on the method of application (e.g.; spray

application, seed treatrnent), soil composition, and climatic conditions." Five to six months

aiter its soil application, the amount of lildane present in the top surface soil was estimated to

be around 25Vo of the initial amount.2e Another field study carried out at Delhi (India)

revealed that the lindane concentration droppe d to -\sEo of the initial concentration one year

after treatrnent.3r Studies of the partitioning of IHCH in soils revealed low contamination of

soil water .'o'" Th" disappearance of lindane in soils depends principally on volatilization,

plant adsorption, and deirad ation.'o''t'2e

S wrfac e w ater co nt ami nati o n

Lindane has been detected at relatively low concentrations (i.e.; generally <<103 ngll) in
'7,12.13,17,t2.33 

,- ^^^^-r^-^^ . . , ier. i+o r^., ,  o^l, ,Li l i ru
surface waters in numerous countries. In accordance with its low solubility

significant sorprion in sediment and suspended sediment has been demonstrated.l2'|3J2

Investigations on the lindane contamination of estuarine and sea \r,aters in Europe showed

lower contaminations than those reported in freshwater. In French estuaries, concentrations

between 5 and 50 ngll have been reported.T In the Scheldt estuaries located in southwest

Netherlands and northwest Belgium, lindane was detected in June 1986 with dissolved

concentrations ranging frorn 17 to 125 ngll (median concentration of 82 ng[) and wittt

particulate concentrations ranging from 0.3 to 6.0 nglg (median concentration of 2.5 nglù---

A survey of the lindane contamination in the Baltic Sea and the North Sea reported

concentrations in water samples varying between 1.0 to 7 -7 ngll.É

G r oundw a t e r c o n t ami nati o n

Despite the persistent character of lindane, the risk of groundwater contamination is rcduced

due to its significant sorption in soils.3r In U.S. surveys conceming groundwater

contamination, lindane was seldom detected.t2In France, between 1977 and 1990,lindane was

detected in ll.67o of the l3l4 groundwater samples from Calvados department wittt

concentrations greater than 0.02 1tgfl, but only in lvo with concentrations above 0.05 pgÂ and

0.37o in concentrations superior to 0.1 ll9ll.'-
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Atmo spheric contaminarton

Numerous studies have reported the presence of lindane in air and rain samples. The presence

of lindane in the atrnospheric environment can be explained by spray glgtJgt drift-off during

its application and its volatilization from sprayed plants and soils.^''"'- Volatilization of

incorporated lindane fur soil contributes to a smaller extent to the atmospheric contamination'a

The mean atmospheric concentration of lindane in Paris (France) *.t i.s l0-3 ng/l from July

lggg to July lgg0.tt In p"ri, and adjacent areas, mean-concentrations in rain samples in the

range of 100-150 ng4 werc recorded during 1988.36 h Bavaria (Germany), rainwater

samples had average concentrations between I I and 17 ngtl in suburban stations and between

12 and 22 ng/ in rural stations in winter and summer, respectively.ls In Jacksonville and

Springfield (U.S.), mean air exposure estimates were 224 aÀd 38 ng/day' respectively'" T

HCFI wæ detected in river and estuarine air from eastern and southem Asia and oceania at

concentrations ranging from 5.5 ngn to 4.0 106 ng/1.13 Moreover, the presence of lindane in

a6nosphere and precipitations from sites remote from industrial and human activities

indicates that long-range atmospheric transport of ttris pesticide occurs.l4'38 For illustrative

purposes, at Enewetak Atoll in the Ngnh Pacific Ocean, lindane was found in concentrations

ranging from 0.006 l0-3 to o.0z!.10-3 ng/l and from 0.34 to 1.59 ngL in the atrnosphere and

Uulk piecipitation, respectively.ra

Food and biota contatnination

The air and dietary exposures of lindane were considered to be the dominant public exposure

p.rt *uyr.,.rz.g ou" io its high persistence and lipophilic character, lindane enters into the

food chain and accumulates in animals and vegetals. Numerous qty.{i9p.1eported higi levels of

IHCH in plant bi;;;;Ë'ô;;;;tJrl,"r,i'r'tt'ar verrebrates,rr't''ot* and food.' However,

despite this contarnination, neither the limit of maximum residues, nor the acceptable daily

intake \ilere exceeded in recent years in France'8'*

MODELING STR,ATEGY

Besides the physicochemical properties and degradation half-life values listed 
ltg:"r1":t

section, information dealing with emissions was also necessary to run CHEMFRANCE'-- In

France, lindane is essentially used in com .ropr.o'The amounts of lindane applied on these

crops in each of the 12 regions of CHEMFRANCE were estimated from the surface of com

crops treated (i.e.; ?jl%o with lindane alone, 3.5Vo in association with chlorpyrifos)' the area

of ttris cultivation in the 12 regions, and the applied doses (i.e.; 1.35 kg of active matter/ha

for lindane alone, 0.29 kg of active rnatter/ha when in association with chtorpyrifosl.3s lvittr

the above information, th" quantities of lindane applied on corn crops in the 12 defined

regions of CHEMFRANCE in 1990 could be estimated. However, in order to take into

account the application of lindane on other titlages (e.g.; sugar-beet, colza, seed-treatment),
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and as veterinary trearnent, we assumed that these uses corresponded to 3O7o of the lindane

applied on com crops. These calculations yielded global rcleases summarized in Table I.

Table I. Estimated total emission rates of lindane for the regions of CHEMFRANCE.

Region Emission (te/V)

I (Bretagne, Pays de Loire)
2 (Nord, Normandie)
3 (Bassin de Paris)
4 (Alsace, Lonaine)
5 (Vallée du Rhône)
6 (Massif central)
7 (Alpes)
8 (Bassin méditerranéen)
9 (Aquitaine, Midi-Pyrénées)
l0 (Pyrénées)
I I (Bordure atlantique)
12 (Centre)
France

355530
224380
I 35380
l I  6370
71530
7 5340
49450
I  1600

161030
57360

240260
r47670
1645900

I

Spring was the season chosen to run CHEMFRANCE, since it is the period of year during

which the agricultural applications of lindane occur.

The emission processes were simulated from four differcnt scenarios.at Th" first considered a

total emission of lindane into the soil compartment (scenario A), which can be related to a

direct incorporation of lindane in soil from seed-treatment. Scenario B took into account

accidental pollutions occurring in surface waters and the release via effluents at

manufacturing sites (907o nsoil and l}Voin water). Due to the relative volatility of lindane,

significant quantities may be released into the afinosphere through sPray applications.-

Therefore, a scenario C was designed to consider in addition to a soil emission (877o) a loss

oî l3?oa7 into the air compàrtment. Last, scenario D summarized all the previous assumptions

(i.e.;77Vo in soil, ljVo in surface water, l3%o in air).

SIMULATION RESULTS AND COMPARISON IVITH LABORATORY AND

FIELD OBSERVATIONS

Table II gives the average percentages corresponding to the removal processes obtained for

ttre twelve defïned regions of CHEMFRANCE. In all cases, lindane disappearance is

principally governed by reaction in soil. Moreover, due to its long persisteirce time

determined by CHEMFRANCE (i.e.; -180 days), it can be concluded that the greater'part of

lindane applied on soil remains in this compartment, in which it biodegrades slowly. This is

in accordance with experimental studies.* \ryh.n only seed-treatrnent applications have been

assumed (i.e.; scenarios A and B), the dissipation of lindane by advective processes for the air

76



2432

compartment is low. However, in case of spray applications (i.e.; scenarios C and D), -9?o of

the applied lindane is transported to adjacent regions. Furthermore, as lindane is rclatively

stable in air, the risk of contamination by arnospheric transports must not be neglected. To a

lower degree, the advective process in water must be taken into account when emission of

lindane in water occurs (i.e.; scenarios B and D). The above conclusions can be linked tg the

presence of lindane with significant atmospheric concentrations (i.e.; -10 to 100 pym3; in

non-treated areas (e.g.; Arctic and Antarctic zones).-'' 
-' '

Field studies clearly demonstrated the low groundwater contamination by lindane.22 Thus,

leaching to groundwater represents only about O.357o of the emissions (Table II). This

percentage is close"to the results obtained in a field experiment (i.e.; l7o within 15 days of

iind-r application2T).

Table II. Average percentages of each removal process obtained from the four scenarios.

Removal process Scenario A Scenario B Scenario C Scenario D

air advection
water advection
reaction in air
reaction in water
rcaction in soil
reaction in sediment
transfer to higher altitude
leaching to groundwater
sediment burial

0.05
0.07
2 t0-4
0.31
99.07
0.1 I
6 10-s
0.39
7 t0-4

0.31
1.40
2 to'3
6.28
89.29
2.35
4 t0-4
0.35
o.o2

8.79
0.08
0.04
0.33
90.28
o. t2
0.01
0.35
8 l0-4

9.04
1.40
0.04
6.3r
80.50
2.36
0.01
0.32
o.02

Granier36 reported a mean runoff rate equal to 48 pg/m'ly inthe region of Paris. This rate is

ten-fold superior to those calculated by CHEMFRANCE (i.e.; 4.g to 6.1 pglm2lyear).

Neverttreless, the calculated percentages of loss by runoff of the applied lindane (i.e.; 0.23 to

0.287o)are in accordance with the mean percentage (i.e.; <0.2Vù obtained in a field ,u*"y.4'

In scenarios C and D, more than 20Vo of the atmospheric emissions of lindane are deposited

by rain and in lower proportions by wet and dry depositions (937o,47o, and3%o of the total

atrnospheric fallout, respectively). Thgge rcsults agree wjgh the percentages observed during a

study performed near Éaris in 1988.36 hdeed, Granier36 found 94Vo, 5lo, and l%o for l3in,

wet, and dry depositions, respectively. In the same study, a mean flux of total atrnospheric

fallout equal to 77 ltglm'ly *.r^r.ported. This value is similar to those obtained in scenarios

C and D (i.e.; 65 an; 6l-1tgl^m2ly, respectively). In the same way, Granier36 observed a dry

deposition rate of 0.92 pglm?.qtti. is in agreement with our results derived from scenarios

C and D (i.e.; 2.01 and 2.OB Pglm-ly, respectively).
There arc some discrcpancies in the literature on the part of the volatilization process in the

environrnental fate of lindane. Firstly, the percentages of 1HCH detected in the volatilized

organics in field studies varied between OVo (i.e.; not detected) and >857o.2a'28 This large

variation can be attributed to the fact that it is difficult to know whether it is the lindane itself
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ttrat volatilized or i15 degradation products which possess higher vapor pressures' Secondly'

the variations of experiÀental conditions. (e.g.; temperature) induce large fluctuations in the

percentage of volatilized lindane.2a'28'50'5r In this context, it is very difficult to compare the

transfer of lindane in the air compartnent obtained with CHEMFRANCE (i'e'; q'Wo of the

applied lindane) to field and laboratory observations'

The transfer rates of lindane between the sediment and water compartnents are dominated by

the sorption process and by sediment deposition. This leads to the accumulation of lindane in

the bottom sediment. The other transfeirates (i.e.; sediment resuspension, diffusion frorn air

to soil and water) between the four principal compartrnents (i.e.; air, surface water, soil'

bottom sediment) arc negligible in all the scenarios'

Figure I summarizes the concentrations of lindane found in the six bulk compartments for the

diiferent regions of CHEMFRANCE. Observed concentrations in surface water,

groundwater, air, rain, and fish as well as those derived from the four different scenarios are

reported in Tables III and IV.

The surface water concentrations obtained in scenarios A and C are generally in accordance

with the maximum actual concentrations (Table III). Flowever, the results of scenarios B and

D greatly exceed field observations. This discrepancy could be due to an overestimation of

the percentage of lindane emitted in the water, which could be closer to lflo than to l07o of

the total emission of lindane.
The groundwater concentrations measured in regions 9 and l0 are superior to the simulated

concentrations (Table III). Nevertheress, a study performed between 1977 and 1990 in the

deparfinent of calvados (region 2) revealed that from 1314 groundwater samples, only l'3vo

presented a concentration larger than 50 ngû.35 This maximum is in accordance with our

results for this region (i.e.;54-67 ngn).

verv few data are available on lindane contamination in French coastal and sea waters'

f.,1ur.n*at reported concentrations in coastal waters ranging between <l to 5 ndl, which are

slightly superior to the maximum concentration obtained with CHEMFRANCE (i.e'; 0'85

nsn).
The atmospheric concentrations derived from scenarios C and D assuming emissions in the

air compartment are relatively near to those observed in the t"F"tol of Paris (Table III)'

By means of an equation published by Mackay and coworkers,'u the concentrations in rain for

,rlion 3 were calculated from the air concentrations obtained with CHEMFRANCE' For

scenarios A and B, the calculated rain concentrations are lower than those observed in

p'i,:t Conversely, scenarios C and D generate values close to the actual data (Table trI)'

The fish concentrations obtained in scenarios A and C are in accordance with the actual

concentrations (rable IV). However, the results obtained with scenarios B and D greatly

exceed field observations (Table IV). This overestimation confirrns the assumption that the

percentage of lindane emitted in the water compartment is probably closer to l7o'

The concentration of residues of lindane detected in a soil historically treated2e is in

accordance with the soil concentrations derived by CHEMFRANCE (i.e.; -6 l0-3 mgftg)'
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Figure l. Lindane concentrations (ng/l) for the bulk compartments calculated with

CHEMFRANCE for the twelve defined regions and the four scenarios (see text).
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Table IV. Comparison between field and predicted (scenarios A-D) fish concentrations in

region 3 (peke wet weight).

Species, date, location Actual concenradon
mean& maximurn

Ref. Predictedconcentration
ABCD

Roach, (C4rllggl to 05/1991), Seine river
Roach, (Mllggl to 05/1991), Yonne river
Roach, (0411991to 05/1991), Mame river
Roach, (10/1991), Seine river
Perch, (10/1991), Seine river

29.25 (n =7) 97.5
11.25 (n = ?) not given
12.25 (n = ?) not given
13.5 (n = ?) notgiven
15.0 (n = ?) not given

42
42
42
43
43

26.2
26.2
26.2
26.2
26.2

27.t
27.8
27.8
27.8
27.8

940
940
940
940
940

940
940
940
9'10
940

& n = number of values

The field bioconcentration factors of lindane in fisha6 ranging between 435 and 758 are on

the same order of magnitude as that derived by the QSAR equation'" (i.e.; -500) included in

CHEMFRANCE.
In the air compartment, lindane is principally present in pure air (i.e.; 99.37o), and only a

low quantity is bound to the air particles (i.e.; 0.7Vo). This percentage of lindane associated

with air particles is in agreement with field measurements in the l:ke Ontario area indicating

low particulate-associated fractions of lindane. (i.e. ; generally <l 7o).s3

The great tendency of lindane to be sorbed3r explains the high percentage (i.e.; >997o) of

lindane bound to solid components in the soil and sediment compartments of CHEMFRANCE.

This sorption capacity also induces an accumulation in the suspended sediments,32 as depicted

bv the sorption coefficient of lindane in this subcompartment (i.e.; -2000) obtained by the

QSAR moà"fl used in CHEMFRANCE.

CONCLUSION

The literature data analysis on the environmental fate and hazards of lindane reveals its high

potential for accumulation in biota and its capacity to be bound to the solid components of

abiotic media. In addition to the risk of human contamination from food, inhalation exposure

cannot be neglected due to potential atmospheric contamination through volatilization and

spray applications. Surface waters, as well as the marine comparûnent' arc only weakly

contaminated by lindane. Indeed, runoff, water advection, and afrnospheric deposition

processes are not considered as major fate pathways and therefore lead to rclatively low

amounts of lindane being prcsent in these compartments. The weak groundwater

concentratioru are linked to the slow leaching process. The similarity between the actual

environmental fate profile of lindane and that obtained from CIIEMFRANCE underlines the

relevance of this fugacity model in simulating the environmental fate of this pesticide. From

these results and those recently obtained,as it appears that CHEMFRANCE is a uséful tool for

estimating the environmental fate of organic chemicals in France. Informatiôn on the

availability of this computer program can be obtained from the authors.
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ABSTRACT

Atrazine is used in large quantities in U.S. and European countries as a $,eed-control agent. Âs

a result, numerous data on its environmental fate and hazards have been published. Analysis of

the literature shows that this herbicide can be found with appreciable concentrations in

groundwaters, rivers,lakes, and estuaries. This contamination principally results from leaching

and runoff processes. Atrazine can also pollute fog and rain due to its release into the

atmosphere through spray applications. This large amount of information constitutes a very

attractive basis for uss"rting tt e simulation performances of environmental fate moàets. In this

conrext, CHEMFRANCE, a regional fugacity model level III which calculates the

environmental distribution of organic chemicals in twelve defined regions of France has been

used to estimate the environmental fate of atrazine. The calculated values are comparable with

field and laboratory results. Therefore, CHEMFRANCE can be considered as a useful tool for

simulating the environmental fate of this agrochemical. Copyright @ 1996 Hsevier Science
Lrd

INTRODUCTION

Atrazine is a selective pre- and post-emergent weed-control agent for corn and millet
cultivations. It is also used in asparagus, forestry, grassland, grass crops, sugarcane, sorghum,
and pineapple.l In addition, atrazine is employed at higher rates as a nonselective herbicide for
general weed control (e.g.; along roads and railroads)." fire world consumption of atrazine is

estimated to be -70000 tlyear (9}%ofor com cultivationO.3 ln France,large amounts of atrazine
are applied each year (e.g.; 5000 t in 1986 used in pre-emergence on 3 106 ha of com crops).4

* Author to whom all correspondence should be addressed.
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Due to the agricultural and non-agricultural applications, subsequent surface runoff5'? and

leaching to groundwater,s the environrnent is widely contaminated by this chemical. Atrazine

causes-considerable pollution in the groundwater and surface water in France and all over the

world.e-la Furthermore, atrazine can also pollute fog and rain due to its release into the

atrnosphere through spray applications.l0'r4-18 Due to its economic and environmental concems,

numerous publications dealing with the environmental fate and hazards of atrazine are

available. This bibliography provides a comprehensive understanding of the processes

governing the fate and hazards of this chemical.
In contrast, it is well recognized that for estimating the environmental fate of chennicals,

models at different levels of complexity represent very attractive tools when experimental

results are scarce. Among them, the level ltrl fugacity models are particularly powerful for

estimating the environrnental distribution of pollutants in biotic and abiotic rnedia." In this

context, CHEMFRANCE, a level III fugacity computer model was developed to simulate the

environmental fate of organic chemicals in France.'" The assessment is based on information in

connection with environmental parameters, emission rates, and physicochemical and reactive

properties of the organic chemicals. However, the main problem with these types of rnodels is

to determine if the simulation results are rcalistic. Under these conditions, the aim of this paper

was first to review the large amount of bibliography available on atrazine in order to derive the

environmental fate profile of this agrochemical and then to compare field and laboratory results

with those obtained with CFtrEMFRANCE. This exercise is required in order to underline the

usefulness and limitations of CHEMFRANCE in the estimation of the environmental behavior

of the organic chemicals in France.

LITERATURE DATA ̂ ANAI,YSIS

P HYSI COC H EMIC AL P RO P ERTI ES

The estimation of the environmental distribution of a pesticide highly depends on its basic
physicochemical properties.2r For atrazine (2-ch!oro-4æthylamino-6-isopropylamino-s-triazine,

CAS RN l9l2-24-9), the physicochemical data found in the literature are numerous and an

appp,eciable variability is observed. Therefore, great care must be taken in their selection.

Indeed, it was shown that the physicochemical properties of the molecules significantly
influence the results obtained with the fugacity models."'" An extensive bibliographical survey
permitted the selection of the following physicochemical properties:
- Molecular weight: 215.69 g/mol, q,
- Solubility in water: 30 mg/l at 20oC,"-
- Vaporprcssure:4 l0'5 Paat2n"C,2a
- n-OctanoVwater partition coefficient (log P): 234,24
- Melting point: 174"C,É
- pKa: 1.70.24
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EIW I RON M ENTAL B E I] AV I O R

Degradation

In its pure state, atrazine is relatively stable and may be storcd for a periodof several ytuo.' In
the environment, its transfonnation begins immediately after application'o and follows three
main pathways. The fîrst deals with hydrolysis of the chlorine-carbon bond inducing the
formation of hydroxyatr44_i4g which is one of the main degradation products in both the soil
and the aquatic ,yrt .r.t"'to Not" ttrat this hydrolysis yiel{ing hydroxyatrazine is considered
as a major step in the deactivation process of the herbicide.""' The second is a iV-dealkylation

of carbon no. 4 and/or no. 6 whichgives rise to deethylated afiazine, deisopropylated atrazine,
and 2-chloro-4,6-diaminotriazine.6'Æ-rv'JL Both- deethylated atrazine and deisopropylated
atrazine are phytotoxic degradation produc-ts,32 but 2-chloro-4,6-diaminotriazine has been
shown to be nonphytotoxic in oat bioassays.æ Nevertheless, atrazine is significantly more toxic
than its degradation products towards Chlorella pyrenoidosa, Scenedesmus quadricauda,
Anabaena inaequalis-, A. cylindrica, and A. variabilis.s' Th, third degradation process
corresponds to the splitting of the triazine ring usually caused by microorganisms.-

The reported rates of decomposition in the various rnedia of the environrnent are extremely
variable.' ln soil, the persistence of atrazine is influenced by a large number of physical,
chemical, and biological factors.26'27'Y'36 In aquatic systems, the rate of hydroly.tic and
photolytic decomposition is affected by the chemical composition of the water.'''o When
released into tlre atnospherc, reactions with photochemically produced hydroxyl radicals may
be important.3T Therefore, as stated above, the data conceming the environmental degradation
of atrazine arc nurnerous and variable. The degradation behavior of atrazine can be summarized
by means of the following values of rcaction halflives:
- Half-life in soil: 1440 hl8
- Half-life in sediment: 420h,3e
- Half-life in water: 180 h,3e
- Half-life in air: 19 h.3e
The above values werc selected from a perusal of the literature. However, they rnust only be
regarded as a compromise to summarize the degradation profile of this chemical. Undoubtedly,
therc is considerable variation in these half-lives from place-to-place and from time-to-time, for
example with temperaturc.

Iævels of contamination in the different compartments of the environment

Soil contamination

The atrazine soil concentrations dep.e.nd on agricultural and non-agricultural practices, soil
composition, and climatic conditions." The rccommended application level of atrazine in com
crops in the European cornmunity (EC) (i.e.; 1.5 kg of active ingredient per hectare)
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coresponds to a concentration of o.5 ttglgof dry soil.to Pesticides added to soils are subject to

sorption and to several chemical and biological degradation mechanisms that promote

reduction of pesticide concentrations in the soil. one year after its soil application, the amount

of atrazine prcsent in the top surface soil is estimated to be around 8 to 207o of the initial level

solution.la

Surfa c e w at er cont am in at i on

Numerous reports and publications have been written on the level of atrazine contamination of

surface waters in various European countries and in North America.e-14'16/0 rhe concentration

of atrazine in water strongly depends upon the seasons' with maximum concentrations during

the period when crops aie planted. Table I gives the upper peak values in surfaceÏ",it

encountered during itudi", canied out between lggg and lggl in European countnes.

However, the mean level in each case is far lower than the maximum concentration' In U'S'

rivers, atrazineconcentrations between 0 and 87 Pg|have been found'2 ln aquatic systems'

atrazine is taken up by nearly all members of the aquatic biocenoses, but in many cases' it is

also quickly eliminaÉa.' tn France, a study performed in four rivers of Brittany highly

contaminated by atrazinerevealed no detectable concentration of atrazine in fish.al Only few

investisations on the atrazine contamination of estuarine and sea waters in Europe have been

,.};ï;ïM244 it is worth noting rhat rhese studies reported significant concentrations of

atrazine in esruarine Mediterranr* *u,loîi.t iiror to o.geo pû,in the Rhone Delta),4' in

the Baltic and North sea (e.g.; I l0-3 to 0.1I pg/l in German Bight), "" and in British estuarine
. 4 2

nvers.

Table I. Maximum atrazine concentrations in surface waters (1989-1991).3't2

Country Concentration

Belgium
Denmark
France
Germany
Italy
Luxembourg
The Netherlands
UK
- England
- Scotland
- Wales

3.7 ltgll
0.421t94
7.s pell
0.421t9n
2 ttel
0.61tgll
9.4 ytgll

l0 pg/l
4.231t9n
0.17 pgn

G r oundwat er contaminatio n

\ilhen applied on soils, pesticides migrate through the other environmental compartments by

several processes such as volatilization, leaching, and runoff. The risk of groundwater
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contaminations from vertical transports is ultimately dete-nnined by the balance between the

rates of chemical sorption and degradation^in-soil profile.o" Atrazine is only moderately sorbed

in soil systenns and is relatively persistent.2o'tt" Ind""d, one year after its application, atrazine

residues are still found in ,àii.t''tt Therefore, this herbicide can potentially contaminate

groundwaters.aT Thus, in the numerous sampling programs concerning groundwater

contamination of various western European countries, atrazine was one of the nrost frequently

detected pesticides.l2'lo Nevertheless, the concentrations recorded were generally lower than

those found in surface water samples. In some cases the measured concentrations were greater

that the EC limit (i.e.; 0.1 lrgfl). This is clearly illustrated in Table II which shows that more

than30Vo of the French population is exposed to concentrations above the admissible limit. For

comparison purposes, in the United States, during a national survey on the pesticides in

drinking water wells, recorded atrazine concentrations ranged between 0.18 and l.M ltgil,:

'I'able II. Distribution of the Fnench population as a function of maximum and mean attazine

concenhations Ogn) in the water supplies (before any treatment) in 1990. t2

max. conc. <0.1 0.t-0.2
% of population 66.3 15.5

0.2-0.s 0.5-1.0 I.0-2.0
14.2 2.4 0.9

>2.0
0.7

mean conc.
% of population

<0.1
77.8

0.1-0.2
I1 .6

0.2-0.5
7.5

0.5-1.0
2.3

1.0-2.0
0.5

>2.0
0.3

At mo sp her ic c o nt amina ti on

Despite the low rates of atrazine volatilization,*'o' several studies have reported the prcsence of

this herbicide in air, rain, snow, and fog samples. The presence of atrazine in the atmospheric

environment could be due to spray droplet drift-off during its applic,ation or wind erosion of

soil particles and wettable powder formulations from treated areas.'" Atrazine volatilization,

favored by the increasing -m_oisture of soil surface, contributes to a smaller extent to the

atmospheric contaminatioi. 
lnso

Thus, for- example, in the United States, concentrations-in fog from"270 to 820 ng/l were

recorded.ls In aii samples, concentrations between <0.2 l0-'and 3.4 l0-' ngfl were measured."

In rain, the 1.0 pgfl level is frequently exceeded.l6't7 trn Marylan4.the mean concentration of

atrazine in air samples was 3.7 iO-t ngn in sumrner and 0.0â6 t0-3 ngll in winter 1982.16 trn

France, concentrations of atrazine between <5 ng/l and 140 ng/l were found in rain water

samples collected in Paris in l99l.lt In the same study, this herbicirls was.only detected in the

vapor phase between April and June at concentrations of ca. 0.05 l0-' ngÂ'" In eastem France,

concentrations in rain samples from 2300 to 3l7O ngll were rccorded." In Switzerlan4, th"

analysis of rain and snow samples revealed concentrations between 0 and 600 ng/l.loIt is

interesting to note that most of these studies showed that the concentrations of atrazine were

strongly dependent upon the seasons.
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CIIEMFRANCE

DESCNPTION

The complete description of CHEMFRANCE with all equations, definition of the rcgions, and

so on can be found in a previous publication.'o Briefly, in CHEMFRANCE, France has been

divided into twelve regions of homogeneous hydrogeological, climatic, and ecologic

characteristics. The environment is represented by a multimedia system consdnrted of six bulk

compartrnents (i.e.; air, Surface water, soil, bottom sediment, groundwater, coastal water)' The

first four bulk compartments are considered to be a combination of subcompartments of

varying proportions of pure and particle phases. CHEMFRANCE is based on a level III

fugâcity model for which equilibrium within each bulk compartment is considered, but not

between comparûnents. Expressions for emissions, advective flows, degrading reactions, and

interphase transports by difiusive and non-diffusive processes arc included. As input, the model

,rquir* information on the physicochemical properties (i.e.; molecular weight, aqueous

solubility, vapor prcssure, n-octanoVwater partition coefficient, dissociation constant, melting

point), ,eactiÀn half-lives, and emission rares of the studied chemical. The ouput of the model

principally consists of the estimated chemical distribution between environmental media,

ionrpàrt and transformation process rates, and steady-state concentrations in France or in a

particular French region (Figure l) at a defrned season'

Figure l. Defined regions of CHEMFRANCE.

MODELING STRATEGY

With the physicochemical properties and degradation half-life values listed in the previous

section, almost all information necessary to run CHEMFRANCE is available. Indeed, only the
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estimations of the amounts applied in each of the twelve defined regions of CHEMFRANCE

(Figure l) are missing as well as the definition of the media in which the release occurs. For

obtaining the former information, some assumptions have to be made. In addition' numerous

data dealing with the surface of trcated crops, the applied dose, the number of treatments per

year, and the percentage of active ingrcdient included in the formulations have to be collected.

Thus, in France, atrazine is essentially used for prc- and post-emergence weed control in com

;;.t il Ë; JJ- .rop, represented l9.lvo (i.e.;3aaio82 ha) oi French cultivated lands.sr

This indicates that an estimation of the total release of atrazine in France can be obtained

principally from its application in com crops. In addition, this shows that ttre release of atrazine

into the environment principally occurs in spring and this was the season chosen to run

CHEMFRANCE. A sample survey performed by the BVA institute on the use of weed control

on com crops in France in 1990 resulted in the following information on atrazine:
- Mean Vo of haof corn crops trcated:99%o,
- Mean number of treatment per year: 1.87,
- Mean Vo of haof com crops treated with atrazine alone: 36.97o,
- Mean 7o of haof com crops treated with atrazine associated wittr simazine: 2.67o,
- Mean Vo of ha of com crops treated with atrazine associated with other active ingredients

(e.g.; pendimethalin, cyanazine, metolachlor, alachlor, pyridate): 13.SVo.

The survey also gave the mean dose applied for each formulation. The percentages of active

ingredient of atrazine contained in these formulations were netrieved from a phytosanitary

inàe*tt and the estimations of corn crop surfaces corresponding to the defined-regions of

CHEMFRANCE were estimated from the data given department by department.s3'rffith the

above information, the amounts of atrazine applied on com crops in the twelve defined regions

of CHEMFRANCE in 1990 $'ere estimated. In order to take into account the application of

atrazine on other crops, and also on non-agricultural areas, we assumed thqt the use of atrazine

as weed control in com crops representeà 907o of its total consumption.t Thrrc calculations

yielded the global rclease in 1990 for the twelve regions of CHEMFRANCE (T'able III). trt is

interesting to compare this estimation with the data related to the importations of atrazine in

France between 1973 and l99l (Figure 2).
The emission processes were simulated from four different scenarios. The first considered a

total emission of atrazine into the soil compartment (scenario A). Scenario B took into account

accidenta! pollutions occurring in surface waters (e.g.; cleaning tank near river) and the release

via effluents at manufacturing sites. Therefore, in this scenario, emissions of 907o into ttre soil

and lT%o into the surface water comparEnent were assumed. The commercial formulations of

atrazine usually involve spray applications on agricultural or non-agricultural areas which

allow the dissemination of fine droplets providing a uniform distribution of a small volume

over a large arca. Thtppglr spray applications, significant quantities of atrazine may be released
into the atrnosphere.to'to Therefore, the third scenario (scenario C) was designed to also

consider a loss of l%o into the air compartment of the atrazine applied on soil. The last scenario
(scenario D) summarized all the previous assumptions (i.e.; 89Vo in soil, l07o in surface water,

l7o n air).
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Table III. Estimated total emission
rates of atrazine for the twelve
defined regions of CHEMFRANCE.

Regionr Emission (ke/V)

I
2
3
4
5
6
7
8
9
l0
l l
t2
France

913130
576290
347700
298870
183720
t93490
127010
29790

413590
147320
617080
510220

43s8210

79 t0 8l 82

Year

+ For location, see Figrlre l.
Figure 2. Importations and exportations of atrazine
between 1973 and l99l in France.

SIMULATION RESULTS AND COMPARISON WITH LABORATORY AND FIELD

OBSERVATIONS

Table IV gives the average percentages corresponding to the removal processes obtained for

the twelve defined regions of CHEMFRANCE. In all cases, atrazine is principally re.mored

from the system by rcaction in soil. This is in accordance with experimental studies."-''" As

expected, the reaction in water significantly increases when emissions of atrazine in \ilater

compartment are simulated (i.e.; scenarios B and D). The dissipation of attazine by advective

pno.irr", for the air and water compartments is low. Furthernore, as atrazine is relatively

rapidly degraded in air and water, the risk of contamination of adjacent regions is minor.

However, this transport must not be neglected since it $'as suggested that this type of

contamination was the major reason for the presence of atrazine in non-treated areas (e.g.;

mountain lake).to
Field and laboratory studies clearly demonstrated the risk of groundwater contaminations by

atrazine from vertical transports. Our results reveal that about SVo of the emissions leach to

groundwater (Table IV). This percentage is close to the results obtained in -a laboratory

éxperiment in which 5.64Vo of the emissions are subjected to the leaching process." However, it

must be emphasized ttrat the pollution of groundwater is principally due to the chlorinated

rnetabolites of atrazine and more specifically deethylated atrazine, rather than atrazine. I-ndeed,

a lysimeter study showed that atrazine represented only lOTo ofthe leached compounds.56
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Table IV. Average percentages of each removal process obtained from the four scenarios.

Removal process Scenario A Scenario B Scenario C Scenario D

air advection
water advection
reaction in air
reaction in water
reaction in soil
reaction in sediment
transfer to higher altitude
leaching to groundwater
sediment burial

610
0.12

510
0.31

610
0 . t2
0.03
5.35

610
0.31
0.032rc4

5.34
88.98
0.08
7 l0-8
5.48
2rc4

4 10-s
t4.45
80.09
0.22
6 l0-E
4.93
4 104

88.94
0.08
7rc6
5.48
2rc4

14.46
80.05
0.22
5 10'7
4.93
4 104

The calculated percentage of loss of atrazine by runoff (i.e.;-5.54%o) is in accordance with the

mean percentage (i.e.;1.lgEo) obtained in filld analyses.T This shows the importance of

horizontal transports in the contamination of the surface waters by atrazine. Despite the

importance of the runoff process, the rain deposition of dissolved atrazine leading to low

contamination levels cannot be neglected. In addition, from the rcsults obtained with scenarios

C and D, we can observe that more than 90Vo of the atmospheric emissions of atrazine are

deposited by rain on the soil and water compartments. The wet and dry deposition processes

aré negligible. In the same way, the transfers of atrazine from soil and water to the air

compartment are very weak. Sc-hiavon and coworkerss' reported volatilization data ranging

between O.0l77o and 6}7oof applied dose and selected the values of O.05?o andO.OSVo.ot Thrrc

values agrce with the average percentage of volatilized atrazine obtained in our four scenarios

(i.e.; O.O2Vo). This confirms the minor influence of this process in the environmental fate of

atrazine. The transfer rates of atrazine between the sediment and water compartments are

dominated by the sorption process. This induces the accumulation of attazine in the bottom

sediment. The other transfer rates (i.e.; sediment resuspension, diffusion from air to soil and

water) between the four principal compartments (i.e.; air, surface water, soil, bottom sediment)

arc negligible in all the scenarios.
Figure 3 summarizes the concentrations in the six bulk compartments for the twelve defined

regions of CHEMFRANCE. It shows the relatively low differcnces between thb four scenarios,

"*..pt 
for the air compartment, in which the contamination significantly increases for scenarios

C and D. Observed concentrations in air, surface water, and groundwater as well as those

derived from the different simulation scenarios are reported in Table V.
The high surface water and groundwater concentrations obtained in all the simulations (Figure

3) are in accordance with atrazine field data (Table V). Nevertheless, the results obtained for

the groundwater comparment are of lesser quality. No data are available for the Frcnch sea

water contamination by this herbicide. Therefors, our results arc not directly comparable with

field data. Neverttreless, it is interesting to note that the study dealing with the contamination of
the German Bight (North Sea) reported concentrations of atrazine between <<l to 110 ng/1,43
which greatly exceed our results conesponding to the Same area (i.e.; 6.18 l0'2 to 0.15 ng/l).
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Figure 3, Atrazine concentrations (ng/l) for the bulk compartments calculated with

CHEMFMNCE for the twelve defined regions and the four scenarios (see text).
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The calculated concentrations in the âir compartment are relatively lower than those observed

in the environment (Figure 3 and Table V). By means of an equation published by Mackay and

coworkersst, tl,".on."ntrations in rain for region 3 werc calculated from the air concentrations

obtained with GHEMFRANCE. For scenarios A and B, lhe calculated rain concentrations are

lower than those observed in Paris between March and December l99l (Table V1.18 At the

opposite, for scenarios C and D, the generated values are relatively closer to the actual data

(Table V).
The calculated soil concentrations are lower than those expected after an application (i.e.; 0.5

pgtg) atthe rate recommended by the EC. llowever, these results agree with those observed in

a soil historically treated (i.e.; 0.025 tr{ù but before any further treatment.--

The mass distribution obtained in the soil compartment (i.e.;96.7Vo.in the solid components

and l.3To in the water and air contained in the pore of the soil) is near this reported by Tasli.""

lndeed, in her study, 96Vo of the amount included in the soil is sorbed in the soil solids and 47o

is dissolved in the soil water. In the same way, the results obtained for the sediment

compartrnent indicate that 89?oof the ̂ trazineis sorbed and ll%o dissolved. Huckins er al., 
ot 

in

a microcosm study, found a slightly smaller percentage (i.e.;86.l%o) although the organic

carbon content of their studied sediment (i.e.; 7,287o) was higher than this considered in

CIIEMFRANCE (i.e.; Avo).ln the warer compartment, ca. 99.9Vo of the total atrazine content

of this compartmenr is dissolved in pure water,O.OT%o is sorbed in the suspended sediment, and

0.00ZVo is accumulated in biota (i.e.; fish). Field studies gave similar results (i.e.;,99.57o and

0.57o of afiazine in the dissolved and particulate river matter, respectively)." The mass

distributions obtained for the air compartment cannot be compared with experimental results.

trn the air compartment, atrazine is principally present in pure air (i.e.; 89.2Vo), and only a low

quantity is bound to ttre air particles (i.e.; 10.87o).

CONCLUSION

l.iom the survey of literature data available on the environmental fate and hazards of atrazine, it

appears that this chemical presents a high contamination potential for water systems, since

leaching and runoff processes have been identified as major fate pathways. The results derived

with CHEMFRANCE are in accordance with those obtained in laboratory or field experiments.

Therefore, CHEMFRANCE can be considered as a useful tool for simulating the environmental

fate of this agrochemical in France. In addition, CIIEMFRANCE provides a concise

environmental fate profile of atrazine while literature data on this herbicide are numerous and

variable, and therefore, difficult to interpret. This underlines the usefulness of environmental

fate models for confirming results of tields and laboratory studies but also to provide a

comprehensive summary of the processes involved in the environmental fate of chemicals.

An interesting characteristic of models is that they allow the user to quickly test several

hypotheses through different scenarios. Thus, in our study, four scenarios assuming different

emission profiles were studied. By taking into account the accidental pollutions occurring in

surface water and the releases into ttre atmosphere through spray applications (scenario D) gave
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the most satisfactory results. However, many other scenarios integrating variations in seasons,
quantities, and so on could have been tested. In the same way, it should be noted that models

can be coupled with sensitivity and uncertainty analyses in order to test the influence of all

input parameters and assumptions on the outputs.
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Modeling the Environmental Fate of Atrazine

J. Devillers, S. Bintein, and D. Domine

CTIS, 21 nre de la Bannière, 69003 Lyon, France

Mathematical simulation models of fate and transport of chemicals havc
U6n ia*tined bv researchers and regulators as poæntially valrrable-
tools for improving the understanding- of the. environrnental behavior of
chemicals wtrictr rnay be released to the environment as a.consequence
àf -utin" (i.e.; nonmal manufacnring, use, dispos!!) and nor-routine
ié.g.; acciàental spi1) events. In this context, CIIEMFRANCE, a
redô"J fugacity Ëodel level III, 

"'ltgh-c{cufaæs.the 
environmenal

aiiriUutioriof 6reanic chemicals n 12 defined regions of France, or
France as a whobl has been designed. The aim o! this $udy is to show
ttræ CIIEIÆRANCE provides inæresting simulation results tor
understanding the environmental faæ behavior of arazine'

Oreanic cherricals may be released into ttre compartnents of the biosphere asa result of
tlt-"ïr ;;;rt;;u?#t"tt, formulation, use' and Asposal or as a result of their
.ôâar"trt rpin fnerefore, it is essentiql to -deyelgn boûr a çalitative ,a1d qantitative
;[.^hdfit of their environmental faæ behaviôr (I). Thgse insights,. alolgwttt
inf-fiùon 6n their possible adverse effects towards organisms,oqcupyr{g diffeient
t oofrir i""4s in the dosystems, enable the risk o human health and the environrent b
b"';-r"rrrd. io achievê this understanding, the physicochemircal properties. of the
àts"ttiï.ô-pr"nas ana emission patterns muît be côniUinea with the-chracaristics of
td;;"idË"i into which they^are released in order to predict how advective and
inær*otopargnent *nqp"t ânA transformation procèsses u/ill affect ttEir
â"i-"ffital disributioir. However, because tre environmental fate behavior of a
é-fi".i.A iJalo'oys ttre result of numerous complex and interacting processes, the use of
ilàAUilJ-ttigtrii teco*.tnded. Among theà, ttre Macloy-gype n$$m{i1 models
have shown itreir effrciency for e.stimating ttre errvironmenal faæ profile of numeK)us
-"*i" chemicals at a elobâl or regional séarc (f -A). In ttris context, CIIEMFRANCE'
;igvcl m6;-.riry ôodputrt modeÏ, has been dggigned for simulating the environrental
iit" 

"fîtËif;i" 
citt -icàts in France (5). In this-paper,.we shorv the uscfulness of

L1ælrmnANCE for simulating the environmental Ïaû: behavior of atrazine. Indeed, in
Èi-rr-tfrir t oUi"iAe ir of envfionmental concern since it is widely used lor control of
Artai" annual brroadleaf and grass weeds in corn, and o a lesser extent, othercrops and
landscaping (O.
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Model Description

In CHEMFRANCE, France has been dividd ino trrelve rcgrory of homogeneous
htd;t;argirul, climatic,,and ecologic characteristics. Qgy" 1). The enviro-nment is
ËùoËnpa-Uv à mdtimédia system-constituted of six bulk comparrens (i.e.; air'
irfrué" 

"rnto] 
soil, bottom sediment, groundwater, coasral water) presenting-various

iharacteristicj zumirari"ea in Table I. the frnt four bulk comparæn$ Clable D ary
èonJia"tea 19 be a combination of subcomparments of varying proportions-of-pure ard
;rtd;Ë;h*tt. C1ryMFRANCE is baseâ on a level tri fugatity model for which
àoiliUtiium srithin each bulk comparbrent is considere'd, brrt not . betlveen
;ô.putt"t"tts. Expressions for emissiôns, advective flows, degrading reactions, anù
interptrase transpoits by diffusive and non-diffusive processes are included. As inprrt,-C11iËMFRANCÈ 

rcqufes the molecular weight, aqueous solubility, vapor pr-essure,- lqg
p. pKa. melting poiht, reaction half-lives, and eniission rates of the s$died che'mical
fitJ ô,itpo6 ;?'clmVfnnNCf pnncipally consist of the e.çimated che'mical
disfibution beween environmengl media"-transport and fansformation process ratss,
rta *t".Ay-state concentrations in France-or.in a p-ar$::tgJ:e^n:!*gon Fqlrc 1) -æ a
a"nnà sé*on. A more complete description of CnUUfnANCf can be found in a
recent publication (5).

Data on Atrazine and Simulation Scenarios

The physicochemical data and reaction half-lives selected for nrnning CIIEMFRANCE
were the following:
- molecular weighu 215.69 g/mol,-
- solubility in waten 39 -en at20oC(7),
- vapor pressure: 4 10. r. Pa at 2OoC (7),-
- z-octaioVwaær partition coefficient (log P): 234 (n,
- melting poinu 174oC (8),
- pKa: l.7O (n,
- haf-ffe in soil: l4/r0h(9),
- half-life in sediment 42Oh(2),
- half-life in waten 180 h (2),
- half-life in ain 19 h (2).
Wi*t tftJoU"e physièéhemical properties and degradation hatf-life values, almost all
information necéss-ary to run CHÉUfRANCE is avâlable. Indeed, only the estimations
ôf tt" amounts apphed in each of the twelve defined regions of CIIEMFRANCE
(Ftg* 1) are misiiirg as well as ttre definition of ttre compartrent in which tlre release
ù"-** Éor obtaininË ttre former information, some assumptions have o be madc. Ir
addition, numerious dita dealing with the surface of treated ctops, {e aqplifl-dgse' ùc
nu-Uer bf toeattt"nts per yearland the percentage of active-irigredient included in ùe
fomrulations have to be coilected. Thus,-in France, atrazine is essentially used for pre-
*A poit-"-ogence weed control in corn -crops (q. f 122!, corn crops representad
igm e.e.;5Ma082 ha) of French cultivàted lands (/0).-This indicates.that an
estimatiôn oittte toal release of arazine in Franæ can be obtained pnncipally from its
application in corn crops. In addition, this shows ttrat the release of atrazine into ûrc
e^nitonmetrt principally occurs in spring and ttris_Y$ -ttte season chosen to run
CfæWneNtE. Â sampte survey pirformea by the BVA instiote on tlre use of weed
control on corn crops iir france in tggO resulted in the following information on
atrazine:
- mean Vo of haof corn crops treated;99%o,
- mean number of treatments per year: 1.87,
- mean 7o of haof corn crops treated with arazine alone: 36.9Vo,
- mean 7o of.haof com crols Eeated with arazine associated with simazinq 2.6Vo,
- mean Vo of ha of corn'crops reaæd with atrazine associatd wittr other active
ingredients (e.g.; pendimettraliri, cyanazine, metolachlor, alachlor, pyndate): 13.57o.

I
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Figure l. Defined regions of CHEMFRANCE

Table I. Principal characteristics of the bulk compartments in CHEMFRANCE

Compartment Region-dependent
characteristics*

Fixed model
characteristics

Air

Soil

Total surface area

Surface; Volume; Vf of Sse Residence time (500 d); OC$ of
Ss (2070); pH of Ss (7); Vf of biota
(l l0 6); Pure water and biota
density (loo0 kdr); Ss density
(1s00 kdt)

Surface; OC; pH Depth (15 cm); Vf of air (0.2)
and water (0.3); Pure soil densitY
(24c[ kdm)
Depth (3 cm); OC QV); PFI (7);
Vf of water (0.7); h.rre sediment
density (24ookdr')

Volume
Volume;Length Depth (100 m)

Residence time (5 d); Heieht (1000
m); Vf*t of aerosols (2 l0 rt); Pure
ar (l.2kdm') and aerosol density
(1s00 kd*)

Water

Sediment

Groundwater
Coastal water

*Monthly mean precipitations and temperatures for the four seasons are also region-

dependent.
**Volume fraction;tsuspended sedimenq S/o of organic carbon content.
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The BVA survey also gave the mcan dose applied fo.r each formulation. The

Ë;";d; or à&rË i"gËa*t of arazine conaiied in these formulations and ûe
èstimatiôns of corn *J"ortfures coresponding o the 12 re-gions of CIIEMFRANCE
*"r" t"t i""ra from fiffinre (11, ID:Wittr The above information, the amounts of
;r;d"; .pelied on *- ctopi in-ttre'I2 regions oJ CpUfneNCE in 1990 were
;d-"i"d:^6 order to tutr irito account ttre alpfication of atrazine on other-crops, and
4î *-"à"--ugi"ùt*t areas, we assumed rirât ttre use of atrazine as weed contnol in
com crops t"por"n-trd 9O7o of is toal consump&l_W).- These calculations yielded

trtéIËUit *t,iurr in 1990 for ttre 12 regions of GIEMFRANCE (Iable II).

Table tr. Estimated otal emission rates of atrazine for the 12 defined regions of
CHEMFRANCE

Region* Emission (tg/y)

1
2
3
4
5
6
7
8
9
r0
11
t2
France

913130
576290
3477c0
298870
183720
r93490
tnorc
29790
413590
147320
617080
510220
4358210

*For location see Figure 1.

The emission processes were simulated from four different scenarios. The first
ôônrià"rrA a totfu 

"-iiriôn 
of atrazine into the soil comparûrent (scenario A). Scenario

B took into accouni acciOentat pollutions occuning iri surface-$'aters (e.g.; cleaning
t 

"i.-;g; 
ti""r) and ttre release iia effluents æ mariufacnrring siæs. Therefore, in this

;*utiô, emisiions of 907o into ttre soil and l07o nto the surface yate-r @Fpaltment
nrèr" ui'tuÀà. The comrnercial formulations of atrazine usually tl*ttq .qp.y
uootirutions inducine ttre ielease of significant quantities into ttre anng-ryherg Q4, -15.L.
fi!;;i;t", trt"-trtird"r*rnario tscenariô C) was àesigned to also consider a loss of l7o
ir6 th" .É *-putrtr.nt ôf tnè arazine ûpU"{qq tpit. 1}" last scenari-o (scenrio D)
iu-mmarired all^the frJvious assumptionsii.e.; 897o n soil, l07o in surface wate\ lVo
in air).

simulation Results and comparison with Laboratory and Field
Observations

Table Itr gives the average percentages_99ge!P91{$-,o_ the--renprral processes
oUtuinra fôt G tZ aennà règions àf CrflvrnlNdg. In all cases, arrazine is

utinApuffv removeô from G sy"stem by reaction in so!I. This is in accordance wittt
ëip.ti'."i,tut itoai"r (15, hA.A-s expectéd, the reaction in water significantly.increases
;'lffi-;-Fi""r oi uùuâne in watei compaftnent are simulated (i.e.; scenarios B and
Ëil 1'n" airripation of atrazine by aâvectiv.e p-Kresses for the air and wat€'r
ôo111o.t 

"nts 
is low. Furthermore, a-s arazine is Ëlatively rapidly degraded in air and

*utà the risk of contamination of adjacent regions is minor. However, this transport
fi51il br *gt*rcd since it was sulgested [hat ttris type of contamination was tlp
;rË;;;rfdrttre fresence of atad;é in non-trreated aiêas (e.g.; mountain lake) (17).
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Table Itr. Average percentages of each removal process obtained frrom the four
scenarios

<<0.
0.31 0.31

0.03
14.46
80.05
o.22
<<0.01
4.93
<<).01

0.r2
<<0.01
5.34
88.98
0.08
<<0.01
5.48
<<0.01

o.r2
0.03
s.35
88.94
0.08
<<0.01
5.48
<<0.01

<<0.01
Wateradvection
Reaction in air
Reaction in water
Reaction in soil
Reaction in sediment
Transfer to higher altitude
Leaching to gloundwater
Sediment budal

<<0.01
t4.45
80.09
0.22
<<0.01
4.93
<<0.01

Table III shows that about SVo of ttre emissions leach to groundwal$.- Qis- Pgræqtage
is ètos" to the resulis oUtuinrA in a laboratory expuirrrcnt in which 5.&% of ùe
r.irrioni,*i.r i"Uj*rca to Ére leaching procg_si (J8). However, it must be emphasized
ffi ttt" p"li"tion o:f grounawater is pànhpally $ue to the chlorinated retabolites of
rrrarine 

^and 
more sËàncaUy deettrllateô atâzine, rather ttran atrazine. Indee4 a

lyrin1gr* rt"ay ifrodea ûrat ir'azine iepresented only lOVo of the leached compounds
(te).
ffrJcafcufatea percenrage of loss of atrazine by.ruqo$- (i.e.; 5.54V-o)- is-in aocordanæ
*ittt ttt" mean fercentife G.e.;3.197o) obtained in field analfe! (20).Ihis shows the
in1ôn r* àf'hori^nËt t atisports in the contamination ôf the surface u/aters- by
;dd"". D"rpite tfte-irnp"rtanc,iof tire runoff process, therain $egosi{g1.of dissolved

"t*riiè-râOii,Cio 
fo*"'contamination levels cânnot be neglected. In addition" from ùe

Ësofts oUt^inâ *itft scenarios C and D, we can observè that more than N%o of the
;u".5pù; èmissions of atrazine are deposited by rain on tlre soil and wat€r
ô6-p-âtm""ts. The wet and dry deposition processes are negligible. trn the same way'
Ë-iliisiàrs-ôf ut -i"" from'soil^and wat'er to the ù compartment æ-vgy- weak'
Schiavon and coworkers (/9) reported volatilization data rangingletween 0.0177o ard
607;;f ;pptird dose and sefectên tne values ol O.OSVo and 0.0Q79 (2^t).-These values
aet"e *itli ttte uur*ge p.o"ntage of volatilized atazine obained in our four scenarios
({;; O.Vz%i. ftrir Ëotint s ttie minor influence of this process in ttre environmenal
irir'of 

- 
aniizrne. The transfer rates of atrazine between the sedirnent and u'ater

;;;prrrtt;"s un" a"tninutra by tE sorption proc€ss. This,.induces the accumulation of
furafu in ttre bottom sedimeni The other uànsfer rates (i.e.; sediment resuspension,
ainuri- from air to roif and water) between_ttre- four principal comprtrrents (i.e.; air'
surface s'ater, soil, botom sediment) are negligiblein all the scenarios.
When the concentratiôns in atrazine in the-sii bulk corrpartnents for the 12 deftrcd
t"eiônr of CfmrfneNCE are calculate{ relatively lowdifferences between the four
;AAos .rc oUrcrr,rA, exce,pt for the air compariment, in which ttre conamination
iieniftcùtlv increaseiii" roârios C and D. OnÎy the resuls obained for the least and
;iii;il;":"t*ti"ated regions are given in TaHês trV and-V, n-espectiJqly..O-bservcd
ôon"""totions in air, iurfËce o,ater,-and groundwater as well as those derived from the
diff.di iitnolutioolèèna.ios are iepoàeO in Table YI. The high surface water and
Êround$'ater concentations obtainerl in all the simulations are generally in acoodanæ
iith ;É;" field daa Clable VD. Nevertheless, ttre results obtained for the
rroundwater comparfinent are of lesser quality. No daa are available for the hench sea
i;dô;.â-ir"ti'on Uv atrazine. Therefôre, o-rnresults are notdirectly -comparable witt
nJa autu. Neverttreléss, it is interesting to note ttrat the study dealing -with ûe
ôntu-initiott of ttre C"i-un Bight (Noih Sea) reported concentrations of arrazine
U"t*r"n i.l and t10 ng/l (22), ùhicÈ greatly exceeô our results ccresponding to fte

same area (i.e.; 6.18 10-2 to 0.15 ng,Â).
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Table IV. Concentrations (ngn) obtained with the four scenarios forregion 8

C-ompartnent Scenario A Scenario B Scenario C Scenuio D

Air
Water
Soil
Sediment
Groundwater
Coastal water

4.2t to-e
7.14
879.4
27.67
59.88
3.08 t0-3

3.89 10
27.24
79r.4
105.6
53.89
l .1g 10-2

6.04 10-7
7.18
878.8
27.83
59.84
3.10 l0-3

5.M 10-7
27.28
791.2
105.8
53.87
l.lg l0-2

Table V. Concentrations (ng/l) obtained with the four scenarios forregion I

Compartnent Scenario n Scenario B Scenario C Scenrio D

rc' 2.08 1o-5 1.88 lo-5
Waær 1949 47ll 1950 4712
Soil
Sediment
Groundwater

27920
7554

25r30
18260

279rO
7559
4612
0.16

25t20
r8no
4L5l
0.39

4614 4153
Coasal water 0.16 0.39

The calculatod concentrations in ttre air comparûnent are relatively lower than those
observed in the environment (Iable VD. By m-eans of an equation pgblish{ by tvtachy

""à 
ôo*oiiers (23), the concentrationi in iain for region 3 were càlculated from ttre air

ôô"r""u"tions àbtâined with CFDMFRANCE. For scenarios A and B, the calculatd
tuitr .onr"ntrations are lower than those observed in Paris between March and
becember 19p1 CIableVD Q4. At ttre opposite, for scenarios C and D, ttre simulated
trluæ are relaùvely closèr io ttre acnid daa (table VI). The calculated soil

concentrations are lower than those expected after an application (i.e.; 0.5 tBlg) at thc
rate recommended by the EC. Howevsr, these results agrce wittr this observed in a soil

historically treated (i.e.; 0.025 pglg) but before any further treatnent (25).
The mass distribution obtained in the soil compartnent (i.e.; 96.77o n the solid
ômponentsand3.3To in the \ilater and air-contqquat]n-ttre pore of tttp toil) is-near this
iepcined by Tasli (26). Indeed, in her study, 967o of ttre amount included in the soil is
soiUeA in ihe soil'sofids and 47o is dissolved in ttre soil water. In the same way, tlrc
iesults obtained for the sediment compartrnent indicate that 897o of the atrazine is
db"d and ll%o dissolved. Huckins and coworkers (27) in a microcosm study, found a
itigtttty smaller percentage (i.e.; 86.lVo) although $e orgapic carbon content of their
iti6.É sediment G.e.; I.2dVù was higher ttran ttris considered in CHEMFRANCE
$.i.;  Eù.In the water compârunent, éa. 99.9Vo of ttre total atrazine content of this
àmiarunent is dissolved in 

-prne 
water, O,07Vo j.s sorbed.in the suspended sedimcnq

and^O.WZEo is accumulated fui biota (i.e.; fîsh). Field studies gave similar resuls (i.e.;
99.5Vo and}.SVo of arazine in the dissolved and particulate river matter, reqpectively)
(28). The mass disributions obtained forthe aircomparfnent cannot be corrnpred wittt
èxperimental rEsults. In ttre air comparrnent, arazine is prin$pally. Pregg!$nure air
G.è.;89.27o), and only a low quantity is bound to the air particles (i.e.; lo.8%).
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The correct use of a model requires to perform a sensitivity analysil showing ltow
fi"ùil ù Oe Oferent modeÎ input pârameters affect the- outputs..-lo gy- studyl I
;rr*"i;i ttt" tit*t* showed ttrat ttre half-life of atrazine in soil @lY.varied
*dÉt"g o ttt" experimentat and environmental conditio_ns (table Vtr)..Similr
observations were tËp*æd by Solomon and coworkers (33) for the half-lives of
atrazine in water and sediments.

Table WI. Soil atrazine half-life (Ip) values obtained in literature

Experimental and environmental conditions Ref. Tra(O

l-oarn- ôtâv-Ëanavl; To: 5; SV*C: 7 Vo
I,oam, c!ay-san{y.; f": 1I; ÇY9r7-
Irat"" clal-satt4i']; tl: ?I; l$9r7.
Loarn clav-sandi' : T" : 32; SMC: 7 Vo
Loarn" clai-sandil; T": ?5; $MlÇ'.!!o-Irarn" clai-sandiiir": x; SMC:.47o
Loanr" clay-san{y.;\:?1; lMÇ, l9?
I-oad chv-çandy' ; T ; 25;SMC: I 37o

34
34
34
34
34
34
34
34
34
34
34
34
34
34
34
34
34
34
34
34
34
3s
35
E
8
I
I
36
37
37
37
37
37

240.5
122.6
62.3
51.0
99.s
5E.5
57.2
27t.O
111.E
65.7
49.6
78.5
56.9
21,5.E
81.7
49.8
28.8
265.2
96.s
60.9
5s.3
53
113
90
43
50
47
202I
4l
69
69
23r
87
59.6
330
385
36.7
34.6
26.6
64.0
32.r
26.5
22.9
5r.9

L(rCUI. Wlq Y 
-afsru 

t t

Loam-sanôv$: To: 5; SMC: 7 Vo
Loam-sandt': T": 15; SMlC:.1Vo
lnam-sandîli T": 25; SMC: 7 7o
Ioam-sandi{i I: 1?; 9YÇ: 7%
tnarn-sanat'i r : zsi SMC: 47o
Loam-sandt'; To:25; SMC: l07o
Ioamyl f: ;SMC:177o
toarnf; T": 15; SMC:I77o
Loami4 P:24;SMC: l77o
b*fts; P:34;SMC:177o
loam* P:24; SMC:57o
Ioarn* P:A; SMC: 107o
Ioarnyl f:24l' SMC: 157o
I,oarn1{ f:24; SMC:207o
pH: 4.8;OM: 1.8;Cy: 10.5;Su 11.{!dr 77.\;T222;H:40;G: 10^pff, 

O.S; OM: 3.8; Cy: 8.9; Sc 7.3; Sd:83.8; To:22iH:40; c:0: 10
F'ine sandy mediurn sand; pH: 7.7; OC:0.1; H: 30; Cb: 3
Very coarie sand-fine sand; pH: 7.3; @: 4.3; H: 42; Cn:3
Very coarse sandy fine sand; pH: 7.4; OC: 1.5; H: 39; G: 3
Finé sand-medium sand; pIJ:7.7; OC: OG H:38; G:3
Siltloarn*; H: 80; AR: 2.20
Suna"ituv loami; pH: 5.7; OM:Z.1;Cy:22l' Su 26; S{ 5!; W:0.224
t,o*i0; plflr:6.2;OM:2.7; Cy:26; Su 3-4; !{: {0;!: 9?9!
s*autI"n'tôatirt: pHlo.2; Ôt"t 1.7;8;28; su 26; Sd:46; w: 0.269
Sanai chy loamripu:0.1;ç,-I\4: -l.q; -r?9;St 28; !4,19; w:0.245
Sanài ctay toamc;pH: 0.2; OM: 1.6; Û:26; Su 28; Sd: 46; W: 0.545
fine ioarn; pH: 5.9; OM: 1.1; CÏ:-6; !VC-: lJ.pV9;-T"-12! I!i8Q;-Cq: f-
3"iioîËii,il pi*--s.s; oc: o.st; cla 17; st l4i $d; Ç9;-H; @;-S: ̂0.17
Sitry't"l*tlpf* o.+; ôcro.9l;Cyilz; Sc 52; sd: 16; r* 100; w: 0.5
Sandy loama; SMC: 3Vo;C-o: l0
Sandy loam&; SMC: 67o;C-o:. lO
Sandy loam&; SMC: l27o;C-o:' lO
Sandy loam&; SMC: 67o;Ca:.1
Loamy-sands; SMC: l7o; Ca: l0
Loamy-sandf; SMC: 27o; Co: l0
Loarny-sandf; SMC: 47o;C.oz l0
Loamy-sandf; SMC: 27o; Ca: I

38
39
39
40
40
40
40
40
40
40
40
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Table YIl(contintrcd)

Experimental and environmental conditions Ref. Tra(O

^Sirii""-; 
ptt 5.1-5.5; AR: 2.8; No-till corn crop 4I ffinz

D:-^-:^- -^-^. ^E . T ô. no-th.'m ..ttt. Pnnlar trei nlot 15 16Riparian zône; AR: 2.2;Depth:90 cm; Poplartnee plot 15 16^sniËanrr; 
ÀËir-.à; o"btt"i.- 36 14

fi* r*ai loamro; pHt S.O; nR, t.tZ 42 9ll5
i,i';;*nài ià""'niim o.oi AR: 1.12 42 ruLe
Ft"; ilài io*t"iin, z.oi AR: n.12 42 Én3
Fi"; ilài iou-nniiH' s.oi AR:2.24 42 16120
i.i;; ;di iou-nni iu' o.oi AR:2.24 42 r8t23
;'il; ffii ià."'nniiH' z.oi AR:2.24 42 2on6^Fi;;;di 

ià"-"i iH, s.oi AR: 3.36 42 nn2
ii;;;ei iàu-nniiH' o.oiAR: 3.36 42 retzs
i,il;'*ài i".'""i iH' z.oi AR: 3.36 42 2rt28
siil];;e; pu: 5.d; nn: t.t2 42 18/1e
5irii."-*iillr o.oiAR: l.l2 42 27128
5irii".-*i i,n' z.oi AR: 1.12 42 36R7
Siiiià"-*i iH, s.o; AR:2.24 42 2u27
Siiiià*'*i iH' o.oi AR:2.24 42 28t34
SiiiiàÀ*i i,u, z.oi AR:2.24 42 36t4r
sirir"u-*i i,n' s.oi AR: 3.36 42 25frl
SiiiioÀ*i in' e.oi AR: 3.36 42 3rR3
Siii i.r-*i i,n, z.oi AR: 3.36 42 37Re
s;et 6am#; pH: 5.0; AR.: 1.12 42 6
sunài ià*'*iin' o.o; AR: 1.r2 42 I
su"ài iou.*i in' z.oi AR: 1.12 42 10
s;ài iou-*; iHr s.oi Ar.2.24 42 Tlto
ilài ià*'*i iu' o.oi AR:2.24 42 ettz
ilài i"r-*iiH' z.oi AR:2.24 42 Lolr4
ffiài i"".*i iH' s.oi AR: 3.36 42 8/10
5;ài i"*'*i in: o.oi AR: 3.36 /42 elr2
il;i i""-*iin, z.oi AR: 3.36 42 rrlt3
nipri* -nti'nRt 1; Depth: 2 on I 48

t'iH: A.Si OM: 1.23; Field capacity at -5 tùa; l}.67o; Bulk density: 1.2 Elffi

1Hr Z.A; OM: 0.93; Field capacity at -5 kPa.20.47o; Bulk density: 1.4 glffi
.pH: 5.3-5.6; OC:0.29-0.50;Cy: 13.8-15-7; St 76.2-8O'7; Sd: 5'5-8'4 Toz25
tsI':25; AR: 1.86; cb:5-iH;6:01-5; oc' ô'+lîcsc: 5.e5 cmolTkg; 9' ?.9!; su 25.84; $at 9?'l l;!'?1
{ffià.'3ï: OC''o.gg; CEC:0.45 cmoVkÈ'; Cv:4.47;Sr 13'52; Sd: 82'01; T"t25
dpH: 5.f-ii.5; oC: 0.43-0.50; Cyr !!.8_-t5.6; Sr 78.48o.7; Sd: 3.7-6'5
tiôùiO.g; ôy: 6; St 31; Sa: ei;-CsC: 3.8 meq/100-g Ngtill g* plog Dgpth:.9 cm
*OrrA. f ô éy:24;Sr j8; Sd: 18; CEC: E.3 meq/lm S \o-till corn plo!_DePth: 9 qn
#OM: f .O,'CV; 12; Sr 24; Sd: 64; CEC: 5.a rneq/190_g; ryo-jll ærn ploq Depth:9 cm
Tl-, i;Ëtft (dC); StviC, Soil moisture contenq ONL: Vo Organic T.sry Q.: lo C]iay,

St. Vo Sitq SO, 7a-Sand; H: Vo of water hglSng capacity; Cb: Nominal initial
;il;tr"dô"Ge/kgt OCr 7o Organiccarbon; AR: appliCation raæ (kg/ha); W: \Vater
content (g/g); Cge: eation exchange capacity
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Simulæion experimens we,re performedin orderto test the influence of soil half-life on
O"-*tpo6 caicutateA bv CftËVfneNCg. Region 1 was selected due to is -agriculural
il.*sf;d t"ànutio É *as adopted since Ït represents t,suq9a{y of fte other
scenarios. Five runs *rr" p"*ot à with a startingïatue of O d and an increment of 95
a fttr ii-utation t"rotti'are displayed in FigureT and Tables VItr and DL Figurc.2
,to*i ttt"t tftJfrm-ff" in soil piinéipAty influences water and soil reactions and the
leaching and runoff Processes.

400

Rate (mol/tt)

300

250

150

100

50

0
6 101 196 29r 386

Figrrre 2. Influence of soil half-life on GFIEMFRANCE ouçuts

| \Yaterreaction

gl Soil reaction

E I-eaching

El Waterrunoff350

Soil half-life (d)

It is obvious thæ changes in soit half-life values induce other variations ttran those
A"oU""a in Figure 2 "tttoi, Table VItr clearly shows thæ soil and water runoff,
ËËiriil;d rËit;"tatitiàtion are the npst subje,{ to variations. Vlater runoff and
Ë;itdË r* tfrè *rirignificant due to ttreir magnituAg. $:y induce an incrrease of the
grounaËater and surfacé water concentrations in afazine (table D0.

Our study shows that the results obtained with CTIEMFRANCE for arazine are in
;r-d-é" with thosJ obtained in laboratory or field experimens. This underlines fte
oiéiufn"Jt of the ènni-*.ntal faæ moôeh for con-firming resultl of freld and
tatoraOry snldies but also t9 provi{e a comprehensive summ.ary_,of .the processes
in"ôinra'in the environmentut fuæ of chemicils. This is particularly interesing for

"tr""in" 
since this herbicide is of environmental concern in France.

À i"Ë;ù;gin*urlrirtic of CUEMFRANCE is ttrat it allows the uryr to çickly test
;t".rl hyùfireses through different scenarios. S^en-s]qivity and uncertainty- analyses can
;d-d;;éfr;*t d ir *OË. to tesr the influence of all inpùt parametea and assumptions
on the oulputs.
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Table VItr. Influence of the soil half-life on the removal and transfer processes

Multiplicative faaon* Process Range 1mol,/tr)$

0.51
1.04
r.o4
1.04
t.o4
1.04
r.04
1.04
1.04
1.05
r.05
3.01
3.O2
3.O2
3.O2
3.O2
3.O2
3.03
3.03
3.03
33.07
33.14
33.14
33.18

ife
value. Onlv the Drocesses wittr-a ratio different-from one have been included
$Obtained wi*r ttre lowest and the highest half-life, respectively.

Table D(. Influence of the soil half-life on the concentration in arazine

Soil reaction
Rain deposition on water
Rain deposition on soil
Dry deposition on soil
Wet deposition on \r,ater
Wet deposition on soil
Airadvection
Diffusion airlwater
Diffrrsion airlsoil
Dry deposition on water
Transfer to higher altitude
Sediment reaction
Sediment budal
Water volatilization
Sediment desoirption
Sediment resuqpension
V/aterreaction
Sediment adsorption
Water advection
Sediment deposition
Soil runoff
I-eaching
Waterrunoff
Soil volatilization

4.283 tt-z.zo+ tt
3.41 LO-24.56 l0-2
4.60-4.80
5.01 10-3-5.23 tO-3
5.66 105-5.91 10-5
'1.63 rc-t-7.97 l}-t
3.6 rc'2-3.76lo'2
8.52 105-g.90 10-5
3.78 10-3-3.95 10-3
3.72 rc's4.89 l0'5
4.44 L0's-4.64l}'s
o.94-2.83
1.93 10-3-5.82 to'3
I 10-3-3.02 l0-3
r.39-4.20
6.42 LO4-t.g4 ro-3
49.6-149.9
2.31-6.99
r.07-3.24
t.54 10-2-4.67 tO-?
2.57 rc2-O.85
3.22-106.7
3.22-106.7
6.63 rc-3-O.22

Comparunent Multiplicative factor* Concentration range (ngll

Air
Waær
Soil
Sediment
Groundwater
Coastal water

1.04
3.02
33.11
3.02
33.10
3.04

value'
$Concennation obtained wittr the lowest ana tne highest half-life, respectively.
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COMPARISON OF BCF MODELS BASED ON LOG

J. Devillen,* S. Bintein, and D' Domine

CTIS, 2l ruede la Bannière, 69003 Lyon @rance)

ABSTRACT

Seven linear and nonlinear BCF models based on log P have been compared in order to estimaæ their accuracy'

predictive powtr, and domain of application. This comparison was performed from a dara set constituted of 436

experimental BCF values recorded for}/l chemicals. we showed that for chemicals with log P<6, the different

models yielded equivalent resulrs. At the opposlte, for highly hydrophobic chemicals 0og F>6), the bilinear

mode l l ogBCF=0 .91  l ogP- l . 975 log (6 .8  l 07P+ l ) -0 .786 (n=154 ; r=0 .95 ;s=0 '347 ;F=463 '5 )was

superior to the oùer studied models.

INTRODUCTION

Numerous attempts have been made for modeling the accumulation of organic chemicals by fish since the

experimental deærmination of this important biological activity is a time-consuming and costly exercise. The most

widely used method consists in conelating laboratory bioconcentration factors (BCFs) determined in frsh and n-

octanoVwater partition coefficients (log p). Bioconcentration can be defined as the result of the uptake,

disnibution, and elimination of a chemical in a fish due to water-brne exPosure (Barron, 1990), whereas

bioaccumulation includes all routes of exposure, and biomagnification deals with accumulation via food chains'

Numerous æst guidelines fortheexperimentaldetermination of BCF in fish are available (e.g., oECD, AsrM)'

BCF is deærmined as the concentration of the chemical in whole fish at steady state divided by the concentration

of the chemical in water during the exposure period and/or as the ratio between the uptake (k,) and depuration (Ç

rate constants assuming fust order kinetics. The accumulation of an organic compound in a fish basically depends

on its hydrophobicity. Therefore, log P is ttre physicochemical descriptor of choice for modeling

bioconcentration. As a result, numerous BcF QSAR equations derived from log P are available in the literature

and there is a need for ùe evaluation of their domain of application. under these conditions, the aim of this study

was ro compare different BCF/log p models in order to estirnate their accuracy, prredictive power' and domain of

application.

x Author to whom all correspondence should be addressed
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MODEL SELECTION

The seloction of tre BCF/tog P models was principally based on their oocurence of citation in the scientific

literatrne and official reporrs (e.g., ECETOC,1995; EEC, 1995). Thus, seven equations were selected- Their

main characteristics are given below-

Equation no. 1 (Veittr et al.,1979)

logBCF=0 .85 logP-0 .70

n=55 r=0.95 s=notg iven F=notg iven

Fathead minnows (Pinæplales pronæIas) were used as test species.

Equation no. 2 (Veith et al.,l98O)

log BCF =0.761og P - 0.23

n=84 r (?)=9.95 s=notg iven F=notg iven

Bioconcenuation data were nreasured on Pimephales promelas andlcpomis nacrochirus-

Equation no. 3 (MackaY, L982)

log BCF = 1.fr) LogP'1.32

n=44(? )  r=0 .97  s=0 .25  F=no tg i ven

The model was designed from bioconcentration data relating to several fish species-

Equation no.4 (Isnard and lambert' 1988)

logBCF=0 .80 logP-0 .52

n=107  r=0 .9M s=0-51  F=no tg i ven

The model was obtained from bioconcentration data relating to several fish species.

Equation no. 5 (Nendza,l99l)

log BCF = 0.99 log P - 1.47 log(4.97 lO8 P + l) + 0-0135

n= 132

The above empirical model (without statistical parameten) was designed from bioconcenration data rclating to

several fish species and expressed as percentage of lipid contenl

Equation no.6 @inæinet al.,1983)

log BCF = 0.91 log P - 1.975 log (6.8 1O7 P + 1) - 0.786

n=154  r=0 .95  s=0 .347  F=463 '51

The equation was derived from biæoncentration data measured on five families of fteshwater fish (i.e.'

Salmonidae, Cyprinidae, Centrarchidae, Poeciliidae, Cyprinodontidae).

Equation no.7 (Connell and Hawker, 1988)
? Â " 7 .

log BCF = 6.9 10 " (log P)'- 0.185 (log P)'+ 1.55 (log P)- - 4.18 log P + 4.79

The model was designed from bioconcentration data rclating to several fish species. No satisical parameters

were given.
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BCF AND LOG P VALUES DATABASE CONSTITUTION

EryerbnentalBCF Dam

To properly compare ttre accuracy, the predictive power, and the domain of application of the seven selec-ted

models, it would have been necessary to use new experimenal BCF data specifically measured for this

comparative study. However, for reasons of tinp and cost, this solution could not obviously be envisioned and

only datarerieved from tre literature were employed- This induced methodological problems. Inde€d, there are

relatively few experimental bioconcentration data towards fish and they have widely been used to derive QSAR

models including those compared in this study. Under ùese conditions, in the present study, we can consider that

a bias was systematically inroduced when one of the BCF values used for the comparison exercise was included

in ttre training set(s) of the studied models. However, this bias became lesser if this value was used in the

derivation of all the seven models. trn the same \f,'ay, it is obvious that the models designed from a small number

of compounds were penalized compared wittr those derived frorn large numbers of molecules. Indeed, the values

selected in our study were more likely to be in the training sets of models derived from a large number of

molecules ttran in those for which the training set w:rs of a reduced size. To overcome ttrese problems, rather than

selecting a sole BCF value per molecule, when possible, a set of cohercnt experimental BCF data was compiled

in order to provide bioconcentration profiles for a given molecule. This allowed to partly solve ttre problerns

stressed above and also to take into account the influence of the experimental protocols.

The experimental BCF values used in our comparative study are listed in Table's I and il. They only concern

freshwater fish. They do not originate from data compilations but were all rerieved from the odginal

publications. only data obtained after a steady-state was reached (i.e., ratio between concentration in fish and

concenrration in water) or by the kinetic method (i.e., ratio bctween first-order uptake and climinæion raæ

constants) were retained. Data for which contamination by food and/or presence of adsorbent was observed were

not selected. The apparent BCF values were selected for the experiments using radiolabelled compounds. Data

expressed as lipid content are indicated in Tables I and II. Table I only contains the expcrimental results obtained

from rests performed under flow-through conditions (342 values) white Table II liss those obtained under static

and semi-static conditions (94 values). The lipid content values were selected from tre values given or

recommended by ttre authors, oùerwise the generally accepted estimate of 5 7o was adopted (e.g., Connell and

Hawker, lggg). In many instances, confirmation of the lipid content was obtained direaly from thc authors.

When this compilation was performed, the BCF data being obviously out-of-line with those generally found in

ttre literature were removed. For the sake of homogeneity, if one or more values appeared out-of-line in a

publication, all the data contained in this Paper were removed.

C ompilation of log P V alucs

In order to minimizc the influence of the z-octanoVwater partition coeffrcient values on the simulation results, ttle

selection of log p data was based on the following criteria. First of all, direct methods involving nomalized

protocols were privileged. In addition, when several data were available, ttre selection was performed in order o

obtain a coherent database for all the studied molecules. Indeed, a coherency between the selected log P values

and the chemical strucues of the molecules was maintained. I-ast, as far as possible, ttre log P seloctions made

by the different authors who derived the models to be compared were also taken into account. The selected log P

values for ùe 227 studied chemicals are shown in Tables I and tr'
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I

RESULTS AND DISCUSSION

The obtained results are listed in Tables I to Itr and displayed in Figures I to 14. Thus, in ttre last column of

Tables I and II, the seven models have been classified according to their decreasing predictive pos'€r qstimated on

tre basis of the re.siduals. The first cited model (on the left-hand side) is the one which yields ttre lowest residual

value (absolute value). At ttre opposite, the last model cited (on ttre right-hand side) presens ttre highest residual

value. Thus, for example, for acenaphthene (i.e., first chemical of Table I), our comparative shrdy shows tttat the

most accurate model is that of Nendza (1991), followed by that designed by Mackay (19E2)' that of Isnard and

Lanrben (r9gg), veittr er ar. (1979), connell and Hawker (r9gg), veiûr a al. (1980) and finally, the least

accurate model to estimate the BCF of acenaphùene is Eq. (6) (Bintein et al., 1993). The ændency of each model

to under- or overestimate the BcF of the studied molecules is a critical feature to inspect. Thus, in Tables I and tr,

foreach enrry, the model numbers for which the predicted value is superior to the observed BcIi are underlined'

The analysis of the classifications obtained for the 227 studied chemicals (rables I and rr) shows thar for

chemicals with log p values inferior to 6, the seven models are broadly equivalent At the opposite, for molecules

presenting a log p value superior to 6, the nonlinear equations (6) and (7) bear bener predictive performances'

Among them, the bilinear model of Bintein et al. (1993) is the most ofæn classified fnst. For some chemicals

(e.g., permethrin), the use of different experimental protocols does not change the classification of the model

performances while for some others (e.g., fenirothion, fenthion), the classification can be completely rnodified'

flowever, it is notewortrry that these classifications must be interpreted with care since the different residual

values can be relatively *"ut o, very high. Thus, for example, the residual values (i.e., log BCFs6s. - log

BcFcab.) which give the classification 5,L 4, L, L 2,6 obtained for acenaphthene (fable D are the following:

0.00, -0.01, -0.03, -0.04, -0.12,-0.16, and -0.19. At the opposite, the residual values yielding the classification

6, L Z, 4, L L 3 for octachlorodibenzo.pdioxin (Table I, last value for ttris chemical) are tlre following: 0'08'

-1.00, -2.1g , -2.1g, -2.3g, -2.47,and -2.91. trn the former case, it can be advanced that all the models are able o

produce satisfactory estimations for the BcF of acenaphthene. Therefore, the information provided by the

classification is useless. However, for octachlorodibenzo-pdioxin, tre classification is far more significant'

lndeed, it is obvious that Eq. (6) (Bintein et al., 1993) is the most suitable for predicting the bioconcentration of

this chemical in fish. As inspection of Tables I and tr does not provide information on the magnitude of tte

differences obse^red between the studied models, the classification was completed by a graphical snrdy of the

residuals obtained with each of the seven studied models. For this purpose, the residuals were plotted versus the

log p values (Figures I to l4). Inspection of ttrese figures confirms the equivalence of the different models for

chemicals having log p values inferior to 6. The comparison of these different figures also confrms ttrat for

highly hydrophobic chemicals, the nonlinear equations (6) and (7) provide better simulations. In addition'

Figures I to 14 allow a betær estimation of ttre effect of the different experimental protocols on the resuls of the

BCF simulations since for a same chemical (i.e., same log P value), the residuals corresponding to differcnt

protocols appear on a s:rme vertical line. Thus, for example, in Figures l, 3, 5, and 7, it is possible to stress that

the BCF values calculated by the linear models for octachlorodibenzo-p-dioxin are always largely superior o

those experimentally observed. The same remark can be made for the bilinear equation (5) (Figure 9). At the

opposite, for the nonlinear equations (6) and (7) (Figures 1l and l3), the results show a higher variability' It is

particularlyintercstingtonotethataccordingtotheselectedexp.erimentalBCFvalues,Eq.(6)(Binteinetal.,

1993) can have a tendency to underestimate or at the opposite to overestimate ùe bioconcentration of

I
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Table I z-ocranovwater partition coefficients (log P),.bioconcentration data (log BCF) obtained under flow-

tË;Ëh ffdifi"ni unO clâssification of the seven models.

Reference Classiticatbn"
Chenical Iog P logBCFSPecies

Acenaphtlrcrrc
Acridinc
Acrolein
Benzo[a]pyrene
Bis(2-chloroethYl)ether
BPMC
Bromacil
5-Bromoindole
4-Bromophenol
Bromophos

2-l-Butoxy ethanol
Butyl benzyl Phttnlaæ
l-Butyl isoProPYl etrcr

l-Butyl methYl ethcr
4-t-Butyl Phenol
Carbaryl
Carbon ætrachloride
Chlordanc
c{hlordanc

lChlordane
Chlomirofen
2{hloroaniline

3-Chloroaniline

4-Chloroaniline

p-ChlorobiPhcnYl
Chloroform
2-Chloronirobenzene
3{hloronirobenzenc
4-Chloroniuobcnzenc
2-Chlorophcnol
3{hloroPhenol
Chlorothion

CrasyldiPhenYl PhosPhaæ

4-Cyanophenol
Cyanophos

Cypermetluin

À7-DCDD*
P,P,.DDE

O,P,.DDT

PplDDT

Inpomis nucrochirus
Pimeplwles Promelas
Izpomis mauochirus
Izpomis macrochirus
læpomis nucrochirus
Pseudorasbora Pama
Pinuplales Promelas
Pirneplwles Promelas
Brachydanb rerio

Poecilia reticulata
Poecilia reticulata
Cyprinus carPio
Ixpomis macrochirus
Cyprirus carPio
Cyprinw carPio
Braclrydania rerio

Pseulorasbora Parva
Itpomis nuuochirus
Pinuplules Promelas
Oncorhynchu mYkiss

Oncorhynclus mYkiss

Pseudorasbora Parva
Cyprinw carPio
Cyprinus carPio
Cyprints carPio
Cyprinus carPio

Cyprinus carPio
Cyprinus carPio
Oryzias latiPes
lzpomis macrochirus
Oncorhynclus mYkiss
Oncorlrynclws nryHss
Oncorlrynchus mYkiss
lzpomis mauochlrus
Brachydanio rerio

Poecilia reticulala
Poecilia reticulala
Alburnus alburntts
Alburnus alburntts
Brachydanio rerio

Poecilia relicul*la
Poecllia reliculata

Oncorlrynclws mYkiss

Oncorlryncfuu mYkiss

Poecilia reliculata
Pirneplnles Promelas
Oncorhyncfus tttYkiss
Pimeplnles Promelas
Pimeplales Promelas
OncorkYnchus mYkiss
OncorhYnchus mYkiss
Oncorlryncluts nYkiss
Oncorhyncluu mYkiss
OncorhYnchus mYdss
Poecilia reliculata

Poecilia reticulala

Veith etal. (1980)

Southwortlr et al. (1979)

Veith €tar. (1980)

Jimenez et al.(1987)
Veith elct. (1980)

Kanazawa (1981)

CalletaI.(1987)
Yeith et al. (1979)

Butto et al. (1987)

de Bruijn and Hermens (191)

de Bruijn and Hermens (191)

Fujiwara et al. (19Ù4)

Veirtr el al. (1980)
Fujiwara etal.(1984)
Fujiwara etal.(1984)
Butæ e, al.(1987)
Kanazawa (1981)

Veith el af. (1980)

Yeirh et al. (1979)

Oliver and Niimi (1985)

Oliver and Niimi (198t

Kanazawa (1981)

Tsudaer al.(1993)
Tsudae, al.(1993)
Tsudael al.(1993)
Tsuda et aI.(1993)
Tsudaer aI.(1993)
Tsudae, aI.(1993)
Sugiura etal.(1984)
Veith et al. (1980)

Niimi et al. (1989)
Niimi et al. (1989)
Niimi el cl. (1989)
Vcith et ct. (1980)
Butæ et al.(1987)
dc Bruijn and Hcrmens (l9l)

de Bruijn and Hermens (l9l)

Bengtsson etal.(1986)
Bengtsson etal.(1986)
nutte et al. (1987)

de Bruijn and Hermens (1991)

de Bruijn and Hcrmens (l9l)

Muir et aL(1994)
Mrir et aL(1994)
Gobas and SchraP (1990)

Yeirh et al. (1979)

OliverandNiimi (1985)

Yeith el al. (1979)

Yeildl. et al. (1979)

Muire, al.(1994)
Muiret al.(1994)
Muiret al.(19%)
Muir et al. (1985)
y661af.(199)

Gobas et aL (1989)

Bruggeman et al. (1984)

S,L4 '  LLZ -  6
} -LLL ! "6 "2
7 ,2 ,4 .1 ,6 ,5 ,3
5,4"L t, Z, t, I
z4 ,L  1 ,6 ,5 ,3
}-LL L 4" 5, ?
3 ,5 , .1 ,6 ,4 "L2
3ÈLLL4.6"2
4{ , ,1 ,7,L3,5
T?-6,1,4,7,5
6,3,2,L1,L4
4,  1 ,6,L5,3,7-
6,2:7,1,3,4-5
3, 5, l" 6, t,L2
6  -L  5 ,3 ,4 ,47
5 "LL  L4 .6 "2
1,5, . l ,  t7,4"2
5,3:L L 4, 6,2
L7 ,L1 ,2o4 ,6
L1,2"4,6,L5
5 ,4 "2  LLL  t
4 ,  LL  tL6 "7
x  5 , .L  6 ,4 ,2 -7
3 ,11 "  6 ,4 "27
3 ,5 ' 1  6 ,4 ,27
3 ,5 ,  L  6 ,4 "L7
3"  5,  L  5,4"L7
1' 5' I 6' 4'?-z
7,6,3,5,?n1,4
-L 6 5,  3 ,4,L7
2 ,6 ,4 ,1 ,5 , ' 1 ,3
\6 ,4 ,1 ,5 -7 ,3
2 .44 ,7 ,1 ,5 ,3
2 n 7 , 4 , 6 , 1 , 5 , 3
3,5-2, l, 4,6,2
r 4" L-7.6,L 7
L9"L-7.6,L 7
4 , . t ' 1LL5 ,7
4 ,LLLL6 ,7 -
24 ,6 , | ,L3 ,5
3 ,LL7, t "6 ,2
7,1,5,  4"6,3,2
6 ,4 "? -LL t l
f ,4 ,LLz ,5 '  3
6 , t "LzLL5
3 , 5 , 7 , 1 , \ 6 , 4
5 , 3 . 7 , 1 , 2 , 6 , 4
5 , 7 , x , 1 , 2 , 4 ' 6
L1,2" ' .4,L6
3 , 5 , 7 , 1 , \ 4 , 6
3 , 5 , 7 , 1 , 2 , 4 , 6
3 , 5 , 7 , 1 , 2 . 4 , 6
3 ,5 ,7 ,1 ,2n4,6
3 , 5 , 7 , 1 , 2 . 4 , 6
7,6 ,12 . * ,L1
7,5"6,L 4 -L 3

392
3.45
0.90
5.97
r . t2
2:t8
2.rr
3.00
2.59
4.88
4.88
0.39
4.05
2.14
1.24
3.31
2.3r
2.73
6.00
6.00
6.00
4.70
1.93
r.93
l.9l
1.91
1.88
1.88
4.6r
1.90
2.52
2.50
2.39
2. r5
2.50
3.63
3.63
4.51
4.51
1.60
2.7r
23r
6.05
6.05
6.38
5.83
5.83
6.00
6.00
6.00
6.00
6.m
6.00
6.00
8.n
8.n

2.59
2.r0
2.v
3.51
1.Ot
t.4l
0.51
r.15
1.56
4.60Ît
4.651
4.22
2.E9
0.76
0.18
1.86
0.9s
1.48
4.58
4.45
4.20
3.Ot
0.30
0.57
4.10
0.34
4.10
0.23
3.9'
0.78
2.r0
1.89
2.00
2.33
r.25
2.46t0
2.6t1
2.æ
2.74
0.91
2.4gta
2.62t
2.89
2.92
2.fi
4;tr
4.9r
4.57
4.{l
4.81
4.86
4.95
4.n
4.99
3.920
4.mc

DecachlorobiPhenYl

r22



Table I (continued)

Chemical log P log BCFSpecics Reference Clæsification"

I

Deltamethrin

Diazinon

1,3-Dibromobcnzene
1,4-Dibromobenzene
4,4'-Dibromobiphenyl

4GDibromo-4-cyanoPhenol
Dicapthon

1.2-Dichlorobenzene

1,3-Dichlorobenzene

1,4-Dichlorobenzenc

2,5-Dichlorobiphenyl

3,5-Dicilorobiphenyl

1,2-Dichloroethane
4,5-Dichloroguaiacol
1,4-Dichloronaphthalene
2,3-Dichloroni trobenzene
2,4-Dichloronitrobenzene
2" S-DictrloroniEobenzene
3,4D ictrloronitrobenzene
3, S-Dichloronitrobenzcne
Dichlorvos
Dieldrin
Di(2ethylhoxyl)Phthalate

Diethyl phthalate
2,4-Dimethylphenol
Dimethyl phthalate
Diphenylaminc
Diuron

EPN
Fcnitrotlrion

Oncorlrynclus myHss
Oncorlrynchu nydss
Poecilia retirulala
Oryztu latipes
Msgurusoryuillicaiarc
Oryzias latipes
Cyprinus auralus
Oncorlrynchus ntykiss
Cypûnus carpio
Cypriruu carpio
Pseudorasbora parva
Pseudorasbora pama
Oncorhynclws mykiss
Poecilia reticulala
Poecilia reticulala
Braclrydanlo rerb
Poecilia reticulata
Poecilia reticulala
Iepomis rnacrochirus
Oncorhynchus mykiss
Oncorlrynchus mykiss
Izpomis nucrochirus
Oncorhyncfuts mykiss
Oncorhynchus mykiss
lzpomis macrochirus
JordonellaJloridæ
Oncorlryncfuts mykiss
Oncorlrynclus mykiss
Orcorhynchus mykiss
Oncorlrynchus mykiss
Oncorlryncfuts mydss
Carassius auralus
Poecilia reticulata
Oncorhynchus mydss
Oncorhynchus my6ss
Oneorlrynchus mykiss
kpomis macrochirus
Oncorlrynchus mykiss
Oncorlrynchus mykiss
Oncorlryncluu mykiss
Oneorlrynclws mykiss
Oncorlryncltus mykiss
Oncorlrynchus mykiss
Oncorhynclus nrykiss
Gtalqogat aatbsrs
Pseudorasbora pama
Pfurcplales promelas
Pinuplales promelas
kpomismauochirus
kpomismatochinu
kpomis nuuochirus
Pinuphales promelas
Pittuplales promelas
Pimeplales promelas
Pseudorasbora partta
Oryzias latipes
Oryzias latipes
Poecilia reliculata
Pseudorasbora pama

Muir et aL(1994)
Mut et al.(1994)
Iknazawa(198)
Tsuda et al. (lD5)

Seguchi and Asals (1981)

Tsuda et al. (195)
Kanazawa (19/8)
Seguchi and Asaka (1981)
Kananwa(1978)
Seguchi and Asaka (1981)

Kanazawa (1981)
Kanazawa (198)

Oliverand Niimi (1984)
Gobas et al. (1989)
Gobas et al.(1989)
BûtsetaI.(1987)
de Bruijn and Hermens (l9l)

de Bruijn and Hermens (l9l)

veiù er 4t. (1980)
Oliverand Niimi (1983)
Oliver and Niimi (1983)
Veith et aL (1980)
Olivcr and Niimi (1983)
Oliver and Niimi (1983)
Vcith etal. (1980)
Smittr eial. (lDO)
Oliver and Niimi (1983)
Oliver and Niimi (1985)
Oliver and Niimi (1983)
Oliver and Niimi (1985)
Oliver and Niimi (1985)
Bruggeman et al.(L981\
Bruggeman et al.(1984)
Oliver and Niimi (19E5)
Olivcrand Niimi (1985)

Oliver and Niimi (1985)

Veitlr et al. (1980)

Niimietal. (190)

Oliver and Niimi (1984)
Niimi el al. (1989)
Niimi etal. (1989)

Niimi el al. (1989)

Niimi al al. (1989)
Niimi et al. (1989)
Tsudae, al.(1992)
Kanazawa (1981)
Mayer (1976)
Mayer (1976)
Veith et al. (1980)
Veith et aL (1980)
Veiû ei al. (1980)
Yeith et al. (1979)

Call el al. (1987)
Call et al. (1987)
Kanazawa (1981)
Tsudaet aI.(1995)
Tsudaetal. (1995)

de Bruijn and Hermens (l9l)

Kanazawa (1981)

6 ,4 "LL  L  t 1
6 ,4 "LL  L  L1
5 ,3 "  4 ,  LLZS
L1 ,4 ,  LLZ6
5,3,  L ,  LLL6
5  3 "  4 ,  LLZ6
LL4 .LLZ6
L4 ,LLZ6 ,5
L3 ,4 ,  LLZ6
LT ,LLL5 ,5
5 ,LL ,LLZ5
LLT ,LLZ6
5,24, '1 ,1,4,3
L4 "LLLZ6
14,2-LL4,5
2 -6 ,4 ,1 ,7 ,3 ,5
L L44,6,25
L L+7,6,2 5
}-LL L4,6"2
2,5,6,14,7,3
2,5,6,14,7,3
}-LL L4 6,2
2,5,6,  14,7,3
2.5,6,14, '7 ,3
3-5, Z J. 4,6,2
2n 5 ,6 ,4 , l , ' 7 ,3
2n 5 ,6 ,4 , l , ' 1 ,3
2 , 6 , 5 , 4 , 1 , 7 , 3
\ 5 , 6 , 4 , 1 , 7 , 3
2 . 6 , 5 , 4 , 1 , 7 , 3
7,5,3,6,L-2,4
7 ,3 ,6 ,1 -Z .5 ,4
7 . 3 , 6 , 1 - z . 5 , 4
7,5,3,6, l -2,4
4 , Z ^ L 6 1 , 2 , 5
L  L4 ,6 ,LL7
5 , 3 , 1 . 6 "  L L L
4, l -L 6,7,2,3
5 , 7 , 6 , 3 , 2 , 1 , 4
2 . 6 , 5 , 4 , 1 , 7 , 3
z _ 6 , 5 . 4 , 1 , 7 , 3
L 6 , 5 , 4 . 1 , 7 , 3
26,5 ,4 ,1 ,7 ,3
2 , 6 , 5 , 4 , 1 , ' 1 , 3
3,1ré  4 ,L7
4,2, L 6, L3,7
6 ,LZ4 ,LL l
6,LL45, r3
2,4{ , ,1 .7 .5 ,3
2 .4{ '7 ,1 ,5 ,3
7 ,2 ,4 ,1 -6 ,5 ,3
}-LLL1,5,Z
?-6 ,4 ,1 ,7 ,5 ,3
?-6,4, l ,7,  5,3
6,2,7 ,  l ,  4,  3,  5
3-t x J" t,6"2
x-LL L 4" 6,2
4 ,1 ,6 "7 ,L  ? -3
24,4,1,7,3-5

t23

6.20 2.62
6.20 2.70
3.81 r.u
3.81 r.v
3.81 l.4l
3.81 1.45
3.81 1.56
3.81 l.E0
3.E1 l .8l
3.81 2.08
3.8r 2.r8
3.81 2.18
3.75 2.82
3.79 1.96c
5.72 4.2A0
2.6r l.6l
3.58 2.95t
3.58 3.091t
3.43 1.95
3.43 2.43
3.43 2.75
3.53 1.82
3.53 2.62
3.53 2.E7
3.44 r.78
3.44 2.47
3.44 2.57
3.M 2.7r
3.44 2.86
3.44 2.95
5.16 4.00
5.16 4J4a
5.16 4.2Ac
5.16 4.53
5.37 3.79
5.37 3.82
1.45 0.30
3.18 2.O3
4.66 3.75
3.05 2.16
3.05 2.tl
3.03 2.Os
3.M 2.U7
3.W 2.23
r.47 {.10
5.40 3.65
7.45 2.r9
7.45 2.95
2.47 2.Al
2.42 2.18
1.56 1.76
3.42 r.48
2.68 2.16
2.68 2.n
3.85 3.37
3.47 1.65
3.47 1.68
3.47 3.36t
3.n 239
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Table I (continued)

log P log BCFSPecies Reference Clossification"
Clvmical

1,2,3,4,6J,8-HcDDt

l,l 2,\44 *lqadrbru t' 3àrladene 4.7 8

Fenitrottrion

Fenthion

Fenthion-S2145

Fenvalerate

1,e3,4,?,8-HCDD3

1,e3,4,6J,8-HCDÉ
Heptachlor
Heptachlor ePoxide
Heptachlorornrbornenc
Hexabromobenzene
HexabromobiPhenYlt*

\t A A',6,6' -HexabromobiPhenYl

Hexab,romocYclododecarP
Hexachlorobenzene

\2' A A',5,5' -HexachlorobiPhenYl

c-HexachlorocYclohexane

ft Hexachlorocyclohcxane

&Hexachlorocyclohexane

lHexachlorocyclohexane

Oryzias latiPes
Poecilia relict lata
Oryzias latiPes
Oryzias ladpes
Oryzias latipes
Oryzias latipes
Ctalqognoaiewm
Poecilia reticulata
Poecilia reticulatd
Poecilia reticulata
Poecilia reticulala
Oncorlrynclws mYkiss
Oncorhynchus mYktss

Oncorlrynchus mYklss
Oncorlrynclws mYkiss
Pinuplwles pronclas

Poecilia reticulata
Pimeplales promelas

Oncorhynclws mYkiss
Oncorhynclus mYdss
Oncorhynchus mYkiss
Poecilia reliculata
Poecilia reticulala
Pinuplales promelas

Pimcplales promelas
Pimeplwles promelas

Oncorlrynclus mYkiss
Pimeplwles Promelos
Poecilia reticulata
Pimeplules Pronulas
Oncorhynclws mYkiss

Oryzias latiPes
Pimeplales promelas
Oncorlrynchas mYkiss
lzpomis cyanellus
Poecilia reticuluta
Oncorhynclvs mYHss
Poecilia reticulata
Poecilia reticulata
Oncorlrynclus mY4ss
Oncorhynclus mYkiss
Oncorhynclws mYkiss
Braclrydanio rerio
Braclrydanio rerio
Oncorhynclws mYdss
Oncorlrynclus nrykiss
Brachydanio rerio
Brachydanio rerio
Oncorlryncfuts mYkiss
Brachydanio rerio
Braclrydanio rerb
Oncorhynclus mYHss

Pirneplnles Promelas
Brachydanio rerio
Braclrydanb rerio
Oncorlrynchus mYkiss
Pseudorasbora Pama
Oncorlryncfuts mYkiss
Orcorlrynchus mYdss

Takimoo et al.(1987)
de Bruijn and Hermens (l9l)

Takimoo et al.(1984\
Takimoo e, al.(1984)
Tsuda el af. (l99t

Tsuda et aI. (195)

Tsudaet al.(L992)
de Bruijn and Hermens (191)

de Bruijn and Hernrens (l9l)

deBruijn and Hermens (l9l)

de Bruijn and Hermens (191)

Muir et al.(1994)
Muir etaL(1994)
Servos et al. (1989)

Muir el al. (1985)

Muir er ar. (1985)

Loonenet al. (1994)

Muir et aL (1985)

Servos el al. (1989)

Muir et cl. (1985)

Servos el al. (1989)

l.oonene, al.(1994)
Ioonen etal.(1994)
Yeirh et al. (1979)

Yeith et al. (1979)
Yeirh et al. (1979)

Oliver and Niimi (1985)
yeith et al. (1979)

Gobas el cl. (1989)

Yeith et al. (1979)

Veirh et al. (1979)

Sugiura et al. (1984)

Yeirh et al. (1979)

Oliver and Niimi (1983)

Yeith et al. (1979)

Schrap and OPPerhuizen (1990)

Muir et al. (1985)

Bnrggeman et al. (1984)

Opperhuizen and SchraP (1987)

Oliverand Niimi (1983)
Oliver and Niimi (1983)
Vigano et al. (1992)

Butteet al.(1991)
Butæ et al. (1991)
Oliver and Niimi (1985)

Oliver and Niimi (1985)
Butte e, aL (1991)
Butte e, al. (1991)
Vigano et al.(1992)
Butte et al. (1991)
Buttcel al.(1991\
Vigano et al. (1992)

Veittr el al. (1979)

Butte et al. (1991)
Bûtsetal.(1991)
Olivcr and Niimi (1985)
Kanazawa (1981)
Oliver and Niimi (1985)

Oliver and Niimi (1985)

2 . 6 , 4 , 1 , 7 , 3 , 5
25,6 ,4 ,L ,7 ,3
5 , 2 , 6 , 4 , 1 , 7 , 3
5 ,2 ,6 ,4 ,1 , '1 ,3
4,1-5,3,  ZLO
4l-5,3,  ZL6.
4 r-5,3,  LL5
5 . 6 , 7 , 2 , 3 , 1 , 4
5 ,6 ,7 ,2n3,1 ,4
25 5 ,7 ,1 ,4 ,3
5 ,24 ,7 ,1 ,4 ,3
6 , 4 , L L  L  t 1
6,4,L 7,  r  5 , I
6 ,LLZ ! "L1
6 ,L  LZ4 .L1
6 ,LL24 . , L1
L6 ,L  4 ,  L  L1
6 ,LLZ4 ,L1
6 .LLL4 "L l
6 ,7 ,L2 t , L1
6 ,LLZ t , L1
L6 ,LZ4 "L1
L6 ,L  5 ,4 "  t  I
6, 1,?-5,L4,7
7 ,3 ,5 ,6 ,1 ,2 "  4
L3 ,5 ,6 ,1 ,2 ,4
6 " ! , L  LLL  7
6 ,4 ,LZLL1
7,24" L L6,3.
1 ,24 ,4 ,LL1
4,26,  r  X 5,3
6 , L 2 , 4 , L L 3 .
1 ,6 ,2 ,4 -L  L1
L L l , 6 , \ 4 , 5
L  5 ,L1 ,6 ,2 ,4
3 ,5 , ' ,1 ,1 .6 ,2n4
4,L7 ,  r  5 ,3 ,6
1 , 5 , L 2 , 4 , 7 , 6
3 ,5 ,  1 ,2 ,4 ,7 ,6
5 , 7 , 6 , 3 , \ 1 , 4
5 , 7 , 6 , 3 , 2 . 1 , 4
3,4" J" 5:LL6.
6 , 2 , 5 , 7 , 1 , 4 , 3
6 , 2 , 5 , 7 , 1 , 4 , 3
6 , 2 , 5 , 7 , 1 , 4 , 3
6 , 2 , 5 , 7 , 1 , 4 , 3
6 , 2 . 5 , 7 . 1 , 4 , 3
6 , 2 , 5 , 7 , 1 , 4 , 3
5,41-1 ,  zL6
6,7,5,2,1-3,4
6,7,5,2,1-3,4
5. L LA,L 24
l-L LLL24.
2-6,5,7,14,3
24,5,',1,14,3
24,5, '1,14,3
24.7,14,3-5
2-6,5,7,14,3
24,5,7,14,3

t24

3.47
3.47
3.47
3.47
4.t7
4.t7
4.t7
4.r7
4.r7
3i4
3.t4
6.20
6.20
7J9
7.79
7J9
7.79
8.20
8.20
8.20
8.20
8.20
7.92
5.44
5.40
5.28
6.W
6.39
7.20
5.81
533
5i3
5.73
5J3
5.73
533
6.90
6.90
6.90

2.48
3.54tt
2;14
2.75
l.!5
2.V2
2.æ
4.nt0
4.221
3.65rr
3.841
2.6r
2.96
3.n
3.%
3.63
4.13t
2.7r
2.n
3.15
3.16
3.750
3.62'
3.98
4.16
4.05
3.04
4.2Â
4.60
4.26
3.74
4.16!
4.21
4.30
4.y
4.43
4.U
5.30!
5.65
3.76
4.23
2.33
3.V
3.04
3.20
3.3E
3.16
3.18
2.45
3.2r
3.25
2.16
2.26
2.93
2.96
3.08
3.10
3.30
3.32

4i8
3.80
3.80
3.80
3.80
3.80
3JE
3J8
4.14
4.14
4.14
3:12
3:72
3.72
3:72
312
3J2
3.72
3J2



Table tr (continued)

Chemlcal log P log BCFSpecies Reference Classltlcatlon"

Hexachloroethanc

Ilexachloronorbornadiene
IBP
Iodofenphos

Isophorone
I-epophos
Mcthidation
Methoxychlor
2-Methyl4,6din i roPhenol
Methylisocyanothion

Methylparathion

2-Methylphenol
Mircx

Molinaæ
Naphthalene

3-Nitrophenol
29,3 3',4,4', 5 5'Ocladrlcobiy'toYl
Octachlorodibenzo-Pdioxin

Octachlorodibenzofu ran

Octachloronaphtlralene
Octachlorcstyrenc
l,e3,4J-PCDDS

1,2,3,7,8-PCDDts

e33,?,8-PCDFfr
Pentachloroaniline
Pentachlorobenzenc

Pentachloroethane
Pentachloronitrobenzene

Pentachlorophenol

Lcpomis nuuochirus
Orcorhynchus nrykiss
Oncorlryncfuts nrykiss
Pineplules promelas
Pseudorasbora pama

Poecilia reliculata
Poecilia reticulata
Itpomis nucrochirus
Pseudorasbora pama
Gwlqqn aaukvrs
Pinuplrcles promelas
Brachydonio rerio
Poecilia reliculala
Poecilia reticulata
Poecilia reliculata
Poecilia reliculala
Braclrydanio rerio
Pinuplales promelas

Poecilia reticulata
Pseudorasbora pama

kpomis macrochins
Izpomis mncrochirus
Brachydanio rerio
Poecllia reticulala
Oncorlrynchtts ntykiss
Oncorlryncfuis mykiss
Orcorhynchus nrykiss
Poecilia reticulala
Pittuphales promelas
Poecilia reticulala
Poecilia reticulata
Poecilia reticulata
Oncorlrynchus mykiss
Pinæplales promelas
Oncorhynchus mykiss
Pinuplwks promelas
Poecilia reticulata
Poecilia reticulala
Poecilia rethulata
Poecilia reliculala
Izpomis macrochirus
Oncorlrynchus ntykiss
Oncorhynclws myHss
Poecilia reticulata
Izpomis macrochirw
Oncorlrynclus mykiss
Pseudorasbora pama

Oncorlrynchus my6ss
Oncorhyncluts mykiss
Jordanellafloridæ
Oryzias latipes
Phrcplales promelas
Brachydanio rerio
Oryzlas latipes
Pinuplales promelas

Oncorhynclws ntykiss
Oncorlryncltus mykiss

Veiù eial. (1980)

OliverandNiimi (1983)

Oliver and Niimi (1983)
Yeirh et al. (1979)
IQnazawa (1981)

de Bruijn and Hermens (1991)

de Bruijn and Hermcns (1991)

Veitr et aL (1980)
Kanazawa (1981)

Tsudae, al.(1992)
Yeith et aI. (1979)
Butta. et al. (1987)

de Bruijn and Hermens (l9l)

de Bruijn and Hermens (l9l)

de Bruijn and Hermens (191)

de Bruijn and Hermens (l9l)

Burte e, al. (1987)

Yeitdr et al. (1979)

Gobas et al. (1989)

Kanazawa (1981)

McCarthy and Jimenez (1985)
McCarthy and Jimenez (1985)
BvuÊ et al. (1987>
Bruggeman et al. (1984')

Muir e, aL (198t

Servos e, al.(1989)
Scrvos et al. (1989)

Gobas and Schrap (1990)

Muir et al. (19E5)

Loonen etaI.(1994)
Gobas and Schrap (199O)

Loonenet al.(1994)
Oliver and Niimi (1985)

Yeith et al. (1979)

Muir et al. (1985)

Muir et al. (1985)
Loonene, al.(1994)
Loonenet aI.(1994)
deWolf eial. (194)
Bnrggeman etal.(1984)
Veirh el al. (1980)

OliverandNiimi (1983)
Oliver and Niimi (1983)
Schrap and Opperhuizen (190)
veirh eral. (1980)

Niimi et al. (19E9)

Kanazawa (1981)

Oliver and Niimi (1985)

Oliver and Niimi (1985)

Smith ei aL (190)

Sugiura etal.(1984)
Yeith et al. (1979)

Butle el al. (1987)

Tachikawaet al. (1991)

Spehar ei aL (1983)

Muirel al.(1994)
Muirer al.(1994)

LL4 ,  LLZ6
LL1 ,6 ,4 ,3 ,5
5 ,6 ,2 ,7 ,1 ,4 ,3
1 ,2 ,6 ,  4 ,5 ,L7
3-5, Z, r, 4"6"2
4 .L -L5 .LL5
4 ,  LA ,6 ,LZ .5
4 ,6 , t , 2L5 ,3
4 ,6 .LLLL1
.Lz5,344,2
7 ,6 ,3 ,5 ,2 ,1 ,4
t  3 , . l ,  6 ,4"L2
L+L3,6, Z 5
24,Ll4:1,3
6,5, ?n 4, 1,7,3
Z .6 ,5 ,4 ,1 , ' 1 ,3
4 ,6 , | , LL3 ,5
cL4"?- l  5' 3
L  6 ,4 ,2  L  t l
x-LLL4"6,2
2,6 ,4 ,1 ,7 ,3 -5
2 .6 ,4 , l , ' 1 ,3 -5
2 7 , 4 , 6 , 1 . 3 , 5
7 , L 6 ,  Z  1 "  L 1
5,L2- t  4 , .L  3
6,L2-L4,  r  3
6,LZ- t  4 ,  L1
6"LL 4,  l '  .L3
6,L?,-L 4.L1
6 ,LL4 l [ 3
6,L 7,2 4,  L  1
6 ,LLZ4"  L3 .
6 ,L  t ,Z  LL  5
4 ,? .L r6 , t 3
6 ,LL45 , r1
GLL  4 .  L  L1
L4 ,L6 , . L  3 ,5
L6,4 ,  e  r  15
4.LLL6 ,L5
45 , .L  L5"L7
4, LL 5{.,L7
5 , ' 1 , 3 , 6 , 2 , 1 , 4
5 , 7 , 3 , 6 , Z ^ 1 , 4
7 , 3 , 5 4 , 2 " 1 , 4
6 ,4 ,1 ,27 ,3-5
4 . L L L 6 " L 5
4.LLLL6 .7
4,, LLL 6. L7-
4 ,LL :J .6"  5 ,7 -
4, ,  LL L 6"L 5
4"  LZ  LL  6 "7
4, LL 5"L5,7-
4 r , tLL6 ,7
4 ,  LL  5 " ' .5 ,7
6 ,L4"2  L  L1
6 ,L4"ZLL3
6,L4"2  L  L3 .

125

3.93
3.93
3.93
5.2E
3.2r
5.16
5.16
r.67
5.88
2.42
5.08
2.r3
3.58
3.58
2.94
2.94
1.95
6.89
6.89
3.2r
3.36
3.36
2.N
7.61
7.59
7.59
7.59
7.59
7.59
7.59
7.97
7.97
6A2
6.29
7.44
7.44
6.&
6.92
5.08
5.18
5.18
5.18
5.18
5.18
2.89
4:17
4:t7
437
437
5.01
5.01
5.01
5.01
5.01
6.50
6.50
6.50

2.r4
2.7r
3.G
3.81
0.60
4.3010
4.681
0.85
3.78
r.2Â
3.92
0.16
33gt
3.53lt
2.991
3.04Ît
1.03
4.2Â
4sf
l.4l
2.49
2.5r
l.rm
4330
1.93
2.59
2.67
2.85
3.35
3.36t
2.77
3.100
2.52
4.52
2.9r
3.16
4.50t
4.36'
2.X
2.94,
3.53
4. l l
4.n
4.%
1.83
2.23
2.38
2.41
2.77
2.33
2.594
2.89
2.99
3.23
3.23
3.29
3.39

Permethrin



Table I (continued)

Chemical log P log BCFSPecies Reference Classificatlon"

Permethrin

Phenol
Phenthoate
2-Phenyldodecarrc
N-Phenyl-2-naPhthYlamine
Phosmet
Ronnel

Salithion
Simetryne
sv5

1,e3,+TCDDe
1,3,6,8-TCDD&

2,3,7,8-TCDD&

e3,7,S-TCDF&&

l, 14,5-Tetrabromobenzene

Ll,5,5' -T etabromobiPhenYl

\3,4,5-T efiachloroaniline
2" 3, S,GTetrachloroaniline
1,2, 3,4-Tetrachlorobenzene

1,2" 3, S-Telrachlorobenzene

1,2,4, S-Tetrachlorobenzene

Tetmchlorobenzyltoluene
\2,3,3' -TeÂnchlorobiphenyl

2, 2,5,5'-Tetrachlorobiphenyl

L3'A',S-Tetnchlorobiphenyl
l,l,\2-T etrachloroethane
Tetrachloroethylene
Tefachloroguaiacol
1,2, 3,4-Tetrachloronaphthaleno

Pintcplales promelas
Plnæplales pronelu
Braclrydanlo rerio
Pseudorasbora parva

Oncorhyncfuis myklss
Phnephales promelu
&atqogmaaulesrc
Poecilia retlculala
Poecilia reticulala
Galqagnasulewrc
C,ndlqogû aoulewrc
Poecilia reticulala
Poecilia reliculala
Poecilia reticulata
Oncorhyncluu mykiss
Oncorlrynclws mykiss
Oncorlrynchus mykiss
Oncorhynclus mykiss
Oncorlrynclus mykiss
Pinuplwles pronulas
Poecilia reticulota
Oncorhyncluts ntyldss
Oncorlrynclus mykiss
Oncorlrynchus nykiss
Oncorltynclws mykiss
Poecilia reticulala
Oncorlrynchw mykiss
Oncorlrynclus myHss
Oncorhynclws mykiss
Oncorlrynchus mykiss
Poecilia reticulata
Poecilia reticulata
Poecilia reliculata
Oncorhynclus mykiss
Oncorlryncfuis mykiss
Poecilia reticulata
Oncorhyncfuu mydss
Oncorhynclws mydss
Poecilia reticulala
Poecilia reticulata
Poecilia reliculata
Poecilia reticulata
Poecilia reticulata
Jordanellafloridac
Oncorlrynclws mydss
Oncorhynchus mykiss
Brachydanb rerio
Oncorhynchus mykiss
Poecilia reticulata
Carassius awattu
Poecilia reticulata
Poecilia reticulala
Oncorhynchus mykiss
Carassius auralus
I*pomis nucrochirus
Izpomis macrochirus
Oncorlrynchus ntykiss
Oncorlrynchus mydss

Spehar et aL (1983)

Spehar et af. (f983)
B,rtts et al. (1987)

Kanazawa (1981)

Burke el ar. (l9l)

Yeirh et al. (1979)
Tsudael al.(1992)
de Bruijn and Hermens (l9l)

dc Bruijn and Hermens (1991)

Tsadaetal.(192)
Tsuda el 4f. (1988)

de Bruijn and Herrnens (l9l)

de Bruijn and Hermens (191)
Gobas and Schrap (1990)

Servos e, al. (1989)

Muir el al. (1985)

Scrvos et al. (1989)

Servos e, al. (1989)

Servos e, al. (1989)
Muir et aI. (1985)
Ironcne, al.(1994,
Mcfule e, al. (1988)

Mehrle et 4t. (1988)

Mehrle et sr. (1988)

Mehrle et aI.(1988)
Loonene! al.(1994)
Mehrle et al.(1988)
Mehrle et al. (1988)

Oliver and Niimi (f985)

Oliver and Niimi (1985)

Gobaset al.(1989)
dcWolf et al.(1994)
de Wolf el oI. (\994)

Oliver and Niimi (1983)
Oliver and Niimi (1985)

Schrap and Oppcrhuizen (190)
Oliver and Niimi (1985)
Oliverand Niimi (1983)
de Bruijn and Hermens (l9l)

de Bruijn and Hermens (l9l)

deV/olfel aI.(1994,
de Bruijn and Hermcns (l9l)
de Bruijn and Hermens (l9l)
Smith et al. (199O)
Oliver and Niimi (1983)
Oliver and Niimi (1983)
Bouraly and Millischer (1989)

Oliverand Niimi (1985)

Opperhuizen and Schrap (1987)

Bruggeman el al. (1981)

Gobas et al. (1989)
Bruggeman et al. (1984)
OliverandNiimi (1985)
Bruggeman et aL(1981)
Veith et aL (1980)

Veitlr et al. (1980)
Niimi etal. (1990)

Oliverand Niimi (198t

6,L4 ,  e  15 ,3
5 ,L4 ,ZLL1
L ? - 4 , 1 - 6 , 3 , 5
TL 4,  LL24
6LLZ4 ,L l
4,  r ,5 ,  3"Z.6,7-
L L-3-5,4,6,2
3,2&1,4-L5
6,L3,5,?-1,4
2 n  6 , 4 , 1 , 7 , 5 , 3
LLLL ! "6 ,2
4, l-L 5,7,2"3
2 ,6 ,5 ,4 ,1 , ' 7 ,3
6 .T ,LLLL  7
6 ,4 ,LL  L  t 3 .
5 .4 ,LL  L .  L l
6 "  4 "ZL  L  t L
6,  +"LL L L3.
6 .4 ,LL  L  L  1
6 ,4 "? -L  L  LX
6L4 ,ZLL7
L 4"2 -L 6,5,3
L 4,2.L 6,5,  3
L { , L r5 ,6 ,3
Ll-L2,4,7,6
6L4 ,Z .L3 ,5
5 ,L4 ,ZLL l
5 ,L4 ,ZL t l
! " LL14 "L7
34 ,LL2"1 ,4
I , LL24 ,7 ,6
4 ,  LLL6 .L5
4r3,z .6 ,L7
5,7 ,6 ,3 ,2 ,  1 ,4
' 1 , 5 , 6 , 3 , 2 , 1 , 4

7 ,6 ,3 ,2 -5 ,1 ,4
7 , 5 . 6 , 3 , 2 , 1 , 4
5 ,7 ,6 ,3 ,2n  1 ,4
3 , 2 , 1 , 6 4 , L  5
t 7 , 6 , 3 , 2 " 1 , 4
7 ,L6 ,3 ,2 .  1 ,4
5 ,7 ,6 ,3 ,2n  1 ,4
5 , 7 , 6 , 3 , 2 ,  1 , 4
5 ,7 ,6 ,3 .2n  1 ,4
5 ,7 ,6 ,3 .2o  1 ,4
5 , ' 1 , 6 . 3 , \ 1 , 4
6 , L L Z . 4 , L l .
' 1 , 1 , L 2 , L 4 , 6

L7.L1 ,2 .4 ,6
I 7 , 5 , 1 , 2 . 4 , 6
5 , 3 , 7 , 1 , \ 4 , 6
3 , 7 , 5 , 1 . 2 , 4 , 6
5 , 3 , 7 , 1 , \ 4 , 6
\a7 ,2"4 ,L6
3, t  t  L44,2
2n6 ,4 , l , ' î , 5 ,3
4"  LLZ5,L  5
! ,L6, .L Z" 3,5

\26

6.50
6.50
t.46
3.69
8.19
4.38
2:78
4.81
4.81
2.67
2.y
3.00
3.00
6.20
6.29
6.29
6.29
6.29
6.29
6.29
6.42
6.42
6.42
6.42
6.42
6.s3
6.53
6.53
5.13
5.13
6.50
4.57
4.46
4.9
4.&
4.&
4.&
4.44
4.66
4.6
4.6
4.6
4.6
4.60
4.60
4.60
7.80
6.18
6.09
6.09
6.09
6.09
6.09
6.23
2.39
2.53
4.45
5i5

3.49
3.52
t.u
r.56
2.65
2.17
1.56
4.551!
4.641
1.88
0.31
2.95t
3.22Ï'
2.90
3.n
3.32
3.32
3.39
3.57
3.76
4.01!
4.fi
4.57
4.59
4.93
3.310
3.42
3.65
3.57
3.81
4.nç
2.ro
2.Æ
3.72
3.80
3.82
3.91
4.m
4.N1

4.61
3.O4
4.glle
4.ggÎc
3.61
3;12
4 . l l
3.36
4.69
4.63
4.694
4.84c
4.90!
5.30
4.62ç
0.90
r.69
2.25
3.71



Table I (continued)

Clumical Iog P bg BCFSpecies Reference Classificadon"

2,3,4,5-Te,trachloronitrobcnzene

e3,5,GTetrachloronitrobenzene

2,3,5,GTetrachloroPhcnol
Thiobencarb

Toluene diamine
2"4,GTribromoanisolc
1,3,5-Tribromobenzene

f 4,GTribromobiPtrcnYl
2,4,GTribromoptrenol

À 3,4-Trichloroaniline

14, 5-Trichloroanilinc
2,4,GTrichloroan il ine

3,4, S-Trichloroanilinc
1,2,3-Trichlorobenzenc

1,2,4-Trichlorobenzcne

1,3,5-Trichlorobenzene

2,2,5-TrichlorobiphenYl

2,4, S-Trichlorobiphenyl

2,4,5-Trichlorobiphenyl
l, l, I -Trichloroethane

l, 1,2-Trichloroethylene
3,4,5-Trichloroguaiacol
4,5,GTrichloro g;uaiacol
2, 3,4-Trichloronitrobenzene
2,4,5-Trichloronirobenzene
2,4,6Trichloroni trobenzene
14,GTrichlorophenol

Tricresyl phosphaæ

Trinuralin
Triphenyl phosphaæ

Oncorhynclws nrykiss
Oncorhynchw mykiss
Orcorhynchus nrykiss
Oncorhyncltus nrykiss
Orcorlrynchus nryklss
Jordanellafloridae
Gtoîlqognoaiesrc
Pseudorasbora pama
Pineplales promelas
Pitneplwles promelas
Poecilia reticulala
Orcorlrynclws ntykiss
Oncorlrynclus mykiss
Oncorlrynchus mydss
Poecilia reticulala
Braclrydanlo rerio
Poecilia reticulala
Poecilia reticulata
Poecilia reliculala
Poecilia reticulala
Poecilia reticulala
Oncorhyncltus mydss
Poecilia reticulata
Oncorlryncfus mydss
O nc or lry n c lttts nry ki s s
Oncorlryncfuu mYkiss
Jordanellafloridae
Pinuplules promelas
Izpomis cyuellus
Oncorhynclus mykiss
Oncorlrynclws mykiss
Oncorhynclus my4ss
Oncorlrynchus mykiss
Poecilia reticulata
Oncorhynclws mykiss
Cuassius auratus
Oncorlrynchus my6ss
Poecilia reticulala
Poecilia reticulata
Cuassi.us awatus
Izpomis mauochinu
Izpomis macrochirus
Oncorhynchus mydss
Oncorlrynclws mykiss
Oncorhyncfus myHss
Oncorlrynclas mydss
Oncorlryncltus mykiss
Iordanellafloridae
Oryzias latipes
Pimephales promelas
Alburntu albwnus
Pseudorasbora pama

Albwnus alburnus

Niimi et al. (1989)

OliverandNiimi (198t

Niimi etal. (1989)

Oliver and Niimi (1985)

Oliver and Niimi (1985)
Smirh er al. (190)

Tsuda el al. (1988)

Kanazawa (1981)

YeitÛr. et al. (1979)
Yeith et al. (1979>

Gobas el al. (1989)

Oliver and Niimi (1984)
Oliverand Niimi (1985)
Olivcr and Niimi (1985)

Gobas et aL (1989)

Butte e, al. (1987)

de tVolf et al. (193)

deWolf eial. (193)

de\Volf el al.(193)
de rrlVolf er aI.(193)
de Wolf et aI. (1993)

Oliver and Niimi (1983)

Schrap and Opperhuizen (190)
Oliver and Niimi (f983)
Yeirhetal. (1979)
Oliver and Niimi (1983)
Smith ei al. (l9O)
Yeirh et al. (199)
Ycith et al. (1979)
Oliver and Niimi (1985)
Oliver and Niimi (1983)
Olivcrand Niimi (1985)
Oliver and Niimi (1983)
Schrap and Operhuizen (1990)
Oliver and Niimi (1983)
Bruggcman et al.(1981)
Oliver and Niimi (1985)
Gobas et aL (1989)

Gobas and Schrap (1990)

Bruggeman et al. (1981)
Veith etaL (1980)

Veith et aL (1980)

Niimi et al. (1990)

Niimi al at. (lDO)

Niimi elal. (1989)

Niimi et at. (1989)

Niimi er al. (1989)
Smiùetal. (190)

Sugiura etal.(1984)
Yeih et al. (1979)

Bengtsson et at.(1986>
Kanazawa (1981)

Bengtsson €, af. (1986)

3,4 , .L  LL6 ,5
3 ,4 , r  LLL6
2"5 ,3 ,L1 ,L4
5-6-L2,3,1,4
7 ,54 ,2 ,3 ,1 ,4
4 1 1 , Z . 6 , L 7
3-5,7.1 L6,Z
4,1,6:1,L3-5
L 4:',1,3-5,6 2
4 L 5 ' L ? * 6 , 7 -
?-3 ,  L  5 ,1 ,L4
5 , 7 , 6 , 2 . 3 , 1 , 4
7 , 5 , 6 , 2 " 3 , 1 , 4
7 , 5 , 6 , 2 , 3 . 1 , 4
6,4,L -L Z, 3, 5
5  4 , l  IL  ç7
r ! ,LL6"25
3 ,AJ .L24 ,5
L  4 ,  LL24,5
2-L6,4,1,7,3
zL5, l -3 ,4 ,5
5,6,7,2,1-3,4
6, ' .1,2,1-3,5,4
5,6,7,2,1-3,4
6,2: ' l , ,1,3,4-5
5 ,6 ,2 :7 ,1 .3 ,4
5 ,6 ,2 :7 ,1 ,3 ,4
6 ,2 :1 ,1 ,3 ,4 -5
6 ,2 :1 ,1 ,3 ,4 -5
6 ,5 ,2 :7 ,1 ,3 ,4
5 ,6 ,2 -7 ,1 ,3 ,4
6 ,5 ,2 :1 ,1 ,3 ,4
5 , 6 , 7 , 2 , 3 , 1 , 4
6 ,7 ,2 ,3 ,1 -5 ,4
5 , 6 , 7 , 2 " 3 ,  1 , 4
7 , 3 , 6 , 5 ,  1 , 2 , 4
5 ,7 ,3 ,6 ,  1 ,2 ,4
4,6,L 1 2,3,  5
! ,6 ,L  LL1,5
3 , ' 1 , 5 , 1 , 6 , 2 , 4
L ' ,LLL4"Z
5,L-3,L44,2
4, L+LL 6,  7
3 ,4 ,1L?.4 ,5
L L44,5,2-5
LLL4"L6.Z
5,24 ,? ,1 ,4 ,3
3, 4.[ ' LZ4,7
5,1,4,  LL?.4
4, LL 5"14,7
4 ,  LZ L !â ,7
4"2 ,L6 ,LL7
4, La-LL 6,7-

3s3
3.93
4.3E
4.38
4.38
4.39
3.N
3.q
3.r6
4.48
4.51
4.51
4.5r
4.51
6.03
4.23
3-68
3.69
3.69
3.32
4.r4
4.14
4.14
4.14
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.19
4.r9
4.r9
5.60
5.60
5.90
5.90
5J9
2.47
242
4. l l
3.74
3.61
3.40
3.69
3 i5
3J5
5. l l
5 .1 I
5.v
4.59

1.87
1.90
3.13
3.24
3.y
2.r5
1.82
2.23
1.96
2.94
3.23'
3.70
3.n
4.08
3.880
2.71
2.û
L33
2.33
2.K
2.90
3.08
3.28
3.41
2.95
3.1 I
3.31
3.32
3.36
3.%
3.51
3.57
3.?Â
3.48
3.61
430t
4.9r
3.78c
4.15
4.630
0.95
LN
L4l
LN
2.20
1.84
2.88
t.94
2371
2.?2
2.90
3.50
z.ffi

F estimated from the rato conslants k, and Ç; *Dichlorodibenzo-pdoxin; tHexa-

"ni 
t 
"pta-"t 

torodibenzà-p-dioxin; .tHeptachlo.odibenzofuran; ùrlsomer not specified; $Pentachlorodibenzopdioiln;

openracirlorodibcnzofuran; it"tra"t nraiùzo-p-dioxin; eTetrachlorodibenzofuran; oClassification of the modelq by incryasing

order of the absolute values of the residuals; r,: model presenting a negative residual; x-y: models with identical residuals (absolute

value).
rn



Table II n-octanoVwaær partition coefficients (log P), bioconcentration data Qog BCF) obtained under static
and semi-static conditions-and classification of the seven models.

Clunical log P log BCFSpecies Reference Classiftcationo

Acridine 3.45 3.f 1

Aniline 0.90 0.41

Anthracene 4.45 2.95
4.45 3.86

Atazine 2.61 0.78

Benzo[à]furan 2.86 2-fi

Benzo[à]naphtho(Z3d)thiophene5.Û7 4-17

Bemo[a]pyrene 5.97 3.69

Benzo[â]thiophure 3.26 2-53

2,Z-Bithiophene 3.75 3.55
p-sec-Butylphenol 3.08 1.57

r-Butylphenyldiphenylphosphate 5.12 2.89
5.r2 3.04

Carbazole 3.84 2;lO

2-Chloroaniline 1.93 l.l8

3-Chloroaniline l.9l 1.06

4-Chloroaniline 1.88 0.91

2-Chloronaphthalene 4.14 3.63.
2-Chloronirobemene 2.52 2.29'

3-Chloronitrobenzene 2.50 2.421

4-Chloronilrobenzene 2.3g 2-61.

2-Chloro6-nitroûoluene 3.09 3.@'

4-Chloro-2-nitrotoluene 3.05 3.A1

2,8-DCDD* 5.60 2.83

Dibenzo(l,4tsioxan 4.19 3.85
Diberzofuran 4.21 3.Y
Dibanzothiophene 4.49 3-82
I,2-Dibromobenzene 3.& 2-70

3.64 3.50
I,4-Dibromobenzene 3.79 2-70

3i9 3.40
2,4-Dichloroaniline 291 1.98

3,4-Dichloroaniline 2.78 1.48

l,2-Dichlorobenzene 3,43 LN
3.43 2.70

!,3-Dichlorobenzene 3.53 3.78I
l,4-Dichlorobenzene 3.44 1.70

3.44 2.N

I,4-Dichloronaphùalene 4.66 3.%

I,8-Dichloronaphthalene 4.19 3.79
2,3-Dichloronaphùalene 4.51 4-U,
2,3-Dichloronitrobenzene 3.05 3.01 '

2,4-Dichloronitrobenzene 3'05 3.021

2,S-Dichloronilrobenzene 3.03 2.921

3,S-Dichloronitrobenzene 3.09 3.01I

2,3-Dimerhylniirobenzene 2.83 2.861

3,4-Dimethylnikobenzene 2.gl 2.841

I,2-Dinitrobenzene 1.69 l'02I

l,3-Dinitrobenzen e 1.49 1.871

2,4-Dinitrotoluene l.9E 23ll

2,6-Dinitrotoluene 2.lO 2.441

p-Dodecylphorol 7.91 3.78

Fluorene 4.18 3.35
Hexachlorobenzene 533 5.621
yHexachlorocyclohexane 3.72 2.Y

3.72 2.4r
3.72 2.84

Poecilia reticulata

Brachydanio rerto

l*pomis macrochints

Poecilîa reticalata
Brachydanio rerio

Poecilia rellculata
Poecilia relicalata
Lepontis macrochirus

Poecilia reliculola
Poecilia reticulala
Sahno salar

Pimephales promelas

Oncorhynchus mykiss

Poecilia reliculata

Brachydanio rerio

Brachydanio rerto

Braclrydanio rerio

Poecilia reliculata
Poecilia reliculata

Poecilia reliculala

Poecilia reliculata

Poecilia reliculala

Poecilia reticulata

Carassius auralus

Poecilia reticulala
Poecilia reticulala

Poecilia reliculata
Pimephales promelas

Poecilia reliculata
Poecilia reliculata
Pimephales promelas

Brachydanio rerio

Brachydanio rerio

Poecilia reliculata
Pinephales promelas

Poecilia reliculata
Poecilia rericulata

Pimephales promelas

Poecilia reliculala

Poecilia reticulata
Poecilia reticulata
Poecilia reliculala

Poecilia reticulata

Poecilia reliailata

Poecilia reliculata

Poecilia retlculata

Poecilia reticulala

Poecilia reliculata

Poecilia rellculota

Poecllia reticulala

Poecilia reliculala

Salno salar

Poecilia reliculata
Poecilia reticulala

Brachydanio rerio

Salmo salar

Salmo salar

de Voogt et al. (1991)
Kalsch et al. (1991)

SpacieetaL (1983)
de Voogt et al. (1991)
Gôrge and Nagel (199O)
de Voogt etal.(1991)
de Voogt etal.(1991)
Spacieela/. (1983)
de Voogl et al. (1991)
de Voog et al. (1991)
Mcleese et al. (1981)

Muir er at (1983)

Muir et a/. (1983)

de Voogt et al. (1991)

Kalsch et al. (1991')

Kalsch et al. (1991)

Kalsch et al. (1991)

OpJærhuizen el at (1985)
Denær et al. (1987)

Deneerel al. (1987)

Denær et al. (1987)

Densgr et al. (1987)

Deneer e, al. (1987)
Sijm and Opperhuizen (1988)

de Voogl et al. (1991)
de Voogt et al. (1991)
de Voogt et al. (1991)
Sijm et a/. (1993)
Sijm etal. (1993)
Sijm er al. (1993)
Sijm et a/. (1993)
Kalsch el a/. (1991)
Kalsch et aL (1991)
Sijm et a/. (1993)
Sijm el a/. (1993)
Opperhuizen €, ar. (1988)
Sijm et a/. (1993)
SijmetaL (1993)
Opperhuizen et a/. (l 985)
Opperhuizen et al. (1985)
Opperhuizen et al. (1985)
Deneer et al. (1987)

Deneer et al. (1987)

Deneer et al. (1987)
Deneer et al. (1987)

Deneer et al. (1987)

Deneer et al. (1987\
Deneer et al. (1987)

Deneer er al. (1987)
Denær et al. (1987)

Deneer et al.(1987)
Mcleese el aL (1981)

de Voogt et al. (1991)
Opperhuizen et a/. (1988)
Gôrge and Nagel (1990)

Carlberg el aL (1986)

Carlberg et al. (19t36)

2 , 5 , 6 , 4 , 1 , 7 , 3
2 " 4 , 1 , 6 , 5 , 3 , 7
4,LLLz .6"7
5 ,7 ,6 ,2 ,3 ,1 ,4
TLLL4,5"2
2 o  6 , 5 , 4 , 1 , 7 , 3
5 , 7 , 6 , 3 , 2 , 1 , 4
6.4"2.LLLl
2 .5 ,6 ,4 ,  l , ' l ,3
5 , 2 4 , 7 , 1 , 4 , 3
}-LLL4"6,2
4,LL5,14,7-
4"LLL1{.7
6 , 2 , L ' l , 1 , 4 , 3
L L 4 , 6 ,  l , 5 , 3
4 , 6 , 1 , 2 L 5 , 3
14"4 ,L5 ,3 ,7
6 ,7 ,2 ,1 -3 ,5 ,4
TLLL4.5.2
LLL3,4,6,?
7,144"5,23
5,411,2"7,3
4 , r1 ,5 ,7 ,L3
L ! ,LL5 ,L7
5 ,6 ,7 ,2 ,3 ,1 ,4
5,6, ' ,1 ,2,3,  1 ,4
5 ,7 ,6 ,2 ,3 ,1 ,4
26,7,14,3,5
5 ,2 ,6 .7 ,14 ,3
6 ,2 ,7 ,  r , 4 ,3 ,5
6,2 ,7-5 ,  1 ,4 ,3
2 .6 ,4 ,1 ,7 ,3 -5
3-5,LL4,5"2
2 ,6 ,5 ,14 ,7 ,3
2"6 ,  14 ,5 ,7 ,3
26,14,7,3-5
5 ,LLL46,2
2 .6 ,4 , l -5 ,7 ,3
3 , 5 , 2 , 6 " | , L 4
6,7,2,3, l -5,4
7 , 6 , 2 , 3 , 5 , 1 , 4
4 1 , 1 6 7 , 2 - 3
4 ,5 ,1 ,6 , '1 ,L3
7,L,4,L3,5,2
LL7-5,6,3,2
4 , 6 5 , 1 , 7 , 2 3
L7,L4"6,3,2
LLL6,4"Z7
4,Z .14 ,5 ,3 ,7_
L 2 4 , 6 ,  1 , 5 , 3
L 7 , 4 , 6 ,  1 , 5 , 3
L 6 , 5 , L ! , L L
5 , 6 , 7 , 2 , 3 , 1 , 4
L t 3 , 1 , 6 , 2 , 4
x-LL4LZ4.
3-s,L+L24.
2-6,'1,14,3-5
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Table tr (continued)

Chemicol log P log BCFSpecies Reference Clæsificatlon"

3,3',4,4'-TetrachlorobiPhenYl 6,63

3,3',4,4'-Tetrachlorodiphenylether 5.78

2-Nitroaniline
3-Nitroaniline
4-Nitroaniline
Nitrobenzene
2-Nitrotoluene
3-Nitrotoluene
4-Nitrotoluene
pNonylphenol
Pentachloroaniline
Pentachlorobenzene

Pvrene
2,3,7,&TCDD*
2,3,4,5-Tetrachloroani line

2,3,5,GTetrachloroaniline
1,2,3,4-Tetrachlorobenzene

Tetrachloroguaiacol
Thianthrene
2,3,4-Trichloroaniline
2,4, 5-Trichloroanil ine
2,4,GTrichloroanil ine
3,4, S-Trichloroaniline
1,3,5-Tricblorobenz€ne
2,4, S-TrichlorobiphenY I

l, 3,7-TrichloronaPhthalene
2,4,GTrichlorophenol
Tri- n-cresyl phosphate

Tri-p-cresyl phosphate

Triphenyl phosphate

Xanthene

Braclydanlo rerio

Brachydoio rcrio

Braclrydanio rerio

Poecilia reliculata

Poecilia reticulala

Poecilla reticulata

Poecilia retictlata

Salmo salar

Poecllia reticulata

Carassius auralulJ

Poecilia relicalata

Poecilia reticulata
Poecilla reticulala

Pimephales promelas

Poeclila retlculala

Poecilia reticulala
Poecilia reticulala

Poecilia reliculata

Poecilia reticulala
Salmo salar

Poecilia ieticalata

Poecilia reliculala
Poecilia reticulala
Poecilia rzticulata
Poeciha retlculala

Poecilia reliculata
Poecilia reticulala

Poecilia reticulata
Poecilia reticulata
Salmo salar
Pimephales promelas

Oncorhynchus mykiss

Pimephales prcmelas

Oncorhynchus myhss

Pimephales promelas

Oncorhynchus mykss

Poecilia reticulata

Kalschetat (1991)

Kalsch el aL (1991)
Kalsch er a/. (1991)

Deneer el al. (1987)
Deneer et al.(1987)
Deneer e, al. (1987)

Deneer et al.(1987)
Mcleese et al. (1981)

deWolf eral. (1992)

Sijm and Opperhuizen (1988)

Opperhuizen e, ar. (1988)

Opperhuizen et a/. (1985)
de Voogt et al.(1991)
Adams et al. (1986)

de Wolf et al. (1992)
de Wolf er al. (1992)
Opperhuizen el a/. (1988)

Opperhuizen and Voors (1987)

Opperhuizen and Voon (1987)
Carlberg et al. (19%)

de Voogt et al. (1991)
de Wolf er al. (19E2)
deWolf eral. (1992)
deWolf etal. (1992)
de Wolf et al. (1992)
Opperhuizen et aL (1988)
Opperhuizen and Voors (1987)

Opperhuizen and Voors (1987)
Opperhuizen et al. (1985)
Carlberg et al. (19'tl6)
Muir et a/. (1983)
Muir et a/. (19E3)
Muir el at (1983)

Muir et aL (1983)

Muir et a/. (1983)

Muir el a/. (1983)

de Voogt et al. (1991)

0 . - t , 4 " L L 5 , 3
2.4,14,L5,3
4 ,14 ,2"5 ,3 ,2
r tL6"4"L7
LL6,74-3,2
t3,LL452
5,L7,6,4,3,2
4.L6"LLLl
6 ,3 ,L2 ,1 , t 4
4 "LZ .6 ,L5 ,7
3 ,54 ,L2 ,1 ,4
7 ,3 ,54 ,2n1 ,4
LL4,6,LL5
6,LLL L 5,3.
3,2"6, | ,L4, t r
5 ,7,6,2,3,  1 ,4
6,L3,2-5,  1 ,4
LLLL6 , t L
3 ,5 ,7 ,1 ,6 ,2 ,4
2 ,3 ,5 ,1 ,5 "4 ,7
5 , 7 , 6 , 2 n 3 , 1 , 4
5 , 2 , 6 , 7 , 1 , 4 . 3
5 ,24 ,7 ,1 ,4 ,3
5 ,2{ , , '1 ,1 ,4 ,3
25{ '4 .1 , '1 ,3
6 ,7 ,2 ,3 ,  l -5 ,4
\6,L4,L5"3.
7 , 3 , 5 , 6 ,  1 , 2 , 4
7 , 3 , 5 , 6 ,  1 , 2 , 4
24,7 ,1 ,4 ,3 ,5
4, L,z.L14,7
4,LZ5.14,Z
4,LLL1{.,Z
4,L?-L15,7
t Lz-7,L6,7
4,LZ-i"L6,2
5,6 :7 ,2 ,3 ,1 ,4

r.85
r.37
1.39
1.85
2.30
2.42
2.37
5J6
5.08
5.18
5.18
5.18
5.18
6.42
4.57
4.46
4.U

4.45
4.47
3.68
3.69
3.69
3.32
4.r9
5.90

5.35
3is
5 .1 I
5 .11
5.1r
5. l l
4.59
4.59
4.23

0.91
o.92
o.u
L47l
2.281
2.211
2.n1
2.45
3.78
3.45
5. lgt
4.23
3.68
3.90
3.4
3.s9
4.741
4.59
4.51
3.15
3.fi
2.61
2.88
3.13
3.04
4351
4.?Â
4.18
4.43
2.U
2.7E
2.89
2.n
3.15
2.75
2.76
3.62

2,4,5-Trichlorodiphanylether 5.44

fromthen!econstantsk1andk.23tDichlorodibenzo7dioxin;
'Terrachlorodiberzo.pdioxin; "classification or tit" rnoo"r. by increasing order of the absoiute values of the residuals; r: model

presenting a negative residual; x-y: models with identical residuals (absolute value)'

Table III RMS values for the seven selected models.

Eq.(I)* Eq.(2) Es.P) Es.g) Eq.(5) Eq.(6) Eq.(7)

Flow-through
logPS6(n=?-67)
l o g P > 6 ( n = 7 5 )
Total (n = 342)
Static or semi-static
Total (n = 94)

0.58
1.93
1.04

0.58

0.59
1.78
0.99

0.55

0.60
2.32
t.2l

0.67

0.58
t ; t9
0.98

0.57

0.60
1.83
l.0l

0.55

0.59
0.86
0.66

0.51

0.@
1.13
0.77

0.60

* (l) Veirh er al. (1979); e\ Yeidf et aL (1980); (3) lvlackay (19tr2); (a) Isnard and Lâmbert (1988); (5) Nendza (l9l); (O Binæin et

at. (1993'); (7) Connell and Hawker (1988).
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Residuals
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Figure I Residuals of Eq. (l) vs log P for BCF data

ob-ained under flow-through curditons'

Residuals

log P
ô2468

Figure 2 Residuals of Eq. (l) vs log P for BCF data
ob-tained under static and semi-static conditions.
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Figure 3 Residuals of Eq. (2) vs log P for BCF data
oÙtaineO under flow-through conditions.

Residuals

ôz468 lo
Figure 5 Residuals of Eq. (3) vs log P for BCF data
obtained under flow-thrqrgh conditions.

-log P
t

Fisure 4 Residuals of Eq. (2) vs log P for BCF data
ob-tained under static and semi-static conditims'

a
a

log P

Fisure 6 Residuals of Eq. (3) vs log P for BCF data
oU-tained under static and semi-static conditims.
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Residuals

Octachlorodibenzo-p-dioxin

Figure 7 Residuals of Eq. (4) t! tog P for BCF data
obtairpd under flow-lhrouglr mnditions.

Residuals

Residuals

- logP

Figure 8 Residuals of Eq. (4) vs log P for BCF data
obtained under static and semi-statc conditims.
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Figure 10 Residuals of Eq. (5) vs log P for BCF data
obtained under static and semi-static conditims.
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Figure 9 Residuals of Eq. (5) vs log P for BCF data
obtained under flow-through conditiuts.
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Figure 11 Re"siduats of Eq. (6) vs log P for BCF data
obtained under flow-tlrough conditiuts.

. logP

Figure 12 Residuals of Eq. (6) vs log P for BCF data
obtained under static and semi-static conditims.
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Fisure 13 Residuals of Eq. (7) vs log P for BCF data
ob-aired under flow-throrgh conditiuts.

Fisure 14 Residuals of Eq. (7) vs log P for BCF data
ob-tained under static and semi-static conditios.

ætachlorodibenzo-pdioxin @gure 11). This underlines the necessity to estimate the performances of a nodel

from different values for a same chemical.

last, to obtain a general approximation of the predictive performances of the studied models, the RMS (i'e', root

mean square error) values çEq. (8)) for theoseven studied models were calculated lTable trI).

RMS = ((E (log BCFobs. - log BCFçds.)ïnumUer of observations)I2 (8)

The results reported in Table III confrm that for compounds wittr log P values inferior to 6, the ditrerent models

yield equivalent resuls. At the opposite, for molecules presenting log P values superior to 6, the bilinear model of

Bintein et al. (Lgg3)is largely superiorto the other studied models. From our results, it appears ttrat tlre different

models under study do not present the sarne predictive pow€r and domain of application. This can be problematic

if they are incorporated in different computer programs designed to support decision-making in the evaluation of

rhe hazards and risks of chemicals. For highly hydrophobic chemicals, the linear models (i.e., Eqs. (t) o (4))

ænd to considerably overqstimate the BCF values and F!q. (5) ofæn gives unaccepuble predictions- Eq. (7)

provides bener simulations than Eq. (5) but the statistical validity of this rnodcl is questionable. From a risk

assessment point of view, highly conservative models could be judged inærcsting. Howeve,r, from a modeling

point of view, it is obvious ttrat the frst requircment for a model is to simularc with accuracy the reality.

Therefore, among the seven models, we can consider ttrat Eq. (6) (Bintein et aI., 1993) nreets at best this

objective. Indeed, it presents the best predictive power and the widest domain of application. However, it is

important to stress ttrat we do not claim that ttris model allows o simulate the bioconæntration behavior of all the

organic chemicals susceptible o contaminate the aquuic ecosystems. Indeed, we simply assume thæ on the basis

of BCÏ] eSAR models using the n-octanoVwæer partition coefficient, it is the most efficient It is obvious ttnt all

these models do not uke into account the ransformation of the chemicals in ttre fish. The lack of this information

in the design of the models can explain some of the bad simulations obtained for the seven studied BCF models.
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RESUME

L'élaboration d'une équation bilinéaire reliant le coefficient de partage n-

octanoVeau (log P) à la bioconcentration des molécules organiques chez les

poissons a permis de mieux simuler le comportement bioaccumulatif des

substances très lipophiles. L'adsorption par les sols et les sédiments des

substances ionisées et non-ionisées a pu être modélisée par une équation

régressive prenant en compte le log P, le potentiel d'ionisation des molécules,

le pourcentage en carbone organique et le pH des substrats. L'intégration de

ces deux relarions dans CHEMFRANCE a élargi le domaine d'application de

ce modèle régional de fugacité niveau III appliqué à la France. Des études

menées sur le lindane et l'atrazine ont démontré le haut potentiel de

simulation de CHEMFRANCE pour ces pesticides. Enfin, une analyse

comparatives des principales relations structure-bioconcentration utilisant le

log P comme descripteur moléculaire a été réalisée afin de tester l'intérêt du

modèle que nous proposons.

Mots clés: CHEMFRANCE; bioconcentration; adsorption; QSAR; validation;

lindane; atrazine.
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SUMMARY

The elaboration of a bilinear relationship between the n-octanoVwater

partition coefficient (log P) and the accumulation of chemicals in fish allowed

to simulate more accurately the bioconcentration potential of very lipophilic

molecules. The soil and sediment adsorption of ionized and non-ionized

chemicals has been modeled by a regression equation integrating log P, the

ionization potential of compounds, the percentage of organic carbon and the

pH of the substrates. The incorporation of these two equations in

CHEMFRANCE allowed ro increase the domain of application of this regional

level III fugacity model applied to France. Studies performed on lindane and

atrazine underlined the high simulation potential of this model for these

pesticides. Last, a comparative analyse of structure-bioconcentration

relationships using log P as molecular descriptor was performed in order to

test the usefulness of the model we proposed.

Key words: CHEMFRANCE; bioconcentration; adsorption; QSAR;

validation; lindane; atrazine.
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ABSTRACT

seven linear and nonlinear BCF models based on log P have been compared in order to estirDaûe their accuracy'

predictive power, and domain of application. This comparison was performed from a daa set constituted of 436

exp€rimental BCF values rec ordeÀfor 2/7 chemicals. We showed that for chemicals with log P<6, the different

models yielded equivalent results. At ttre opposite, for highly hydrophobic chemicals 0og P>6)' the bilinear

mode l togBCF=0.91 logP-  l .975 log(6 .8  l07p+ 1) -0 .786(n= 154; r=0 '95 ;  s  =o '347;  F  =  463 '5 )  was

superiorotheotherstudiedmodels' Copyright O 1996 Elsevier Science Ltd

INTRODUCTION

Numerous aûemprs have been made for modeling the accumulation of organic chemicals by fish since tlre

experimental determinuion of ttris important biological activity is a time-consuming and costly exercise' The most

widely used method consists in correlating laboratory bioconcentration factors (BCFs) deærmined in fish and z-

ocunohrater partition coefficienS 0og P). Bioconcentration can be defined as the result of the uptake'

distribution, and elimindion of a chemical in a fish due to water-bome e'Qosurc (Barron' 1990)' whereas

bioaccumulation includes all routes of exposure, and biomagnification deals with accumulation via food chains.

Numerous test guidelines for the experimenral determination of BcF in fish are available (e'g" oECD' ASTM)'

BcF is determined as the concentration of the chemical in whole fish at steady state dividd by the concentration

of the chemical in water drning the exposure period and/or as the ratio between the uptake (kJ and depuration (D

rate constants æsuming first cder kinetics. The accumulation of an organic compound in a fish basically depends

on its hydrophobicity. Thercfore, log P is the physicochemical descriptor of choice for modeling

bioconcentration. As a result, numerous BCF eSAR equations derived from log P ae available in ttre literatue

and there is a need for the evaluation of their domain of application. under these conditions, the aim of this study

s,as to comparc different BCF/og P models in order to estimate their accrnacy, predictive power, and domain of

application.
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