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A bstract

G o a l ,  S c o p e  a n d  B a c k g r o u n d .  G l o b a l  m u l t i - m e d i a  b o x  m o d e l s  
a r e  u s e d  to  c a l c u l a t e  t h e  f a t e  o f  p e r s i s t e n t  o r g a n i c  c h e m ic a l s  i n  a  
g lo b a l  e n v i r o n m e n t  a n d  a s s e s s  l o n g - r a n g e  t r a n s p o r t  o r  a r c t i c  
c o n t a m i n a t i o n .  C u r r e n t ly ,  s u c h  m o d e l s  a s s u m e  s u b s t a n c e s  to  
d e g r a d e  i n  o n e  s in g le  s t e p .  I n  r e a l i t y ,  h o w e v e r ,  i n t e r m e d i a t e  d e g ­
r a d a t io n  p r o d u c t s  a r e  f o r m e d .  I f  th o s e  d e g r a d a t i o n  p r o d u c t s  h a v e  
a  h ig h  p e r s i s te n c e ,  b i o a c c u m u l a t i o n  p o t e n t i a l  a n d  /  o r  to x i c i t y ,  
th e y  s h o u l d  b e  in c lu d e d  in  e n v i r o n m e n t a l  f a t e  m o d e l s .  T h e  g o a l  
o f  t h i s  p r o j e c t  w a s  t o  g a i n  a n  o v e r v i e w  o f  t h e  g e n e r a l  i m p o r ­
t a n c e  o f  d e g r a d a t i o n  p r o d u c t s  f o r  e n v i r o n m e n t a l  f a t e  m o d e l s ,  
a n d  t o  e x p a n d  e x i s t in g ,  e x p o s u r e - b a s e d  h a z a r d  i n d i c a t o r s  t o  t a k e  
d e g r a d a t i o n  p r o d u c t s  i n t o  a c c o u n t .

M e t h o d s .  T h e  e n v i r o n m e n t a l  f a r e  m o d e l  C l i M o C h e m  w a s  m o d i ­
f ie d  t o  s im u l ta n e o u s ly  c a l c u l a t e  a  p a r e n t  c o m p o u n d  a n d  s e v e r a l  
d e g r a d a t io n  p r o d u c t s .  T h e  th r e e  e s ta b l i s h e d  h a z a r d  i n d i c a t o r s  o f  
p e r s is te n c e ,  s p a t i a l  r a n g e  a n d  a r c t i c  c o n t a m i n a t i o n  p o t e n t i a l  w e r e  
e x t e n d e d  to  in c lu d e  d e g r a d a t i o n  p r o d u c t s .  F iv e  w e l l - k n o w n  p e s ­
t i c id e s  w e r e  s e le c te d  a s  e x a m p le  c h e m ic a l s .  F o r  t h o s e  s u b s t a n c e s ,  
d e g r a d a t io n  p a t h w a y s  w e r e  c a l c u l a t e d  w i t h  C A T A B O L , a n d  p a r ­
t i t io n  c o e f f ic ie n ts  a n d  h a l f - l iv e s  w e r e  c o m p i le d  f r o m  l i t e r a t u r e .

R e s u l t s .  I n c l u d in g  d e g r a d a t i o n  p r o d u c t s  y ie ld s  a  j o i n t  p e r s i s ­
te n c e  v a lu e  t h a t  is s i g n i f i c a n t l y  h ig h e r  t h a n  t h e  p e r s i s t e n c e  o f  th e  
p a r e n t  c o m p o u n d  a l o n e :  i n  t h e  c a s e  o f  h e p t a c h l o r  a n  in c r e a s e  o f  
th e  p e r s is te n c e  b y  a  f a c t o r  o f  5 8  c a n  b e  o b s e r v e d .  F o r  o t h e r  s u b ­
s ta n c e s ,  th e  in c r e a s e  is  m u c h  s m a l l e r  ( 4 %  f o r  a - H C H ) .  T h e  s p a ­
t i a l  r a n g e  a n d  th e  a r c t i c  c o n t a m i n a t i o n  p o t e n t i a l  (A C P )  c a n  i n ­
c r e a s e  s ig n if i c a n t ly ,  t o o :  f o r  2 ,4 - D  a n d  h e p t a c h lo r ,  a n  in c r e a s e  b y  
a  f a c t o r  o f  2 . 4  a n d  3 .5  is  s e e n  f o r  t h e  s p a t i a l  r a n g e .  H o w e v e r ,  a n  
i m p o r t a n t  in c r e a s e  o f  t h e  p e r s i s te n c e  d o e s  n o t  a lw a y s  l e a d  t o  a  
c o r r e s p o n d in g  in c r e a s e  in  th e  s p a t i a l  r a n g e :  t h e  s p a t i a l  r a n g e  o f  
a l d r in  in c r e a s e s  b y  le s s  t h a n  5 0 % ,  a l t h o u g h  t h e  p e r s i s te n c e  i n ­
c r e a s e s  b y  a  f a c t o r  o f  2 0  i f  t h e  d e g r a d a t i o n  p r o d u c t s  a r e  in c lu d e d  
in  t h e  a s s e s s m e n t .  F in a l ly ,  t h e  a r c t i c  c o n t a m i n a t i o n  p o t e n t i a l  c a n  
in c r e a s e  b y  a  f a c t o r  o f  m o r e  t h a n  1 0 0  in  s o m e  c a s e s .

D is c u s s io n .  I n f lu e n c e s  o f  p a r e n t  c o m p o u n d s  a n d  d e g r a d a t i o n  
p r o d u c t s  o n  p e r s i s t e n c e ,  s p a t i a l  r a n g e  a n d  A C P  a r e  d i s c u s s e d .  
J o i n t  p e r s i s te n c e  a n d  j o i n t  A C P  r e f l e c t  s i m i l a r  c h a r a c t e r i s t i c s  o f  
t h e  t o t a l  e n v i r o n m e n t a l  e x p o s u r e  o f  a  s u b s t a n c e  f a m i ly  ( i .e . ,  
p a r e n t  c o m p o u n d  a n d  a l l  i t s  d e g r a d a t i o n  p r o d u c t s ) .

C o n c l u s i o n s .  T h e  p r e s e n t  w o r k  e m p h a s i z e s  th e  im p o r ta n c e  o f  
d e g r a d a t i o n  p r o d u c t s  f o r  e x p o s u r e - b a s e d  h a z a r d  in d i c a t o r s .  I t  
s h o w s  t h a t  t h e  h a z a r d  o f  s o m e  s u b s t a n c e s  is  u n d e r e s t im a t e d  i f  
t h e  d e g r a d a t i o n  p r o d u c t s  o f  t h e s e  s u b s t a n c e s  a r e  n o t  in c lu d e d  
in  th e  a s s e s s m e n t .  T h e  s e le c te d  h a z a r d  in d i c a t o r s  a r e  u s e f u l  t o  
a s s e s s  t h e  i m p o r t a n c e  o f  d e g r a d a t i o n  p r o d u c t s .

R e c o m m e n d a t i o n s  a n d  P e r s p e c t iv e s .  I t  is  s u g g e s te d  t h a t  d e g r a ­
d a t i o n  p r o d u c t s  b e  in c lu d e d  in  h a z a r d  a s s e s s m e n ts  t o  g a in  a  
m o r e  a c c u r a t e  i n s ig h t  i n t o  t h e  e n v i r o n m e n t a l  h a z a r d  o f  c h e m i­
c a ls .  T h e  f in d in g s  o f  t h i s  p r o j e c t  c o u l d  a l s o  b e  c o m b in e d  w i t h  
i n f o r m a t i o n  o n  t h e  t o x i c i t y  o f  d e g r a d a t i o n  p r o d u c t s .  T h i s  w o u ld  
p r o v id e  f u r t h e r  in s ig h t  i n t o  th e  i m p o r t a n c e  o f  d e g r a d a t io n  p r o d ­
u c t s  f o r  e n v i r o n m e n t a l  r i s k  a s s e s s m e n ts .

K e y w o r d s :  A r c t ic  c o n t a m i n a t io n  p o te n t ia l ;  d e g r a d a t io n  p r o d u c t s ;  
e n v i r o n m e n t a l  f a te  m o d e l in g ;  h a z a r d  a s s e s s m e n t;  o r g a n o c h lo r in e  
p e s t ic id e s ;  p e r s is te n c e ;  s p a t i a l  r a n g e ;  t r a n s f o r m a t i o n  p r o d u c t s

In trod u ction

Persisten t o rganic  po llu tan ts (POPs) are chem icals th a t are 
persisten t in  th e  env ironm ent, sub ject to  long-range tran s­
p o rt, b ioaccun iu la te  in  hum ans and  anim als, and im pact 
hu m an  health  and  the env ironm ent. In  the S tockholm  C on­
vention on  Persistent O rganic Po llu tants (UNEP 2001 ), some 
o f  the m ost dangerous PO Ps are  regulated.

M ulti-m edia box  m odels have been developed to  understand  
and  possibly p red ic t the behavior o f  existing and new  chem i­
cals in the env ironm en t (M ackay &  Paterson 1991, W ania 
&  M ack ay  1995 , Scheringer 1996). Such models sim ulate 
h ow  chem icals behave in  the d ifferent environm ental m e­
dia , and  a im  a t  p red icting  how  long such substances w ill be 
p resen t in th e  environm ent. D egrada tion  in  such m odels is 
generally  the m ain  rem oval pathw ay, and is usually assum ed 
to  take place in one step . In  reality, how ever, deg radation  is 
know n to  occur in a  series o f  transfo rm ations. In term ediate 
degradation  products are  form ed and  often have sim ilar p rop ­
erties as the  original substances (persistence, bioaccum ulation 
po ten tia l, toxicity). D epending on the dynam ics o f the dif­
ferent tran sfo rm a tio n  processes, such in term ediate degra­
d a tio n  p roduc ts  m ay accum ulate in the system. If a  degra­
d a tio n  p ro d u c t is, a t the sam e tim e, p resen t in the environ-

* E S S - S u b m is s io n  Editor: Prof, Dr. rer. n a t. habll., M .A. W infried S c h rö d e r
(w s c h ro e d e r@ lu w .u n i-v e c h ta .d e )

Env Sei Pollut Res 14 (3 ) 145 -  152  (2007) -J 4 5

©  2007 e c o m e d  p u b lis h e r s  { V e rla g s g ru p p e  H ü th ig  J e h le  R e h m  G m b H ). D -86899 L a n d s b e rg  a n d  T okyo  •  M u m b ai •  S eou l •  M elb o u rn e  • P aris

s u b ito  e .V . l ic e n s e d  c u s to m e r  c o p y  s u p p lie d  a n d  p r in te d  fo r  F la n d e r s  M a rin e  In s titu te  L ib ra ry  (S L I0 5 X 0 0 2 2 5 E )

mailto:scheringer@chem.ethz.ch
http://dx.dol.orq/10.1065/espr2007.03.398
mailto:wschroeder@luw.uni-vechta.de


Research A rtic les Feature : P ersistence

m ent in  re lev an t q u a n ti tie s , lias h igh  b io a c c u m u la tio n  p o ­
ten tia l an d  tox icity , n o t ta k in g  th is d e g ra d a tio n  p ro d u c t  in to  
a c c o u n t m ig h t lead  to  an  u n d e re s tim a tio n  o f  th e  h a z a rd  a n d  
risk  o f  the  p a re n t c o m p o u n d  (B oxall e t al. 2 0 0 4 ).

T here  a re  som e m u ltim ed ia  b o x  m o d e ls  c u rre n tly  a v a ila b le  
th a t include d eg rad a tio n  p ro d u c ts  (F enner e t aí. 2 0 0 0 , F en n er 
20 0 1 , C ahill e t al. 2 0 0 3 ). All o f  th o se  a re  o n e -reg io n  m o d ­
els, i.e ., they  can  be u sed  fo r a reg io n a l e n v iro n m e n t on ly , o r  
look  a t  th e  w ho le  g lo b e  as o n e  sing le  b o x  w ith  h o m o g e ­
neous p ro p e rtie s . H ow ever, m an y  chem ica ls  a re  k n o w n  to  
be d is tr ib u ted  o v e r la rg e  scales, an d  can  be fo u n d  in v a rio u s  
reg ions o f th e  g lobe, in  p a r t ic u la r  in the  a rc tic  (A M A P 1998). 
I t  has been sh o w n  th a t  th e  b e h a v io r  o f  such  ch em ica ls  is 
s tro n g ly  influenced by th e  v a riab le  c lim a tic  c o n d it io n s  on  
earth : in  the  co ld  a rc tic  c lim a te s , d e g ra d a tio n  is slow er, and  
v ap o r p ressu re  low er, so  th a t  th e  ch em ica ls  a c c u m u la te  in 
these reg ions (a b e h a v io r  ca lled  'co ld  c o n d e n s a t io n ') .  T o 
accu ra te ly  rep ro d u ce  su ch  p h e n o m e n a , u n it w o rld  m o d e ls  
are  n o t su ited , and  zona lly  averaged  m odels like C liM o C h em  
(S ch erin g e r e t a l. 2 0 0 0 ,  W e g m a n n  2 0 0 4 )  o r  G lo b o P O P  
(W ania &  M ack ay  1 9 95 ) a n d  G lo b a l C irc u la tio n  M o d e ls  
(K oziol &  P u dyk iew icz  2 0 0 1 , D ach s e t a l. 2 0 0 2 , L eip  &c 
L am m el 2 0 04 ) have  been  deve loped .

H ow ever, n o n e  o f  th ese  m o d e ls  ta k e  in to  a c c o u n t th e  im ­
p ac t o f  d eg rad a tio n  p ro d u c ts  so  far. A s m e n tio n e d  a b o v e , it  
is th u s  possib le th a t th e  h a z a rd  an d  risk  o f  su ch  su b s ta n c e s  
are  n o t co rrec tly  id en tif ied . T h is  is p a r t ic u la r ly  im p o r ta n t  
fo r su b s tan ces like D D T  o r  a ld r in  th a t  a re  k n o w n  to  be g lo ­
bally  d is tr ib u ted , an d  h av e  d e g ra d a t io n  p ro d u c ts  th a t  a re  
k n o w n  to  be p e rs is te n t, to o : D D E , a k n o w n  d e g ra d a t io n  
p ro d u c t o f  D D T  is fre q u e n tly  m e a su re d  in  th e  a rc tic  en v i­
ro n m en t an d  b io ta , a n d  o ften  p re s e n t a t  h ig h e r c o n c e n tra ­
tions th a n  th e  p a re n t c o m p o u n d . T h e re fo re , th e re  is a  s t ro n g  
need fo r a  m odel th a t  in c lu d es  d e g ra d a t io n  p ro d u c ts  in  the 
assessm en t o f  chem icals .

H ere, w e have  in te g ra te d  d e g ra d a tio n  p ro d u c ts  in to  th e  e n ­
v iro n m en ta l fa te  m odel C liM o C h em . T h re e  e s ta b lish e d  e x ­
p o su re -b ased  h a z a rd  in d ic a to rs  h av e  been  e x p a n d e d  to  in ­
c lu d e  d e g ra d a t io n  p r o d u c t s .  W ith  th e  e x a m p le  o f  five 
w e ll-k n o w n  insectic ides an d  h erb ic id es , it is sh o w n  th a t  d e g ­
ra d a tio n  p ro d u c ts  can  c o n tr ib u te  s ig n ific an tly  to  th e  o v e ra ll 
h a z a rd  score o f  the p a re n t  co m p o u n d s .

1 M ateria l a n d  M e th o d s

1.1 Inform ation o n  d e g r a d a tio n  p a th w a y s  a n d  p rop erty  d a ta  o f  
d eg ra d a tio n  p r o d u c ts

In fo rm ation  on substance  p ro p e rtie s  is genera lly  scarce , espe­
cially w hen  it com es to  su b s tan ces th a t  have  n o t been assessed 
in  detail. T his Ís p a rticu la rly  tru e  fo r d eg rad a tio n  p ro d u c ts  
th a t a re  n o t p roduced  a n d  th e re fo re  less frequen tly  stu d ied . 
To reduce prob lem s w ith  d a ta  ava ilab ility  fo r th is study , it  
w as decided to  rely o n  re la tive ly  w ell k n o w n  su b s tan ces. In  
a d d itio n , the substances had  to  be  k n o w n  to  be g loba lly  d is­
trib u ted ; o thenv ise  an  assessm en t w ith  a s im p ler u n it-w o rld  
m odel w o u ld  be sufficient. T o fulfill these tw o  co n d itio n s , w e 
have selected five insecticides a n d  herb ic ides th a t  have  been 
frequently  used in the p a s t a n d  have been fo und  a t  re m o te
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places in  the g lo b a l e n v iro n m e n t: D D T , a ld r in , a n d  hep tach lo r 
a re  th ree  insecticides th a t  h av e  k n o w n , p e rs is ten t deg rada tion  
p ro d u c ts  (see fo llow ing  sec tio n  fo r d e ta ils ), w hereas c/.-HCH 
a n d  2 ,4 -D , an  insectic ide  a n d  a  h e rb ic id e , a re  n o t k n o w n  to 
d eg rade  in to  p ers is ten t d e g ra d a t io n  p ro d u c ts .

F o r  m u ch  o f  th e  in p u t  d a ta  u sed  in th is  s tu d y  w e  rely  on 
Q S A R  so f tw a re . I t  h as b een  s h o w n  th a t  re su lts  f ro m  QSAR 
m o d e ls  c a n  be a s s o c ia te d  w ith  c o n s id e ra b le  u n ce rta in ty . We 
a re  a w a re  th a t  th is  p o te n t ia l  in a c c u ra c y  c o u ld  lead  to  se­
vere ly  b iased  c o n c lu s io n s  in th is  s tu d y  if w e tr ie d  to  rep ro ­
d u ce  th e  e x a c t b e h a v io r  o f  a sp ec ific  c h em ica l in  th e  real 
e n v iro n m e n t, o r  q u a n ti fy  th e  im p o r ta n c e  o f  a  specific  deg­
ra d a t io n  p ro d u c t. T h e re fo re , w e  d o  n o t  a t te m p t to  m ake 
s ta te m e n ts  fo r in d iv id u a l s u b s ta n c e s  he re : o u r  s tu d y  aim s a t 
g iv ing  a  g en era l o v e rv ie w  a n d  a t  s tre ss in g  th e  g en e ra l im ­
p o r ta n c e  o f  d e g ra d a t io n  p ro d u c ts .  F o r  th e se  p u rp o se s , the 
u n c e rta in tie s  o f  Q S A R  re s u lts  a re  less p ro b le m a tic .

T o d esc r ib e  th e  d e g ra d a t io n  p a th w a y s  in  th e  m o d e l, Fenner 
e t a l. (F en n e r e t al. 2 0 0 0 )  h a v e  in t ro d u c e d  th e  n o tio n  of 
'f ra c t io n  o f  fo rm a tio n ',  f f .  T h e  f f  is th e  a m o u n t  o f  a  given 
d e g ra d a tio n  p ro d u c t  t h a t  is fo rm e d  f ro m  th e  d e g ra d a tio n  of 
a  g iven  a m o u n t  o f  th e  p a r e n t  c o m p o u n d . I f  o n e  m ole of 
D D T  is d e g ra d e d  in to  o n e  m o le  o f  D D E , th e n  th e  f f  fo r the 
D D T  -  D D E  d e g ra d a t io n  w o u ld  be  o n e . I f  D D T  is equally 
d e g ra d e d  in to  D D E  a n d  D D D , th e n  th e  tw o  /^ w o u ld  be 0.5 
each . I f  1 0 %  o f  th e  D D T  is d ire c tly  m in e ra liz e d  a n d  th e  rest 
fo rm s D D E , th e n  th e  f f  fo r  D D T  -  D D E  w o u ld  be 0 .9 . Fi­
nally , if  a  m o lecu le  is s p l i t  in  tw o  (fo r in s ta n c e  th e  tw o  ben­
zene rin g s m ig h t be s e p a ra te d ) ,  th e  su m  o f  th e  fra c tio n s  of 
fo rm a tio n  can  a lso  be  b ig g e r th a n  o n e . F o r  th is  study , su b ­
stan ce s  w ere  u su a lly  d e g ra d e d  in to  o n e  d e g ra d a t io n  p ro d ­
u c t a t  a  g iven  s tep  o f  th e  d e g ra d a t io n , a n d  th e re fo re  w e have 
assu m ed  the f f  t o  be  0 .9 . E x c e p tio n s  a re  D T T  a n d  aldrin , 
w h ich  b o th  h av e  f f s  o f  0 .5  in  w a te r  a n d  so il, s ta n d in g  for 
e q u a l d e g ra d a tio n  in to  D D E  a n d  D D D  a n d  in to  dieldrin  
an d  a ld - d e g l ,  respective ly .

F o r  e a c h  o f th e  su b s ta n c e s  in v e s tig a te d , th e  d eg rad a tio n  
p a th w a y s  h a d  to  be d e te rm in e d . W h e re  p o ss ib le , lite ra tu re  
in fo rm a tio n  w as used . T h is  w as  o f te n  th e  case  o n ly  for the 
su b s ta n c e s  w ith  k n o w n  d e g ra d a t io n  p ro d u c ts .  F o r  th e  sub­
stances w ith o u t k n o w n  d e g ra d a t io n  p ro d u c ts , a n d  to  com ple­
m e n t li te ra tu re  in fo rm a tio n , Q S A R  p ro g ra m s  w e re  used to 
p re d ic t the  d e g ra d a tio n  p a th w a y s .

C A T A B O L  (Ja w o rsk a  e t  a l. 2 0 0 2 )  p re d ic ts  p o ss ib le  tran s­
fo rm a tio n  p ro d u c ts  fo rm e d  b y  b io d é g ra d a tio n  o f  th e  paren t 
c o m p o u n d . T h e  C A T A B O L  o u tp u ts  h a v e  b een  v e ry  useful 
to  d e te rm in e  th e  d e g ra d a t io n  p a th w a y s  fo r  p o o r ly  know n 
su b s tan ces . T h is  in fo rm a tio n  w a s  c o m p le te d  b y  th e  MSU 
d a ta b a se  (S chm id t 1 9 9 6 , E llis e t  al. 2 0 0 6 )  w h ic h  a lso  pre­
d ic ts th e  m o s t p ro b a b le  b io d é g ra d a t io n  p ro d u c ts .  A  degra­
d a tio n  p a th w a y  is u su a lly  a  lo n g  s e q u e n c e  o f  tran sfo rm a­
tions. I t  w o u ld  th eo re tic a lly  be poss ib le  to  inc lude  every  single 
d e g ra d a tio n  s tep  u n ti l th e  fu ll m in e ra l iz a t io n . H ow ever, it 
h a s  b een  sh o w n  fo r  u n i t  w o r ld  m o d e ls  (F en n e r 2 0 0 1 ) that, 
in  m o s t o f  th e  cases, o n ly  th e  f irs t  tw o  g e n e ra t io n s  o f  degra­
d a tio n  p ro d u c ts  hav e  a s ig n if ic a n t im p a c t  o n  th e  overall 
h aza rd  o f  th e  chem icals . T h e re fo re , w h e n  d ec id in g  h o w  many 
su b s tan ces  w e  sh o u ld  in c lu d e  in  th e  d e g ra d a t io n  pathw ay, 
w e h av e  relied  o n  th e  'p ro b a b ilit ie s  to  be  s ta b le 1 o u tp u t  given
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F ig .  1 : D e g r a d a t io n  P a th w a y s  fo r th e  five  s u b s t a n c e s  in th i s  s tu d y

b y  C ATA BO L. In th e  d e g ra d a tio n  p a th w a y s  th a t  w e  have 
selected  fo r th is assessm ent, w e hav e  re ta in ed  o n ly  substances 
fo r w h ich  th is  p ro b a b ility  w as g re a te r  th a n  0. T h is  w as  the 
case fo r betw een six  (aldrin) and  tw o  (hep tach lo r) substances. 
T h e  selected d eg rad a tio n  p a th w ay s  in so il a re  sh o w n  in  Fig. 1. 
D eg rad a tio n  p a th w ay s  p red ic ted  by  C A T A B O L  a re  sub jec t 
to  co n siderab le  u n certa in ty . F o r  a ld r in , e .g ., P a a s iv ir ta  e t al. 
(1988 ) have id en tif ied  tr a n s fo rm a tio n  p ro d u c ts  th a t  a re  n o t 
in d ica ted  by C A TA BO L. W e h a v e , in  th is  case , ch an g ed  the 
p a th w ay s  p red ic ted  by C A T A B O L  to  in c lu d e  p e n ta c h lo ro - 
d ie ld rin , as suggested  by P aas iv irta  e t al. (1 9 8 8 ).

B io d ég rad a tio n  is re p re se n ta tiv e  fo r th e  d e g ra d a t io n  p ro ­
cesses in  soil, an d  to  a  ce rta in  a m o u n t  a lso  in  w a te r  and  
v ege ta tion . In  th e  a tm o sp h e re , O H  ra d ic a l  re a c tio n s  a re  the 
m o s t im p o rta n t d e g ra d a tio n  p a th w a y , a n d  th e y  d o  n o t nec­
essarily  fo rm  th e  sam e p ro d u c ts  as b io d é g ra d a tio n . U n fo r­
tu n a te ly , there  is to  o u r  k n o w led g e  n o  Q S A R  so f tw a re  ava il­
ab le  th a t  w o u ld  p re d ic t th e  s u b s ta n c e s  fo rm e d  a f te r  O H  
rad ica l reac tions . T h e re fo re , if n o  li te ra tu re  in fo rm a tio n  w as 
av a ilab le , w e have  a ssu m ed  th a t  O H  ra d ic a l re a c tio n s  al­
w ay s  lead  to  to ta l m in e ra liz a tio n  o f  th e  su b s tan ce . T h is leads 
to  a n  u n d e re s tim a tio n  o f  th e  to ta l  h a z a rd  c a u se d  by those  
chem icals. T h is  m e a n t th a t  a -H C H  a n d  2 ,4 -D  w e re  d irectly  
m inera lized  in  a tm o sp h e re , an d  th a t  th e  d e g ra d a tio n  p ro d ­
u c ts  o f d ie ld rin  w ere  m in e ra lized  in  a tm o sp h e re , to o . A ld­
rin , D D T , and  h e p ta c h lo r  w ere  d e g ra d e d  in to  d ie ld rin , D D E  
a n d  h ep tac h lo r-ep o x id e  w ith  a f r a c tio n  o f  fo rm a tio n  o f  0 .9  
(C rosby  &  M o ilan en  19 7 7 , Z e p p  e t  al. 1 9 7 7 , B user &  M u lle r 
1 9 9 3 , B anda la  e t a l. 2 0 0 2 ).

In  a d d itio n  to  th e  d e g ra d a tio n  p a th w a y s , d e g ra d a t io n  half- 
lives fo r  all th e  su b s tan ces  h a d  to  be fo u n d  fo r  th e  d ifferen t 
m ed ia . Som etim es such  va lues a re  m e a s u re d  a n d  re p o r te d
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(M ack ay  e t al. 1 9 9 7 ), b u t th is  is n o t  usually  the case for 
d e g ra d a tio n  p ro d u c ts . T h ere fo re , Q SA R  softw are  w as used 
to  p re d ic t d e g ra d a tio n  half-lives if  no  rep o rted  values w ere 
availab le . A O P W in  a n d  B lO W in from  the EPIW in softw are 
(US-EPA 2 0 0 0 ) w ere  used  to  ca lcu la te  O H  reac tio n  rates 
an d  b io d é g ra d a tio n  half-lives. T h e  d eg rad a tio n  classes given 
by B lO W in  w e re  tran sfo rm ed  in to  half-lives w ith  the esti­
m a tio n  p ro c e d u re  suggested  b y  A rn o t e t al. (2005).

Finally , p a r t it io n in g  in fo rm a tio n  fo r all the substances had 
to  be  fo u n d . fCow  an d  K AW values have  been m easured  fo r a 
large  n u m b e r  o f  su b s tan ces , an d  such  d a ta  has been as­
sem bled  fo r pestic ides by  v arious au th o rs  (Beyer e t al. 2002 , 
X iao  e t al. 2 0 0 4 , S hen  &c W an ia  2 0 0 5 ). H ere , w e have taken  
an  im p ro v ed  c o m p ila tio n  o f p a rtitio n in g  d a ta  an d  the ir tem ­
p e ra tu re  dep en d en cy  by Schenker e t al. (2005). A gain, p a r­
ti tio n in g  d a ta  is u su a lly  unavailab le  fo r d eg rad a tio n  p ro d ­
ucts th a t  w ere  n o t  k n o w n  to  be  persisten t. W e have relied 
on  Q SA R  so f tw a re  fro m  the E PIW in package  to  ex trac t raw  
values o f  K o w  a n d  K AW. T hose  va lues w ere ad ju s ted  w ith  the 
leas t-sq u ares a d ju s tm e n t p ro ced u re  (Schenker e t al. 2005). 
T em p e ra tu re  dependencies w ere  estim ated  w ith  a  m ethod 
suggested  by  M acL eo d  e t al. (2007).

Fig. 1 sh o w s th e  d eg rad a tio n  p a th w ay s  o f th e  selected su b ­
stances an d  T a b le  1 gives the d eg rad a tio n  half-lives and the 
p a rtit io n in g  p ro p e r tie s  fo r th e  selected substances as they 
w ere  used  fo r  th e  ca lcu la tions in  th is paper. As m en tioned  
above, D D T  is sim u ltaneously  degraded  in to  D D E  an d  D D D  
in so il and  w ater. In  a tm o sp h ere , D D T  is degraded  in to  D D E  
only. A ld rin  c a n  be  degraded  in  tw o  d ifferen t w ays: either 
in to  d ie ld rin  a n d  th e n  pen tach lo ro d ie ld rin , o r  it can  be de­
g rad ed  in  th ree  s tep s  to  m ore p o la r  substances (a ld -d eg l to
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T a b l e  1 : D e g ra d a t io n  h a l l- l iv e s  (T ,^ ) , p a r t i t io n  c o e f f i c ie n ts  ( lo g /C ,vv. |0 9 ^ aw) anci th e ir  t e m p e r a tu r e  d e p e n d e n c i e s  (AL/0W, AL/aw ) fo r  th e  s u b s t a n c e s  u s e d  
in  th is  s tu d y

T m  a i r  Cd] 7 iß  w a t e r  [d ] 7"i /2 s o i l  [d ] lo g K o w  H logATAw H A l/o w  [ J /m o l ] AL/aw [ J /m o l]

2 ,4 -D 1 .6 5 11 2 .6 2 - 6 . 0 8 - 2 0 , 0 0 0 8 8 ,5 1 4

2 ,4 -d ic h lo ro a n is o le 4 .0 1 9 3 8 3 .6 3 - 1 . 7 0 - 2 0 , 0 0 0 5 7 ,8 5 5

2 ,4 -d ic h lo ro p h e n o l 6 .0 6 1 2 2 .8 0 - 4 . 3 3 - 2 0 , 0 0 0 6 3 ,3 5 5

2 -h y d ro x y -4 .6 -d ic h lo ro p h e n o l 0 .9 2 1 8 3 6 2 .3 2 - 8 . 0 6 - 2 0 , 0 0 0 8 8 ,6 1 4

a -H C H 1 8 .6 6 6 6 4 1 ,3 2 7 3 .8 8 - 3 . 5 9 - 2 0 , 0 0 0 7 3 ,1 6 4

1 ,2 ,3 .4 - te l r a c h lo r o h e x - 5 - e n e 0 .3 2 3 6 71 3 .6 8 - 1 . 4 4 - 2 0 , 0 0 0 5 9 ,3 5 2

1 ,2 - d ic h io r o h e x a - 3 ,5 -d ie n e 0 .1 0 1 6 3 3 3 .1 1 - 0 . 7 0 - 2 0 , 0 0 0 4 5 ,8 2 8

a ld r in 0 .3 6 8 0 1 6 0 6 .2 5 - 2 .0 1 - 2 0 , 0 0 0 9 8 ,0 2 3

d ie ld r in 1.1 2 3 8 4 7 5 5 .4 9 - 3 . 3 5 - 2 0 , 0 0 0 1 0 5 ,2 1 4

p e n ta c h lo ro d ie ld r in 0 .5 3 2 2 8 4 5 5 4 .9 6 - 3 . 1 3 - 2 0 , 0 0 0 8 9 ,7 6 8

a ld -d e g 1 1 .0 7 8 1 5 7 3 .6 7 - 1 0 . 3 3 - 2 0 , 0 0 0 1 3 7 ,5 3 8

a id  - d e g 2 0 .3 0 7 9 1 5 7 3 .7 2 - 1 0 . 6 2 - 2 0 , 0 0 0 1 3 8 ,3 2 8

a id  - d e g 3 0 .1 5 1 4 0 2 7 9 4 .9 9 - 5 . 9 8 - 2 0 , 0 0 0 1 0 9 ,8 9 3

D D T 1 5 8 4 4 1 ,6 8 8 6 .4 1 - 3 .3 1 - 1 5 , 2 6 2 7 2 ,6 0 9

D D E 1 .4 8 1 0 1 ,6 2 1 6 .9 4 - 2 . 7 7 - 5 0 , 8 1 5 4 7 ,1 2 5

D D D 2 .5 8 0 4 1 ,6 0 8 6 .3 0 - 3 . 7 4 - 1 8 , 4 7 9 6 1 ,6 3 7

h e p ta c h lo r 0 .1 8 2 ,4 4 4 4 ,8 8 8 5 .9 6 - 1 . 7 8 - 2 0 , 0 0 0 7 5 ,0 7 9

h e p ta c h lo r - e p o x id e 2.1 1 ,6 2 0 3 ,2 3 9 5 .4 0 - 3 . 2 2 - 2 0 , 0 0 0 8 2 ,3 8 2

ald -d eg 3 ). H e p ta c h lo r  is d e g ra d e d  in to  h e p ta c h lo r  e p o x id e , 
a n d  cc-H CH  is d e -c h lo rin a te d  in  tw o  s tep s . F inally , 2 ,4 -D  
d eg rad es  in to 2 ,4 -d ic h lo ro a n iso le , a n d  th e n  in  tw o  s tep s  in to  
2 -h y d ro x y -4 ,6 -d ic h lo ro p h e n o l.

1 .2  T h e CliM oC hem  m odel

C liM o C h em  (S cheringer e t al. 2 0 0 0 , S c h e rin g e r e t a l. 2 0 0 4 , 
W eg m an n  2 0 0 4 , W eg m an n  e t  al. 2 0 0 6 )  is a z o n a lly  av er­
ag ed  m u lti-m ed ia  b o x  m o d el. T h e  m o d e l a ssem b le s  a v a r i­
a b le  n u m b er o f  zones in th e  N o r th -S o u th  d ir e c tio n  (F ig. 2). 
E ach  o f  th e  zones rep re sen ts  o n e  la t i tu d in a l b a n d  a ro u n d  
th e  g lo b e  a n d  is co m p o se d  o f  an  o c e a n -w a te r , a tm o sp h e re , 
b a re -so il, v eg e ta tio n -so il an d  v e g e ta tio n  c o m p a r tm e n t.  T h e  
m o d e l assum es a h o m o g e n e o u s  d is tr ib u tio n  o f  th e  c h e m i­
cals in the  E ast-W est d ire c tio n . T h e  m o d e l c a lc u la te s  en v i­
ro n m e n ta l  p ro cesses su c h  as d iffu s iv e  e x c h a n g e  b e tw een  
p h ase s  (p a rtitio n in g ), ad vec tive  e x c h a n g e  b e tw e e n  p h ases  
(w e t d ep o s itio n , ru n o ff) , t r a n s p o r t  b e tw e e n  z o n e s  (w ind , 
o cean -cu rren ts ) , an d  d e g ra d a tio n . F o r  e a c h  b o x  (a c o m p a r t­
m e n t in  a zone), m ass-b a lan ce  e q u a tio n s  c a n  be w r i t te n  to  
d escrib e  the exchange , t r a n s p o r t ,  e m iss io n , a n d  d e g ra d a t io n  
p rocesses (fo r de ta ils , see (S cheringer e t al. 2 0 0 0 )) . T h e  m ass- 
b a lan c e  e q u a tio n s  fo r  a  g iven  su b s ta n c e  in  a ll th e  b o x es  can  
be sum m arized  in a single d iffe ren tia l e q u a tio n  w ith  a sq u a re -

m a tr ix  S, see  eq . 1 . S s to re s  a ll th e  a b o v e -m e n tio n e d  pro­
cesses fo r all th e  b o x e s  in  th e  m o d e l a n d  h a s  th e  size In  *

*}• / zones
^ c o m p a rtm e n ts ' '^ z o n c s  ^ c o m p a r tm e n ts ) 5 ä n d  d c ( t ) /d t  a r e  Veo
to rs  w ith  («Z01ies * « cornpartmcnJ  e lem en ts .

^ 0  = Sc(/) (Eq.l)
d t

F en n e r e t a l. (2 0 0 0 ) h a v e  sh o w n  h o w  a  se rie s  o f  chem icals 
c a n  s im u lta n e o u s ly  be  c a lc u la te d  w ith  th e  a b o v e  equations 
fo r a u n it w o r ld  m o d e l . T h is  p ro c e d u re  c a n  be  ap p lied  as 
such  fo r  th e  case  o f  a z o n a lly  a v e ra g e d  m o d e l a n d  is recon­
s tru c ted  b riefly  h e re . F o r  e a c h  su b s ta n c e  X , th e  m ass bal­
ance  e q u a tio n s  h a v e  to  be  e s ta b lish e d  as m e n tio n e d  above, 
lead ing  to  a se ries o f  Sx  m a tr ix e s . T o  l in k  th e  substances 
w ith  each  o th e r, th e  Sx  m a tr ix e s  h a v e  to  be w r i t te n  as blocks 
o n  th e  d ia g o n a l o f  a  n e w  SBIG m a tr ix .  T h e  n o n -d iagona l 
b lo ck s o f  th e  SB1G m a t r ix  h a v e  to  b e  filled  w ith  so u rce  ma­
trix es. T h o se  so u rc e  m a tr ix e s  c o n ta in  o n  th e i r  d iag o n a ls  the 
k¡ d e g ra d a tio n  co e ff ic ien ts  m u ltip lie d  b y  th e  resp ec tiv e  frac­
tio n s  o f  fo rm a tio n  (fo r th e  d e g ra d a t io n  o f  th e  paren t 
c o m p o u n d  i in to  th e  d e g ra d a t io n  p r o d u c t  ƒ, as described  in 
th e  p rev io u s  se c tio n ) .

1.3 E xp an d in g  e x p o s u r e -b a s e d  h a za rd  In d ic a to r s  to  take  
d eg ra d a tio n  p r o d u c ts  in to  a c c o u n t

E x p o su re -b a sed  h a z a rd  in d ic a to r s  h a v e  b een  deve loped  to 
classify  ch em ica l s u b s ta n c e s  a c c o rd in g  to  th e i r  persistence, 
lo n g -ran g e  tr a n s p o r t  p o te n t ia l  a n d  p ro b a b i l i ty  to  accum u­
la te  in  the a rc tic .

A t s te ad y -s ta te  (w ith  c o n tin u o u s  e m iss io n s  o f  a  p a re n t  com ­
p o u n d  o f 777, in  k g /d a y ) , th e  p r im a ry  p e rs is te n c e  (PP), as de­
fined  in  S ch e rin g e r (1 9 9 6 ) , is th e  to ta l  m ass  o f  th e  parent 
c o m p o u n d  in  th e  sy s te m  d iv id e d  by  th e  e m iss io n  ra te  m .
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equator

Fig. 2: T h e  g e o m e try  o f  th e  C liM o C h e m  m o d e l

1 4 8

s u b ito  e .V . l i c e n s e d  c u s to m e r  c o p y  s u p p lie d  a n d  p r in te d  fo r  F la n d e r s  M a rin e  In s titu te  L ib ra ry  (S L .I0 5 X 0 0 2 2 5 E )



Feature: P ers is tence Research Articles

T a b le  2 : O v e rv ie w  o f  th e  in d ic a to r s  fo r p a r e n t  c o m p o u n d s ,  d e g r a d a t io n  p ro d u c ts ,  a n d  c o m b in e d  in d ic a to rs  fo r all t h e  s u b s t a n c e s  in th e  d e g ra d a tio n  p a th w a y

Indicator for the  parent 
com p ou n d

Indicator for a g iven  degradation  
product

C om bined indicator for all su b stan ces  
in degradation pathway

P e r s i s t e n c e p r im a ry  p e r s i s t e n c e  (P P ) c o n tr ib u t io n  to  jo in t p e r s i s t e n c e  (C J P ) jo in t p e r s i s t e n c e  (J P )

L o n g - r a n g e  t r a n s p o r t  p o te n t ia l s p a t i a l  r a n g e  (S R ) a p p a r e n t  s p a t i a l  r a n g e  (A S R ) jo in t s p a t ia l  r a n g e  (J S R )

A rc tic  c o n ta m in a t io n  p o te n tia l e A C P c o n tr ib u t io n  to  e A C P  (C e A C P ) jo in t e A C P  (J e A C P )

T h e  p rim a ry  p ers is tence  rep re sen ts  th e  o v e ra ll residence  tim e 
o f  th e  chem ical in  th e  system . In  analogy , F en n e r e t a l. (2 0 0 0  ) 
have d efin ed  th e  jo in t p e rs is ten ce  (JP) as th e  o v e ra ll res i­
dence tim e o f  th e  p a re n t  c o m p o u n d  an d  a ll its  d e g ra d a tio n  
p ro d u c ts  in  th e  sy s tem . A t s te a d y -s ta te , i t  c a n  be ca lc u la ted  
as th e  sum  o f  th e  m ass o f  th e  p a re n t  c o m p o u n d  an d  all the 
d e g ra d a tio n  p ro d u c ts  d iv id ed  by  th e  e m iss io n  ra te  m  (o f the 
p a re n t c o m p o u n d ) . T h e  'c o n tr ib u tio n  to  jo in t  p e rs is te n c e 1 
(CJP) o f  th e  d e g ra d a t io n  p ro d u c ts ,  finally , is th e  s te ad y -s ta te  
m ass o f  a g iven  d e g ra d a t io n  p ro d u c t , d iv id ed  by m .  It can  
easily  be seen  th a t  the  su m  o f  th e  c o n tr ib u t io n s  to  jo in t p e r­
sistence o f  all th e  d e g ra d a t io n  p ro d u c ts , p lu s  th e  p r im a ry  
p ersistence  o f  th e  p a re n t  c o m p o u n d  is e q u a l to  th e  jo in t p e r ­
sistence (PP + EyCJP, = JP ) . T h e se  co n cep ts  a re  eq u a lly  valid  
fo r pulse em iss io n s  th a t  w e  h av e  w o rk e d  w ith  in th is  p ro jec t.

T h e sp a tia l ra n g e  (S cheringer 1 9 9 7 ) serves to  c lassify  c h e m i­
cals a c co rd in g  to  th e ir  lo n g -ran g e  tr a n s p o r t  p o te n tia l . I t  is 
defined  as th e  9 5 %  in te rq u a n tile  ra n g e  o f  th e  geo g rap h ica l 
d is tr ib u tio n  o f  th e  tim e - in te g ra te d  m ass o n  a n o r th -s o u th  
tran sec t o f  th e  e a r th ,  a f te r  a n  em iss io n  a t  th e  eq u a to r . A 
h igh sp a tia l ra n g e  sign ifies th a t  a su b s ta n c e  is h igh ly  m o b ile  
an d  w ill be  tr a n s p o r te d  fa r  a w a y  f ro m  th e  usage  a reas . I t  
h as been sh o w n  th a t  th is  c o n c e p t c a n  be  e x p a n d e d  fo r d e g ­
ra d a tio n  p ro d u c ts ,  to o  (Q u a r t ie r  &c M ü lle r-H e ro ld  2 0 0 0 ). 
In a n a lo g y  to  th e  jo in t p e rs is ten ce , w e d e fin e  h ere  th e  jo in t 
sp a tia l ra n g e  as th e  9 5 %  in te rq u a n tile  ra n g e  o f  the  su m  o f  
the  tim e - in te g ra te d  m ass  o f  th e  p a re n t  c o m p o u n d  a n d  all 
the d e g ra d a tio n  p ro d u c ts . In  a n a lo g y  to  th e  'c o n tr ib u tio n  to  
jo in t p e rs is te n c e ’, w e d efin e  a n  in d ic a to r  fo r  th e  in d iv id u a l 
d e g ra d a tio n  p ro d u c ts , to o : th e  'a p p a re n t  s p a t ia l ran g e ' is 
defined  as th e  9 5 %  in te rq u a n ti le  ra n g e  o f  a  g iven  d e g ra d a ­
tio n  p ro d u c t a f te r  th e  e m iss io n  o f  th e  p a re n t  c o m p o u n d . 
T h is  'a p p a re n t  sp a tia l ra n g e ' o f  a d e g ra d a t io n  p ro d u c t is 
n o t eq u a l to  th e  s p a t ia l  ra n g e  o f  th e  sa m e  su b s ta n c e  if it  
w ere  d irec tly  e m itte d  a t  th e  e q u a to r . I t  c a n  be  sh o w n  th a t  
the  jo in t sp a tia l ra n g e  m u s t  lie  w ith in  th e  m in im u m  a n d  th e  
m a x im u m  o f  th e  sp a tia l ra n g e  o f  th e  p a r e n t  c o m p o u n d  an d  
the  a p p a re n t sp a tia l ra n g e s  o f  a ll th e  d e g ra d a t io n  p ro d u c ts .

T h e  A rc tic  C o n ta m in a t io n  P o te n tia l (A C P) h a s  been  in t ro ­
duced  to  id en tify  ch em ica ls  th a t  a re  lik e ly  to  a c c u m u la te  in  
the  A rctic  (W an ia  2 0 0 3 ) . In  th e  c u r r e n t p ro je c t, w e w o rk  
w ith  th e  e x p o su re -A C P  (eA C P ), as o p p o se d  to  th e  m ass- 
A C P (m A C P ); see W an ia  (2 0 0 4 ). T h e  eA C P  has been  d e ­
fined  as th e  r a t io  o f  th e  m ass o f  a  c h em ica l th a t  is p re s e n t in  
th e  a rc tic  su rfa c e  m ed ia  (ex c lu d in g  a tm o sp h e re ) , d iv id ed  by 
the to ta l em iss io n s  o f  th e  su b s ta n c e , a f te r  1 y ea r (eA C P-1), 
a n d  a fte r  10  y e a rs  (eA C P -1 0). T h e  em iss io n s  o f  th e  s u b ­
stances o c c u r  p ro p o r tio n a l ly  to  th e  la t i tu d in a l p o p u la t io n  
d is tr ib u tio n  o v e r th e  g lo b e . In  a n a lo g y  to  th e  jo in t p e rs is ­
tence  an d  th e  jo in t  sp a t ia l  ra n g e , w e  d e fin e  th e  jo in t eA C P
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as th e  ra t io  o f  th e  to ta l m ass  o f  th e  p a re n t c o m p o u n d  and 
th e  m ass o f  all th e  d e g ra d a tio n  p ro d u c ts , d iv ided  by th e  to ­
ta l em issions o f  the  p a re n t  co m p o u n d . L ike th e  co n tr ib u ­
tio n  to  th e  jo in t  pe rs is ten ce , th e  c o n tr ib u tio n  to  th e  jo in t 
eA C P  can  be ca lcu la ted  f o r  the d e g ra d a tio n  p ro d u c ts . T he 
jo in t eA C P is a g a in  th e  su m  o f  th e  eA C P o f  th e  p a re n t co m ­
p o u n d  an d  th e  c o n tr ib u t io n s  to  jo in t eA C P o f  a ll the  degra­
d a tio n  p ro d u c ts .

A ll described  in d ica to rs  a re  sensitive  to  th e  m ed ium  to  w hich 
th e  su b s ta n c e  is em itted . In  o u r  case , a ll em issions w ere 
in to  a tm o sp h e re . A n o v erv iew  o f  th e  n o m e n c la tu re  o f  the 
d if fe re n t in d ic a to rs  fo r p a re n t  c o m p o u n d s , in d iv id u a l deg­
r a d a t io n  p ro d u c ts , a n d  e n tire  su b s tan ce  fam ilies is given in 
T a b le  2 .

2  R e s u lt s

2.1 Im pact o f  d egrad ation  p ro d u cts  o n  th e  tem p oral evo lu tion  
of c o n c e n tr a t io n s

T h e  te m p o ra l e v o lu tio n  o f  a ll th e  su b s tan ces  fo llow s a sim i­
la r  p a tte rn . As an  ex am p le , Fig. 3 d isp lays the evo lu tion  of 
D D T  a n d  its d e g ra d a tio n  p ro d u c ts  D D E  a n d  D D D , I t  can 
be  seen h o w  th e  c o n c e n tra tio n  o f  D D T  decreases im m edi­
a te ly  a f te r  th e  pulse em ission , an d  c o n tin u e s  to  decrease ex­
po n en tia lly . T h e  tw o  d e g ra d a tio n  p ro d u c ts  D D E  a n d  DDD 
a re  p re s e n t a t  lo w  c o n c e n tra tio n s  a t th e  beg inn ing  a n d  ac­
c u m u la te  in  th e  f irs t years , as a re su lt o f th e  d eg rad a tio n  of 
D D T . A fte r a b o u t 3 -4  y ears , the ir co n cen tra tio n  has reached 
a p e a k , a n d  th ey  s ta r t  to  d ecrease , to o , a lth o u g h  a t  a  slow er 
ra te  th a n  D D T . E v en tu a lly  (after a b o u t 10  years), D D E  and 
D D D  a re  p re s e n t a t  h ig h e r c o n cen tra tio n s  th a n  DDT.

DDT

DOE

DDD

y e a r s

F ig .  3 :  E v o lu tio n  o f  th e  c o n c e n tr a t io n  o f  D D T  a n d  its  d e g ra d a t io n  p ro d u c ts
a f t e r  a  p u l s e  e m is s io n .  T h e  p lo t s h o w s  th e  e v o lu tio n  In th e  e m is s io n  z o n e  
a t  t h e  e q u a to r  in so il a s  a  fu n c t io n  o f  t im e  (in y e a r s )
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F o r the  o th e r su b s tan ce  fam ilies, a  s im ila r b eh av io r c a n  be 
observed: for hep tach lo r, fo r in s tance , th e  d eg rad a tio n  p ro d ­
u c t is p resent a t h ig h e r c o n c e n tra tio n s  th an  th e  p a re n t co m ­
pound  a lready  a fte r  on ly  a few  m o n th s , because  th e  half-life 
o f  h ep tach lo r-epox ide  is so  m u ch  lo n g e r th a n  the  one  o f  the 
pa ren t com pound . L a te r  o n , th e  c o n c e n tra tio n  o f  th e  d eg ra­
d a tio n  p ro d u c t is severa l m a g n itu d e s  h ig h e r  th an  the  co n ­
cen tra tion  o f the p a re n t c o m p o u n d . In  the  en v iro n m en t, this 
w ou ld  m ean th a t th e  d e g ra d a tio n  p ro d u c t  w o u ld  be p resen t 
in  m uch h igher c o n c e n tra tio n s  th a n  th e  p a re n t c o m p o u n d  
(a finding th a t is co n firm e d , fo r in s tan ce , fo r  m easu rem en ts  
in arc tic  a tm o sp h ere  (H u n g  e t a l. 2 0 0 5 ) o r  in  te m p e ra te  ag ­
ricu ltu ra l soils (H a rn e r  e t a l. 1999)).

2.2 P ersis ten ce

Fig. 4 gives the p ers istence  fo r the  five p a re n t  co m p o u n d s 
and  their d eg rad a tio n  p ro d u c ts , a n d  th e  jo in t  p ers istence . It 
is clearly  visible th a t  th e  p ers is tence  o f  a ld r in  a n d  h e p tac h lo r 
is significantly  increased  if th e ir  d e g ra d a tio n  p ro d u c ts  are 
included. T he im pact is still significant fo r th e  herbicide 2,4-D , 
b u t fo r D D T  and  especially  fo r  a - H C H , th e  increase  o f  the 
persistence is o f  less th a n  a  fa c to r  tw o . T h is  is c o n s is te n t for 
the  case o f  a -H C H  (a su b s tan ce  th a t  is n o t  k n o w n  to  have 
p ers is ten t d eg rad a tio n  p ro d u c ts ) , b u t su rp ris in g  fo r DDT, 
as D D E  is o ften  c ited  as a n  ex am p le  fo r an  im p o r ta n t deg ra­
d a tio n  p roduc t, O n e  re a so n  w h y  th e  h a z a rd  o f D D E  m igh t 
be underestim ated  in o u r  s tu d y  is th a t  th e  half-life  in  a tm o ­
sphere fo r D D E  is b ased  o n ly  o n  o n e  Q S A R  v a lu e  from  
A O PW in (1.4 days). F o r  D D T , in  a d d it io n  to  th e  A O P W in

value, several e s tim a te d  a n d  m e a su re d  a tm o sp h e ric  half-lives 
w ere availab le  (M o ltm a n n  e t al. 1 9 9 9 , L iu  e t al. 2 0 0 5 , Müller 
200 5 ). T hese  a lte rn a t iv e  v a lu es  su g g es t a  m u ch  slow er deg­
ra d a t io n  (2 0 .9  d a y s  o n  a v e ra g e )  th a n  in d ic a te d  by the 
A O PW in va lue  fo r D D T  ( th a t  is s im ila r  to  th e  Q SA R result 
o f  D D E: 3 .1  d ay s), a n d  th e re fo re  th e  a tm o sp h e ric  half-life 
o f D D T  in o u r s tu d y  is m u c h  h ig h e r  th a n  th e  one  o f DDE, 
see T ab . 1. If  a lte rn a tiv e  v a lu es  fo r  th e  h a lf-life  o f  D D E were 
ava ilab le , th ey  w o u ld  p ro b a b ly  b e  s ig n ific an tly  h igher than 
th e  A O P W in  v a lu e , to o . T h is  w o u ld  s ig n ifican tly  increase 
th e  c o n tr ib u tio n  to  jo in t  p e rs is ten ce  fo r  D D E .

2 .3  Spatia l R a n g e

Fig. 5 show s th a t  th e  a p p a re n t  s p a t ia l  ra n g e  o f  m a n y  degra­
d a tio n  p ro d u c ts  ex ceed s  th e  s p a t ia l ra n g e  o f  th e  p a re n t com­
p o u n d . T h is  e ffec t is v e ry  s ig n if ic a n t fo r  th e  a -H C H , hep­
tach lo r, 2 ,4 -D , a n d  D D T  su b s ta n c e  fam ilies , b u t less pro­
no u n ced  fo r  th e  a ld r in  su b s ta n c e  fam ily . T h e  jo in t spatial 
ran g e  o f  a -H C H  (an d  D D T ) is a lm o s t u n in flu en ced  by the 
d e g ra d a tio n  p ro d u c ts , a l th o u g h  th o s e  h av e  v e ry  h igh  appar­
e n t sp a tia l ran g es  (esp ec ia lly  fo r  th e  case  o f  a -H C H ). This 
w ill be an a ly zed  in  d e ta il in  th e  d is c u ss io n  p a r t .

2 .4  A rctic c o n ta m in a tio n  p o te n tia l

A s co u ld  a lread y  be  se e n  fo r  th e  p e rs is ten ce , th e  degrada­
tio n  p ro d u c ts  o f  a ld r in  a n d  h e p ta c h lo r  co n s id e rab ly  increase 
th e  eA C P-10 o f  th e ir  p a re n t  c o m p o u n d s  (Fig. 6). F o r  a-H C H  
an d  D D T , th e  effec ts a re  m u c h  less p ro n o u n c e d .

1000

h ep tach lo r

Fig. 4: P e r s is te n c e  (in  a  lo g - s c a le )  o f  t h e  s tu d ie d  s u b s t a n c e s :  p a r e n t  c o m p o u n d s  h a v e  g ra y  b a r s ,  th e ir  d e g r a d a t io n  p r o d u c t s  w h ite  b a r s ,  a n d  th e  Joint 
p e r s is te n c e  o f  th e  w h o le  s u b s t a n c e  fam ily  is  g iv e n  in  b la c k  b a r s

75%
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1
S. 25%

0% L l J Ï Ï T f l I JL J
2,4-D a-HCH aldrin DOT h ep tach lo r

Fig 5 :  S p a tia l R a n g e  o f  th e  s tu d ie d  s u b s t a n c e s  T h e  s p a t i a l  r a n g e  of th e  p a r e n t  c o m p o u n d  is  g iv e n  In g r a y ,  th e  a p p a r e n t  s p a t i a l  r a n g e  o f  th e  d e g ra d a tio n  
p ro d u c ts  in w h ite , a n d  th e  jo in t s p a t ia l  r a n g e  in  b la c k . T h e  a p p a r e n t  s p a t ia l  r a n g e s  of th e  tw o  a -H C H  d e g r a d a t io n  p r o d u c t s  a r e  9 6  a n d  98%  a n d  a r e  not 
c o m p le te ly  d is p la y e d  in t h e  f ig u re
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F ig .  6 :  A rc tic  c o n ta m in a t io n  p o te n t ia l  a f t e r  1 0  y e a r s  ( e A C P - 1 0 ), fo r  th e  p a r e n t  c o m p o u n d  (g ra y ) ,  t h e  d e g r a d a t io n  p r o d u c t s  (w h ite ) , a n d  th e  jo in t A C P  for 
th e  w h o le  s u b s t a n c e  fam ily  ( b la c k ) . T h e  s c a l e  is  a  lo g - s c a l e  a n d  g iv e s  th e  e A C P - 1 0  in p e r c e n t s

3  D i s c u s s i o n

T h e  c o n tr ib u t io n  o f  d e g ra d a t io n  p ro d u c ts  to  p e rs is te n c e  has 
p re v io u s ly  b een  assessed  w ith  u n i t  w o r ld  m o d e ls  (F en n e r e t 
a l. 2 0 0 0 ) .  O u r  s tu d y  c o n firm s  th e  f in d in g s  f ro m  th e  p re v i­
o u s  w o rk : fo r  so m e  su b s ta n c e s  (su ch  a s  h e p ta c h lo r  a n d  a ld ­
rin ), th e  im p a c t o f  th e  d e g ra d a t io n  p ro d u c ts  is v e ry  im p o r­
ta n t , as th e  jo in t  p e rs is ten ce  is m u c h  h ig h e r  th a n  th e  p rim a ry  
p e rs is ten ce  o f  th e  p a re n t  c o m p o u n d  (a f a c to r  o f  2 0  fo r  a ld ­
r in  a n d  58  fo r  h e p ta c h lo r) . F o r  o th e r  s u b s ta n c e s ,  like D D T  
an d  espec ia lly  a - H C H , th e  im p a c t is m u c h  lo w er, fo r  a - H C H  
th e  in c re a se  is o n ly  by 4 % . T h is  is b e c a u se  th e  tw o  d e g ra d a ­
tio n  p ro d u c ts  o f  a -H C H , l ,2 ,3 ,4 - te t r a c h lo r o h e x -5 -e n e  a n d  
l ,2 -d ic h lo ro h e x a -3 ,5 -d ie n e , a re  ch em ica ls  th a t  d e g ra d e  q u ite  
re a d ily  in  th e  e n v iro n m e n t. T h e se  re s u lts  s h o w  th a t  th e  p e r­
s is ten ce  o f  th e  p a re n t  c o m p o u n d  a lo n e  is n o t  a  g o o d  in d ic a ­
to r  fo r  th e  jo in t  p e rs is ten ce  o f  th e  w h o le  s u b s ta n c e  fam ily.

M a n y  d e g ra d a t io n  p ro d u c ts  h a v e  a  h ig h e r  a p p a r e n t  sp a tia l 
ra n g e  th a n  th e  p a re n t  c o m p o u n d . T h is  c a n  b e  e x p la in e d  by 
th e  fa c t th a t  th e  p a re n t  c o m p o u n d  is e m itte d  a s  a  p u ls e  em is­
s io n  a t  th e  e q u a to r , w h e re a s  th e  d e g ra d a t io n  p ro d u c t?  o ccu r 
c o n tin u o u s ly  o n  th e  w h o le  g lo b e , as a re s u l t  o f  th e  t r a n s p o r t  
o f  th e  p a re n t  c o m p o u n d . T h e  jo in t  s p a t ia l  ra n g e  fo r  h e p ­
ta c h lo r  a n d  2 ,4 -D  is m u c h  h ig h e r  th a n  th e  s p a t ia l  ra n g e  o f  
th e ir  p a re n t  c o m p o u n d s  (a fa c to r  o f  3 .5  a n d  2 .4 ) . T h is  sh o w s 
a g a in  th a t  th e  s p a t ia l  ra n g e  o f  th e  p a r e n t  c o m p o u n d  is n o t a  
g o o d  in d ic a to r  fo r  the  lo n g - ra n g e  t r a n s p o r t  p o te n t ia l  o f  th e  
w h o le  su b s ta n c e  fam ily .

In te re s tin g ly , fo r  a ld r in , D D T , a n d  a - H C H , th e  jo in t  sp a tia l 
ra n g e  is a lm o s t e q u a l to  th e  o n e  o f  th e  p a r e n t  c o m p o u n d , 
a lth o u g h  th e  a p p a re n t sp a tia l ra n g e s  o f  th e  d e g ra d a t io n  p ro d ­
u c ts  a re  m u c h  h igher. T h is  is d u e  to  th e  f a c t  t h a t  th e  c o n tr i­
b u tio n  to  jo in t  p e rs is ten ce  o f  th o s e  in te rm e d ia te  d e g ra d a ­
tio n  p ro d u c ts  is v e ry  lo w : th e y  a re  p re s e n t  in  th e  sy s tem  in  
re la tiv e ly  sm a ll q u a n ti tie s . T h e  jo in t  s p a t ia l  ra n g e , as it  is 
d e fin ed , is m a in ly  d e te rm in ed  by th e  su b s ta n c e  th a t  is p re se n t 
a t  th e  h ig h e s t c o n c e n tra tio n s , w h ic h  is th e 'p a r e n t  c o m p o u n d  
fo r  th e  case o f  a - H C H . In  th e  ca se  o f  h e p ta c h lo r ,  th e  d e g ra ­
d a t io n  p ro d u c t  is p re s e n t a t  m u c h  h ig h e r  c o n c e n tra t io n s ,  
a n d  th e re fo re , th e  jo in t  sp a t ia l  r a n g e  is d e te rm in e d  b y  th e  
d e g ra d a t io n  p ro d u c t .  I t  c a n  th e re fo re  be  s a id , if  p e rs is te n t 
d e g ra d a t io n  p ro d u c ts  th a t  a re  su b je c t to  lo n g - ra n g e  t r a n s ­
p o r t  e x is t, th a t  th e  jo in t sp a tia l r a n g e  w ill b e  s ig n ific an tly  
h ig h e r  th a n  th e  sp a tia l ran g e  o f  th e  p a r e n t  c o m p o u n d .

E n v  S e i  P o llu t R e s  1 4  (3 ) 2 0 0 7

T h e  a rc tic  c o n ta m in a t io n  p o te n t ia l  sh o w s a  b eh av io r sim i­
la r  to  th e  o n e  fo r  jo in t  p ers is ten ce : fo r  a ld r in  a n d  hep tach lor, 
a n  im p o r ta n t in c rease  o f  th e  eA C P -10 c a n  be  observed , w hile 
th e  d iffe ren ce  is o n ly  m in o r  fo r  D D T  a n d  a -H C H . T his 
stresses ag a in  th e  fa c t th a t  the  eA C P -10 o f  th e  p a re n t com ­
p o u n d  ca n , in  so m e  cases ev en  severely, u n d e re s tim a te  the 
o v e ra ll h a z a rd  o f  a su b s ta n c e  fam ily : in c lu d in g  hep tach lo r- 
e p o x id e  in  th e  eA C P -1 0  o f  h e p ta c h lo r  increases the eA CP- 
10 by a fa c to r  o f  m o re  th a n  100 .

In th e  c u r r e n t  s tu d y , w e  h av e  h eav ily  re lied  o n  estim ation  
m e th o d s  to  d e te rm in e  su b s ta n c e  p a ra m e te rs  an d  d eg rad a ­
tio n  p a th w a y s . O u r  c o n c lu s io n s  can  th e re fo re  o n ly  h igh ligh t 
th e  g en e ra l im p o r ta n c e  o f  d e g ra d a t io n  p ro d u c ts , especially 
w ith  re sp ec t to  th e  th re e  in d ic a to rs  in v es tig a ted . To confirm  
the  accu racy  o f  th e  p re d ic tio n s  o f  o u r  m o d e l, a n d  to  be  able 
to  d ra w  c o n c lu s io n s  o n  a specific  su b s ta n c e , m o re  th o ro u g h  
s tu d ie s  a re  re q u ire d  th a t  h av e  to  in c lude  a  com prehensive  
in v es tig a tio n  o f  th e  d e g ra d a tio n  p a th w a y s  an d  th e  substance 
p ro p e r tie s  as w e ll as d e ta ile d  c o m p a r iso n s  o f m odel resu lts 
a n d  m e a su re m e n ts  in  v a rio u s  e n v iro n m e n ta l m ed ia  a n d  re­
g ions o f  th e  w o r ld . F o r  D D T , w e a re  p re sen tly  w o rk in g  on  
su ch  a  s tu d y  (S ch en k er e t a l. 2 0 0 7 ) , ta k in g  in to  a c c o u n t his­
to r ic a l e m iss io n s , m e a su re d  d a ta  o n  chem ica l p ro p e rtie s  and 
d e g ra d a t io n  k in e tic s , a n d  c o n d u c tin g  a d e ta iled  co m p a riso n  
o f  m o d e l re s u lts  a n d  c o n c e n tra tio n s  m e a su re d  in  th e  field. 
T h is  s tu d y  o n  D D T  d em o n s tra te s  th a t  th e  C liM oC hem  m odel 
y ields re su lts  t h a t  a re  in  g o o d  a g reem en t w ith  field d a ta .

4  C o n c lu s io n s

T h e  im p o r ta n c e  o f  d e g ra d a t io n  p ro d u c ts  fo r  th e  h a z a rd  as­
sessm en t o f  o rg a n ic  chem ica ls  h a s  c learly  b een  sh o w n . T ak­
in g  in to  a c c o u n t o n ly  th e  p a re n t  c o m p o u n d s  can  lead  to  a 
severe u n d e re s tim a tio n  o f  th e  p ers is tence , th e  sp a tia l range 
a n d  a lso  th e  a rc tic  c o n ta m in a t io n  p o te n tia l . F u rth e rm o re , 
fo r  re g u la to ry  p u rp o s e s , chem ica ls  a re  o f te n  ra n k e d  acco rd ­
ing  to  th e ir  s c o re  fo r  pe rs is ten ce , sp a tia l ra n g e  o r  a rc tic  con ­
ta m in a t io n  p o te n t ia l .  T h e  g o a l o f  th is  is to  id en tify  th e  m ost 
h a rm fu l su b s ta n c e s . If  such  a ra n k in g  is u n iq u e ly  based  on 
th e  sco re  o f  th e  p a re n t  c o m p o u n d , it  is w e ll poss ib le  th a t 
su b s ta n c e s  w ith  lo w  scores fo r  th e ir  p a re n t  c o m p o u n d s , bu t 
h ig h  sco re s  fo r  th e  d e g ra d a tio n  p ro d u c ts  w o u ld  n o t  be iden­
tified , w h e re a s  su b s tan ces  w ith  a  h ig h  sco re  fo r  th e  p a ren t 
c o m p o u n d , b u t  v e ry  lo w  sco re  fo r  th e  d e g ra d a tio n  p ro d u c ts  
w o u ld  b e  flag g ed  as p ro b le m a tic .
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5  R e c o m m e n d a t io n s  a n d  P e r s p e c t iv e s

It is suggested  th a t  d e g ra d a t io n  p ro d u c ts  he in c lu d ed  in  h a z ­
a rd  assessm en ts to  g a in  a m o re  a c c u ra te  in s ig h t in to  th e  e n ­
v iro n m en ta l h a z a rd  o f  ch em ica ls . T h e  find ings o f  th is  p ro jec t 
c o u ld  a lso  be c o m b in e d  w ith  in fo rm a tio n  o n  th e  to x ic ity  o f 
d e g ra d a tio n  p ro d u c ts . T h is  w o u ld  p ro v id e  fu r th e r  in s ig h t 
in to  the  im p o rta n c e  o f  d e g ra d a t io n  p ro d u c ts  fo r  e n v iro n ­
m en ta l risk  assessm en ts.

A ck n ow led gem en t. W e  g r a te f u l ly  a c k n o w l e d g e  th e  h e lp  o f  M a rk  
B o n n e ll, L u k a s  G a s s e r  a n d  K a th r in  F e n n e r  in  t h e  c o m p ila t io n  o f  th e  
d e g r a d a t io n  p a th w a y s ,  a n d  th a n k  F a b io  W e g m a n n  fo r in te r e s t in g  c o m ­
m e n ts  o n  th e  p r o je c t .

R e f e r e n c e s

A M A P  (1 9 9 8 ) : A M A P  A ss e s s m e n t R e p o r t  -  A rc tic  P o llu t io n  Is su e s . A rc tic  
M o n i to r in g  a n d  A ss e s s m e n t P r o g r a m  (A M A P ), O s lo  

A r n o t J ,  G o u in T ,  M a c k a y  D  (2 0 0 5 ) :  P ra c t ic a l M e th o d s  f o r  E s t im a t in g  E n ­
v ir o n m e n ta l  B io d é g ra d a tio n  R a te s ,  C a n a d ia n  E n v i ro n m e n ta l  M o d e ll in g  
N e tw o r k ,  P e te rb o ro u g h  

B a n d a la  E R , G e lo v e r  S, L eai M T , A ra n c ib ia -B u ln e s  C , J im e n e z  A , E s tra d a  C A  
(2 0 0 2 ): S o la r  p h o to c a c a ly r ic  d e g ra d a t io n  o f  A ld r in . C a ta l T o d a y  7 6 ,  1 8 9  

B ey e r A , W a n ia  F, G o u in T ,  M a c k a y  D , M a t th ie s  M  (2 0 0 2 ) : S e le c tin g  in te r ­
n a l ly  c o n s i s te n t  p h y s ic o c h e m ic a l  p r o p e r t i e s  o f  o r g a n i c  c o m p o u n d s .  
E n v iro n  T o x ic o l C h e n i 2 1 ,  .9 4 1 -9 5 3  

B o x a ll A B A , S in c la ir  C J , F e n n e r  K , K o lp in  D , M a u d  SJ (2 0 0 4 ) : W h e n  s y n ­
th e t ic  c h e m ic a ls  d e g ra d e  in  th e  e n v i r o n m e n t .  E n v iro n  S ei T e c h n o l  3 8 , 
3 6 8 A -3 7 5 A

B u s e r  H R , M u lle r  M D  (1 9 9 3 ) : F .n a n tio se le c tiv e  D e te rm in a t io n  o f  C h lo r -  
d a n e  C o m p o n e n ts ,  M e ta b o li t e s ,  a n d  P h o to c o n v e r s io n  P r o d u c ts  in  E n v i-  
r o n m e n ta l -S a m p le s  U sin g  C h ir a l  H ig h -R e s o lu t io n  G a s - C h r o m a to g r a p h y  
a n d  M a s s -S p e c tro m e try . E n v i ro n  Sei T e c h n o l 2 7 ,  1 2 1 1  

C a h i l l  T M , C o u s in s  I, M a c k a y  D  (2 0 0 3 ) : G e n e ra l  f u g a c i ty -b a s e d  m o d e l  to  
p r e d ic t  th e  e n v iro n m e n ta l  f a te  o f  m u l t ip le  c h e m ic a l sp e c ie s . E n v iro n  T o x i­
c o l C h c m  2 2 ,  4 8 3 - 4 9 3  

C r o s b y  D G , M n ila n e n  K W  (1 9 7 7 ) : V a p o r-P h a s e  P h o to d e c o m p o s i t i o n  o f  
D D T . C h e m o s p h e re  6 ,  1 6 7 - 1 7 2  

D a c h s  J ,  L o h m a n n  R , O c k e n d e n  W A , M e ja n e l le  L , E is e n re ic h  S J, J o n e s  K C  
(2 0 0 2 ) : O c e a n ic  b io g e o c h e m ic a l c o n t r o ls  o n  g lo b a l  d y n a m ic s  o f  p e r s is ­
t e n t  o rg a n ic  p o l lu ta n t s .  E n v iro n  S ei T e c h n o l  3 6 ,  4 2 2 9 - 4 2 3 7  

E llis  L B M , R o e  D , W a c k e t t  L P  ( 2 0 0 6 ) :  T h e  U n iv e r s i t y  o f  M in n e s o ta  
B io c a ta ly s is /B io d e g ra d a tio n  D a ta b a s e :  th e  f irs t d e c a d e . N u c le ic  A c id s  R es  
3 4 ,  D 5 1 7

F e n n e r  K , S c h e r in g e r  M , H u n g e r b u h le r  K  (2 0 0 0 ) : P e rs is te n c e  o f  p a r e n t  c o m ­
p o u n d s  a n d  t r a n s f o r m a t io n  p r o d u c t s  in  a lev e l IV  m u l t im e d ia  m o d e l .  
E n v iro n  S ei T e c h n o l 3 4 , 3 8 0 9 - 3 8 1 7  

F e n n e r  K  (2 0 0 1 ) : T r a n s f o r m a t io n  P r o d u c ts  in  E n v ir o n m e n ta l  R is k  A sse ss ­
m e n t:  J o in t  a n d  S e c o n d a ry  P e rs is te n c e  a s  N e w  In d ic a to r s  f o r  th e  O v e ra ll  
H a z a r d  o f  C h e m ic a l P o l lu ta n ts .  P h D  T h e s is ,  S w iss  F e d e ra l I n s t i t u te  o f  
T e c h n o lo g y  Z u r i c h ,  Z u r i c h ,  S w itz e r la n d  

H a r n e r T ,  W id e m a n J L ,  J a n tu n e n  L M M , B id le m a n T E , P a r k h u r s tM J  (1 9 9 9 ) : 
R e s id u e s  o f  o rg a n o c h lo r in e  p e s tic id e s  in  A la b a m a  so ils . E n v i ro n  P o llu t  
1 0 6 ,3 2 3

H u n g  H , B la n c h a rd  P, H a ls a l l  C J , B id le m a n  T F , S te rn  G A , F e ll in  P, M u i r  
D C G , B a rr ie  LA , J a n tu n e n  L M , H e lm  P A , M a  J ,  K o n o p le v  A  (2 0 0 5 ) : 
T e m p o ra l a n d  s p a t ia l  v a r ia b i l i t ie s  o f  a tm o s p h e r ic  p o ly c h lo r in a te d  b ip h e ­
n y ls  (P C B s), o r g a n o c h lo r in e  (O C ) p e s tic id e s  a n d  p o ly c y c lic  a r o m a t i c  h y ­
d r o c a r b o n s  (P A H s) in  th e  C a n a d ia n  A rc t ic :  R e s u lts  f ro m  a d e c a d e  o f  
m o n i to r in g .  Sei T o ta l E n v iro n  3 4 2 ,  1 1 9  

ja w o r s k a  J , D im itro v  S, N ik o lo v a  N ,  M e k e n y a n  O  (2 0 0 2 ) : P ro b a b i l i s t ic  
a s s e s sm e n t o f  b io d e g r a d a b i l i ty  b a s e d  o n  m e ta b o l ic  p a th w a y s :  C a ta b o l  
s y s te m . S A R  Q S A R  E n v iro n  R e s  1 3 , 3 0 7  

K o z io l A S, P u d y k ie w ic z  J A  (2 0 0 1 ) :  G lo b a l - s c a le  e n v i ro n m e n ta l  t r a n s p o r t  o f  
p e r s is te n t  o rg a n ic  p o l lu ta n t s .  C h e m o s p h e re  4 5 ,  1 1 8 1 - 1 2 0 0  

L e ip  A , L a m m e l G  (2 0 0 4 ) :  I n d ic a to r s  f o r  p e r s is te n c e  a n d  lo n g - ra n g e  t r a n s ­
p o r t  p o te n t ia l  a s  d e r iv e d  f ro m  m u l t ic o m p a r tm e n t  c h e m is t r y - t r a n s p o r t  
m o d e ll in g .  E n v iro n  P o llu t  1 2 8 , 2 0 5  

L iu  Q ,  K rü g e r  H U , Z e tz s c h  C  ( 2 0 0 5 ) :  D e g r a d a t io n  s tu d y  o f  th e  a e ro s o l -  
b o r n e  in s e c tic id e s  D ic o fo l a n d  D D T  in  a n  a e ro s o l  s m o g  c h a m b e r  f a c i li ty

b v  O H  ra d ic a ls  in  r e l a t i o n  t o  th e  P O P s  c o n v e n t io n .  P ro c e e d in g s  to  E u ro ­
p e a n  G eo sc ie n c e s  U n io n  i n  V ie n n a ,  A u s t r ia  

M a c k a y  D , P a te r s o n  S ( 1 9 9 1 ) :  E v a lu a t in g  th e  M u l t im e d ia  F a te  o f  O rgan ic- 
C h e m ic a l s - A  L e v e l-Ill F u g a c i ty  M o d e l .  E n v i r o n  S e i T e c h n o l 2 5 ,4 2 7 - 4 3 6  

M a c k a y  D , S h iu  W Y , M a  K C  ( 1 9 9 7 ) :  I l l u s t r a te d  H a n d b o o k  o f  P hysical- 
C h e m ic a l P ro p e r tie s  a n d  E n v i r o n m e n ta l  F a te  f o r  O r g a n ic  C h e m ic a ls , Vol 
5 .  L ew is  P u b lis h e rs , B o c a  R a t o n  

M a c L e o d  M , S c h e r in g e r  M ,  H u n g e r b ü h le r  K  ( 2 0 0 7 ) :  E s t im a t in g  en th a lp y  
o f  v a p o r iz a t io n  f ro m  v a p o r  p r e s s u r e  u s in g  T r o u t o n 's  r u le .  E n v iro n  Sei 
T e c h n o l ( in  p ress)

M o ltm a n n  JF , K ü p p e rs  K , K n a c k e r  T , K lö p f f e r  W , S c h m id t  E ,  R e n n e r  I  (1999): 
V e r te i lu n g  p e r s is te n te r  C h e m ik a l ie n  in  m a r in e n  Ö k o s y s te m , E C T  O eko- 
to x ik o lo g ie  G m b H , F lo e r s h e im  a m  M a in  

M ü lle r  M  (2 0 0 5 ) : G u ta c h te n  z u r  V a l id ie r u n g  v o n  Q S A R - M o d e lle n  z u r  A b­
s c h ä tz u n g  d es  a tm o s p h ä r i s c h e n  A b b a u s  m i t  e in e m  D a te n s a t z  v o n  ca . 760 
S to f fe n , F r a u e n h o f e r - I n s t i t u t  f ü r  M o le k u l a r b io l o g ie  u n d  A n g e w a n d te  
O e k o lo g ie , S c h m a lle n b e r g ,  G e r m a n y  

P a a s iv ir ta  J ,  P a lm  H ,  P a u k k u  R , A k h a b u h a y a  J ,  L o d e n iu s  M  (1 9 8 8 ): C h lo ­
r in a te d  In s e c t ic id e  R e s id u e s  in  T a n z a n i a n  E n v i r o n m e n t  -  T a n z a d rin . 
C h e m o s p h e re  1 7 , 2 0 5 5 —2 0 6 2  

Q u a r t i e r  R , M ü lle r -H e ro ld  U  ( 2 0 0 0 ) :  O n  s e c o n d a r y  s p a t i a l  r a n g e s  o f  tr a n s ­
fo rm a t io n  p ro d u c ts  in  th e  e n v i r o n m e n t .  E c o l  M o d e l  1 3 5 , 1 8 7 -1 9 8  

S c h e n k e r  U , M a c L e o d  M ,  S c h e r in g e r  M ,  H u n g e r b ü h le r  K  (2 0 0 5 ) :  Im p ro v ­
in g  A c c u ra c y  a n d  Q u a l i t y  o f  D a ta  f o r  E n v i r o n m e n t a l  F a te  M o d e ls : A 
L e a s t-S q u a re s  A d ju s tm e n t  P r o c e d u r e  f o r  H a r m o n i z in g  P h y sic o c h e m ic a l 
P ro p e r tie s  o f  O rg a n ic  C o m p o u n d s .  E n v i r o n  S e i T e c h n o l  3 9 ,  8 4 3 4 -8 4 4 1  

S c h e n k e r  U , S c h e r in g e r  M , H u n g e r b ü h l e r  K  ( 2 0 0 7 ) :  M o d e l in g  D D T  in  a 
g lo b a l f a t e  m o d e l: R e p r o d u c in g  c u r r e n t  le v e ls , l o o k i n g  o u t  in to  th e  fu ­
tu r e .  E n v iro n  Sei T e c h n o l  ( s u b m it te d )

S c h e r in g e r  M  (1 9 9 6 ) : P e r s is te n c e  a n d  s p a t i a l  r a n g e  a s  e n d p o in t s  o f  a n  ex p o ­
s u re -b a s e d  a s s e s sm e n t o f  o r g a n ic  c h e m ic a ls .  E n v i r o n  S e i T e c h n o l 3 0 ,1 6 5 2 -  
1 6 5 9

S c h e r in g e r  M  (1 9 9 7 ) : C h a r a c t e r i z a t i o n  o f  th e  e n v i r o n m e n t a l  d is tr ib u tio n  
b e h a v io r  o f  o rg a n ic  c h e m ic a ls  b y  m e a n s  o f  p e r s i s te n c e  a n d  s p a tia l  ran g e . 
E n v iro n  Sei T e c h n o l 3 1 , 2 8 9 1 - 2 8 9 7  

S c h e r in g e r  M , W e g m a n n  F, F e n n e r  K , H u n g e r b ü h le r  K  ( 2 0 0 0 ) :  In v e s tig a tio n  
o f  th e  c o ld  c o n d e n s a t io n  o f  p e r s i s te n t  o r g a n ic  p o l l u t a n t s  w ith  a  g lo b a l 
m u ltim e d ia  fa te  m o d e l .  E n v i r o n  S e i T e c h n o l  3 4 ,  1 8 4 2 - 1 8 5 0  

S ch e rin g e r  M , S a lz m a n n  M , S t r o e b e  M ,  W e g m a n n  F, F e n n e r  K , H u n g e rb ü h le r  
K  (2 0 0 4 ): L o n g - ra n g e  t r a n s p o r t  a n d  g lo b a l  f r a c t i o n a t io n  o f  P O P s: In ­
s ig h ts  f ro m  m u l tim e d ia  m o d e l in g  s tu d ie s .  E n v i r o n  P o l lu t  1 2 8 , 1 7 7 -1 8 8  

S c h m id t M  (1 9 9 6 ) : U n iv e r s i t y  o f  M in n e s o ta  b io c a ta ly s is  b io d é g ra d a tio n  
d a ta b a s e .  A sm  N e w s  6 2 ,  1 0 2  

S h en  L , W a n ia  F  (2 0 0 5 ) : C o m p i l a t i o n ,  E v a lu a t io n ,  a n d  S e le c tio n  o f  P h y s i­
c a l-C h e m ic a l P ro p e r ty  D a t a  f o r  O r g a n o c h lo r i n e  P e s t ic id e s .  J  C h e m  Eng 
D a ta  5 0 , 7 4 2 - 7 6 8

U N E P  (2 0 0 1 ) : H o m e p a g e  o f  t h e  S to c k h o l m  C o n v e n t io n  o n  P e rs is te n t O r­
g a n ic  P o llu ta n ts . S e c r e t a r i a t  f o r  t h e  S to c k h o lm  C o n v e n t io n  o n  P e rs is te n t 
O rg a n ic  P o llu ta n ts ,  < h t tp : / / w w w .p o p s . i n t />

U S -E P A  (2 0 0 0 ) :  E P IW in  S u i t e .  S y r a c u s e  R e s e a r c h  C o r p o r a t io n .  <h ttp : / /  
w w w .e p a .g o v /o p p t /p 2 f r a m e w o r k /d o c s / e p iw in .h tm >

W a n ia  F, M a c k a y  D  ( 1 9 9 5 ) :  A  G lo b a l  D i s t r i b u t io n  M o d e l  fo r  P e rs is ten t 
O r g a n ic -C h e m ic a ls . S ei T o t a l  E n v i r o n  1 6 1 , 2 1 1 - 2 3 2  

W a n ia  F  (2 0 0 3 ) : A sse ss in g  t h e  p o t e n t i a l  o f  p e r s i s te n t  o r g a n i c  c h e m ic a ls  fo r 
lo n g - ra n g e  t r a n s p o r t  a n d  a c c u m u la t io n  in  p o l a r  r e g io n s .  E n v iro n  Sei 
T e c h n o l 3 7 , 1 3 4 4 - 1 3 5 1  

W a n ia  F  (2 0 0 4 ) : S c h a d s to f f e  o h n e  G r e n z e n  -  F e r n t r a n s p o r t  p e r s is te n te r  
o rg a n is c h e r  U m w e ltc h e m ik a l ie n  in  d ie  K ä l t e r e g io n e n  d e r  E rd e . GALA 13, 
1 7 6 - 1 8 5

W e g m a n n  F ( 2 0 0 4 ) :  T h e  G l o b a l  D y n a m i c  M u l t i c o m p a r t m e n t  M o d e l  
C liM o C h e m  fo r P e r s is te n t  O r g a n ic  P o l lu t a n t s :  I n v e s t i g a t io n s  o f  th e  V eg­
e ta t i o n  In f lu e n c e , th e  C o ld  C o n d e n s a t io n  a n d  t h e  G lo b a l  F ra c t io n a t io n . 
P h D  T h e s is , S w iss  F e d e ra l  I n s t i t u t e  o f  T e c h n o lo g y , Z u r i c h ,  S w itz e r la n d  

W e g m a n n  F, S c h e r in g e r  M ,  H u n g e r b ü h l e r  K  ( 2 0 0 6 ) :  F i r s t  in v e s t ig a t io n s  of 
m o u n ta in o u s  c o ld  c o n d e n s a t io n  e f f e c ts  w i t h  t h e  C l iM o C h e m  m o d e l. 
E c o to x ic o lo g y  a n d  E n v i r o n m e n t a l  S a fe ty  6 3 ,  4 2 - 5 1  

X ia o  H ,  Li N Q ,  W a n ia  F  ( 2 0 0 4 ) :  C o m p i la t io n ,  e v a lu a t i o n ,  a n d  s e le c tio n  of 
p h y s ic a l-c h e m ic a l p r o p e r t y  d a t a  f o r  a l p h a - ,  b e t a - ,  a n d  g a m m a -h e x a c h lo -  
ro c y c lo h e x a n c .  J  C h e m  E n g  D a ta  4 9 , 1 7 3 - 1 8 5  

Z e p p  R G , W o lfe  N L , A z a r r a g a  LV, C o x  R H , P a p e  C W  (1 9 7 7 ) :  P h o to c h e m i­
c a l T ra n s fo rm a tio n  o f  D D T  a n d  M e th o x y c h lo r  D e g r a d a t io n  P ro d u c ts , D D E  
a n d  D M D E , by S u n lig h t . A r c h  E n v i r o n  C o n ta m  T o x ic o l  6 ,  3 0 5 - 3 1 4

R e c e iv e d :  D e c e m b e r  1 2 th , 2 0 0 6  
A c c e p t e d :  M a rc h  1 4 th , 2 0 0 7  

O nllneF irst: March 15th, 2007
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