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The concentration levels o f 12 priority volatile organic 
compounds (VO Cs) were determined in two species of 
vertebrates and four species o f invertebrates from sam­
pling stations in the southern North Sea, using a modified 
Tekmar LSC 2000 purge and trap system coupled to gas 
chromatograph-mass spectrometer (G C -M S ). In general, 
concentration levels o f V O C s found in this study were of 
the same order o f magnitude as those previously reported 
in the literature. The concentrations o f the chlorinated 
hydrocarbons (CH Cs), with the exception of chloroform, 
tended to be lower than those of the monocyclic aromatic 
hydrocarbons (M A H s). The experimental data were sta­
tistically evaluated using both cluster analysis and prin­
cipal component analysis (PC A ). From the results o f  
cluster analysis and PC A , no specific groups could be 
distinguished on the basis o f geographical, temporal or 
biological parameters. However, based on the cluster 
analysis and the PC A , the V O C s could be divided into 
three groups, C2-substituted benzenes, CHCs and benzene 
plus toluene. This division could be related to different 
types o f sources. Finally, it was shown that organisms can 
be used to monitor the presence of V O C s in the marine 
environment and the observed concentrations levels were 
compared with proposed safety levels. ©  2000 Elsevier 
Science Ltd. All rights reserved.
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Introduction

T h e p o ten tia l th re a t o f  la rg e -p ro d u c tio n  chem icals to 
the  m arine  env ironm ent has caused  considerab le co n ­
cern  since the deleterious effects o f  som e o f these, such 
as p ,p '-D D T , th e  drins a n d  po ly ch lo rin a ted  biphenyls

’ C o rre s p o n d in g  a u th o r .  P re se n t a d d re ss : M a n a g e m e n t U n it M a th ­
em a tica l M o d els  o f  th e  N o r th  S ea , R o y a l B elg ian  In s ti tu te  fo r  N a tu ra l  
S ciences, 3e & 23e L in ie reg im en tsp le in , B -8400 O o sten d e , B elgium .

(PC B s), becam e evident. M uch  research has since been 
ded icated  to  the s tudy  o f  tra n sp o rt m echanism s, envi­
ro n m en ta l d is trib u tio n , p red ic tion  an d  m easurem ent o f 
fluxes, an d  adverse env ironm en ta l effects o f  im p o rtan t 
classes o f  p o llu tan ts  such  as PCBs, a ro m a tic  h yd rocar­
bons an d  heavy m etals (B aker an d  E isenreich , 1990; 
C lark  et ed., 1990; S ödergren  et al., 1990; M ackay  an d  
P a te rso n , 1991; W alker and  L ivingstone, 1992). M uch  
less is know n, how ever, a b o u t the  fate  o f  o th e r  volatile 
chem icals, even th o u g h  vo la tile  o rgan ic  com pounds 
(V O C s) a re  w ell-know n a tm ospheric  co n tam in an ts  th a t 
a re  frequen tly  determ ined  in  a ir, d rink ing  w ater, fresh 
w ater, effluents and soils (Sw eet and  V erm ette, 1992; 
Bellar et a l ,  1974; A n d erso n  et a l ,  1991; Jungclaus 
et a l ,  1978). M ost rep resen ta tives o f  the  g roup  are im ­
p o r ta n t in d u stria l co m p o u n d s w ith  a  h igh an n u a l p ro ­
duction . T h e  an n u a l p ro d u c tio n  o f  te trach lo ro m eth an e , 
fo r instance, is estim ated  a t  a b o u t 300 000 t (H ow ard , 
1990). In  Belgium , the  em issions o f  th e  ch lo rina ted  h y ­
d ro ca rb o n s  (C H C s) ch lo ro fo rm , 1 ,1 ,1-trichloroethane, 
tri- a n d  tre trach lo ro e th y len e , exceed those  o f  e.g. lead, 
lindane, a n d  atrazine . A n n u a l p ro d u c tio n , to g e th er w ith 
logAow d a ta , toxicity  an d  persistence, was one o f the 
m ain  c rite ria  used by the  Jo in t G ro u p  o f  E xperts  on  the 
Scientific A spects o f  M arin e  P o llu tion  (G E S A M P) 
(G E S A M P , 1990) to  select po ten tia lly  harm fu l sub ­
stances fo r the  m arine env ironm ent. T h e  resu lting  list 
co n ta in ed , am ongst o thers, ch lo ro fo rm , te trach lo ro m e­
th an e , 1 ,1 ,1-trich loroethane, tr ich lo roe thy lene and  tet- 
rach lo roe thy lene. T he sam e com pounds are  also  found 
o n  the  h igh -p rio rity  co m p o u n d s list o f  th e  M inisterial 
D ec la ra tio n s  o f  the In te rn a tio n a l C onferences o f  the 
N o rth  Sea (M inisterial D ec la ra tio n  o f  th e  T h ird  In te r­
n a tio n a l C onference o n  th e  p ro tec tio n  o f  the  N o rth  Sea, 
1990; M in isteria l D ec lara tion  o f  the  F o u rth  In te rn a ­
tio n a l C onference on  th e  p ro tec tio n  o f  the  N o rth  Sea, 
1995) an d  are  recognized as com pounds th a t p resen t an  
env iro n m en ta l prob lem  by  th e  N orw eg ian  P o llu tion  
c o n tro l au th o rity  (D ons an d  Beck, 1994). F o r  o ther 
im p o rta n t V O C s, such as the m o n o aro m atic  h y d ro ca r­
b o n s (M A H s) benzene, to luene, ethylbenzene and  the
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xylenes, the  need to  investigate the ir presence in  the 
m arin e  env ironm ent has been fo rm u la ted  in  the M in is­
te ria l D ec lara tions o f  the In te rn a tio n a l C onferences o f 
the N o rth  Sea (M inisterial D ec la ra tio n  o f  the  T h ird  
In te rn a tio n a l C onference on  the  p ro tec tio n  o f  the N o rth  
Sea, 1990; M inisteria l D ec lara tion  o f  the F o u rth  In te r­
n a tio n a l C onference on  the p ro tec tio n  o f  th e  N o rth  Sea, 
1995).

D esp ite  the po ten tia l h azard s posed  by  V O C s, re la ­
tively little is know n a b o u t the  ab u n d an ce  o r presence o f 
these com pounds in the m arine  env ironm en t, especially 
in b io ta , an d  their behav iour in  the m arin e  ecosystem . In  
ad d itio n , there are no on-going  m o n ito rin g  p rogram m es 
fo r V O Cs, in  co n tra s t to  o th e r  o rgan ic  p o llu tan ts  such 
as PC B s (Oslo and  P aris C om m issions, 1990). Levels 
rep o rted  in the litera tu re  a re  the re fo re  m ostly  the resu lt 
o f  once-only  surveys. P earson  an d  M cC onnell (1975) 
w ere am o n g  the first to  re p o r t co n cen tra tio n s o f  tri- 
ch lo roe thy lene, te trach lo roe thy lene, tr ich lo ro e th an e , 
te trach lo ro m eth an e  an d  ch lo ro fo rm  in v arious m arine 
organ ism s from  sam pling locations a lo n g  the  British 
coast. T h e  results show ed th a t ch lo rin a ted  V O Cs w ere 
p resen t a t  all tro p h ic  levels. T h e  co n cen tra tio n s ranged  
fro m  0.02 to  180 ng/g  w et w eight. Since th a t tim e, sim ­
ila r co n cen tra tio n s have been rep o rted  fo r d ifferent o r­
gan ism s from  various m arine  locations (P earson  an d  
M cC onnell, 1975; D ickson  an d  Riley, 1976; F erra rio  
et al., 1985; Y asu h a ra  and  M o rita , 1987; G o to h  e t al., 
1992). A n overview  o f  the re p o rted  co n cen tra tio n s for 
the d ifferen t tro p h ic  levels is given in T ab le  1. R ecent 
findings agree w ith these ea rlier o bse rva tions (R oose 
an d  B rinkm an , 1998). G enera lly  speaking , the  concen ­
tra tio n s  a re  o f  the sam e o rd er o f  m ag n itu d e  as those  o f 
o th e r  im p o rta n t o rgan ic co n tam in an ts  such  as ind iv id ­
ual PCBs, ch lo rdanes and  ind iv idual PA Fls (N o rth  Sea 
T ask  F orce , 1993).

T h e  effects o f  these levels o n  o rgan ism s a re  a t p resent 
unknow n . M o st V O Cs can  be considered  as narco tic  
chem icals, i.e. non-electro ly te chem icals th a t, in the

absence o f specific effects, h av e  only  a  m inim um  o f 
toxicity  (van  L eeuw en et al., 1992). H ow ever, halogen- 
ated  a lip h a tic  co m p o u n d s  in  general are considered to  
be p o te n t im m uno tox ic  agents. Suppression  o f hum ora l 
an d  cellu lar im m un ity  as well as h o s t resistance to  in ­
fections has been observed  b o th  in  lab o ra to ry  anim als 
an d  hum ans (W ong et al., 1992). A lso , trich lo roe thy lene 
has been show n to  p roduce  tu m o u rs  in  roden ts  an d  is a 
suspected h u m a n  carcinogen  (W H O  w ork ing  g roup , 
1985). Benzene is also a w ell-docum ented  im m unotox ic 
substance. R e p o rted  adverse  effects on  the im m une 
system  are  decreases in  lym phoid  o rgan  w eights, a n t i­
body  p ro d u c tio n , ce ll-m ediated  im m unity , and  h o st re ­
sistance to  in fections an d  to  tu m o u rs  (W ong et al.,
1992). Benzene is also a  know n  leukem ic agent in  h u ­
m ans (Sittig , 1980; K a lf  et al., 1987; W H O  w ork ing  
g roup , 1993). F inally , benzene an d  its m etabolites in ­
h ib it b o th  nuclear an d  m ito ch o n d ria l rep lications an d  
tran sc rip tio n  in m ice (K a lf  et al., 1987). M oreover, 
du ring  m e tab o liza tio n  b o th  benzene an d  its m etabo lites 
are converted  to  reactive species th a t covalen tly  b ind  to  
m acrom olecules like D N A , R N A  an d  p ro te ins (K a lf  
et al., 1987). T h e  p o te n tia l d an g e r o f  V O C s to  m arine  
o rganism s the re fo re  lies m ain ly  in  ch ron ic  exposure to  
low  levels, w hich m ay  resu lt in  im m unosuppression  and  
carcinogenesis.

O nce it has been estab lished  th a t a given chem ical 
poses a  th rea t, it  rem ains to  be determ ined  w h a t levels o f  
co n tam in a tio n  are  accep tab le  in the  m arine  env iron ­
m ent. van  L eeuw en et al. (1992) used q u an tita tiv e  
s tru c tu re  activ ity  re la tionsh ips (Q SA R s), ex trapo la tion  
o f  tox ic ity  d a ta  an d  equ ilib rium  p a rtitio n in g  fo r the 
assessm ent o f  the effects o f  n a rco tic  in d u stria l p o llu ­
tan ts. T h e  ex tra p o la tio n  o f  toxicity  d a ta  generated  by 
Q SA R s w as used  to  derive safe levels fo r w ater, sedi­
m ent an d  b io ta . A n o th er, m ore  p rag m atic , ap p ro ach  is 
described by M atth iessen  et al. (1993) w ho applied  a 
safety fac to r o f  100 to  acu te  tox ic ity  d a ta  to  establish  
safe levels o f  ch ron ic  exposure. W hereas the la tte r

T A B L E  1

C o n c e n tra tio n s  in  n g /g  w e t w e ig h t o f  V O C s in  v a rio u s  m a rin e  o rg a n ism s  (10 ,1 6 -2 1 ). a

O rg an ism s C H C s

C H C I3 CC1„ D C E T C E T R C E T E C E

In v e r te b ra te s 0 .0 2 -1 0 4 0 0 .0 4 -1 1 4 1-4080 0 .03 -310 0 .05 -250 0 .05 -176
M a r in e  a lg ae 17-236 13-22
F ish 2-851 0 .3 -2 0 9 730-3200 1-26 0 .8 -4 7 9 0 .3 -1 7 6
S eab ird s 1.9 -65 2 .4 -2 9 1.5-39

M A H s

B E N Z T O L E B E N M P B E N O B E N

Shellfish 220 -7 0 0 0 3 .4 -1 8 0 .8 -2 5 0 100-360 520
F ish 700 -1 0 0 0

a C H C I3 =  c h lo ro fo rm , C CI4 =  te tra c h lo ro m e th a n e , D C E =  1 ,2 -d ich lo ro e th an e , T C E =  1 ,1 ,1 -tr ich lo ro e th an e , T R C E  =  tr ich lo ro e th y len e , T E C E  — 
te tra c h lo ro e th y le n e , B E N Z  =  b en zen e , T O L  =  to lu e n e , E B E N  =  e th y lb en zen e , M P B E N  =  m & p -xy len e , O B E N  =  o-xylene.
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a p p ro a ch  results in  safety levels fo r the w a te r  co lum n, 
the  fo rm e r m odel allow s the ca lcu la tion  o f  in te rna l toxic 
co n c en tra tio n s  (ITC s) in fish tissues, w hich is useful fo r 
the in te rp re ta tio n  o f  b iom on ito ring  d a ta . H ow ever, the 
usefulness o f  the  m odel hinges on  the app licab ility  o f  the 
eq u ilib riu m -p artitio n in g  th eo ry  an d  its re la tio n  w ith  
o c ta n o l-w a te r  partition ing .

T he p resen t s tudy  aim s a t determ in ing  co n cen tra tio n  
levels o f  a  n u m b e r o f  p rio rity  V O Cs in o rgan ism s from  
th e  so u th e rn  N o rth  Sea an d  studying  the ir possib le re ­
la tio n  to  g eog raph ica l, tem pora l a n d /o r  b io log ical p a ­
ram eters. In  ad d itio n , the use o f  o rganism s to  m o n ito r 
these co m p o u n d s  in  the m arine  env ironm en t will be 
discussed a n d  the  observed  co n tam in a tio n  levels will be 
co m p ared  w ith  p ro p o sed  safety  levels.

M aterials and M ethods

Sam pling
Sam ples w ere ta k en  on  b o ard  the Belgian o cean o ­

g rap h ic  vessel ‘Belgica ’ a t six different locations (Fig. 1) 
using beam -traw ling  over a  period  o f  one year (five 
cam paigns: A pril, M ay , Ju n e , O ctober an d  D ecem ber). 
Tw o sam pling  po in ts (120 an d  780) w ere situ a ted  n ear 
the co a s t (4 -15  km ), tw o (421 and  435) w ere s ituated  
fu rth e r  aw ay from  the  co ast (35-40 km ), one sam pling  
s ta tio n  (B07) w as situ a ted  in  the  m o u th  o f  the  Scheldt 
es tu ary  an d  one (800), a t  80 km  from  th e  coast, was 
selected as a reference po in t. Sam ples w ere processed  as 
sw iftly as possib le to  avoid  co n tam in a tio n  an d  losses. 
S am pling  w as d o n e  in acco rdance w ith  the  guidelines o f  
O S P A R C O M  (O slo and  P aris C om m issions, 1990). 
Im m ediate ly  a fte r sam pling, the  undissected  fish and  
shellfish w ere sto red  a t -2 8 ° C  in closed con ta ine rs and  
in  the  absence o f  o rgan ic  solvents. U p o n  the ir a rriva l a t 
the in stitu te , the  sam ples w ere tran sp o rte d  to  an  a irtig h t 
freezer lo ca ted  in  a  so lvent-free area.

A nalytica l m ethodology
A  detailed  descrip tion  o f the  ana ly tica l m ethodo logy  

is given elsew here (R o o se  an d  B rinkm an , 1998). Briefly, 
b iological tissue is first hom ogenized  (at 0°C) using an  
u ltra -tu rrax  b lender an d  transfe rred  to  a  25 m l E PA  vial. 
A fter an  add itio n  o f  15 m l o f w ate r an d  the in ternal 
s ta n d a rd  (1 ,1 ,1 -trifiuo ro to luene), the hom ogenate  is 
trea ted  in an  u ltra so n ic  b a th  (20 m in  a t 0°C) to  fu rther 
d isrup t the tissue. T h e  glass vessel is then  connected  to  a 
T ek m ar (T ekm ar, C inc ina tti, U SA ) LSC 2000 purge and  
trap  a p p a ra tu s  coup led  to  a  gas ch ro m a to g rap h -m ass  
spectrom eter (G C -M S ). T h e  volatiles a re  forced ou t o f 
the tissue by pu rg in g  w ith  a stream  o f  helium  gas, while 
h ea ting  a t  70°C an d  trap p e d  o n to  a  V ocarb  4000 sorbent 
trap . A fter purg ing , the trap  is backflushed  while being 
rap id ly  hea ted  to  250°C  an d  the ana ly tes a re  desorbed 
and , next, trap p ed  in  a  cryofocusing  m odu le (-120°C ) 
connected  to  the ana ly tica l colum n (R estek , RTx-502.2, 
60 m , 0.32 m m  i.d ., 1.8 pm  film). T he analy tes a re  in ­
jected  in to  the  co lum n  by rap id ly  h ea ting  the m odule 
from  -1 2 0 °C  to  200°C  in 0.75 m in. T em p era tu re  p ro ­
g ram m ing  o f  the G C  an d  d a ta  acqu isition  w ere s ta rted  
sim ultaneously . T h e  tem p era tu re  o f  the  G C  oven was 
held a t 40°C  for 2 m in  an d  then  linearly  increased from  
40°C  to 200°C a t  10°C/m in. T his te m p era tu re  w as then  
held fo r 5 m in. H elium  w ith  an  in let pressure o f  16 psi 
w as used  as the ca rrie r  gas.

T he ta rg e t co m p o u n d s were identified o n  the  basis o f 
the ir re ten tio n  tim es an d  m ass sp ec tra  and  quantified  
using  the  to ta l m ass o f  selected ions (Fig. 2). T h e  ion trap  
de tec to r was op era ted  in  the e lec tron  ion iza tion  (El) 
m ode w ith  the m ultip lie r vo ltage set a t  2400 V, the  axial 
m o d u la tio n  (A /M ) am plitude  a t 3.5 V a n d  the em ission 
cu rren t a t 12 pA . T h e  m anifo ld  te m p era tu re  was set a t 
220°C. T he m ass range w as 50-250 am u  and  the scan 
rate , 1000 ms. T h e  filam ent delay w as 180 s, an d  a  m ass 
defect o f  50 m m ass/100 am u  and  a  b ac k g ro u n d  m ass o f 
55 am u w ere selected. D etection  lim its varied  between

52’OOh

800

435

780
B07

•cbri

O ostende
120 A ntw erpen

N ieuw poort

Fig . 1 S am p lin g  s ta tio n s  o n  th e  B elg ian  a n d  D u tc h  c o n tin e n ta l  shelfs.
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too -

Ethylbenzene
lOO-i

Tetrachloroethylene

concentrat¡on:80 pg/g 
S/N: 209

Toluene

SO

o-Xylene

Scan number

Internal standard

Benzene T etrachloroethyleneChloroform

800 1000600400
6:20 10:00 13:20 16:40

Scan number 
Retention time

Fig. 2  R ep rese n ta tiv e  to ta l  io n  c h ro m a to g ra m  o f  V O C s in  a  sh rim p  
(C rangon crangon) sa m p le  w ith  th e  m ass  sp ec tru m  o f  to lu en e  
(in se rt a) a n d  th e  selec ted  io n  c h ro m a to g ra m  o f  te tra c h lo ro ­
e th y le n e  (inset b).

0.005 ng/g  w et w eigh t (1 ,2 -d ichoroethane , 1,1-dichlo- 
ro e th an e  an d  te trach lo ro m eth an e) an d  0.2 ng /g  w et 
w eight (ch lo ro fo rm ) depend ing  o n  the  back g ro u n d  levels 
an d  the  a m o u n t o f  sam ple (R oose a n d  B rinkm an, 1998).

S ta tistica l analysis
F o r  the s ta tis tica l analysis, sam ples w ere separated  

accord ing  to  species, tissue, sam pling  da te  and  sam pling 
location . H ere, th e  p resen t d a ta  set w as com bined w ith  a 
prev ious one, w h ich  co n ta in ed  co n cen tra tio n  d a ta  for 
dab  an d  w hiting  fro m  tw o sam pling  sta tions (120 and 
800) (R oose a n d  B rin k m an , 1998). F o r  values below  the 
detec tion  lim its, values equal to  h a lf  these lim its were 
used. A to ta l o f  237 s ta tis tica l cases (a  un ique  com bi­
n a tio n  o f  co n cen tra tio n s, sam pling  tim e, location , spe­
cies an d  tissue type) w ere considered  fo r all 12 individual 
V O Cs (statistical variab les). O ccasionally , in  o rd er to  
perfo rm  sta tistica l tests th a t require a  norm al d is trib u ­
tion , a  logarithm ic tra n sfo rm a tio n  o f  th e  orig inal d a ta  
set w as used.

T he K o lm o g o ro v -S m irn o v  test (KS test) was used to 
determ ine w hether a  d is trib u tio n  w as norm al. T h e  p  
value o f  the te st w as o b ta in ed  w ith  the D alla i and  W il­
k in so n ’s ap p ro x im atio n  to  L illiefors’ m e th o d  (M otu lsky , 
1995). In  ad d itio n , n o rm al p ro b ab ility  p lo ts (N PPs) 
w ere used to  s tudy  th e  d is tr ib u tio n  o f  the  data .

T o  distinguish  specific g roups o f  sam ples, a cluster 
analysis w as perfo rm ed . T h is w as done by  an  average- 
linkage c luste ring  (unw eigh ted -pa ir g roup  average) w ith  
betw een-group  linkage based  o n  squared  E uclid ian  d is­
tances. T o s tudy  underly ing  re la tionsh ips betw een

sam ples, a p rinc ipa l co m p o n en t analysis (PC A ) was 
executed. P rinc ipa l com ponen ts w ere ex tracted  w hen 
E igenvalues w ere g rea ter th a n  one.

Results and Discussion

L evels o f  VO Cs
C H C s. T h e  co n cen tra tio n s o f  the C H C s, w ith the 

excep tion  o f  ch lo ro fo rm  w ere, in general, low er than  
th o se  o f  the M A H s (Fig. 3). T h e  75 percentiles (75P) o f 
all C H C s, w ith  the  exception  o f  ch lo ro fo rm , w ere below 
2 ng /g  w et w eight an d  the m ed ians w ere below  1 ng/g  for 
all the  species an d  tissues th a t w ere analysed . T e tra ­
ch lo ro m eth an e  an d  1 ,1-d ich loroethane could  n o t be 
detec ted  (< 0 .0 0 5  ng /g  w et w eight) in  a  significant 
n u m b e r o f  sam ples. F o r  the o th e r  C H C s, except ch lo­
ro fo rm , the 75Ps varied  betw een 0.02 ng /g  fo r trich lo ­
roethy lene an d  1.5 ng /g  fo r te trach lo roe thy lene 
w ith  co n cen tra tio n s generally increasing in  the  o rder
1 ,1 -d ich lo roethane <  te trach lo ro m eth an e  <  trich loroe- 
th a n e  <  trich lo roe thy lene < te trach lo roe thy lene <  1,2- 
d ich lo roe thane . T h e  75Ps fo r ch lo ro fo rm , on  the o th er 
h a n d , varied  betw een 0.9 an d  3.6 ng /g  w et weight. 
P earso n  an d  M cC onnell (1975), D ickson  an d  Riley 
(1976), F e rra rio  e t al. (1985) an d  G o to h  et al. (1992) also 
fo u n d  th a t the levels o f  ch lo ro fo rm  w ere generally  
h igher th a n  those o f  the o th e r C H C s. T he on ly  excep­
tio n s  w ere eggs o f  m arine  birds from  the  Irish  Sea, w here 
the  co n cen tra tio n s o f  the  o th e r C H C s w ere equal to  o r 
even h igher th a n  those o f ch lo ro fo rm  w ere (Pearson  
a n d  M cC onnell, 1975). The h igher concen tra tions o f
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F ig . 3 C o n c e n tra tio n s  in  n g /g  w et w e ig h t o f  C H C s  (a ) a n d  M A H s  (b) 
in  C ragnon cragnon  (C c ran ), L im a n d a  lim anda  liv e r (L im aL i), 
L im a n d a  lim anda  m u sc le  (L im a  M u ), M a c tra  s tu lto ru m  (M ac), 
M erla n g iu s  m erlangus  liver (M e rlL i), M erla n g iu s  m erlangus  
m u sc le  (M e rlM u ), M y a  trunca ta  (M y a), S p isu la  sub trunca ta  
(S p is) a n d  Venerupis p u lla s tra  (V ene).

ch lo ro fo rm  in organism s are  m o st likely re la ted  to  
h igher co n cen tra tio n s in  the w ater. T h is hypo thesis  is 
su p p o rted , fo r the Belgian co n tin en ta l shelf, by the 
findings o f  D ew ulf et al. (1998). T hese  au th o rs  indeed 
fo u n d  h igher w ater co n cen tra tio n s o f  ch lo ro fo rm  and  
suggested th a t  this could be the resu lt o f  b iogenic p ro ­
d u c tio n  o f  ch lo ro fo rm  by m arine  algae. H ow ever, in 
co n tra s t to  the o th er C H C s, ch lo ro fo rm  is also  (in ad ­
verten tly ) fo rm ed  d u rin g  ch lo rin a tio n  o f  d rink ing  w ater, 
m un ic ipa l sewage an d  cooling w a te r  (H o w ard , 1990). 
T herefo re , b o th  its use in  the chem ical in d u stry  a n d  the 
above in a d v erten t fo rm a tio n  m ay  well d o m in a te  the 
n a tu ra l sources in  an  industria lized  reg ion , as is the  case 
fo r th e  N o r th  Sea.

F o r  the o th e r  C H C s, co n cen tra tio n  levels found  in 
this study  are  sim ilar to  those  rep o rted  in the  literatu re 
(T able 1). T h ere  ap p ear to  be no  large differences in  the 
co n cen tra tio n s o n  a  species o r tissue type basis w ith  two 
exceptions: the  co n cen tra tio n s o f  te trach lo roe thy lene 
an d  1 ,2-d ich loroethane are  significantly  h igher in the 
liver o f  d ab  th a n  in  m uscle tissue. T he cause o f  this 
dependence is n o t clear b u t is p ro b ab ly  rela ted  to  the 
in trinsic  p ro p ertie s  o f the  chem icals an d  the  tissues 
concerned , an d  the  way in  w hich th e  o rgan ism  was ex­
posed . F o r  instance, 1 ,2 -d ich lo roethane show ed a pref­
erence fo r liver an d  ad ipose  tissue a fte r oral 
ad m in is tra tio n  b u t no t a fte r  in h a la tio n  exposure (W H O  
w ork ing  g roup , 1987). T e trach lo ro e th y len e , o n  th e  o ther
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h an d , show s a  tendency  to  accum ulate  in  lip id-rich  tis­
sues such as th e  liver; this u p ta k e  is p ro p o rtio n a l to  the 
exposu re  levels (W H O  w orking g roup , 1984). H ow ever, 
in  general, the  concen tra tions o f  C H C s are  th o u g h t to  
be re la ted  to  those  in the w ater colum n th ro u g h  a  p ro ­
cess o f  physico-chem ical p a rtitio n in g  an d  to  be, the re­
fore, d irectly  rela ted  to  the chem ical p ro p ertie s  o f  the 
com p o u n d  o f  in te rest (see below).

M A H s. F o r  the  M A H s, the 75Ps varied  betw een  0.4 
n g 'g  fo r benzene in shrim p an d  28 ng /g  fo r to luene in 
M actra  stu lto rum , and  the m edian  values varied  between 
0.08 ng /g  w et w eight fo r benzene a n d  22 n g /g  for to luene 
fo r the  sam e species, respectively (Fig. 3). T h a t is, the 
co n cen tra tio n s w ere a t least an  o rd er o f  m ag n itu d e  
h igher th a n  th o se  o f  the C H C s. T h e  co n cen tra tio n s o f 
the C 2-su b stitu ted  benzenes in Fig. 3 show  closely re ­
la ted  p a tte rn s . T h is suggests th a t they are  co rre la ted , i.e. 
have a  co m m o n  source  (see below). N o  such  sim ilarity  
w as fo und  fo r benzene and to luene, w hich have co n ­
cen tra tio n s  th a t  a re  som etim es higher, an d  som etim es 
low er th a n  th o se  o f  the C 2 -su b stitu ted  benzenes. The 
co n c en tra tio n s  o f  M A H s in fish liver w ere consisten tly  
h igher th a n  in  m uscle tissue, especially fo r dab . These 
differences a re  p ro b ab ly  related  to  m e tab o liza tio n , b e ­
cause M A H s are  know n to be read ily  m etabo lized  in 
o rgan ism s (E C E T O C  w ork ing  g roup , 1986; A n o n , 1988; 
Slooff, 1988; C rookes et al., 1993). F u rth e rm o re , elim i­
n a tio n  o f  M A H s from  organism s appears to  be fairly  
rap id  once exposure has ceased (E C E T O C  w ork ing  
g ro u p , 1986; A n o n , 1988; Slooff, 1988; C ro o k es et al.,
1993).

As w ith  the  C H C s, the observed M A H  co n cen tra tio n s 
in b io ta  a re  re la ted  to  the co n cen tra tio n s in the w ater 
co lum n , as w ill b e  discussed below. L ite ra tu re  d a ta  on  
c o n cen tra tio n s o f  M A H s in m arine  organism s are  ra th e r 
sparse. F e rra rio  et al. (1985) rep o rted  co n cen tra tio n s o f 
benzene, to luene  an d  ethylbenzene in  clam s (Rangia

cuneata) an d  oysters (Crassostrea virginica) from  the 
estuary  L ake P o n c h a r tra in  (U SA ). B enzene exhibited 
th e  h ighest co n c en tra tio n s  in  b o th  clam  (260 ng/g  w et 
w eight) an d  oyster (220 ng /g  w et w eight). T he concen­
tra tio n s  o f to luene an d  ethy lbenzene w ere significantly 
low er (m axim um , 18 ng /g  w et w eight). N o  exp lanation  
w as given fo r these differences, b u t the au th o rs  assum ed 
th a t the co n tam in an ts  w ere from  an th ro p o g en ic  origin. 
Since the co n c en tra tio n s  in  sed im en t w ere also  higher 
fo r benzene, the h igher co n cen tra tio n s in the inverte­
b rates were exp lained  by  a  h igher env ironm enta l load. 
Y asu h a ra  an d  M o r ita  (1987) rep o rted  concen tra tions o f 
benzene, ethy lbenzene, o-xylene, p-xylene an d  7 77-xylene 
in  M ytilu s edulis (b lue  m ussel) from  tw o coasta l loca­
tions in Jap an . T h e  co n cen tra tio n s ranged  from  7.34 pg/ 
g w et w eight fo r benzene to  0.25 pg/'g w et w eight fo r 
ethylbenzene. T h e  co n cen tra tio n s rep o rted  in the liter­
a tu re  are h igh co m p ared  to  those fo und  in  the present 
study. W e observed  a t least 20-fold low er concen tra tions 
fo r benzene in  the  d ifferen t species o f  m arine  clam s and  
the co n cen tra tio n s o f  the  o th e r  M A H s generally  w ere 
a b o u t 10-fold low er.

Sta tistica l analysis  
T h e  d a ta  from  th e  orig inal set did n o t show  a  norm al 

d istribu tion , as w as determ ined  by th e  K S test and  the 
N P P s. H ow ever, a fte r  logarithm ic  tran sfo rm atio n  and  
resubjection o f  the  tran sfo rm ed  d a ta  set to  the K S test, 
the  d a ta  sets fo r all M A H s an d  ch lo ro fo rm  passed the 
test. F u rth e r  ev a lu a tio n  o f  the  d is trib u tio n  w ith  N P P s 
show ed th a t fo r tr ich lo ro e th an e , tr ich lo roe thy lene and  
te trach lo roe thy lene , dev iations from  the  no rm al d is tri­
b u tio n  w ere p rim arily  caused  by a  few ou tliers (Fig. 4) 
and  th a t the  d is trib u tio n s  for 1 ,2-d ich loroethane and  
te trach lo ro m eth an e  w ere m ain ly  b iased because o f  a 
large n u m b er o f u n d etec tab le  levels. H ow ever, since 
earlier obse rva tions show ed th a t V O C s tend  to  be
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Fig . 4  N o rm a l p ro b a b il i ty  p lo t  fo r  th e  tr ich lo ro e th y len e  d a ta  o f  th e  
p re s e n t s tu d y .
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F ig . 5  H o r iz o n ta l  h ie ra rc h ic a l tre e -p lo t rep re sen tin g  th e  va riab le -w ise  
c lu s te r a n a ly sis  o f  V O C s in  m a rin e  o rg an ism s. (B E N Z  =  b e n ­
zene, T O L  =  to lu en e , E B E N  =  e th y lb en zen e , M P B E N  =  m &  
/7-xylene, O B E N  =  o -xy lene , C H C L 3  =  c h lo ro fo rm , C C L 4  =  
te tra c h lo ro m e th a n e , D C E 1 2 =  1 ,2 -d ic h lo ro e th an e , T C E  =  t r i ­
ch lo ro e th y le n e , T E C E  =  te tra c h lo ro e th y le n e  a n d  T R C E  =  t r i ­
ch lo ro e th y len e ) .

norm ally  d is trib u ted  fo r species from  one b a tch  (R oose 
an d  B rinkm an , 1998), a  n o rm al d is trib u tio n  was gener­
ally assum ed. T h e  d a ta  fo r 1 ,1-d ich loroethane w ere 
om itted  from  the  d a ta  set as to o  few resu lts w ere above 
the lim its o f  detec tion .

C luster analysis w as p erfo rm ed  b o th  case-w ise and  
variable-w ise. T h e  variable-w ise analysis resu lted  in tw o 
large clusters, one c o n ta in in g  the M A H s and  ch lo ro ­
form , an d  the  o ther, the res t o f  th e  C H C s (Fig. 5). T he 
clustering  is m o s t p ro b ab ly  the  resu lt o f  different co n ­
cen tra tio n  levels, as is suggested by the higher levels o f 
ch lo ro fo rm  co m p ared  to  the  o th e r  C H C s. N evertheless, 
w ith in  this c lu ste r there is a  clear d istinction  between 
ch lo ro fo rm  a n d  the  M A H s. T he la tte r  clustered  in  tw o 
separate  g ro u p s, benzene a n d  to luene, an d  the C 2- 
benzenes. T h e  distances fo r these g roups w ere small 
w hich certain ly  suggests a  com m on  source. F u rth e r­
m ore, a co rre la tio n  analysis o f  b o th  clusters revealed 
th a t the  co n c en tra tio n s  o f  m & p-xylene and  o-xylene 
co rre la ted  significantly  w ith  each  o th er (r =  0.87) and 
w ith  e thy lbenzene ( r  —0.86 an d  r =  0.82, respectively). 
T he sam e w as tru e  fo r benzene an d  to luene (r  =  0.63). 
F o r  the  c luste r rep resen ting  th e  rest o f  the C H C s, only 
tr ich lo roe thy lene and  te trach lo ro e th y len e  ap p eared  to 
cluster and  even so n o t to  the  sam e extent as, fo r in ­
stance, the C 2 -benzenes. F o r  the  rest, analysis o f this 
g roup  was h am p ered  by a  ra th e r  large num ber o f  u n ­
detectab le levels; th is w as especially  tru e  fo r te trach lo ­
rom ethane.

T he case-w ise analysis did n o t allow  specific g roups to 
be d istinguished  on  the  basis o f  species type, tissue type, 
sam pling s ta tio n  o r  sam pling  da te . A p ic tu re  sim ilar to 
the above w as o b ta in ed  w ith  th e  PC A . H ere, th ree fac­
to rs  were identified w ith  E igenvalues g rea ter th a n  1. 
T hey  c o n trib u ted  fo r 4 0 % , 16%  and  12% , respectively, 
o f  the to ta l v ariance  o f  all sam ples. F rom  the fac to r 
load ing  p lo t a fte r  varim ax  ro ta t io n  (Fig. 6) it w as clear

-n£0
§-v
OJ

Fig . 6 T h ree -d im en s io n a l p lo t  o f  th e  fa c to r  lo ad in g s  fo r  th e  d ifferen t 
V O C s  a f te r  v a rim a x  ro ta tio n .

th a t F a c to r  1 was m ain ly  determ ined  by the C 2-substi- 
tu te d  benzenes, F a c to r  2 by te trach lo ro m eth an e , tr i­
ch lo roe thy lene  an d  1 ,1 ,1-trich loroethane, a n d  F ac to r  3 
m ain ly  by ch lo ro fo rm , te trach lo roe thy lene  an d  1,2-di­
ch lo roe thane . Benzene co n trib u ted  to  each  fac to r to  
ap p ro x im ate ly  the sam e ex ten t, while to luene co n trib ­
u ted  m ain ly  to  F ac to rs  3 a n d  1. T h is m eans th a t all 
ind iv idual V O Cs, except to luene an d  benzene, were 
closely rela ted  to  only one facto r. F u rth e rm o re , the 
largest variab ility  in  th e  d a tab a se  (40% ) can  be a ttr ib ­
u ted  to  differences in  co n cen tra tio n  of, especially, e th ­
y lbenzene an d  the xylenes, and  to  a lesser extent, 
benzene an d  toluene. T h is first p rincipal com ponen t 
fu rth e r  allow s m ak ing  a  d istinction  betw een M A H s 
an d  C H C s, since the  la tte r  hard ly  c o n trib u te  to  this 
facto r.

W hen  the  fac to r scores o f  all sam ples a re  considered 
(Fig. 7), no  d istinct clusters o f  sam ples could  be d istin­
guished on  the  basis o f  species type, tissue types, sam ­
p ling  lo c a tio n  o r sam pling  tim e. A s fo r the cluster 
analysis, the only ex p lan a tio n  o f  the  observed  differ­
ences w as co n cen tra tio n  differences o f  the  th ree groups 
identified above. F o r instance, the  encircled cluster in 
Fig. 7 (cases 112-115) w ith  a  h igh score fo r F a c to r  2 is 
ch arac terized  by high co n cen tra tio n s o f  te trach lo ro m e­
th an e , trich lo roethy lene and , to  a  lesser ex ten t, 1,1,1- 
tr ich lo ro e th an e . These a re  liver tissue sam ples o f  w hiting 
from  the  sam e location  an d  th e  sam e date. A lthough  
they  c luste r because o f  the high co n cen tra tio n s m en­
tioned  above , they d o  n o t c luste r w ith  o th e r  sam ples 
th a t h av e  the sam e characteristics (species type, tissue 
type, sam pling  location  an d  sam pling  tim e).

A t the  o u tse t o f this study , we assum ed th a t a  num ber 
o f  causes co u ld  result in differences betw een the  sam ples. 
A m o n g  these were d istance to  the co ast (influence o f 
land -based  em issions), the  vicinity  o f  p o in t sources (such 
as the  S cheld t E stuary), seasonal varia tions (such as the 
increased  used o f  fossil fuels in  w inter) an d  biological 
p a ram ete rs  (such as p referen tia l accu m u la tio n  in  certain  
tissues, m etabo liza tion , food  w eb effects). S om ew hat
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F a c to r  1

Fig . 7  F a c to r  sco res  fo r a ll sam p les  (F a c to r  1 vs F a c to r  2 ), w ith  a 
d is tin c t c lu s te r o f  sam p les  encirc led .

surprisingly , despite the  large n u m b er o f  d a ta , neither 
the  cluster analysis n o r  the  P C A  allow ed the  sam ples to  
be d istinguished. H ow ever, th e  co rre la tio n  analysis and 
b o th  o rd in a tio n  analyses show  th a t th e  concen tra tions 
o f  C 2 -substitu ted  benzenes a re  closely related  to  each 
other. T h e  largest em ission source  o f  ethylbenzene and  
the xylenes is gasoline (E C E T O C  w ork ing  g roup , 1986; 
H o w ard , 1989; H o w ard , 1990; C ro o k es et a i ,  1993) and  
the co rre la tion  observed  fo r these chem icals can  possibly 
be rela ted  to  this com m on  source. T h is w ould  also m ean 
th a t the  p rincipal source o f  ethy lbenzene an d  xylenes in 
m arine  organism s is th e  use o f  fossil fuel. T h e  la tte r  is 
also a  know n  source o f  benzene a n d  to luene an d  m ore 
th a n  likely explains th e  g ro u p in g  observed  in  th e  cluster 
analysis and  the PC A . A n o th e r  possib le source is sug­
gested by  D ew ulf et al. (1998). T h e  au th o rs  observed 
h igher levels o f  M A H s, co m p ared  to  the  C H C s, in  w ater 
an d  a ir  sam ples from  the sam e region an d  a ttr ib u ted  this 
to  an th ro p o g en ic  em issions from  oil tra n sp o rt in  this 
coasta l area. In  ad d itio n , the  fossil fuel source is also 
one o f  the  m ain  differences betw een  the M A H s an d  the 
C H C s. C h lo ro fo rm  is, in  th is con tex t, an  exceptional 
c o m p o u n d  as it is inad v erten tly  fo rm ed  du ring  ch lo ri­
n a tio n  o f  w ater (see earlier) an d  has know n  n a tu ra l 
sources. C h lo rin a tio n  o f w ate r is po ten tia lly  the  largest 
source o f  ch lo ro fo rm  fo r the  en v iro n m en t (H ow ard , 
1990). F inally , the lack  o f  differences betw een the  v ari­
ous sam pling sta tions allow s to  suggest th a t, fo r all 
p rac tica l purposes, the  p a r t  o f  the Belgian an d  D u tch  
co n tin en ta l shelf considered  in th is s tudy  can  be re­
garded  as one zone, i.e. an  a re a  th a t is influenced by the 
sam e sources, as fa r as V O C  co n cen tra tio n s a re  co n ­
cerned. T he absence o f  seasonal differences suggests th a t 
th e  area , and  therefo re the  o rgan ism s, is subjected  to  the 
sam e sources the year ro u n d  an d  th a t the  sources are 
essentially  co n stan t in natu re .

Bioconcentration and  hazard  assessm ent
In  o rd er to  eva lua te th e  possib le consequences o f  the 

V O C  co n cen tra tio n s found  in  m arin e  organism s, d e ­
scribed in  the prev ious sections, one can  use the h az ard  
assessm ent p ro p o sed  by van  Leeuw en et al. (1992). 
H ow ever, as was m en tioned  earlier, the  m odel hinges on  
the  app licab ility  o f  the equ ilib rium  p a rtitio n in g  theory  
(EPT ). A cco rd ing  to  the  E PT , concen tra tions o f  chem ­
icals, such as V O C s, in  o rgan ism s o rig inate from  those 
in  the  w ate r co lum n  th ro u g h  a  process o f physico­
chem ical p artitio n in g . T h a t is, the  E P T  assum es passive 
p a rtitio n in g  o f  a  chem ical co m p o u n d  betw een th e  
aqu eo u s p hase  an d  a  lipid or a lipid-like o rgan ic  phase 
(van L eeuw en et a l ., 1992). T he resu lting  p a r titio n  co ­
efficient, w hich is equal to  the ra tio  o f  the  concen tra tions 
in  the  o rgan ism  (Corg) an d  the w ate r (Cw), is called the 
b io c o n ce n tra tio n  fac to r (B C F)

B C F  =  Corg/C w. (1)

T his p a r titio n  coefficient is supposed  to  be an  in trinsic 
p ro p e rty  o f  the  co m p o u n d  an d  can, as a result, be re ­
la ted  to  its o c tan o l-w a te r  p a r titio n  coefficient, K ow. 
N eely  et al. (1974) and , subsequen tly , several o th e r  au ­
th o rs  (Isn a rd  an d  L am b ert, 1988; C onnell an d  H aw ker, 
1988; B anerjee an d  B aughm an , 1991) d em o n stra ted  th a t 
B C F  a n d  K 0VJ a re  linearly  related  accord ing  to

log B C F  =  a log  K ow +  6, (2)

w ith  a th e  regression coefficient a n d  b the y  in tercep t. 
T h e  d a ta  o b ta in ed  d u rin g  the p resen t study  w ere com ­
p a re d  w ith  the average w ater co n cen tra tio n s rep o rted  by 
D ew u lf et al. (1998) fo r the so u th e rn  N o rth  Sea and  
B C F s w ere calcu la ted  fo r all V O C s. P lo tting  the  loga­
rith m  o f  these B C F s ag a in st log K 0VJ indeed resu lted  in 
the linear re la tionsh ip  (r — 0.42) p red ic ted  by Eq. (2). 
T h is becom es especially evident w hen  the d a ta  fo r higher
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K ow values rep o rted  by N eely et al. (1974) a re  included  
in  the  p ic tu re  (Fig. 8). T he larger num ber o f  d a ta  po in ts , 
sp read  over a  la rger K ow range results in  a  m uch  b e tte r 
co rre la tio n  ( r  =  0.94). M oreover, the  observed  slope is 
essentially  the sam e as the one rep o rted  by  these a u ­
th o rs . H ow ever, p lo tting  the  average o f  th e  B C F s re­
p o r te d  in  the lite ra tu re  (10) resulted  in a  slope th a t is 
low er th a n  those o b ta in ed  w ith o u r d a ta  a n d  th o se  o f 
N eely et al. (1974) (Fig. 8). This suggests th a t th e  B C Fs 
re p o rted  in the lite ra tu re  a re  som ew hat to o  low , espe­
cially  fo r the  V O C s w ith  a log K ow o f  less th a n  2.8. O ne 
ex p lan a tio n  could  be the use o f  no m in a l in stead  o f  ac­
tu a l co n cen tra tio n s. B C F s repo rted  in  the  lite ra tu re  are 
o ften  th e  resu lt o f  lab o ra to ry  experim ents in  o p en  sys­
tem s an d  nom inal concen tra tions can  easily be to o  high 
due to  the  h igh  vo la tility  o f  the  co m p o u n d s  o f  in te rest 
(C ro o k es et al., 1993). Even so, the  observed  re la tio n ­
sh ip  ind icates th a t V O C  co n cen tra tio n s in  the  w ater 
co lu m n  are  indeed reflected in  the o rgan ism s an d  sug­
gests th a t the  E P T  can  be applied .

O n  the  basis o f  the above observa tions, one m ay 
conc lude th a t the  h azard  assessm ent o f  van  L eeuw en 
et al. (1992) can  be used. These au th o rs  used Q SA R s, 
the  ex tra p o la tio n  o f toxicity  d a ta  an d  equ ilib rium  p a r ­
titio n in g  to  assess the effects o f  narco tic  in d u stria l p o l­
lu ta n ts  such  as the  ta rg e t com pounds o f  this s tudy . T he 
ex tra p o la tio n  o f toxicity  d a ta  generated  by Q S A R s w as 
used  to  derive safe levels fo r w ater. T h e  Q S A R s in  the ir 
s tudy  w ere expressed as

log  N O E C  =  a' log  K ow +  t í ,  (3)

w here N O E C  is the no-observed-effect co n c en tra tio n , d  
th e  reg ression  coefficient an d  t í  is the y  in tercep t. T hese 
co n c en tra tio n s  w ere derived from  the  lite ra tu re  d a ta  or, 
i f  no ch ro n ic  tox ic ity  d a ta  w ere available, es tim ated

from  acute tox ic ity  d a ta  using acu te /ch ro n ic  ratios. T he 
safety  level was a rb itra r ily  set a t  95% . T his im plies th a t 
a  th resho ld  c o n c en tra tio n  is ca lcu la ted  w hich is unlikely 
to  cause h arm  to  95%  o f  the  aq u a tic  com m unity . This 
calcu la ted  co n c en tra tio n , H C 5, is the  hazard o u s co n ­
ce n tra tio n  th a t w ill affect, a t m ost, 5%  o f  the  species. 
T he H C 5W fo r the  w ate r co lum n  w as calcu la ted  from

H C 5 W =  Cw X  (1 +  1.85 X  1 0 'X w ) ,  (4)

w here H C 5 W is th e  to ta l co n cen tra tio n  in  the  w ater 
phase (including suspended  m a tte r)  and  Cw is the co n ­
cen tra tio n  in the w a te r  co lum n, fo r a given Kow th a t is 
unlikely to  h arm  9 5 %  o f  the  p o p u la tio n , ca lcu la ted  on 
th e  basis o f  the Q S A R s as given in  Eq. (3). T h e  p ro ­
p o rtio n a lity  c o n s tan t, a', re la tes to  the average sus­
pended  m a tte r  co n c en tra tio n s  in  the a re a  an d  their 
o rgan ic ca rbon  c o n te n t (V an Leeuw en et al., 1992). The 
in te rn a l tissue co n c en tra tio n , IT C  o r H C 5 org, fo r the 
organism s w as ca lcu la ted  from

H C 5 org =  0.05 X H C 5 W x  K ow, (5)

w here a lipid c o n te n t o f  a b o u t 5 w t%  in th e  o rgan ism  is 
assum ed. T ab le 2 co m p ares  the  calcu la ted  H C 5 org values 
an d  the  average co n c en tra tio n s  in  the different o rg an ­
isms an d  tissues. T h e  results show  th a t, in  no  case, is the 
H C 5 org fo r the M A H s an d  C H C s exceeded. M ost 
p ro b ab ly , this w o u ld  have also been tru e  fo r ethy lben­
zene if an  H C 5 org h a d  been available. M oreover, the 
observed  averages a re  several o rders o f  m ag n itu d e  low er 
th a n  the  H C 50rg. H ow ever, the  p resen t results still cause 
concern  because th e  h azard  assessm ent does n o t take 
in to  accoun t synergistic and , thus, m o re  dam aging  ef­
fects. D esp ite  the  o ften  h igh results, no definite sta te ­
m ents can , as yet, b e  m ade concern ing  long-term  effects 
such as carcinogen icity  o r im m unosuppression . T he

Log Kow

F ig . 8 R e la tio n s h ip  b e tw een  th e  ca lcu la te d  B C F s  a n d  K ow, a n d  c o m ­
p a r is o n  w ith  th e  lite ra tu re  d a ta .  T h e  d a ta  fro m  th e  p re s en t 
s tu d y  w ere  w ith in  th e  ra n g e  in d ic a ted  by  th e  b a rre d  line.

">‘K . Average (r= 0 .94)

- .  Average literature (r =  0 .7 4 ) 
^  NEELY
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T A B L E  2

C o m p a r is o n  o f  th e  a v e rag e  tissue  c o n c e n tra tio n s  in  p g /g  o f  th e  p re s en t d a ta  se t a n d  th e  p ro p o se d  safe ty  level (H C 5 ).a

C o m p o u n d C rangon
crangon

M a ctra
stu lto ru m

M y a
trunca ta

Sp isu la
species

L im a n d a  li­
m a n d a  liver

L im anda  
lim anda  

m uscle  tissue

M erlang ius
m erlangus

liver

M erlang ius  
m erlangus  

m uscle  tissue

H C 5

M A H s
B enzene 700 2500 550 2000 14 000 500 5800 800 5 .2 x  IO6
T o lu en e 900 21000 3200 1600 4800 950 1500 1000 5.9 X IO6
E th y lb en zen e 9800 2500 2400 2200 11 000 1500 5200 2600 n a
m & p-X ylene 9700 3000 3500 2500 11000 1500 6300 3200 6 .4 X IO6
o-X ylene 4100 1600 1300 1600 6000 700 3600 1500 6 .5 x  IO6

C H C s
1 ,1 -D ich lo ro - 40 nd nd 60 n d 140 5 100 6 .7 X IO6
e th a n e
C h lo ro fo rm 1100 700 400 2600 3200 5400 2800 2000 8.1 X IO6
T e r tra c h lo ro - 8 5 5 20 200 450 43 000 70 9.8 X IO6
m e th a n e
1 ,2 -D ich lo ro - 300 900 300 400 900 300 550 500 6.7 X IO6
e th a n e
1 ,1 ,1 -T rich lo - 40 20 6 30 200 50 400 100 8 .8 x  IO6
ro e th a n e
T r ic h lo ro ­ 70 80 20 60 200 200 13 000 400 8.7 X IO6
e th y len e
T e tr a c h lo ro ­ 200 200 60 200 1200 500 1300 350 9 .7 X IO6
e th y len e

a n d  =  n o t  d e tec ted , n a  =  n o t  availab le .

n u m b e r o f d a ta  is to o  lim ited an d  the ca lcu la tion  o f  the 
H C 5 is one a p p ro a c h  am ongst several an d  needs to  be 
fu rth e r  eva lua ted . W h a t is clear, how ever, is th a t a d d i­
tio n a l research , especially w ith  regard  to  the long-term  
consequences o f  sm all doses o f  VOCs is u rgen tly  re ­
qu ired .
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Surface waters of the inner shelf (coast to 20-m  isobath) of 
the South Atlantic Bight (SA B) were sampled in July 
1994 and August 1995 for pesticides currently used in the 
south-eastern United States to estimate offshore trans­
port. Only atrazine was detected at all stations in 1994 
and 1995 and simazine was detected at all stations in 
1995. Atrazine levels were 5 .60-12  ng/1 in July 1994 and
3.1-11 ng/1 in August 1995 and simazine levels were 0 .8 -  
4.6 ng/1 in August 1995. W e calculated reservoir masses 
(in inner shelf waters) of 550 kg atrazine in July 1994, and 
325 kg atrazine and 180 kg simazine in August 1995. 
U sing these reservoir masses and a previously estimated 
residence time for waters o f the inner shelf o f 30 days, 
annual export budgets were calculated. For 1994, a budget 
o f 6600 kg atrazine was calculated. For 1995, budgets o f 
3900 kg atrazine and 2150 kg simazine were calculated.

Yearly riverine discharge to estuaries in the study re­
gion was estimated to range from 600 to 5600 kg atrazine 
and 100 to 550 kg simazine. The large budgets for the 
coastal inner shelf compared with yearly riverine dis­
charge suggest that a significant fraction o f atrazine and 
simazine applied in the region is being transported off­
shore from coastal waters. This transport pathway needs 
to be factored in when calculating m ass balances and de­
termining the ultimate fate of these pesticides. ©  2000 
Published by Elsevier Science Ltd.

Keywords: triazines; South Atlantic Bight; offshore 
transport.

Introduction

T h e w idespread  appearance o f  pesticides in  th e  envi­
ro n m en t (soil, w ater and  air) has led  to  increased in ­
te rest in  understand ing  the ir cycling in  th e  env ironm ent.

* C o rre sp o n d in g  au th o r .
E -m a il address: s h a w ^ p s c .s c .e d u  (T .J . Shaw ).

It has been recognized th a t once pesticides are applied , 
they m ay be tran sp o rte d  over considerab le d istances 
th ro u g h  soil, g ro u n d w a te r, su rface  ru n o ff and  in air 
(e.g., A legría  an d  S haw , 1999; C ogger et al., 1998; 
W ania  an d  M ackay , 1996; P ereira  an d  H oste ttle r, 1993; 
B u rk h art an d  K o lp in , 1993). In  o rd e r  to  determ ine the 
env ironm enta l im p ac t o f  pesticides, it is necessary to  
determ ine the  ex ten t to  w hich they  are  tran sp o rted  in 
each o f  these m edia. S tudies have show n th a t th e  extent 
o f m ovem ent in  each o f  these m ed ia depends on  m any 
variables, inc lud ing  physico-chem ical p roperties o f  the 
herbicides an d  soil, m e th o d s o f ap p lica tio n , an d  am bien t 
cond itions du ring  an d  a fte r ap p lica tio n  (e.g., prevailing  
tem pera tu res an d  th e  ex ten t an d  tim ing  o f  rainfall).

O ne tra n sp o r t p a th w a y  fo r pesticides th a t has n o t 
been well stud ied  is the  offshore tra n sp o r t from  estuar- 
ine w aters to  surface w aters o f  th e  coasta l ocean. I t  is 
becom ing increasingly  clear, how ever, th a t this is one 
area  th a t m u st be addressed  if  a m o re  com plete u n d e r­
s tand ing  o f  tra n sp o r t m echanism s o f  pesticides is to  be 
a tta ined . Z h o u  et al. (1996) sta te  th a t the quan tita tive  
fluxes an d  fates o f  h y d ro p h o b ic  o rgan ic  m ic ropo llu tan ts 
‘a long  th e  env ironm en ta l con tinuum  from  ca tchm ent to  
rivers, an d  to  estuary and coastal seas  have rare ly  been 
rigorously  m ass-ba lanced ’ (added  em phasis). Sunder- 
m an  and  R ad ach  (1997) p o in t o u t th a t the  know ledge 
regard ing  regional fluxes, tu rnover ra te s  an d  budgets o f 
co n tam in an ts  in coasta l w aters is still a t an  early  stage. 
T his is especially tru e  w ith  regard  to  cu rren tly  used 
pesticides such as triazines. These w ere designed to  
b reak  dow n quickly, b u t due to  th e ir  fairly  high so lu ­
bilities the ir p o ten tia l im pact on  the  coasta l ocean via 
surface ru n o ff is significant (C hernyak  et al., 1996).

M any  n a tio n a l a n d  in te rn a tio n a l p ro jec ts are there­
fore addressing  b udgets  an d  fluxes o f  con tam inan ts , 
including pesticides, in  coasta l w aters. In  th e  N o rth  Sea, 
fo r exam ple, a  m u ltin a tio n a l effort has been underw ay 
fo r som e years to  d o cu m en t levels an d  m ovem ent o f  
co n tam in an ts  (S u n d e rm an n  an d  R ad ach , 1997). Re­
cently , a  series o f  rep o rts  docum ented  an n u a l budgets
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