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Uthe, J.F, 1979, The environmental  occur rence and h e a l t h  aspects o f  p o l y c y c l i c  
a roma t i c  hydrocarbons. F i sh .  Mar, Serv, Tech. Rep* 914# iii + 30 p. 

T h i s  paper r e v i e w  t h e  format-ion, environmenbs'i and f o o d s t u f f  
occur rence,  and h e a l t h  e f f e c t s  o f p o ' i y c y c l i c  aronlat lc hydrocarbons (PAHi;), PAHs 
a r e  d e r i v e d  f rom t h e  combustion and the use o f  petroleum and coa l  products.  
Coal t a r  p roducts  (e,g, c reosote ,  p i t c h )  and coa l  l i q u i f i c a t i o n  products  c o n t a i n  
s u b s t a n t i a l  antounts o f  PPAH, Major PAH exposures f o r  man ( o t h e r  t han  d i r e c t  
e o n t a c t  w i t h  " c h e  above -wn t i oned  m a t e r i a l s )  r e s u l t  f rom i n g e s t i o n  o f  smoked 
foods, n o t a b l y  meat and f i s h .  S h e l i f i s h ,  n o t a b l y  l o b s t e r s  whan-ich have been 
exposed t o  c reosoted t imbers ,  have ex t remely  high t i s s u e  l e v e l s  o f  PAtis compared 
t o  o t h e r  f o o d s t u f f s *  Degradat ion  o f  FAHs .involves pho tox ida t i on  o r  b i o l o g i c a l  
o x i d a t i o n  v i a  a r y l  h&ydrocarbon hydroxy l  ases , a group o f  enzymes, which r e s u l t s  
i n  o x i d i z e d  forms o f  t h e  parent  PAH compound, Orre or i m r e  o f  "ihese? o x l d i z e d  
p roduc ts  i s  b e l i e v e d  t o  be t h e  ca rc inogen i c  fo rm o f  t h e  parent  PAH, Changes i n  
t h e  b i o l o g i  ca1 o x i d a t i v e  enzyme pathways brought  about by o the r  compounds, e. g, 
o t h e r  PAH compounds, make p r e d i c t i o n  o f  t h e  ca rc inogen i c  p o t e n t i a l  o f  an 
i n d i v i d u a l  PAH d i f f i c u l t ,  The a s s o c i a t i o n  o f  PAH exposure and  cancer has been 
demonstrated, i t  i s  expected t h a t  "ioierance l e v e l s  f o r  PAHs i n  f oods "c f f s  will 
be se t  a t  t h e  h ighes t  Ieve'l of PA% n a t u r a l l y  found i n  f oods tu f f s ,  That l e v e l  
i s  g e n e r a l l y  b e l i e v e d  t o  be about 1C;O pg t o t a l  P A H / k g  fond o r  about 1 ug 
benzof a)  pyrene/kg food, 

Uthe, J,F, 1979, L a  prdsence dans ' I 'env i ronnenent  des b d r o c a r b u r e s  aromat iques 
p o l y c y c l i q u e s  et l e s  aspects soneerant l a  sante. F i s h *  Mar, Serv, Tech. 
Rep. 9'14, iii + 30 p- 

i ' a u t e u r  a Ctud ik  l a  f o rma t i on  des hydrocarbures aromatiques po l ycyc l i ques  
(HAP), I e u r  pr4sence dans l ' env i ronnemen t  e t  l e s  a l iments ,  e t  l e u r s  e f f e t s  sttr 
l a  santk.  Ces hydrocarbures,  q u i  p rov iennent  sur to t r t  de l a  combust-ion e t  de 
1 ' e x p l o i t a t i o n  des p r o d u i t s  p e t r o l  i e r s  e t  houi  l l e r s ,  s o n ~ a r t i c u i  i s rement  
concen t res  dans l e s  p r o d u i t s  du gcudron de h o u i l l e .  t % o m e  y e s t  expos; nor? 
seulement quant i l  e n t r e  en con tac t  d i r e c t  avec l e s  substances susmentiannees 
mais auss i  quant i 1  fume e t  i nge re  des a l imen ts  fumds, conme l a  v iande e t  l e  
po i sson  su r tou t .  Les c r u s " ~ c k s ,  notamnent l e  homard y u i  a 6t& expos& 3 des b o i d  
de c r6oso te  ont  des taux extremement h l kves  des HAP quant on 7es compare 2 
d ' a u t r e s  a l iments .  Leur degradat ion  se f a i t  par p h o t o x i d a t i o n  ou oxyda t i on  
b i o l  o g i  que sous I ' e f f e t  d%,ydroxyl ases des hydrocarbures a r y l  e, groupe eompl exe 
d'enzymes q u i  t r ans fo rmen t  l e s  compos6s d 9 y d r o c a r k u r e s  d k r r i g i n e  en de 
nombreuses formes oxydGes, dont  une ou p l  u s i e u r s  se ra len t  canc&r.ig$n'nes, I1 est 
t r e o  d i f f i c i l e  de p r d d i r e  l e  pouva l r  cane6rigGne d * u n  HAP donne en r a i s o n  &s 
d i f f d r e n t e s  vo ies  d'oxycgtdatlari ennymatique qut peuvent & r e  m p r u n t 6 e s  en 
prksence de compos4s hydrocarburgs analogues. La r e l a t i o n  e n t r e  ' I 'exxgosi t ion 5 
ces hydrocarbures  e t  l b a p p a r i t i o n  d'uun cancer rre Fajsant. p l us  de &ute,  $1 f a u t  
esp6rer  que pour f i x e r  les q u a n t i t k s  t o Id r6es  dans l a  n o u r r i t u r e ,  on se fondera  
s u r  / l a  c o n c e n t r a t i o n  l a  p l u s  696vGe "couv6e: dans,les a1 iments de cansema"e io  net 
j ugee  auparavant sans danger, On l a  s i t u e * e n  gendr i i l  2 peu p rss  Z 100 Idg 
d '  HAP/kq d'aal iment ou "a ~g de k n z o ( a ) p y r e n e / k g  d' a1 iment, 



P o l y c y c l i c  o r  po l ynuc lea r  aroi i iat ic hydrocarbons 
(PWHs) a r e  o rgan i c  compounds hav ing  a riucleus 
composed o f  t h r e e  o r  more fused aromat ic carbon 
r i n g s .  N i t rogen,  s u l f u r  and oxygen can be read l ' i y  
s u b s t i t u t e d  For  carbon a-tortis wr'tln.ln the  arornat ic ised 
s t r u c t u r e  t o  fo rm "heteroarumatic 'Qompounds (Blmmer 
9976; Pa t te rson  e t  a1 1950), Once t h r e e  or  inore 
carbon r - ings  a r e  Insfolved, t h e  ntrinber o f  poss i  b l e  
isomers  increases due t o  t h e  va r j ous  p o s i t i o n s  o f  
a l k y l  s i d e  cha4ns on the p r r l ycyc l i c  nuc!e:is, and t h e  
d i f f e r i n g  p o s s i b l e  ways o-f Fusiing t h e  r i n g s ,  e,g, 
an thracene and pkenanthrerie a re  isomers o f  t h r e e  
fused,  non- a l k y l a t e d  l-ienzene r i ngs ,  Ana l ys i s  o f  
n a t u r a l  s u b s t r a t e s  f o r  PAlis i s  co~mpl ica ted "ny t h e  
presence o f  severa l  i n d i  v i d u a i  P A i i  co:r~pounds. En 
genera l  PAHs have been foiinci everywhere .in t he  
b iosphe re  (Laflamme and i l i t e s  1978), T h i s  i s  
expected s i n c e  PRHs r e s u i t  f rom thermal 
rearrangement o f  organ-ic substances ( p y r o l y s i s ) ,  i n  
t h i s  process energy i s  r e l eased  and t h e  aromat ic  
p roduc ts  " c a t  are formed are  more s t a b l e  t h a n  t h e . i r  
p recu rso rs ,  PAW PorrnaVion can occur o\!er l ong  
p e r i o d s  o f  t i m e  a t  r e l a t i v e l y  low i:einper;iusre suck 
as i n  t h e  conve rs ion  o f  o rgan i c  ma t to r  i n t o  c rude 
o i l  (Blumet- 4976; Ma i r  1964)  o r  r ~ p i d l y ,  as i n  
combust ion  (Nat iona'i licaderny (it: i c  iericei; 19721, 
PAWS i n  c rude  o i l  are eharaci;erized by the presence 
o f  numerous a4ky3 s i d e  cha ins  on  t i l e  aron ia t ic  
t~uc leus .  As t h e  react. ion Leriiperat:ure increases,  
g r e a t e r  and g r e a t e r  amounts o f  non.-a1 kyl ateif PAiis 
a r e  formed (laF7amme and H i t e s  1978; Brndd in  e t  a?,  
1977; C r i t t e n d e n  a n d  Long 4976j i  

The cornplex na tu re  o f  corribnsriori, t h e  general  
h e t e r o g e n e i t y  o f  t h e  comb~rs t - i ! ~ l e  rilatcridl, and many 
o t h e r  f a c t o r s ,  r e s u i  t i n  Fori i i i i t iori o f  complex PAkI 
m ix tu res .  B iosyn thes i s  leads t o  r.ather s imple  
rn i x tu res  (Riumer 1976) ,  bti"ch.is input. t o  t h e  
environment does n o t  appedi" s i gn i ; f i can t  compared 
w i t h  t h e  thernia'i arrd ger;cbcln!ical ro i r tes,  

T h i s  rev iew  i s  not : n t e n c i ~ d  t o  cover d l 1  
aspects  o f  Ptlii 
bmy%mics;mX>3 
caFFf iocaenci tv,  e k c .  .. b u t  t u  s e i  " i h e  

rorn13-l ion,  'PVI ioninirritdl o z ~ i r  rence, 
0 2  ism, t; ioi:>riiriii e f f e c t s ,  

- - --- staqeJ~r-a_- 
r a t f o n a T  view" - - towards -- ---* t F e - & : i i ~ ~ ~ ~ g T - r a : - ' - d ~  
mar l  ne f i s h e r y  prnau?? s o n t a i  r i r  ng t r a c e  levels of 
vXabTTRET-- ---- ----------- 

The major  processes c o n t r i b t i t i n g  IPAlis t o  t h e  
environinent 'lead t o  co inp l ica ted end products.  The 
chemis t  i s  f aced  w l t h  a n a l y t i c a l  d i f f i c u l t i e s  i n  
t h a t  PAHs must be separatet i  Frorn a heterogeneous 
m a t r i x  p r i o r  t o  q u a l i t a t i v e  and q u a n t i t a t i v e  analy-  
s l s .  T h i s  has l e d  t o  a d ivergence i n  rnethodoloi~y i n  
t h a t  some a n a l y s t s  are i n t e r e s t e d  i n  cha rac te r i za -  
t i o n  o f  a l l  PAHs p resen t  i n  a m i x t u r e  w h i l e  others 
a r e  i n t e r e s t e d  i n  c e r t a i n  l'ndi v i  dual  PAIIs (Lankmayr 
and H u l l e r  19791, e.g. those which a re  b e l i e v e d  t o  
be ca rc inogen j c  i n  man. O f ten  o n l y  benzo(a)pyrene 
i s  determined (e.9, Dunn 1976),  T h i s  makes 
comparison o f  da ta  f rom d i f f e r e n t  i n v e s t i g a t o r s  
d i f f i c u l t .  I n  a d d i t i o n ,  few i n t e r c a l  i k r a t i o n  
s t u d i e s  have been c a r r i e d  o u t  among l a b o r & o r i e s  
anitTyzi ng PAHs. Haenni (1978) showed t h a t ~ o s t  
l a b o r a t o r i e s  c o u l d  y i e l d  s i r n i l a r  q u a n t i t a t i v e  
r e s u l  t s  when employing the  same methodology, 
Problems, when encountered, were rnai n l y  due t o  
i naccu ra te  p repa ra t ' i on  o f  standards.  

H i l p e r t  et a i ,  j137R) repiw2;ec-i a i l  i n t e r , -  
l a b o r a t o r y  compar'issn 0:' d e t e r r f ~ i n d t i s n  ci: ! 9 A A ~  ::I 
n a t u r a l  sediment ;amplcs corltain.in3 j.ig/kg 'leisel:; oI- 
4 n d i v i d u a l  PAWS. Tiio l abo ra to i - i es  i d e n t  i f  led 
methy l  pyrcnes as t he  most abundant, 1 arge ( 4  r i  nqs 
and l a r g e r )  PA!\. Another' identi f 3 ed iwth.yl- 
f l  i ioranthei ies atid irethy1 pyr-enes. One Iabnv-atory 
i d e n t i f i e d  methylehrysenei; as :,4?1? a To ta l  l'dl"; 
l e v e l s  ( 4  r i n g s  and 'larger.) values viere tSe;ioi-ted t o  
be 9-3, 40 and 74 tig/kg sediments, Obiriousty, 
cainpar*isons o f  Tavel s determined by d- i f  f e r e n t  
l a b o r a t o r i e s  must be used cdut ious ' ly ,  

S tud ies  o f  PhHs i n v o l v e  ;sora t io? : ,  ger:era? l y  by 
s a p o r t i f l c a t i o n  [ S f k o r s k i  1965) arzd so l ven t  e x t r a c -  
t i o n ,  p i ? t i t i o r ? i n g  and c i ? r o m a t e ~ r a ~ ~ ~ i ; / y  t o  y f e l d  a 
PAt l -enr iched f rac t ;on  b%jch i% then anai:/zed by one 
o f  two rretheds, e i t h e r  iJV abso rp l i o r i  oi* f l  i torescence 
o f  i n d i v i d u a l  PA% or  t t l ro i igh 9s-chi-smatograpi>y- 
inass spectronietry (Snook e i  a'l, 1976; Severson e t  
a l ,  1316; Lee i t  a ! ,  i 9 7 6  Giger and Blurne: 1934), 
Co luec i  and Begeman ( i 9 7 1 ]  p o i n t e d  out  t h a t  e a r l y  
(p re -$971  j UV de tx rm ina t  ions  04" benzoia) pyrene 
l e v e l s  a re  probab ly  too h igh  because o f  i n c l u s i o n  o f  
bevikoi k j f l u o r a n t h e n e  or benrcrj gh'i b e e y  lene, S ige r  
and R l  umer (1  974) be1 i eved  t h a t  a n a l y t i c a l  
r e s o l  u t i o n  o f  n a t u r a l  sarnp? es (sedi'ments j f a r  PAHs 
i s  not  p o s s i b l e  and f.ha'c on3y t h e  i m s t  abu~darz"iAHs 
co:i?d be determ-ined w i t h  ar!y degree o f  aeciiracy, 
S ince var io r ic  i n v e s t i g a l 3 r s  irave detc;rmined va r i ous  
numbers o f  d i f f e r e n t  PAIIs i t i s  d i f f i c u l t  t o  quote 
t o t a l  PAH coneen"crtelons o r  percentages o f  i n d i v i -  
dua l  PAW coruponerits. In inore recent yea rs  a  g r e a t e r  
number o f  i n d i v l d ~ i a l  FAHs have been determined, I n  
t h e  d iscuss ions below, a t o t a l  PAH f i g u r e  ~ 1 1  be 
y ivei- i ,  c a l c u l a t e d  from the i r r d i v i d u a l  PAH ?eve1 s 
s t a t e d  i n  t he  reference. A l s o  the number o f  PAHs 
detern'i ined w i l l  be stated, Where p o s s i b l e  an 
absol  u t e  and percentage P i  gure f o r  k n z o ( a )  pyrene 
w i l l  be g iven s ince  i t  i s  t h e  most a c t '  i v e  non- 
a l k y l a t e d  ca rc inogen i c  PWH known t o  date (Na t i ona l  
Acadmy o f  Sciences 1972). 

Cornbustion o f  0 r g a n . i ~  f u e l s  probably rep resen ts  
t h e  g rea tes t  i n p u t  of PAHs t o  the environment 
(Nini:ionaS Academy o f  Scaena-es 1972; Srress L976), 
These .inputs are  charac ter - ized by the presence o f  
re?  a t i  vely 1 arge arnoslnts o f  mn-a1 kyl a t e d  PAlls 
(He r Ian  1978; Badger et a l ,  4964), T h i r t e e n  major  
n o n - a l k y i a t e d  PAHs were i d e n t i f i e d  and q u a n t i f i e d  by 
Dav ies  e t  a l ,  (1976) 9'n a study of garbage i n e i n e r a -  
t i o n  a t  a fu rnace temperature  o f  800-1090°C, 
Oxyacetylene f lames { C r i E e n d e n  and Long 1976), even 
under c a r e f u l l y  c o n t r o l l e d  conditions, y i e l d  
m i x t u r e s  o f  PAHs and d f f f e r e n t  r e s u l t s  were ob ta ined  
by  d i f f e r e n t  i n v e s t i g a t o r s ,  A study o f  ci l imney soot 
(Tauoch and StehSik 1977) separa ted a t  l e a s t  
f o r t y -one  d i f f e r e n t  PAMs. 

I t i s  es t ima ted  (Suess 1976; Na t i ona l  Academy 
o f  Sciences 1972) that. 1200 tonnes o f  beozo(a fpyrene 
a r e  i n j e c t e d  i n t o  t h e  atmosphere i n  t h e  USA 
annual l ye  Equ iva len t  f i g u r e s  f o r  mrl d wide 
p roduc t fon  g i v e  a wrl  d  t o t a l  re lease  o f  
henno(a)pyrene o f  approxl 'mately 5060 tonnes, 
Benao(a)pyrene is a mlnov const iQuen"Lf  t he  PAH 
compYex i n j e c t e d  i n t o  the atmosphere (Tausch and 
S t e h l i k  7977; Bav ies  et a l ,  1276; Wielserr 1979; 
Lankmayr and MUl le r  19751; F i s h b e i n  1973), rang ing  
f rom 5 t o  40% o f  t h e  t o t a l ,  The t o t a l  m o u n t  o f  PAN 
t h a t  i s  re leased  t o  the  atmosphere i s  probab l y  a t  
l e a s t  twenty  itirnes t h e  es t imated tonnage o f  k n z a -  
( a )  pyrene, i ,e. apprnxirnately 25,000 h n n e s  of the 



U.S. and a wor ld  t o t a l  of 100,000 tonnes (Her lan 
1978). 

Matusch (1  978) d iscussed PAH emissions from 
f o s s i  1 - f u e l  l e d  power p lan ts ,  Most are  non- 
a l k y l a t e d .  T o t a l  PAH emissior is are  q u i t e  low (wP 
tonne o f  benzo(a) pyrene f o r  a l  1 major c o a l - f  i r e d  
power p l a n t s  i n  t h e  USA i n  1972) as l ong  as 
e f f i c i e n t  combustion c o n d i t i o n s  are  maintained, 
Hand-stoked ope ra t i ons  g i v e  r i s e  t o  inuch h ighe r  
e m i s s i o n s  o f  PAHs (up  t o  '10,000 x h ighe r )  due t o  
i n e f f i c i e n t  combust ionm Economic and o the r  f a c t o r s  
have l e d  g e n e r a l l y  t o  t h e  abandonment o f  such 
t n e f f i c i e n t  h e a t i n g  p l a n t s  (Environmental  P r o t e c t i o n  
Agency 1974). 

Open and r e f u s e  b u r n i n g  were once potent  PAW 
sources b u t  recen t  c o n t r o l s  have d r a s t i c a l l y  reduced 
such sources. Apartment and home i n c i n e r a t o r s  may 
s t i l l  produce var ious PAH emissions. The recent  
p o p u l a r i t y  o f  t i g h t i y ~ l o s e d  wood bu rn ing  stoves as 
home h e a t i n g  u n i t s  remains t o  be assessed f o r  PAH 
ou tpu t ,  A r e c e n b t t u y  by Butcher and Sorenson 
(1979) showed such stoves mi& 1-24g p a r t i c u J a t e  
m a t t e r / k g  f u e l  of which 2-34% f s  a benzerie s o l u b l e  
n e u t r a l  f r a c t i o n  which would con ta in  PAHs. Use o f  
wood as a heat source was est'imated by Suess (1976) 
t o  produce 220 tonnes o f  t h e  benzol a) pyrene re! eased 
a n n u a l l y  b u t  t h i s  would not  i n c l u d e  increased 
p r o d u c t i o n  by  a4 r-I i m i t i n g  stoves (Butcher  and 
Sorenson 1379), 

I n t e r n a l  combustion engines a l so  re lease  PAHs 
i n t o  t h e  atmosphere (Mohr 9978; N ie i sen  1979)- The 
t y p e  o f  engine, i t s  geometry, combust~on tempera- 
t u r e ,  m i x t u r e  r ichness,  etc., i n f l u e n c e  the  f i n a l  
PAH co r~ ipos i t i on  o f  t h e  exhaust, For example, b h r  
(1978) determined t h a t  gaso l i ne  engine exhaust 
con ta ined  benzo(a) pyrene, benzo(a ]ant  hracene and 
chrysene a t  a t o t a l  concen t ra t i on  o f  4030 ug/g, 
o f  which 33% was benzo(a)pyrene, Studies on these 
t h r e e  cornpounds by t h e  World Hea l th  Organ iza t i on  
( I n t e r n a t i o n a l  Agency f o r  Research on Cancer 1973) 
found  t h e  t o t a l  c o n c e n t r a t i o n  o f  these t h r e e  PANS i n  
gaso l  i n e  engine exhaust to be 268 i g / g  o f  which 71% 
was benzo(a)pyrene. Crf~nmer e t  a l .  (1977) s t u d i e d  
t h e  PAW emmiss.ions f rom twenty  d i f f e r e n t  car models. 
He r e p o r t e d  t h a t  gaso l i ne  engines emit a 
c h a r a c t e r i s t i c  PAH p r o f i l e .  Leve ls  o f  
benzo(a)pyrene v a r i e d  Prom 5 - 268 iig per Europa 
d r i v e  c y c l e  and represented about 2-5% o f  t h e  t o t a l  
PAH determined (11 d i f f e r e n t  ones), A number o f  
methy l  a t e d  PAH were a l s o  i d e n t i f i e d .  Grimmer (1977) 
e s t i i i ~ a t e d  known ca rc inogen ic  PAHs accoun"l;d f o r  on l y  
10-1 5% o f  t h e  ca rc inogen ic  a c t i v i t y  o f  exhaust 
condensate and t h a t  me thy la ted  PAHs accounted f o r  
t h e  predominant p a r t  o f  t h e  carc inogenic  e f f e c t  o f  
motor  v e h i c l e  exhaust, As an engine wears, more 
l u b r i c a t i n g  o i l  i s  b u r n t  i nc reas ing  the  l e v e l  o f  
PAHS i n  t h e  exhaust (Na t i ona l  Academy o f  Sciences 
1972). Two-cycle engines, which operate on o i l /  
gaso l  i n e  m i x t u r e s  ( t y p i c a l l y  1/30),  produce e leva ted  
benzo(a)pyrene emissions (2,000 ug/L o f  f u e l )  
compared w i t h  40 @/L f o r  f o u r - c y c l e  engines (Guer in  
1978) and may rep resen t  a major PAH i n p u t  i n t o  
r e c r e a t i o n a l  f r eshwa te r  lakes. 

D iese l  engines a r e  repo r ted  (Lucas 1971; Guer in  
1978) t o  produce somewhat g rea te r  amounts o f  PAHs i n  
t h e i r  exhaust than gaso l i ne  engfnes but  t he  oppos i te  
i s  a l s o  r e p o r t e d  (Na t i ona l  Academy o f  Sciences 
1972), T h i s  amb igu i t y  may r e s u l t  from load  
c h a r a c t e r i s t i c s  o f  t he  engine s ince  Br ick lemyer  and 
Spi  n d t  (1978) have shown t h a t  benzo(a) pyrene 
emiss ions f rom d i e s e l  engines increase a t  f u l l  Toads, 

I n  general PAHs present i n  f u e l  are b u r r t  arid t he  
exhaust PAtis are formed & i r i n g  f u e l  combustion 
( G r i m e r  1977).  

Most a e r i a l  PAH emissions are p a r t i c u l a t e  i n  
nature. Brodd in  e t  a l *  (5977) found t h a t  over 90% 
o f  t h e  PAHs i n  an aerosol  were on par t ic les  smaller 
t h a n  3 me MueY1er e t  a]. (1964) ind- ica ler i  t h a t  most 
particles m i " c e d  From autos were win~l'ier than 0 - 3  
m"n,nd it was repo r ted  (Nat iona l  Araderny o f  
Sclences 4972) t h a t  PAMs 4n a i r  are  l a r g e l y  assa- 
c i a t e d  w - i t h  p a r t i c l e s  l ess  than 5 urn l'n diameter, 
Ka tz  and P ie rce  (1976) found two d i s t i n c t  s i z e  
f r a c t i o n s  conh i l in ing benzo(aj pyrene i n  dust 
c o l  ' lected near highspeed highways, small (1.0 urn, 
38% o f  t o t a l  benzo(a) pyrene; and l a r g e  (2-0-7,0 lim, 
521 o f  t o t a l  benno(a)pyrenej.  They be1 i w e d  the 
source o f  t he  small p a r t i c l e s  was engine exhaust, 
The l a r g e  p a r t i c l e s  Mere thought t o  he from 
processes such as t i r e  and hfghhuay w a r ,  

Crude o i l  p rocess ing and use i n v o l v e  l a r g e  
amounts o f  PbEis (Guer in  1918) a l though  i t  i s  
es t jma ted  "cat  benzo(a)pyrene m.missJon i n  the USA 
f rom petroleum usage i s  on l y  3,2% j i . ea  27  tonnes) o f  
t h e  aanuai benzo(af p.yrene e m i s s i o n s  f Environmental  
P r o t e c t i o n  Agency 1974)- However the t o t a l  a d d i t i o n  
o f  PAHs t o  the environment 'is m c k  higher,  Crude 
o i l  conta ins  about 1-3% by w k g h t  o f  Pbtl-ls. The U.S, 
pet ro leum i n d u s t r y  handles approx imate ly  80 m i l l i o n  
tonnes (MT) o f  PAI.(s arid 800 tonnes s f  benzo(ajpyrene 
a yea r  i n  crude o i l s .  I F  the  es t imates o f  Travers  
and Luney (1976) a r e  reasonable,  t he  annual 
i n t r o d u c t i o n  o f  44 MT s f  crude o i l s  and product i n t o  
t h e  wearis would c o n t r i b u t e  1.1 M I  o f  PAHs t o  the 
oceans ( 8 - 2  tonnes o f  benzo(a)pyrenej,  High b a i l i n g  
d i s t i l l a t e s  tend t o  concent ra te  t h e  PAHs from the 
crude a l though some remains i n  t he  pot  res idue  
(aspha l t ) .  C a t a l y t i c  c rack ing  and upgrading r e s u l t  
i n  increased PAH l e v e l s  i n  products  and regenera t i on  
o f  c a t a l y s t  through burn ing off o f  coke en t ra ined  on 
t h e  c a t a l y s t  produces PWHs i n  s tack gases, I n  
general ,  petroleum d i s t i l l a t e  products con ta in  PAH 
l e v e l s  up t o  63 ~ / g .  Used motor o i l s ,  are 
ex t remely  enr iched i n  PAHs (Graf  and Winter  1968) 
and i t  i s  es t imated t h a t  up La 8 MT o f  
benzo( a j pyrene en te r  t h e  environment (much i n t o  
sewers) f rom the-ir d iscard, Petroleum p i t c h ,  a 
c racked product r e s u l t i n g  from p y r o l y s i s  o f  gas o i l  
o r  f u e l  o i l  t a r s  (Trosset  e t  a l e  19781, i s  h e a v i l y  
en r i ched  w i t h  PAH (Grienke and Lewis 49751, the  
l e v e l  o f  PAW r a n g i n g  up t o  2,5% by w j g h t  
(benzo(a)pyrene; 8% o f  t h e  t o t a l  PAH presenu) ,  
Asphal t ,  t he  res idue  obta ined from t h e  s t r a i g h t  
d i s t i l l a t i o n  o f  crude o i l ,  con ta ins  from 2 - 3 
vgPAH/g (10 isomers, benmo(ajpyrene, 0 t o  2,5 ug/g, 
0-8'6) (Wallcave et. a1. 1971) About 35 MT o f  
aspha l t  are produced per year  as 209 d i f f e r e n t  
products  i n  t he  USA (1974 f i g u r e  (Trosset  e t  a], 
1978)) o f  which 78% i s  u t i l j s e d  i n  p v i n g  and 17% as 
r o o f i n g  mater ia ls .  1% i s  es t imated t h a t  about 6000 
FST o f  asphal-are c u r r e n t l y  presenmon road surfaces 
i n  t he  USA (Trosset  e t  a1, 19983, 

The PAH r e l e a s e  f rom these sur faces has no t  
been determined, Neukomn e t  a l e  (1975) cou ld  f i n d  
no d i f f e r e n c e s  i n  a i rbo rne  PAWS taken from near 
e i t h e r  aspha l t  o r  concrete  roads. Waibe? (1976) 
conc l  uded s i g n i  f i c a n t  k n z o l a )  pyrerce was re leased  
f rom asphal t -coa l  t a r  p i t c h  roads presumably due t o  
h i g h  PAH l e v e l s  i n  coal  t a r  p i t c h ,  Na tu ra l  gas 
burners  cou ld  a l s o  produce PAHs, p a r t i c u l a r l y  i f  
improper l y  adjusted, The i n e f f i c i e n t  bu rn ing  o f f  o f  
waste gases a t  o i l  r e f i n e r i e s  i s  another source o f  
PAHs which has not  k e n  assessed yet, 





The c o n c e n t r a t i o n s  o f  t r i c y c l i c  and t e t r a c y c l i c  
hydrocarbons were h ighe r  i n  c reoso te  than i n  coal  
t a r ,  t h e  reve rse  be ing t r u e  f o r  t h e  p e n t a c y c l i c  
hydrocarbons. I n  a d d i t i o n  t o  t h e  usual  PAHs, 
c r e o s o t e  c o n t a i n s  l a r g e  amounts o f  naphthalene, 
mono- and d i ~ n e t h y l  a ted  naphthalenes and a  number o f  
pheno ls  (Osusky 1975) i n c l u d i n g  phenol, a l l  t h r e e  
c r e s o l s ,  a l l  s i x  x y l e n o l s  and bo th  naphthols.  

The PAH compos i t i on  o f  c reoso te  va r i es  from 
source t o  source, L i t e r a t u r e  PAM l e v e l s  i n  c reosote  
a r e  shown i n  Tab le  1, Analyses o f  coa l  t a r  and 
s ludge  f rom a wood t rea tmen t  p l a n t  a re  a l s o  i nc luded  
t o  g i v e  some idea  o f  t h e  compos i t ion  o f  t h e  s t a r t i n g  
m a t e r i a l  f o r  p r e p a r i n g  c reoso te  and t h e  F i n a l  waste 
product .  Creosote i s  an en r i ched  product  w i t h  
r e s p e c t  t o  PAHs compared t o  coa l  t a r ,  and s ludge 
a n a l y s i s  shows t h a t  PAlis get  impregnated i n t o  t h e  
wood a long w i t h  t h e  tank l i q u o r  r a t h e r  t kan  
p r e c i p i t a t i n g  i n  t h e  sludge, S u b s t a n t i a l  
d i f f e r e n c e s  i n  l e v e l s  o f  PAHs i n  c reosote  were 
r e p o r t e d  which may represen"cnaalyt ica9 d i f f e r e n c e s  
and a c t u a l  d i f f e r e n c e s  i n  t h e  c reosotes  examined, 
C o l l e y  (1974) f ound  t h a t  a f t e r  9.5 y r  i n  a marine 
environment c reoso te  From c r e o s o t e - t r e a t e d  wood had 
e s s e n t i a l l y  t h e  same l e v e l  o f  t o t a l  PWii and 
i n d i v i d u a l  PAW compos i t ion  as t h e  impregnat ing  
c r e o s o t e  o r i g i n a l l y  used* Stasse (1967) r e p o r t e d  
s i m i l a r  r e s u l t s ,  I n c r e a s i n g l y  dense creosotes  
showed a  tendency towards c o n t a i n i n g  sornewhat l a r g e r  
c o n c e n t r a t i o n s  o f  PAWS. 

Creosote  as u t i l i z e d  i n  u r o t e c t i o n  o f  wood 
a g a i n s t  ts mkst be e s s e n t i a l l y  
f r e e  o f  s t u d i e s  have shown t h a t  as 
l i t t l e  as 2% a l j p h a t i c s  i n  c reoso te  a l l ows  a t t a c k  bv 

(Baeeh ler  and Roth '1961), hi& 
i t h  1100% aromat-ic t a r l naph tha -  

l e n e  c reoso te  were found t o  be t o t a l l y  r e s i s t a n t  
(Baech le r  1968; Becker 19571, 

Much w r k  has been c a r r i e d  out on t h e  use o f  
p r e s e r v a t i v e s  o t h e r  t han  c reoso te  but c reosote  o r  
c r e o s o t e  m i x t u r e s  are  t h e  o n l y  e f r e c t i v e  preserva-  
t i v e s  f o r  wood i n  a  marine environment (Mann 1959; 
Becker 1959; Graham 1959). Creosote i s  r e p o r t e d  t o  
be upgraded i n  perfornlance by f o r t i f i c a t i o n  w i t h  up 
t o  40% naphtha lene o r  w i t h  coa l  t a r  i t s e l f  (Page 
1977; Seesman e t  a l e  1977) -  Conniercial t rea tment  o f  
sou the rn  p i n e  po les  w i t h  c reoso te  c o n t a i n i n g  2% 
pentach? orophenol  has been u t i l i z e d  s i  nee 2953 
( C o l l e y  1959) Johnson (1973) r e p o r t e d  t h a t  gre- 
c r e o s o t i  ng p i l e  t r ea tmen t  w i t h  copper -arsen ic  s a l t s  
was t h e  bes t  t rea tment  aga ins t  a t t a c k  by L imnor ia  
and Teredo, T i n  s a l t s  such as t r i b u t y l  "cn  ox ide  
a r e  3 o x i c  t o  L i m n o r i a  and Teredo b u t  t h e  
e f f e c t i v e n e s s  t e s t  uch m a t e r i a l s  as c reosote  
replacement agents w i l l  t a k e  a  g rea t  deal o f  t ime  
s i n c e  c reoso te  s t r u c t u r e s  have l a s t e d  up t o  almost 
100 y r  i n  a  h o s t i l e  environment (Encyc lopaed ia  
B r i t a n n i c a  1973). Hochman (1973) s t u d i e d  786 d i f -  
f e r e n t  chemica ls  and found t h a t ,  when normal ized t o  
c r e o s o t e  f o r  t o x i c i t y  t o  two genera o f  borers ,  
compounds v e r y  t o x i c  t o  one genus were much l e s s  
t o x i c  t o  t h e  o t h e r  genus and v i c e  versa. Creosote 
c o n t a i  n i  ng 40% naphtha1 ene approaches t h e  i d e a l  
mar ine  wood p r e s e r v a t i v e  which, accord ing t o  Page 
(1977),  i s  f l u i d  a t  t rea tment  temperatures,  s o l i d  a t  
ambient temperatures,  does no t  move about i n  t he  
wood, l each  o r  evaporate. It does no t  s p a t t e r  
d u r i n g  p i l e  d r i v i n g  nor  e m b r i t t f e  t h e  sood. 

As descr ibed above, t h e  po t  r e s i d u e  f rom coa l  
t a r  d i s t i l l a t i o n  i s  known as coa l  t a r  p i t c h  ( I r o s s e t  
e t  a l ,  1978). The chemical compos i t ion  o f  p i t c h  i s  
ex t reme ly  complex and q u i t e  v a r i a b l e .  P i t c h  i s  

e s t  imared t o  c o n t a i n  from 5,000-10,3Oil coinpourias 
(McNei l  19661, Of 126 coriipounds descr l  be4 in  coa l  
t a r  p i t c h ,  t he  m a ~ o r i t y  a re  condensed P4Qs and their 
h e t e r o c y c l i c  analogues, I n  general ,  pitch PAH 
components are  3-6 fused r i n g  compounds w ~ t h  a 
m o l e c t ~ l a r  w i g h t  in t he  range of 200-560' 

B iosyn " i~e t i c  sairrces o f P A i ? s  have been a l  l uded  
t o  above, Andelrnan and Scess (19701 believed t h a t  a  
n a t u r a l  background o f  90-20 i+PAH/kg dry  organ i c  
m a t t e r  i s  a  r e a l i s t i c  es t ima te  o f  background l e v e l s ,  
Severa l  PAHs have been found i n  areas remote From 
human h a b i t a t i o n  (Andelman and Suess 1 9 7 1 3 ) ~  Windsor 
and H i t e s  (1979) found t o t a l  PAI-I l e v e l s  OF it3 rjg/kg 
( d r y  we ight )  i n  deep-ocean sediinents ( A t l a n t i c  
Abyssal P l a i n )  and from 1-100 ;tgPAti/kg ( d r y  ~^:e.ight) 
i n  deep Nova Sco t i a ,  Canadaasoi is (20-40 cmj, The 
median t o t a l  PAH l e v e l  Sn Nova Seo t i a  was 50 uy/kg 
( d r y  w e j g h t j  cornpared t o  the '!00-.1000 i;g/kg range 
r e p o r t e d  by Andelnlan and Suess (1970) f o r  t h e  
e a r t h ' s  upper l a y e r  ( s o ; l ) ,  Rlumer f196.i) suggested 
background l e v e l s  o f  PAIis i n  s a i l s  c o u l d  be due Lo 
rrricrobia' i  synthes is  but  i n  1976 he s t a t e d  t h a t t h - i s  
c o u l d  o n l y  account f o r  a  coup le  of i n d i v i d u a l  PAM 
compounds. It has been r e p o r t e d  t h a t  p l a n t s  ( Z o b e l l  
1974; Hancock e t  a l .  1970; Graf  1965; Barne,t" t976),  
a l gae  and b a c t e r i a  (Mnorr and Schenk 1968; Niaussat  
e t  a l .  1969, 9970) can synthesis PAWS i n c l u d i n g  
benzo(a)pyrene, Gr inne r  arrd Duvell (1970j  s t u d i e d  
PAH syn thes i s  i n  h fgke r  p l a n t s  under c a r e f u l l y  
c o n t r o l l e d  cond i t i ons ,  They found o n l y  PAHs up t o  
and i n c l u d i n g  f o u r  aromat ic  r i n g s  cou ld  be synthe- 
s ized, B o r n e f f  e t  a l e  fS968f s t u d i e d  G h l o r e I A  

and r e p o r t e d  syn thes i s  o f  kn=Eyrene, 
H i t e s  (4976) were unable t o  demonstrate 

b a c t e r i a  s,ynthesis by anaerobic bac te r i a .  Th is  
suggests t h a t  l i m i t e d  PWH R i a s y n t h e t i c  a b i l i t y  
e x i s t s  i n  t h e  biosphere,  C e r t a i n  b i o s y n t h e t i c  
chemica ls  can, d u r i n g  t h e  course of &cornpositon, 
y i e l d  i n d i v i d u a l  PAWS, Fo r  example, pery lene i s  
thougbit t o  r e s u l t  (A i zensh ta t  1973) Prom t h e  
r e d u c t i v e  decomposition o f  t e r r e s t r i a l  precursor-s, 
Volcanoes have a l s o  k e n  suggested as a  source of 
PWHs (Suess 1936)-  

I n  a d d i t i o n  t o  exposure r e s i r l t l n g  f rom 1 i v i  ng 
w i t h i n  t h e  t e c h n o l o g i c a l  / b i o l o g i c a l  environment,  man 
i s  exposed t o  major amounts o f  PWHs from tobacco and 
mar i j uana  smoke, Tobacco smoke has k e n  t h e  s u b j e c t  
o f  much study rega rd ing  i t s  PAH con ten t  (Schmeltz 
and Hoffman 1976) and rep resen ts  t h e  major  genera? 
exposure r o u t e  f o r  man t o  PAHs (Snook e t  a l ,  1976; 
Severson e t  a!. 1976, 7977; Lee e t  a l e  1976, t o  name 
a few). More than 300 PAHs rang ing  f rom indene t o  
t h e  d imethy l  benzopyrenes have been c h a r a c t e r i z e d  
(Snook e t  a i ,  5976) and t h e  authors  p o i n t  ou t  t h a t  
h i g h e r  r i n g  systems were not  b t e r m i n e d ,  Tlre t o t a l  
amount o f  PAH i n  c i g a r e t t e s  averaged 100 vg per  100 
c i g a r e t t e s  j Severson e t  a l e  l976) ,  Comerc ia1  
f i l t e r s  wduced  t h i s  t o  l e s s  than 40 ug per 100 
c i g a r e t t e s ,  I n  a  l a t e r  s tudy Snook e t  a1 (9977) 
ana lyzed a  h i g h e r  mo lecu la r  w i g h t  PA!+ f r a c t i o n  
(compounds l a r g e r  than f l  uoranthene) from c i g a r e t t e  
smoke condenszte* Perylenes, indenopyrenes, 
benmo(ghi 1 p e r y l  enes, anthanthene, and soronenes were 
i d e n t i f i e d  i n  t h i s  f r a c t i o n ,  These were present  i n  
amounts o f  l e s s  t k a n  1,0 ~ / 1 0 0  c i g a r e t t e s ,  
Recen t l y  Snook e t  a l ,  (9978) r e p o r t e d  t h e  
i d e n t i f i c a t i o n  o f  approx imate ly  1000 PAHs f rom 
indene t o  pentamethylchrysene i n  c i g a r e t t e  smoke 
condensate, Lee e t  a l e  11976) ana lyzed tobacco and 
mar i j uana  smoke condensates f o r  PAWS, I n  general ,  
mar i j auna  smoke condensate con ta ined  a  g r e a t e r  
amount o f  PAHs "can tobacco smoke concen t ra te  and 
t h e  concen t ra t  i o n  o f  PAHs o f  ml ecu l  a r  wePigi gh ts  
g r e a t e r  than t h a t  o f  chrysene were s i g n ' i f i c a n t l y  



TABLE I. Polycyc l i c  aromatic hydrocarbon - Composition o f  creosote, creosote sludge and coal tar .  
Q u a n t i t i e s  are expressed i n  gramslkilogram creosote. 

Anthracene 
Benzo(a)anthracene 
Benzo( b)chrysene 
Benzo( j) f l  uoranthene 
Benzo( k) f l  uoranthene 
Benzo(g,h,i)peryl ene 
Benzo(a) pyrene 
Benzo( e) pyrene 
Chrysene 
F l  uoranthene 

L i  j i n s k y  
e t  a l .  

1957 
6.2 

2.8 - 
- 
- 
- 

0.12 
- 

1.3 
7.8 

L i j i n s k y  
e t  a l .  
1963 
12.1 
2.8 
0.5 
0.29 
0.20 
- 

0.18 
0.17 
1.14 

23.5 

Tarrer  
e t  al. 
1977 
43 - 

- 
- 
- 
- 
- 
- 
- 
9.6 

Guin 
e t  al .  
1977 

-43- - 
- 
- 
- 
- 
- 
- 
- 
5.5 

Prather 
e t  al. 
1977 
18 - 

- 

- 
- 
- 

13 - 
- 

Col ley Eaton 
& Z i t k o  

Adg@ 8'' 1978 - - - - 
- -  31 

Nest ler  
1979 

20 - 
- 
- 
- 
- 
30 

100 
Pery l  ene 0.04 0.04 - - 
Phenanthrene 47.9 36.6 186 186 12;(11 8P1543) 2 2 0 ~ ~ ~  1193 210 

t Pyrene 4.2 
Naphtha1 ene - 
2-methyl napthalene - 
1 -methyl n a p t l ~ a l  ene - 
1,6-dimethyl napthalene - 
2,3-dimethyl naphthalen - 
Acenaphthene - 
D i  benzofuran - 
F l  uorene - 
9,lO-di hydroanthracene - 
3-methylphenanthrene - 
4,5-methyl enephenanthrene - 
2-methylanthracene - 
9-methyl anthracene - 
2,3,benzf 1 uorene - 

sing7 e ana lys is  
Marine creosotes - Spec i f i c  g r a v i t i e s  A-1.070, 8-1.092, C-1.108 
phenanthrene and anthracene 
conta ins chrysene, t r iphenylene and a l l  benzanthracenes 
contains chrysene and t r iphenylene 
conta ins benzo( b) chrysene and phenyl enepyrene 
conta ins benzo(g,h,i )pery l  ene and anthanthene 
contatns methyl anthracenes and methylphenanthenes 
a1 1 benzfluorenes 

Lorenz B 
Giovi  k 

Lao e t  al .  1975 
Coal Wood 
t a r  p reserva t i ve  

sludge 



increased in marijuana snioke condensate, 

Another source of P A H  exposure t o  onan r e s u l t s  
from h is  foods tuf f s ,  espec ial l y  "cbrough cer ta in  
types of cooking and Food preservation treatments 
(smoking and drying) vdhich e leva te  PAH l eve l s  beyond 
those  normrally present. A study of var.ious food- 
s t u f f s  was c a r r i e d  out by & r i m e r  and Bohnke (1975),  
A1 1 sampi e s  invest igated contained more than 700 
PWHs. These samples included meats, poul-try, saioked 
f f s h ,  y e a s t ,  f a t s  and o i l s .  Only 10 major PAHs were 
quantif ' ied, Yeast (unspecif ied)  contained j u s t  over 
1000 uyPAH/kg (21 individual PAHs) of w h i c h  benzo- 
(a)pyrene accounted for  f a r  less that? 1% (6-28 
iis/ks) * 

Wood smoke, used t o  enhance f lavor  and iinprove 
s to rage  of many FoodstufFs, coritains PAiis, The 
composition of the smoke i s  very cornp'lex. As an 
exarnpl e of the  PAH contei-~t associated with hardwood 
smoke, Khce and Bratzler  ( iY68)  studied the 
composi t i o n  of maple sawdust smoldering around 
750-800°C. Whole smoke had 1 7 - 4  ug PAHIS .O kg of 
wood cornbusted (0-2 ug/kg benzo(aj[sjrene or  1,2%j, 
Haenni (19681 reported t h a t  softwoods generally 
produced higher amounts of benro(a)pyrene than did 
hardmacis, and tha t  i b w a s  not jrosrib:e to obblaf n 
curing smoke f r e e  o.f carzinogeil.ic h:icirocarbons 
s o l e l y  by control o f  "ce,riper.dtur~s of coii:ij.us";on and 
smoking, Mashing and f i l t r a t i o n  of smoke have been 
used t o  prodiice acceptaabl e smoked products j St  korski 
1965), 

Howard e t  a1 (19GGa,b) studied FUHs in smoked 
and non-smoked Fish in the U.S,A. i n  non-smirked 
f i sh (haddock, s a l t e d  Iierring and canned saliiion) 
o n l y  pyrene and fluorene were detected,  both a t  the 
9-2 @/kg level .  Smoking raised the  leve l s  of 
pyrene and fluorene to  2-4 ig/kg.  Dried smoked 
her r ing  had '1,2 y / k g  bei~znjajpyrenc out  of a t o t a l  
PAW concentrat ion ( 6  itnrliviriua'i PAHs} of 9-5  kg 
(13%) ,  F4a'ianoski e t  a ] ,  (1968) a1 so deterniined 
l e v e l s  of PAHs in siiloked f'.i s h 0  Cer+djn samples of 
smoked chub, whitefish and kippered cod had benzo(a) 
pyrene l e v e l s  of l - " c i ~ / k g  and benzo(a1pyrene was 
t h e  major PAIi present ,  Piinciroii and  Brown (197?) 
determ.ined PAK i e v e i s  in marine f i s h  and s h e l l f i s h  
from t h e  New York Bjght. Benzo(a)pyrene leve l s  were 
i n  the  range of 1 11g/kg while t o t a l  PAH l eve l s  
ranged from the detect ion YeveS of about 3 up t o  94 
@/kg in oys te rs  from Long Is land Sound, Levels in 
specimens from cleaner  areas  were helow detect ion 
l e v e l s .  The authors suggest ,  s ince the predominant 
PAH present  i s  pyrene, coiiibustion was the source of 
PAHs in t h i s  area rather  than crude o i l  but caution 
t h a t  t h i s  could a l s o  be interpreted as  r e s u l t i n g  
fro111 pre fe ren t ia l  iiietabol ism of alkyltited PAH- 
Masuda and Kuratsune (1971) s tudied PAWS in smoked, 
d r i e d  spec ies  of f l s h  used as a condiment i r r  Japan, 
Total l eve l s  of PAlis ranged from 517 ug/kg t o  5079 
ug/kg (7-57 ug benzo(a)pyrene/kg; 0.5-0,7%), In a 
study on the e f f e c t  of b ro i l ing  on horse mackerel 

' 1 ,  in which the  fresh f i s h  had 
of PAHs, b ro i l ing  under an 

e l e c t r i c  or gas b r o i l e r  gave PAW values (benzoiaj- 
pyrene, %) of 1,6 ug/kg (0  ug/kg, 0%) and 40,3 vglkg 
(0,9 pg/kg, 2*2%) respec t ive ly ,  while b ro i l ing  above 
( i n  t h e  smoke) gave values of 30,6 ug /kg  (0-3 ug/kg, 
0 , 7 % )  and 220,6 ug/kg (0-3  pg/kg, 6,01%) (Masuda e t  
a l e  1966), Yamazaki e t  a4, (1977) demonstrated 
s i m i l a r  r e s u l t s  btit a l s o  showed t h a t  broi 1 ing in 
aluminum f o i l  resu l ted  in formation of de tec tab le  
amounts of chrysene only, The formation of PAHs was 

corrcidted to the  f a t  con'retit o f t h e  f i s h ,  'The low 
level  o f  PAtis present ifi the s t a r t i n g  materiel 
probably r e f l e c t s  the ab i  i i t y  of t e i e o s t s  to  
metabolize and excrete  berrro(ajpyi'ene and other PARS 
a s  water soiuble  products (Lei? e t  a'i. ii1721ij, Drinn 
and Fee ( ' i979j reported that  comnerciol sarn~les  c~f 
"teleosts corrta irrerd rio detectable  i?vel of 
benzo\'a) pyrene u r r l  esr packet1 in ii i  1 ,  Level s of 
beinzoja) pyrcne i n  she? l f i  si:: were geoerai l y  l e s s  than 
10 vg/kg  wet w i g h t ,  L o b s t i ~ s  k&~cCi hzd been 
empoiinded in p.xinds construc"ic?d of t:rcosote t rea ted  
timber had average benmol a )  pyrene leve l s  of 78 !,g/kg 
i n  the t a i l  neat ,  Rznro(a?pyr@ne leve l s  i n  
unimpounded lobs te rs  averaged 8,6  ug/kg, 
Benzo(a) pyi-tino 'levti i s i n  the d iges t?  ve tjlarrd were 
over 18 t i n e s  higher ihan t a i l  iwat Se:ielc, A 
niimber of other PA:: ~ompot~nds bere a l so  fomd i n  
empounded ' i o b s t i : ~  I c a d i n g  the a i r t h o r , ~  t o  ~ p o s t ~ t ' i a t ~  
t h a t  lobs te rs  iiccuyu'latn. i'Ali frozir ",e ca.eosots- 
t r e a t e d  wood, 

Brni: ir?g of oilrer i!!:?tits besides Fish or use of 
o ther  high tempera-ture cookhig pro::css@s yielded 
cooked nieats wit.k varying leve l s  o f  PAHs (Lo and 
Sandi 1978j, i i  j insky and Shubik ( ,1964) determined 
]ere75 of 15 d i f fe ren t  PAHs ipi broiled iipdts. 
Foliowing laboratory ci~arccral broi l ing the level of 
PWHs (15 d i f f e r e n t  PAIIs) was 87 %rg/kg ( 8  lig/kg 
berrzo(a)pyrene, 9,15] v&.i l e  under cornnercial char- 
coal b ro i l ing  cor:ditions l eve l s  of 123,7 lig/kg (5.8 
ug/kg benzo(a)pyrene, 4 ,7%)  were found, Extensive 
inves t iga t ions  have shown that  the presence of PANS 
i s  d i r e c t l y  proportianal t o  the treatment tempera- 
t u r e  ( l o t h  and Blaas 7912bj ,  Contributions from the  
heat source cannot be ignored s ince Thorsteinsson 
and Thardason (1968) Rave shown the  presence of 
bertzu(a)pyretre ijn sheep, and seabirds s inged over 
coal f i r e s .  I f  propane-fed f l r e s  e r e  entployed no 
PAWS were detected, Home-smoked neat  products 
represent  a potent source of PAHs, especial ly  
products t h a t  are  smoked under poorly control led 
condit ions,  e.g. over open rather  than smoldering 
f i r e s  (Lo and Sandi 1948; Barnett 1976; l o t h  and 
Blaas 1992b; iioward and F a z i o  5969; Thorsteinsson 
1969; Fretheim 1976)- Thorsteinsson (1969) compared 
cormercial smoked m t t o n  w i t h  home-smoked products. 
Home-smoked products had leve l s  of PAHs (9 
individual PAWS) of  from 4 3 h t g i k g  (3 ug/kcj 
benzo(a) pyrene, D, i i%)  t o  4492 ug/kg (107 iig/kg 
benzo(ajpyrene, 2,4%) while comercia1 prodtiction 
yielded products w'ith t o t a l  FAkt l eve1 s between 42 
and 260 ug/kg with only t r a c e  amounts of 
benzo(ajpya^ene, Sausages and meats enclosed in 
cot ton fabr ic  or cel Saphane had the lower l eve l s  
s ince these mater ials  ac t  as har r ie r s  (:lam 1977)- 

PAHs froirr smoke mfnty  penetrate only the 
external  surfaces of the product (Rhee and Bratzler  
'1970) a Siniilar s tud ies  of m~oked meats from 
d i f f e r e n t  European co~. tntr ies  yielded s imilar  values 
( f i l i p e v i c  and Toth 3971; Toth and Blass 1972a; 
Fretheim 19'76; Soos and ElaJdu 19741, Substi"ction 
o f  l iqu . id  moke Flavors fo r  preparation of smoked 
products does not necessar i ly  r e s u l t  i n  lower l eve l s  
of PAHs in the  f i n a l  product (White e t  a l .  1971) 
unless care 4s taker) i n  the  select ion of the l iqu id  
smoke preparation, Soos and Hajdu (1974) suggested 
t h e  high level of PAHs found -in home-prepared sn~oked 
meat products in the Idendish inhabi tants  of Hungary 
may be connected with the .increased incidence of 
stomach cancer fn these individuals* This has also 
been suggested in the increased iiscidenee of stomach 
cancers found in Iceland and Bal t i c  inhabi tants  
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(13 i n d i v i d u a l  PWHs) o f  58 ng/m3 ( 5 - 7  ng/m3 
benzo(a)pyrene, 10%) were repor ted,  Co lucc i  and 
Begeman (1971 ) a s c r i b e d  t h e  h i g h e r  benzoja) pyrene 
l e v e l s  i n  European c i t i e s  t o  t h e  use o f  coa l  %or 
space hea t i ng .  Due t o  imposed c o n t r o l s ,  atmospher ic 
l e v e l s  o f  benzo(a)pyrene and presumably o the r  PWHs 
have f a l l e n  over  recen t  yea rs  (Environmental  
P r o t e c t i o n  Agency 1974). Th is  has been e s p e c i a l l y  
t r u e  f o r  t hose  c i t i e s  w i t h  coke ovens where a erage 
benzo j  a) pyrene l e v e l s  o approx imate ly  5 ng/m 5 Y 
dropped t o  about 2 ng/m . Radding e t  a l .  (4776) 
has rev iewed a i r  l e v e l s  o f  PAHs and i n c l u d e d  sea- 
sona l  da ta  showing PAH l e v e l s  higher i n  w i n t e r  than 
i n  summer, A i r  m m i s s i o n s  o f  PAHs a re  gene ra l f y  
p a r t i c u ' l  a t e  i n  n a t u r e  (Nle'! sen 1979; Natusch 1978 
and Dav ies  e h l ,  1975)*  Some amoitnt o f  PAlls f a l l s  
o u t  o f  t h e  atmosphere r a t h e r  c l ose  t o  t h e  source 
(Lankmayr and M u l l e r  1979) -  Cunde rt a'!. (1977) 
s t u d i e d  PAHs i n  r a i n f a l l  f rom va r i ous  s i t e s  i n  
Norway. H ig f ie r  l e v e l s  o f  PAHs were found o n l y  
i n  samples f r om southern  Norway and were assoc ia ted  
w i t h  use o f  f u e l s  and me teo ro log i ca l  t r a . j e c t o r i e s  
t r a n s v e r s i n g  England o r  t h e  European con t i nen t ,  The 
b u l k  o f  PAHs i n  r a i n f a l l  was assoc ia ted w i t h  t h e  
p a r t i c u l  a t e  emcler. Benzo(ajpyrene, f l  uoranthene and 
benzofluorar7ther,e were t h e  most common PANS* Leve l s  
o f  50-300 ng/L o f  r a i n f a l l  of benzo(ajpyrene here  
found, 

D r l n k i n g  water  con ta ins  PAM bu t  l e v e l s  cio no t  
appear t o  pose a danger. Process ing o f  raw water  t o  
d r i n k i n g  wa te r  general  l y  lowers  PAH l eve ls .  Sedi- 
ments, bo th  mar ine and t e r r e s t i a l ,  c o n t a i n  PAM, 
S tud ies  o f  t h e  d i s t r i b u t i o n  o f  non -a l ky ia ted  and 
a l k y l a t e d  PAWS i n d i c a t e  an anthropomorphic source f o r  
t hese  PAIis. Concern has been expressed about man's 
exposure t h rough  d r i n k i n g  iirater, Shabad arid 
11 ' n i t s k i  i (1970) however, po in ted  n u t  t h a t  t h e  
amount o f  PWHs a man may consume f rom p o l l u t e d  water 
i s  o n l y  0,1% o f  t h e  t o t a l  anrourrt o f  PAR which a man 
consumes, A n a l y s i s  o f  raw water i n  the U.S.A, (Easu 
and Saxena 1978) showed PA14 l eve ' l s  (6 i n d i v i d u a l  
PANS) o f  4 , 7  t o  632 n g / i  (0.3 t o  60 ng 
benmo(a)pyrene/ l ;  6-10 %);  l e v e l s  i n  t r e a t e d  waters  
ranged f rom 0 - 9  t o  14,9  ng/L (0,2-0-3 ng 
benao (a )py rene / i ;  2-20%). B m e s t i c  sewage e f f l u e n t s  
c o ~ t a f  n s i g n i f i c a n t  l e v e l s  o f  PWHs (Andelman and 
Suess 1970), T o t a l  PA1-t l e v e l  s ranged from 800-87500 
ng/L (1-1840 ng benzo(a)pyrene/%; I-2%), D r i e d  humus 
f rom Len in  r a d  had 3 l ig benzo(a)pyrene/g. Andelman 
and Suess v1970) Identified i n d u s t r i a l  sources o f  
benzo(a)pyrene t o  waters. O i l ,  chemical ,  c o a l  and 
c o k i n g  i n d u s t r i e s  had se lec ted  e f f 1 u e n " c e v e l s  o f  
benmo(a)pyrene o f  f ram 0 ( a f t e r  t r e a t m e n u  t o  
1,006,000 ng/L, Jungc l  arrs e t  a l .  (1978) s t u d i e d  t h e  
e f f l u e n t  and downstream sediments assoc ia ted  w i t h  an 
o rgan i c  chemical  p roduc t ton  p lan t .  At l e a s t  22 
d i f f e r e n t  PAHs were i d e n t i f i e d  i n  t h e  sediments and 
t a r r y  deposi ts:  I n d i v i d u a l  PAH l e v e l s  o f  as h i g h  
as 120 l i g /g  sediment were Found, G r i e s t  and Herbes 
(1978) t e n t a t i v e l y  i d e n t i f i e d  more than 170 PAWS i n  
e f f l u e n t  sediment and water  f rom a coa l  cok ing  
p l a n t ,  many w i t h  a l k y l  s i de  cha ins  (133 out  o f  173). 
These a u t h o r s  be l - ieved t h a t  the i d e r t t i f i e d  PAWS i n  
t h e  sediment rep resen t  74% o f  t h e  t o t a l  t h r e e  t o  s i x  
r i n g  PAHs present ,  These authors  es t ima ted  t h a t  
about 50% o f  t h e  i d e n t f f i e d  PAHs arc. accaun"cd f o r  
by  e i g h t  " b i o a c t i v e "  PAWS. Benso(a1pyrene 
rep resen ted  about 10% o f  these e i g h t  PAHs. Marine 
sediments f rom t h e  New England r e g t o n  have been 
shown t o  c o n t a i n  a very  complex m i x t u r e  o f  PAHs 
(Blumer 1976; Herbes e t  a l .  1976; BIumer and 
Youngblood 1975; H i t e s  and Bieman 197%; Youngblood 
and Blumer 1975; Giger  and Blumer 1974; Speers and 
Whitehead 1969) .. 

Sedirnent from the Char les  i i i v e r  Bas in  (F:oston, 
MA] cor l ta ined PAi-Is w i t h  a t  l e a s t  elevert d i f f e r e n t  
aromi?t ic r i n g  s t r u c t u r e s .  Won-.a1 ky la ted  aand 
abundant1 y a'\ kyl atxed &ri vat  i ves ~"r'hhesr? PAHs Mere 
a l s o  present ,  i n  some cases c o n t a i n i n g  up t o  f l f t e e n  
carbon atoms -in t he  a l k y l  gtroups ( i i l t e s  and ilieman 
1975). Laflatrsne and t i i t e s  61978) repori: t h a t  the  
cj~dal i t a t i v e  PAH i:omposi t l o n  oi.' these sed4ments i s  
c h a r a c t e r i s t i c  o f  marine sediments i n  gzneral  , 
There i s  general  agreement t h a t  combustion i s  t h e  
major  source o f  sediment PAHs but  disagreeinent over 
t h e  t y p e  o f  coinbustion (coa l ,  mod, i n t e r n a l  
combustion, f o r e s t  4 r n s -  etc, ]  and t h e  mount: a f  
P A 8  o r i g i n a t i n g  frorn o t h e r  sources such as b jo-  
synthes is ,  B l  umev and Youngblood ('1975) m- in ta ' ined 
t h a t  i t  .4s poss l  b l e  th rough a s tudy o f  t ire PAH a l  k y l  
homologue d i s t r i b u t i o n  -in sed.ii;rents t o  o b t a i n  i n f a r -  
inat"ron on t h e  fo rma t i on  temperature o f  these corn- 
pounds, They siaggested, Prom the ir  study irf t i l e  
r e l a t i v e  abundances of a2ky la ted  PAWS i n  sediments, 
t h a t t h e  bu l k  o f  these must Rave o r i g i n a t e d  from 
f o r e s t  f i r e s  because o f  consfdera5 le  d i f f e r e n c e s  i n  
r e l a t  it.@ hoii?ologue abundance between aii- p a r t i c u -  
l a t e s  from c i t f i e s  and sediment satr:ples. Th is ,  
acco rd ing  t o  L a f l a m e  and El i tes (1978], d i d  n o t t a k e  
i n t o  account the poss i  b i  1 i t y  o f  subsequent rwdi f i  c-- 
a t  ion ,  e-9 ,  s e ' l e c t j v e  mtabo i  i sm o r  pho toox ida t i on  
and, i n  p a r t i e u l  at-, d i f f e r e n t i a l  water so l  u k i l  i t y  o f  
t h e  a1 k y l  homologues versus t h e  unsubst i  t u t e d  
species,  They suggest t h a t  so l  u b i l  i t y  d i f f e r e n c e s  
e n r i c h  t he  higher a l k y l a t e d  hornoiogues w i t h i n  t h e  
sedimerzts and t h a t  f o s s i l  f u e l  use i s  t he  predomi- 
nant  PAt i  source, A s tudy o f  PAHs i n  Char les  R i v e r  
waters  and sedirnents and Boston" aair pa r " ccu la te  
showed t h a t  the water i s  en r i ched  i n  t h e  lower 
Rorno'iogues khini'le t h e  sediment is enr i ched  i n  t h e  
h i g h e r  homo1 ogues r e l a t i v e  t o  t h e  lair w r t i c u l  a t e  
PAHs (Hase and Wites 1976). Windsor and H i t e s  
(1979) suggested t h a t  l a r g e  a i rbo rne  PAH p a r t i c u -  
l a t e s  r a p i d l y  s e t t l e  out  near t h e  source and are  
washed i n t o  t h e  i m e d i a t e  ~ a t e r s h e d  f ram whence t h e y  
a r e  t r a n s p o r t e d  v i a  t h e  usual p a r t i c u l a t e  t r a n s f e r  
mechanisms, Long-range t r a n s p o r t  o f  PACls is 
suggested as the exp lana t i on  o f  t h e  r a t h e r  u n i f o r m  
l o w  PAR l e v e l s  found i n  s a i l s  and sedjments f a r  
removed from PWH sources. 

Most wo r l d  wide samples sllowed about t h e  same 
q u a l i t a t i v e  d i s t r i b u t i o n  o f  u n a l k y l a t e d  PWHs. The 
f l  uroranthene lpyrene r i n t j o  i s  w a r  1,0 and most 
samples have a r e l a t j v e  abundance o f  phenanthrene 
o f  about 42%, f l  uoranthene about 16%, pyrene about 
15X, C i a  H12 Species ( i n c l u d i n g  chrysene, 
tri phenyl ene) about 24% and C20M12 spec ies  
( i n c l u d e d  b ~ % ~ f l W m s ,  benzopyrenes and p r y -  
l e n e j  about 35%- E"djdence was o f f e r e d  " ca t  two PAI4s 
p resen t  i n  some sediments o r i g i n a t e  f rom b i o l o g i c a l  
sources; re tene,  *which i s  suggested t o  have o r i g -  
i n a t e d  f rom a b i e t i e  a c i d  and p r y ' i e n e ,  w s s i b l y  f rom 
e r y t h r o a p h i n  p i p e n t s ,  The x c u r r e n c e  o f  PAH i n  
p l a n k t o n  was stuudjed by de Lima Zanyhi (l1"168), Much 
h i g h e r  l e v e l s  were found i n  p lank ton  f rom c o a s t a l  
a reas than frorn o f f s h o r e  samples, T h i s  f u r t h e r  
suppor ts  t h e  b e l i e f  that the m j a r i t y  o f  
environmental PMs are  o f  t e r r e s t r i a l  and 
anthropogen ic  o r i g i  n, 

S o i l s  show s' imilar p a t t e r n s  t o  marine sediments 
( Youngblood and B l  umer 1975j, no t  unexpectedly,  i f  
combust ion i s  t h e  major  source o f  such PAHs. 
L a f l a m e  and Fl i tes (1978) c a n f i m e d  t h e  o v e r a l l  
s i m i l a r i t y  o f  sediment and s o i l  $AH p r o f i l e s .  

Over the l a s t  125 y r  the distrlbu"iican o f  P A M  



i n  dated sediment cores  has been q u a n t i t a t i v e l y  
cons tan t  w i t h  respec t  t o  t h e  d i s t r i b u t i o n  o f  a l k y l  
homologues and percent  composi t ion.  The t o t a l  
amount o f  PAH has increased over  t h i s  t ime  per iod ,  
sugges t i ng  an i n c r e a s i n g  source between 1858 and 
1900 ( H i t e s  e t  a l .  1977). P r i o r  t o  t h i s  date  PAM 
1 eve1 s were tower and compos i t ions  d i f f e r e n t .  The 
r e s u l t s  are  c o n s i s t e n t  w i t h  t h e  use o f  f o s s i l  f u e l s  
o v e r  t h e  pe r i od ,  n o t  w i t h  f o r e s t  f i r e  data. 

Mar ine b i o t a ,  i n  p a r t i c u l a r  t hose  l i v i n g  i n  and 
on t h e  sediments, can be contaminated w i t h  PAHs 
( S a m u t  and Nick1 ess 1978) Mar ine ml l uscs  exposed 
t o  s u b l e t h a l  concen t ra t i ons  o f  pe t ro leum accumulate 
PAHs i n  t h e i r  l i p i d  poo ls  (Cahnmann and Kuratsune 
1957; Teal  1976; Blumer e t  a l ,  1970; Guerrero e t  a l .  
1976). Andelman and Suess (1970) rev iewed benzo(a1- 
pyrene l e v e l s  found i n  mar ine .fauna. Greenland 
samples o f  mol lusc ,  sea cucumber and cod had l e v e l s  
o f  benzo(a)pyrene o f  60, none de tec ted  and 55  m / k g  
d r y  weight,  r e s p e c t i ~ e 9 y ~  Var ious  she1 l f i s h  f rom 
t h e  Medi ter ranean and European A t l a n t i c  had benzo- 
(a )py rene  l e v e l s  rang ing  f rom 1-100 lig/kg dry  
we ight ,  sugges t i ng  t h a t  as o f  t h e  1960" severe PAM 
contami n a t i o n  o f  she1 I f  i sh was not  o c c u r r i n g  gener- 
a l  lye Panc l rov  and Brown (1977) r e p o r t e d  benzo(a)-  
pyrene l e v e l s  i n  cod, clams and o y s t e r s  from t h e  New 
York B i g h t  o f  0,5, 1 - 0  a n d  0,2-2.0 %/kg wet w . i gh ta  
The much h i g h e r  l e v e l s  presented i n  the r ev i ew  by 
Andelman and Suess (1970) compared w i t h  i i a r ~ c i r o v  and 
Brown (1977) demonstrate t h e  s e v e r i t y  o f  a n a l y t i c a l  
problems assoc ia ted  w i t h  PAH de te rm ina t i on ,  Zobe l l  
( 1  971 ) rev iewed  benzo(a) pyrene l e v e l s  i n  marine 
animals;  l e v e l s  ranged f rom n i l  t o  about 2000 ~ 3 / k g  
d r y  weight.  I n t e r e s t F n g l y ,  t h e  sea cucumber was t h e  
spec ies  spanning t h i s  range hut i n d i v i d t i a l  species 
were no t  i d e n t i f i e d ,  M i x  e t  a l ,  (1977) r e p o r t e d  
benzo(a)pyrene l e v e l  s rar lg ing  f rom de tec tab le  t o  715 
@/kg i n  clams, n?ussels and o y s t e r s  f rom bays i n  

Oregon, Cahn~nann and Kura tsune (1957) r e p o r t e d  t h a t  
o y s t e r s  f rom V i r g i n i a  con ta ined  2-60 ug benzo(a j -  
p y r e n e l k g  wet  w e l g h t  and 2000 1igPAHtkg ( 8  i n d l v -  
t d u a l  PAHs). Base l i ne  benno(a) pyrerre " levels l'n 

n C a l i f o r n i a  mussels 
edu l  i s )  were es t ima t  

e t  we ight  by Dunn and 
3 ug/kg wet we igh t )  ? e v e i s  were assoc ia ted 

w i t h  areas o f  human a c t i v i t i e s  and a mussel sample 
c o g l e c t e d  o f f  i l i n g s  had 8-2 ug/kg w e h e i g h t  (Dunn 
and S t i c h  1975y. Bravo e t  a:. (1978) r e p o r t e d  t o t a l  
PAW l e v e l s  (25  i n d i v i d u a l  PAHs i n c l u d i  
naphtha? enes) i n  o y s t e r  
f r o m  t h e  Mexican coas t  o 
f r om 2120-9160 ug/kg wet 
pe t ro leum i n d u s t r y  as t h e  source o f  such h i g h  
l e v e l s .  Guer rero  e t  a?. (1976) showed she1 l f i s h  
(unidentified spec ies )  f r om an o i l  s p i l l  area had 
e l e v a t e d  benzo(a)gyrene and benzoj  gh i  j p e r y l  ene 
1 eve ls ,  Sampl es assoc ia ted  w i t k t  mart nas Here a1 so 
h i g h e r  t han  c o n t r o l s  bu t  lower  t h a n  those from o i l  
s p i l l s .  Con t ro l  l e v e l s  were below t h e  d e t e c t i o n  
l i m i t  (0.01 %/g), The a s s o c i a t i o n  o f  h i ghe r  PAH 
l e v e l s  w i t h  marinas, p i 1  i ngs ,  e tc .  was i n v e s t i g a t e d  
by  Z i t k o  (1975) who showed mussel 
e d u l  i s ) ,  p e r i w i n k l e s  
i3GTE.T ( v a r i o u s  spec i  
r esemb l i ng  those  o f  c 
p i l i n g s  present  w i t h i n  t he  c o l l e c t i o n  area were 
b e l i e v e d  t o  be t h e  source o f  t h e  PAWS. Dunn and 
S t i c h  (1976b) r e p o r t  s i m i l a r  f i n d i n g s  i n  
e d u l i s  based upon gas chromatographic gr  f 
m d  up e x t r a c t s  f rom N y t i l u s  e d u l i s  
f r o m  p i 1  ings.  I n  a d d i t i o n ,  these-x"c- iga tors  
f o u n d  benzo(a) pyrene l e v e l s  -in 
decreased w i t h  i n c r e a s i n g  d i s t  i l i n g s .  

Benzo(a) pyrene l e v e l s  were consr d ~ r a b l y  lower  I n  
s u m e r  than wln"crr, The h ~ g h  PAN i e v e l s  found i n  
l o b s t e r  a f t e r  rmpoundment I n  poit i ldi con r t vuc ted  of 
c reoso ted  tsmbers (Dunn and Fee 1979) has been 
ment ioned above. Dunn and Fee (1979) r e p o r t e d  t h a t  
l e v e l s  o f  benzo ja lpyrene I n  c rab  and shr~rnp were 
g e n e r a l l y  k f  ow 0 - 5  #/kg, 

- .  

o y s t e r s  ( n i c a )  (Lee e.t al ,  1978; 
Anderson and Teal 19J73), clams 
( v a r i o u s  saecies) (Roesf- iadi  e t  a l ,  18781 anc! , . 

edu l  .is)- (lee e t  a1 . i $ ? % a j  resill ts  -- 
1 o f  w a ' l l e r  PAHs, FOP. exirinple, i n  

a s tudy u t i l i z i n g  oys te rs  "Le depura"con h a l f - l i v e s  
f a r  naphthalenes, anthracene, f luoranthene,  Senao(af 
anthraeene and benzo(a)pyrene here  2,3,5 ,9  and 18 d 
r e s p e c t i v e l y ,  Runn and S t i c h  (1976a) found t h a t  
mussels ( W E %  j exposed t o  c reosote  t r e a t e d  
t i m b e r s  depurate (a fpy rene  i n  c lean water w i t h  
a h a l f - l i f e  o f  56 d a t  7-9'6. D iSa lvo  e t  a l e  
(1975) c a l c u l a t e d  a h a l f - l i f e  o f  4 - 5 wk f o r  
depu ra t j on  s f  PAi-is f rom mussels. Weff and Anderson 
(1975) found t i r a t  t h e  c lam (Kangia e:urieataa) t o o k  
30-60 d t o  depurate i i e n z o ( a ) ~ r e n e  & i c r h a d  k e n  
t a k e n  up i n  24 j7, Lee (4976) has reviewed depura- 
t i o n  by b i va l ves .  Teal (4976) caui:joned agalinst 

imp1 e interpretation o f  k p u r a t i a n  based on t o t a l  
24C r e t e n t i o n  s i nce  na tabc l i sm o f  PAHs t o  
s ' ign- i f i can"cy  d i f f e r e n t  m t e r f a l  s occurs-  Telieosts 
r a p i d l y  metabol i ze benzo(a) pyrene t o  hydroxy &ri va- 
t i v e s  (Bend e t a l ,  1937; Lee e t  a l .  i "32b),  Ex- 
c r e t i o n  f rom t h  animal o f  r a d i o a c t t v e  l abe i  f rom 
henzo(a) pyrene-' was s lower  than e x c r e t i o n  o f  
t h e  l a b e l  f rom ieC-naphthalene but 96 h a R e r  
exposure t o  benzs(a) pyrene o n l y  10 X o f  t h e  mi g i n a l  
benzo(a)pyrene remained, The r a p i d  convers ion o f  
benzo(a jpyrene by t e l e o s t s  i s  s im i  l a r  t o  m m a l s .  
Dan ie l  e t  a l .  (1967) f e d  r a t s  r a d i o a c t i v e l y  l a b e l l e d  
dibenzo(a,h)anthracene, 7,12- d imethy lbenzo(a) -  
anthracene arrd dibenzo(a,c) antk racene. .  A41 were 
r a p i d l y  absorbed and l a t e r  exc re ted  i n  t he  feces and 
u r i ne .  A m a 1  l r e s i d u a l  a ~ o u n t  o f  PAHs c o u l d  k 
detec"cd din adrena ls ,  o v a r i e s  and b d y  f a t  a f t e r  
8 d. 

METABOL95M OF POLYEYCLIC MOMTIC  HYDROCARBONS 

A r y l  hydrocarbon hydroxy'i ase i s  an i ndue i  b l  e 
enzyme found i n  t e l e o s t s  and h i  yher animals (Payne 
9977) wh ich  o x i d i z e s  a r m a t i c  compounds v i a  epox i -  
d a t i o n  o f  t h e  aromat ic  nucleus (Creaven e t  a l .  7965), 
Th-is group o f  enzymes -is l o c a t e d  on t h e  m i c r o s o m s  
and i s  assoc ia ted  w i t h  t h e  cytochrome P-$50-mediated 
mierosamal mixed f u n c t i o n  oxidases system.. T h i s  
mu1tien;lyme system i s  m r k e d  by a s u r p r f s i n g  d e g r m  
o f  d i v e r s i t y  not  u n l i k e  t h e  i m u n e  system (Fox 
1979) -  E n t i r e  f a m i l i e s  s f  enzwes  a re  known, e.q, 
t hose  based upon cytochrome P-450 and those based 
upon P-448 ( t h e  numerical  des l  gnat i o n  i n d i c a t i n g  t he  
a b s o r p t i o n  maximum o f  t h e  cy toehrom~-car$on m n o x i d e  
complex). 1nduc"con o f  a r y l  hydrocarbon hydrowyl  ase 
occurs  d u r i n g  exposure t o  var ious  PAEis i r ~ c l  ud ing  
benzo(a)pyrene and i n  v a r y i n g  &grees by oxygenated 
and o t h e r  m t a b o l i t e s  o f  h n z o ( a j p y r e n e  ( I t s u  e t  a l .  
1977). No m t a b o l  i t e  i s  a nrore po ten t  i nduce r  o f  
hyd roxy l  ase a c t i v i t y  than k n z o ( a ) ~ y r e n e  suggest ing  
t h e  t h e  parent  PAH compound i s  t h e  prdmary i nduc ing  
agent, Inducr 'b le  mfxed f u n c t t o n  ox idase mzpnes 
were o r i g i n a l l y  k l i e v e d  t o  f a l l  .into two c lasses:  
( I ]  those induced by p h e n o b a r b i t a l - l i k e  drugs, and 
( 2 )  t hose  induced by methy lcho lanthrene- l  i ke  
chemfcals (Fox 1979)-  Th is  d i v i s i o n  i s  a r b i t r a r y  



and overlap occurs (Pox l979), Negishi and Nebert 
(1979) have shown t h a t  3-metl.~yicho'ianthrerie 
admini s t r a t i o n  t o  mice ac t iva tes  a t  "least f i v e  
s t r u c t u r a l  genes and r e s u l t s  in tile for-mation of 
monooxygenases of d i f f e r i n g  degrees of subs t ra te  
s p e c i f i c i t y .  Yang e t  a i ,  ('1978) descrjbe,  for  
example, s i x  fornis of cytochrorne P-450 enzymes which 
hydroxyl a t e  d i f f e r e n t  sui l r t rates  a t  different.  
posi t ions.  The coinplex nature of "Le nrixed fur~ct ion 
oxidase system leads "Lo an array of s"Lrospecif.lc 
and posi t ional  isorneric ox.idired products even from 
a s i n g l e  s u b s t r a t e  sitci~ as berizo(djpyrene, T h j s  
m i  xed-product response deperrds Lipon species ,  s t r a i  r!, 
t i s s u e  s tudied,  age of the animdi, genet ics ,  nu t r i -  
t i o n a l  s t a t u s ,  presence o.f other inducers in ttie 
animal ' s environment, tho presence of inh ib i to rs  
such as  lead,  and f i n a l l y  the  nature of the inducing 
chenri cal  s. Ar,yl hydrocarbon hydroxyl ases in thirrnan 
lymphocytes have been revjewed by Paigen e t  a ? .  
(1978)  who showed tha t  aryl hydrocarbon hyAroxy?ase 
i n d u c i b i ' i i Q  < s  influenced by: ( 1 )  age, aryl 
hydrocarbon hydroxyl ase being indiiced a t  higher 
l e v e l s  before 30 y of age than afterwards; ( 2 )  
genet ics;  s ince i n d u c i b i l i t y  was widely variable ,  an 
observation confirmed by studying !ironozyyotic twins; 
and (3 )  season of' the year ,  with 13wer' ~i- : l i ie~ of 
basal and induc ibl e a c t i v i t y  beiiici observed i tr 
sunslier than winter,  ko re ia t ionsh ip  wi th  tobacco use 
was found, Pelkonerr e t  d l ,  (3973) tiemoiiitrated tha t  
f e t a l  l e v e l s  of aryl hydrocarbon k~ydroxyl ase are 
only a few p e r c e n t c f  the adul t  huriias? "liver ievei , 
f i r s t  becoining de tec t i  bie  a t  6-7 w k .  The r~a ture  and 
s p e c i f i c i t y  of f e t a l  l i v e r  a re  a l s o  d i f fe ren t  from 
t h e  adu l t  (Pelkonen e t  a:, 1973). 

Nebert e t  d l ,  (1978) separate  out those P-450 
cytochromes which r i s e  and f a l l  with r i s e  and f a l l  
of induced aryl hydrocarbor\ i-iyiiroxyl ase a c t i v i t y  
a s  P -450 but o thers  such as Goon and Vatsis 
(197S~ use a ,i ,,,rent i ~ ~ f i , , ~ , a t t i r e  (o.,. 

i s  tha t  cytochroine ivdiicihle by 
p y r e  Nebert et  a l .  (1978) have studied 
t h e  Ah (ary'i hydr'ocarbr,~? iiydrocyl dscj lociis in mice. 
~ h i s 7 o c u s  was or ig ina l  i y  ti~uucqht t o  be a simple 
gene t ic  system cont ro l l ing  synthesis  05 a subset of 
P-450 mediated enzyiiies i-iii'c iWk4 Lthe locus appears t o  
include mu1 t ip1  c groups of both 1';-450 i i r~ r i  P-448 
enzymes. A t  l e a s t  14 monoxygenases and associated 
P1-450 and P-448 cytochr'oines hdiie hecn idenvi- 
f l e d  wl~ich a re  tirider the  control of t l ~ i s  locus and 
inducible  by PWlls. PI-450 inductioii i s  associa- 
t e d  witii aryl  hydrocarbon hydroxyl asn ac t iv l  ty while 
P-448 induction i s  associated with N-acetylarylamine 
N-hydroxyl a s e  a c t i v i t y ,  incr-eases in both cyto- 
chromes occur a f t e r  PAEi treatment and the ir?duction 
i s  accompanied by de nova protein synthesis ,  A PAi l  
receptor  protein tEt-r??ji.rt ly binds ?Atis lias been 
discovered, The receptor  s i t e  can be act ivated not 
only i n  l i v e r  but a'lso i n  lung, kidney, bowel, skin,  
lymph node, r e t i n a ,  bone marrow, ovary, t e s t i s ,  and 
marnary g? and, The indiic-ihl e aryl  hydrocarbon 
hydroxyl ase response appears to be doininantly 
i n h e r i t e d  s ince  heterozygotes a r e  inducible, Mon- 
responsive animals can be bred by appropr'iate 
ct-osses and, compared with responsive animals, they 
a r e  much l e s s  affected by t h e  topical  appl icat ion of 
7 ,  f 2-dimethyl bcnzo(a)anthracene, metkiylchol anthene 
and benno(a1pyrene with respect  t o  induced 
subcutaneous sarcomas and methyl-cholanthrene- 
induced lung tumors and other  PAi-t l e s ions  such as 
teukernia, skin inflammation, c a t a r a c t s ,  b i r t h  
d e f e c t s ,  s t i l i b o r n s ,  resorpt ion,  and decreased b i r th  
weight, Although t h e  & locus was not found t o  he 
1 inked in the mouse, Nebert and Jensen (1979) 
pos tu la te  a t  1 east  one major regulatory gene and 

terrrpora'i gene ccntrts? , induc t i n n  Teaiic, t o  increased 
level s of other enzpies iricliiding lJDi'-gl iieuronipl 
t rans fe rase ,  oxidoreductase and orni thine decarb- 
oxylase in addition t o  roiiooxygenase~ Thi? usiial 
ertvironmental r+xposurcs o.f an anirfial are t o  !r~ixtures 
of PAHs. In general,  exposure t o  PAH mixtures leads 
t o  elevat ions i n  t i s s u e  d c t i ~ i t  ~ C S  of aryl hydro- 
carbon hydroxy,vi ases ,  e.9, coal t a r  (Bickers dnd 
Kappas i9?8 j ,  and c i g a r r c t e  sril!;cc contlei:sate ( A k i n  
e t  a l ,  1975)- The si 'cu~tio: ;  9ecoiirzs com:;lex in man 
where use of' drugs and crtlier preparations svti.1 as 
tobacco and marijuana marked1 y a f f e c t s  the overall 
col lage of moiioxygenases present ancd other 
detoxifying enzynies in variobs tissues (Alrares  
1978)-  The overall act ' rvl t  ies  or' the morroxygenases, 
hydroxylases, conjugating enzymes, e t c *  are  
important in the toxicological a c t i v i t y  o f  d PAH 
such as bet~zo(ijjp;/rene v i f i c l . ~  i ' ;  ie'iieved tc; exert  
i t s  carcinogen.Ic1 t y  throug?h i t s  netaboi i t e s  rather  
than d i rec t ly  (Fox 1979; Nebert e t  d l ,  1978; Brooks 
1977; iieidelbr?rgc?r 1975), tdirether enzynre 
heterogeneity resu'i t.; Frern n~odif icat ion of a s ing le  
enxyme caii~pl cx or through synthesis  of' inul t i  p le  
enzymes i s  s t i ?  l  being iilvest.igateci, Wegishi and 
T4eber.l: (1479) have shown t h a t  the & locus prodrjees 
a t  l e a s t  two s t ruc tura l  gene products, 

The SnitiaT s tep  "in the iiietabril i s m  of benro(a)- 
pyrene i s  binding t o  a cy toso i ic  receptor protein 
( M e b e r h t  a l ,  1978), fol lowed by oxygenation by 
aryl  b-iydi-ocarbon hydrox.)t'l ase ,  hydra.tion of the 
i n i t i a l  expoxide t o  the dihydrol,  fu r ther  oxidation 
t o  diof expoxide and again hydration of the epoxide 
t o  y ie ld  a terahydroxide derivat ive,  

Conjugating enzymes are  involved in cor~version 
of the 0erizoja)pyrene oxygenated intermediates to  
water soluble  conjugates. Benzo(a)prene 4,s- 
epoxide i s  conjugated by g'l utatkione-S-epoxicie 
t rans fe rase  and a t  l e a s t s e v e n  d i f fe ren t  forms, each 
with a unique s p e c i f i c i t y  for the  4,s-epoxide, have 
been i so la ted ,  These enzymes a l so  conjugate a 
var.iet,y of subs t ra tes  including h a l i d e  and oxide 
compounds (Nemato and Seiboin 1976; Hahig e t  a l  . 
1974)- 

&enzo(a)p,yrene i s  capable of producing turnors 
in  a variety of expcriinenta'l an.ima'is, tumors being 
formed not only at  the s i t e  of appl icat ion but a lso 
a t  other s i t e s  within the  animal (Dipple 1976; 
National Academy of Sc1c?nce 1972). The carci nn- 
genici ty  of benzo(ajpyrene i s  believed t o  be 
mediated through tire binding of some intermediate 
Renzo(a)pyrene mtabo'i i t e  t o  nucl e i c  acids 
(Weinsteiri e t  a4, 7978)- Pre-"ireament wfth other  
aryl  hydrocarbon hydroxylase inducer.; can often 
decrease tumor formation subsequently induced by 
benzo(a1 pyrene (Yang e t  a1 , 1978) ,  However, other  
PAHs, including some which are no"irsarcinogen-ic by 
t hemse? ves ( Scri bner 1973) , can enhance 
carcinogenici ty  of benzo(a1pyrene. For exainp?e, 
Pf e i f f e r  (9973) demonstrated synergism between 
benzo(a)p.yrene and dibena~a,R~anthraee:nee These 
e f f e c t s  are  notssrlrpri s l  ng when one considers the 
m u l t i p l i c i t y  of induced enzymes, and the ro le  of 
metabolites of Pans in cancer i n i t i a t i o n ,  One can 
pos"t1a"c circumstances which could lead t o  
increased leve l s  of the actjive carcinogenic fornl of 
benzo(a)pyrene and others  wh;thich would lead t o  
decreased Sevels. These e f f e c t s  could a l l  be 
mediated through the plethora of microsomal enzymes 
but e f f e c t s  on other systems siich as DNA r e p a i r  
cannot be excluded, 



The microsomal o x i d a t i o n  o f  PAH leads  t o  a 
mu1 t i t u d e  o f  d i o l  s, quinones, and phenols from 
benzo(a)pyrene. The i n i t i a l  oxygenat ion ca ta l yzed  
by t h e  m u l t i p l e  P -450 enzymes resu1 t s  i n  
f o r m a t i o n  o f  s i n g i e  epoxides o f  a t  l e a s t  t h e  
4,5-,7,8-, and 9 ~ 1 0  p o s i t i o n s  o f  which on l y  t h e  
4,5-epoxide i s  s t a b l e  enough f o r  i s o l a t i o n  (Yang e t  
a1 . 1978). The 7,8-diol  m e t a b o l i t e  b inds c o v a l e n t l y  
t o  DNA about 10 t imes  b e t t e r  than benzo(a)pyrene, 
suggest ing t h a t  t h i s  d i o l  is c l o s e r  t o  t h e  a c t i v e  
i ntersnediate i n v o l v e d  i n  b i n d i n g  (Borger e t  a1 . 
1973). The expox ida t i on  o f  t he  7,8-diol  t o  the 9,lO- 
epox ide y i e l d s  ma in l y  a t r a n s  c o n f i g u r a t i o n  t o  t h e  
7-hydroxycyl as a major m i t e ,  The epoxide 
i s  a l s o  found bu t  i n  lower y i e l d ,  The trans epoxide 
i s  f u r t h e r  hyd ro l yzed  s t e r e o s e l e c t i v e l y  a t  t h e  40- 
p o s i t i o n  t o  form a major (7,10/8,9) - t e t r o l  and a 
m ino r  (7/8,9,10) - t e t r o l .  I t  was suggested 
( H u l b e r t  1975; Yang e t  a l .  1978) t h a t  such d i o l  
epox ides can form C-10 carbonium i o n  intermed-iates 
which can r e a c t  w i t h  DNA. A n m b e r  o f  " ieor ies have 
been suggested "c account f o r  t he  c a r c i n o g e n i c i t y  o f  
benzo(a)pyrene and PAHs i n  general  ( J e r i n a  e t  a l .  
1978). The most popurar t heo ry  i s  t h e  ""Bay Region'" 
t h e o r y  which has rep laced  t h e  "K-regSon" "chewy 
wh ich  asse r ted  t h a t  a hydrocarbon had t o  have a 
h i g h l y  e l e c t r o n  dense "K-region" t o  be carcinogenic,  
The occurrence of a r e a c t i v e  "L- reg ion"  which 
r e s u l t s  i n  a quinone r a t h e r  than an epoxide was 
thought  t o  decrease c a r c i n o g e n i c i t y ,  "K-region" 
epoxides were b e l i e v e d  t o  be t h e  l i k e l y  carc inogenic  
i n t e r m e d i a t e s  ( J e r i n a  e t  a l e  1978) -  The "Bay 
Region" t h e o r y  simply assumes t h a t  an epoxide on a 
s a t u r a t e d  angular  benzo-r ing which forms p a r t  o f  a 
"Bay Region" i s  t h e  c r i t i c a l  carc inogenic  s t ruc tu re .  
Examples o f  "Bay Reglons" are t h e  h indered reg ions 
between 4- and 5-  p o s i t i o n s  o f  phenanthrene, t he  
r e g i o n  between t h e  1- and 12- p o s i t i o n  o f  benzofa)- 
anthracene and t h e  r e g i o n  between t h e  10- and 12- 
p o s i t i o n s  o f  benzo(a)pyrene. The "Bay Region" 
t h e o r y  i s  n o t  e s s e n t i a l 1  y i n  c o n f l i c t  w i t h  t h e  
t h e  "K- reg ion"  t heo ry  s ince,  as Prillman (1978) has 
p o i n t e d  out,  t h a t  i n  o rde r  For a PAH t o  have a "Bay 
Region" t h e  molecu le  must have a ""Kregion" and t h a t  
t h e  "Bay Region" approach i s  j u s t  a d i f f e r e n t  way o f  
p e r c e i v i n g  t h e  s ign - i f i cance  o f  a "K-region", The 
ev idence suppor t i ng  t h e  "Bay Region" t heo ry  has been 
rev iewed  r e c e n t l y  by J e r i n a  e t  a l .  f 1918), The "Bay 
Region" t heo ry  runs  i n t o  t r o u b l e  w i t h  benzo(e)pyrene, 
a PAH w i t h  two "Bay Regions" ( I -  and 12-, and 8- and 
9 -1  and i s  n o t  p a r t i c u l a r l y  carc inogenic ,  S e l k i r k  
(Anon. 1979) has suggested t h a t  benzo(e jpyrene f s  
n o t  a t tacked  a t  the "Bay Region" bu t  a t  a d i f f e r e n t  
s i t e  as opposed t o  benzo(a)pyrene, 

The product  o f  d i o l  expoxide - DNA i n t e r a c t i o n  
has been w i d e l y  s t u d i e d  ( rev iewed by Weinstein e t  
a l .  1978; Ne id le  1976,) I n  t h e  main, i n  v i t r o  r e -  
a c t i o n  o f  ( + )  7 0 ,  Dm-di hydroxy-SB,B10 -epoxy 
-7,8,3,10- yetrahydrobenno(a)pyrene w i t h  n u c l e i c  
a c i d s  p r e f e r e n t i a l l y  forms adducts w i t h  the quanine, 
r a t h e r  t han  adenine and then t o  a l e s s e r  ex ten t  
c y t o s i n e  n u c l e i  o f  DNA. I n  a study o f  t h e  adducts 
formed f rom guanine r e s i  dues and d imethy l  benz(a)- 
anthracene -5,6-oxide, i t  was found t h a t  t h e  N-2 
amino group o f  quanine was l i n k e d  t o  the  5- o r  6- 
p o s i t i o n  o f  t h e  PAH w i t h  a hydroxy'l i n  e i t h e r  
p o s i t i o n s  6- o r  5- r e s p e c t i v e l y  (Weinste in  e t  a l .  
1978). The number o f  adducts formed w i t h  RNA i s  
much g rea te r  than w i t h  DNA f o l l o w i n g  i ncuba t i on  
u t i  1 i z i  ng benzo(a)pyrene o r  d i o l  expoxide de r i va -  
t i v e s .  About 80% o f  t h e  DNA product  i nvo l ves  t h e  2- 
amino group o f  quanine and t h e  10- p o s i t i o n  o f  t h e  
PAH. I n t a c t  DNA which has c o v a f e n t l y  bound PAH 
a t tached  t o  i t  i s  no t  capable o f  be ing used as a 

templa te  f o r  RNA synthes is  (Weinste in  et  a?, 1478). 
W sample o f  DNA c o n t a i n i n g  1,5% benro(a1pyrene 
m o d i f i e d  bases showed approxjmatel  y 55% i n h i b i t i o n  
compared t o  n a t i v e  DNA under n o o r e i t e r a l i n g  c o n b i t -  
i o n s  and nuch g rea te r  i n h i b i t i o n  under repea t i ng  
cond i t i ons .  Ph is  should be c mpare i o  the one a f '  benzo(afpyrene res idue  per 1Q - 113 
nuc leo t i des  observed i n  v&, I n  a d d i t i o n  to  
b i n d i n g  w i t h  c e l l u l a r ~ N ~  and t o  a greater e x t e n t  
RNW, PAHs are bound t o  p ro te in ,  a t  a leve' i  f a r  
g r e a t e r  than t h a t  found f o r  the niicleic acf ds. The 
r o l e  o f  RNA and p r o t e i n  b i n d i n g  o f  PAH and  cancer 
i n d u c t i o n  ren~ains  obscure. 

Nun-marma1 .iaa nrganlsms have bee(: much less 
s t u d i e d  than niai-mnalian ones, and  the d e t a i l e d  
s t u d j e s  of: t he  mixed f u n c t i o n  axidases i n  these 
organisms have y e t  t o  be c a r r j e d  out, Most s tud ies  
mere ly  i n d i c a t e  the presence or abserice o f  benzo(aj-  
pyrene m t a b o l  i z i n g  enzymes and whether o r  n o t  such 
enzymes are i nduc ib le .  Sometbmes only t he  presence 
o f   toc chrome 1 ' 4 5 0  i s  noted, 

PAH o x i d i z i n g  enzymes are present i n  mi c r a b i a l  
l i f e  forms s ince  PkKs cia11 be u t i l i z e d  as a carbon 
source (Herbes and Sehwall 1978)- Gibson (1976) 
s t a t e s  t h a t  c e r t a i n  euearyot ic  microorganisnzs 
{ yeas ts  and m i d s f  have k e n  shown t o  c o n t a i n  cyho- 
chrome P-450 enzyme systems and t h a t  some fung-i 
o x i d i z e  naphthalene v i a  the  d ihyd rod io l  system, 
C e r t a i n  b a c t e r i a  a1 so o x i d i  t e  c e r t a i n  aromatic 
hydrocarbons through the  d ihyd rod io l  system (Gibson 
9976) b u t  i n  these cases v i a  a 9 - d i o l  system 
r a t h e r  than the a - d i o l   stem found i n  mamiiils. 

No evidence was forand t o  ind ica"c  ppl ants  have 
a r y i  hydrocarbon hydroxy lase (Payne 1977; Ma l i ns  
1977). At low concen t ra t i ons  PAHs, p a r t i c u l a r l y  
those w i t h  re1 a t i v e l y  h igh  carc inogenic  potency, a c t  
as growth s t imu ' ia tors  i n  bath  algae and h ighe r  
p l a n t s  (Radding e t  a1. '1946) a 

A r y l  hydrocarbon hydroxy'iases have k e n  i d e n t i -  
f i e d  i n  many i n v e r t e b r a t e s  (Khan e t  a l .  1972, 1974)- 
A r y l  hydrocarbon hydraxylases e r e  present  i n  house 
fl;es,- l ocus ts ,  mo-squitbes and e) (Khan 
e t  a l e  l914) ,  C r a y f i s h  (Ca sp, f e x h i b i t e d  
e x ~ a x i d a " c o n  o f  benzo(a1 p.yt.ene w'ith t h e  d i g e s t i v e  
g land  (hepatopancreas j k x b i b i t i  nl) t h e  h ighes t  
a c t i v i t y ,  I n  general, mixed f u n c t i o n  oxidase 
a c t i v i t i e s  i n  aqua t i c  organisms are  extremely low 
when compared t o  t e r r e s t i a l  animals, 

The occurrence o f  a r y l  hydrocarbon hydroxy lase 
i n  marine organisms has been reviewed by a number o f  
au tho rs  (Mal ins  1977, 1976; Payne 1977; P h i l p o t  e t  
a l ,  1977)- I n  general ,  l a r g e  v a r i a t i o n s  i n  enzyme 
a c t i v i t i e s  * r e  found i n  i n d i v i d u a l s  o f  t he  same 
spec ies  c o l l e c t e d  i n  t he  same area* Animals f rom 
d i f f e r e n t  areas have d i f f e r e n t  average l e v e l s  o f  t he  
enzyne, h igher  l e v e l s  k i n g  presumably due t o  the  
presence o f  inducers  i n  t h e j r  environment (S tegman  
1978; P h i l p o t  e t  at ,  1977). Table 2 s u m a r i z e s  
these  studies. Basal a r y l  hydrocarbon Rydroxylase 
a c t i v i t y  i s  preser r "c"c  degree i n  a l a r g e  number o f  
species. The enzyme i s  i nd i r c ib le  i n  some species 
b u t  not  i n  a71 species e x h i b i t i n g  basal a c t i v i t y  o f  
a r y l  hydrocarbon hydroxylase. 

Reports concerning the  presence o f  a r y l  hydro- 
carbon hydroxy lase i n  l o b s t e r  (Homarus americanus) 
a r e  c o n f l  i c t i n g .  Payne (19779 r e p o r t s  t h e  presence 
o f  t h e  enzyme i n  "ce d i g e s t i v e  gland and t h a t  it i s  
n o t  i nduc ib le .  ESmamlouk e t  a l ,  (1976, 1974) 

i d e n t i f i e d  cytochrosne P-450 i n  l o b s t e r  d iges t  i ve 
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gland bu t  a t  very Tow l e v e l  s and could not detect  
mixed func t ion  oxidase a c t i v i t y  w i th  biphenyl: 
ethylrnorphine o r  arii 1 i n e  as substrates, Brodie and 
Maickel (1962) found tow l e v e l s  o f  mixed f u n c t i o n  
oxidase i n  l o b s t e r  d iges t i ve  gland microsomal 
prepardt ions when aminopyrene, chlorpromamine, 
hexobarb i ta l  and th iopen ta l  were used as substrates. 
Pohl e t  a l .  (1974) and James e t  al ,  (1977) were 
unable t o  detect  mixed func t ion  oxidases i n  lobs te r  
d i g e s t i v e  gland, 

TOXICOLOGY OF POLY CYCLIC WROMATIC HYDROCARBONS 

P o l y c y c l i c  aroinatic hydrocarbons, par"ccu1arly 
those w i t h  la rger  numbers o f  r i ngs ,  do not appear t o  
be acute ly  l e t h a l  t o  f i s h  exposed to watt@ saturated 
w i t h  d i f f e r e n t  PAHs (Payna and May 1979)- Rossi and 
Nef f  (1978) s tud ied  the  96-h t o x i c i t y  o f  a v a r i e t y  
of PAHs t o  the polychaete ( 
P henanthrene, f l  uorene and 
( t r i a r o m a t i c s f  were t o x i c  a "L -G ;g)~ o r  less  k i l e  
none o f  the t e t r a -  o r  pentaaromatics were t o x i c  a t  
1,0  pg/L except fo r  f luoranthene wh.ich exh ib i ted  a 
96-h TL o f  0.5 ug/b, M i t c h e l l  (1422) found 
t h a t  a Tayer o f  coal-gas t a r  ( s i m i l a r  t o  coal t a r  
bu t  obtained from coal by hhigh temperature [1450°F) 
stearn treatment) had no e f f e c t  or1 oysters i f  
mainta ined i n  f l o w i n g  seawater, Up t o  1-5 m l  o f  
coal  gas t a r  cou ld  be i n s t i l l e d  i n t o  the s h e l l  
w i thou t  e f f e c t .  This t a r ,  i n  s t a g n a n h a t e r ,   as 
l e t h a l  presumably due t o  the inability o f  the oyster  
t o  purge i t s e l f ,  Geiger and Buikema (1976) Pound 
t h a t  the 96-h TLm fo r  creosote water solubles t o  

& w& 0,8% whi le  McLeese and Metcal fe  
found t h a t  the 96-h thresholds were 0.02 mg/L 

americanu?) la rvae  at  20°C, 
a t  10°C, and 0,23 and O,11 ms/L -- 

a t  10 and 20°C respec- 
s nlus manv other  reviewed 

by ~ a b d i n g  e t  a l ,  (1976) suggest tha i ,  based upon 
expected e f f l u e n t  concentrat ions o f  0-1-1 mg/L f o r  
coa l  conversion (Werbes e t  a'!. 1976) and the lower 
l eve1 s repor ted by Andetntan and Snodgrass (19741, no 
acute t o x i c i t y  problems o f  a widespread nature 
should be encountered w i t h  PAkis, 

PAtls are o f  major t o x i c o l o g i c a l  concern regard- 
i n g  chronic  mutagenic and carcinogenic e f fec ts .  
Other chronic  and sublethal  e f f e c t s  have been found 
(e. ge photosensi t i  na t ion ,  enzynie i n h i  h i  t i o n ,  growth 
e f fec ts ,  etc.)  (Radding et  a l .  1976; Brooks 3977) 
and w i l l  not be covered i n  t h i s  review, 

The ~nutagenic properties o f  PAHs and t h e i r  
metabol i tes have been reviewed by Brooks ( 1  977)- 
Carr (1947) repor ted  seven var iants ,  i nc lud ing  four  
proven recess ive gene mutations, i n  the o f f s  r i n g  o f  
mice t r e a t e d  subcutaneously w i th  d i  benzo(a, hyanth- 
racene and suggested t h a t  rnutagenic e f f e c t s  may 
occur i n  humans exposed t o  the prolonged ac t ion  o f  
carc inogenic  PANS, The d i f f i c u l t y  i n  proving t h a t  
such var ian ts  were, i n  f a c t ,  t rue ,  i n h e r i t a b l e  
mutat ions was pointed out (Burdet te  1955), The 
advent o f  mixed system t e s t i n g  procedures enabled 
Ames e t  a l .  (1975; reviewed by h e s  1979) t o  
demonstrate the  mutagenic i ty  of benzo(a)pyrene, 
3-methylchol anthrene and 7,12 dimethyl benz(a)- 
anthracene, More s e n s i t i v e  procedures fMcCann e t  
a l .  1975) showed t h a t  o f  34 PAHs tes ted  a l l  were 
mutagenic towards the  TAlGO s t r a i n  o f  (Salmonella 

).  Huberman and Sachs (197 ng 
hamster V79 c e l l  I jne plus I r r a d i a t e d  

rodent  f i b r o b l a s t s ,  detected the  mutagenic i ty  o f  
carc inogenic  PAWS a t  0.1 ug/mL. They found 7,12- 

dimethylbenz(a)antht*a~:ene t o  be h igh ly  rnutagenfc 
even a t  0-03 pg/mL, The non-carcinogenic PAIis such 
as pyrene, pkenanthrenc, and clrrysene were not 
mutagenic. Guerin et a l ,  (79776) studied f r a c t i o n s  o f  
syn the t i c  coal and shale f u e l s  as we'll as erijde of1 
and found the neutra l  f r a c t i o n s  conta in ing the PAHs 
were mutagenic. Mutagenic a c t i v i t y  was greater  i n  
those Fract jons containir;g four ar?d f i v e  r i n g  PAlis, 
Enzymic a c t f v a t t o n  was nnir necessary f o r  niutagenic 
ac t ion  o f  the f r a c t i o n  but the mutagenici ty o f  the 
f r a c t f o n s  was increased by such d c t i v t t i a n ,  

The experimental and epidemiological associa- 
t i o n  &tween substances conta in ing PA'is and tumor 
and cancer incidence has been a topfc o f  concern 
s ince the o r i g i n a l  observat ion o f  P o t t  (1775)  o f  
increased scrota1 carzcer jncidenee i n  ch.imney sweeps 
exposed t o  coal -burning f i r e p l a c e  scots ,  and the 
f i r s t  induct ion o f  s k i n  tumors i n  r a b b j t s  by appl i c -  
a t i o n  of coal t a r  f o r  150 d (Yamayiwa and Kchikawa 
?9'16), Th4s Satter worii was predated by VoSkman 
(7975) who deff ned the associat<on between s k i n  
cancer and workers i n  coal t a r  plants. There has 
been a bewi lder ing array o f  d i f f e r e n t  chemicals 
i dent i f i e r f  as human cheniical carcinogens based 
e i t h e r  upon human exposure (ep.idemiology) o r  animal 
experimerrtation (Heide'l berger 1975). "[he induc t ion  
per iod  i n  human cancers i s  usua l l y  a matter o f  
years, making f t  d i f f i c u l t  ep idemio logica l ly  t o  
ensure adequate con t ro l  groups are u t i l i z e d  
(Br idbord and French '1998) * Xnducuon o f  tunjars i n  
labora to ry  animals i s  not a s t ra fgh t fo rward  
procedure i n  de f in ing  a human hea l th  hazard since, 
i n  add i t i on  t o  species d i f ferences,  questions can be 
r a i s e d  regarding &sing l e v e l  procedures, 
exacerbat ing and mnrelloratfng factors ,  routes o f  
admin is t ra t ion  and ta rge t  organs, Another problem 
i s  tha t  o f  determining i f  the experimental ly induced 
o r  observed tumor i s  a cancer, o r  simple hyper- 
p las ia.  The concepts o f  l e t h a l i t y  t o  the  organism 
and tumor progression as formulated by Foulds m s t  
be kept i n  mind (Stewart 1977)- 

Cancer-inducing chemicals may be d iv ided  i n t o  a 
nilmber of a c t i  v i  t l e s  based upon expert men t a l  obser- 
vat ions (Sivak 1973; Van Duuren 1976; National 
Acadmy of Science 1972): (1)  Carcinogenic compounds 
- those compounds which by theinselves can induce 
cancers, em g, benzota) pyrene, 3-rmthylchol anthrene. 
Experjments by mnda l  and Neidelberger (1970) have 
demonstrated tha t  such compounds act  by t ransforming 
normal c e l l s  i n t o  cancerous ones r a t h e r  than by 
s e l e c t i n g  f o r  p re -ex is t ing  cancer ce l  Is, ( 2 )  
Co-carcinogens - these compounds h i e h  i n  
combination w i t h  each other induce greater numkrs  
o f  tumors than the i n d l v i d u a l  agents alone. Nuebner 
and Todaro (1969) have suggested t h a t  chemical 
co-carcinogens act  through cancer-causing viruses. 
( 3 )  Tumor i n i t i a t o r s  - those compounds which i n  a 
s i n g l e  dose, too low t o  cause cancer by i t s e l f $  
f a 1  lowed by app l i ca t ion  of another agent, l e a d  t o  
t h e  developfnent o f  tumors. Benao(a)pyrene and 
7,12-dimethyl benzo(a)anthracene are comon 
i n i t i a t o r s  (e-g, Akin e t  al .  1976)- The i n i t i a t i n g  
e f f e c t  can p e r s i s t  i n  the absence o f  a promoter f o r  
as long as a year (Van Duuren 1969), (4 )  Tumor 
promoters - agents such as croton o i l  whjch, &den 
app l ied  fo l lowing &stng w i t h  a "cmor . i n i t i a to r ,  
1 ead t o  development o f  tumors, The sequential 
process of induct ion o f  tumors by a aslngle dose o f  a 
tumor i n i t i a t o r  followed by repeated ion  leve l  
exposure t o  a tumor p r m o t a r  i s  r e f e r r e d  t o  as "two 
stage carcinogenesis"', Many cP~emicaPs f a l l  i n t o  oqe 
o r  more o f  th~se  groups. I n  generals t l a m r - p r a m t ~ n g  
agents by t~emse lves  are now-carcinogens or wak 



carcinogens. The same i s  t r u e  fo r  tumor i n i t i a t o r s ,  
e s p e c i a l l y  a t  the  doses used in i n i t i a t i n g  
experiments. A number of PAHs such as benzo(ej- 
pyrene, pyrene and Pluoranthene are  ac t ive  in a 
co-carcinogenic manner with benzo(a)pyrene but a re  
not romoters or carcinogenic agents per se (Sivak 
1 9 7 9  These compounds may work through t h e i r  
abf l i t y  t o  induce aryl hydrocarbon hydroxyl ase &.8hich 
could i n  t u r n  rapidly metabolize benzo(a)pyrene t o  
t h e  a c t i v e  carcinogen mentioned above, Viruses have 
been shown t o  a c t  a s  co-carcinogens for  coal t a r  or 
3-methyl chol anthrene induced cancers (Si vak 1979). 
( 5 )  Ant,!-carcinogenic agents - those agents r-hich, 
when given i n  s ing le  or mul t i p l e  doses before, 
during and a f t e r  treatment with a carcinogen, 
p a r t i a l l y  o r  completely inh ib i t  tumor induction, 
They a r e  sometimes carcinogenic I.ju"r.ore conxmonly 
non-carcinogenic (Kinoshita and Gel born 7972). 

The t m - s t a g e  carcfnogenesis approach i s  often 
used by inves t iga tors  t o  t e s t  various chemicals f o r  
" c e i  r carc lnogenici ty  s i  nee experirnenta? times are  
decreased and lower doses of the  t e s t  chemicals 
r e s u l t  in  g rea te r  numbers of tumors (Akin e t  a i ,  
1975). Table 3 l i s t s  the  carcinogenic propert ies  of 
PAHs gleaned from the l i t e r a t u r e ,  Orily the  non- 
a lky la ted  parent PAI-Is and cormon methylated PAHs a r e  
listed, Alkylation, leading t o  a multitude of 
isomers and oxygenat-ion, modlfies the carcinogenic 
properties of the  parent coinporrnd, soiiiet..irnes 
abol i sh ing  ft or  enhancing i t  markedly (Dunning e t  
a1 . 19QB)= The reader I s  re fe r red  t o  a review by 
Bi ppf e (4975) who discusses  the  a c t i v i t i e s  of 
a7kylated and substittmted PAHs, The carcinogencity 
of benzo(a1pyrene and i t s  der iva t ives  i s  described 
i n  d e t a i l  by Levin e t  a l .  j'1978js I t  is obvious 
from the  t a b l e  t h a t  a degree of anibiqiiity surrounds 
t h e  carcinogenici ty  of many PAHs. The inhibi tory 
po ten t ia l  of c e r t a i n  PAHs complicates the i s sue  and 
i s  relevant  t o  environrrrental concerr~s s ince,  fo r  
example, Khesina e t  a ? ,  (1977) have shown t h a t  
b r i q u e t t e  soot e x t r a c t s  containing carcinogenic PAHs 
i n h i b i t e d  t h e  carcinogenici ty  of benzo(a) pyrene to  
some degree. One shoiild a l s o  r e a l i z e  t h a t  there  i s  
a lower l i m i t  t o  t h e  carcinogenic propert ies  of even 
a potent carcinogen such as  benzo(a)pyrene s ince 
Neudecker (1978) has shown no increase in tumor 
lncidence i n  a four-generation r a t  study based on 
c a r r o t s  (3-6-5,Okglrat lyear)  containing approxi- 
mately 1 q / k g  beneo(a)pyrene even when t h i s  d ie ta ry  
regierir was f o r t i f i e d  with 10 1% benzo(ajpyrene/ 
animal/week. 

ASSOCIATION BETWEEN CANCERS I N  MAN AND EXPOSURE TO 
SUBSTANCES CONTAINING POL'ICYGLIC AROMATIC 

HYDROCARBONS 

With few exceptions, mate r ia l s  known t o  contain 
r e l a t i v e l y  high leve l s  of PAHs a r e  associated with 
cancer  i n  man, Carbon black contains  high leve l s  of 
PAH b u t  apparently does not lead to cancer in  e i t h e r  
exposed humans o r  in animal experiments (Locati e t  
all, 1 9 7 9 ) ,  and the  siiqgestiort has been made "cat the  
PAHs a r e  rendered i n e r t  by binding t o  the  carbon 
matrix, Coal , a1 though causing pneumoconiosis, a l so  
does not induce cancer (Freudenthal e t  a l ,  19751, 

increased cancer incidence in humans has been 
reported in individuals  exposed to :  1, Tobacco 
smoke - see reviews by Hoffman e t  a1. (9998) ;  Royal 
College of Physicians (1971,1962); FaSk e t  a ? ,  
(19641, The PAHs in tobacco wake have been 
imp'licated i n  animal s t u d i e s  but they do not appear 

to be s e l f - s u f f i c i e n t  carcinocqei!~ a t  tile dosages of 
c i g a r e t t e  smoke condensates t o  account for  the level 
of carcinogenesis obrervcd by HoFfciian e t a 1  . (197Rj, 
Snook e t  a l e  (9976) and Severson e t  a l ,  (1978) have 
shown t h a t  the ?AH f r a c t i o n  o f  "cbbaca smoke i s  
synerg is t i c  with c e r t a i n  neiitral and ac id ic  frac-  
t i o n s  a f  tobacco smoke condensates i n  skSn tuinor 
product ion in mice. Hoffman et a7 , ( 1978) f u r t h e r  
point out tha t  LRF reducticjn of " t a r " ,  ioicotine and 
PAHr in comn?etciai c i g a r e t t e s  has lowered the 
smoker's r i sk  o f  cancer of' the 'larynx dr~d long, 
2, Combustion smoke, The associat ion between coa l -  
f i r e  soot and scrota1 cancer has been inentio:ied 
(Pot t  1775)- I n  a i d i t i o n  t o  scrota? csn-ers i n  
chimney sweeps other  s j t e s  s!ich as the face,  e a r ,  
t e n i s ,  jaw and wris t  (Falk e t  a l e  5964) were 
s nvol ved, Soat,  obtained from f ood  sriioke ~:C?JSEIS 
u t i l i z i n g  wood, was sIlown by Siilman and  Si~lrrian 
(1945) t o  be carcinogenic to  r a t s  but Tillmanns 
(1880) speculated tha t  t he  lack of cancer in chimney 
sweeps i n  Gerrriany prior  to 1873 was due t o  the 
excfus?ve use o f  vmod for  hca";ing, The 'rack of 
cancer associated with carbon black  ( a  special ized 
soot prepara"conj has been rrentiloned above. In 
addi t ion t o  binding of PW!.is, the  variat ion of PA! 
cancenWi-ation in soots  should be noted ( ! t i p i i n g  and 
Kaldron 1976) since values of benzo(a)pyrene ranged 
from 0,O-11-25 by wigh"c  Increased evldence f o r  the 
carcinogenici ty  o f  s o o t (  (smoke) comes from Afrjca 
(Hoffman and Wynder 1976) where there  i s  a high 
incidence of nasopharyngeal cancer amoring natives 
inhabi t ing poorly ven t i l a ted  hilts heated with open 
wood and COW dung f i r e s .  
3-  b t o r  vehfcie exhausts. ?iaifana et a l ,  (1976) 
observed s ign i f ican t  increases i n  skin and pros ta te  
cancers i n  autoinotive mchanics  and repakmen but 
t h i s  could a l so  have k e n  due t o  exposure t o  
1 ubricants  s ince englne lubr ican ts ,  espec ia l ly  used 
lubr ican ts ,  contain PAHs. Brune (49175 reported 
t h a t  automobile exhaust condensates Induced squamaus 
c e l l  cancers and pap.illomas j n  mice in a doseires- 
panse manner, PAH enriched f r a c t i o n s  were a1 so 
carcinogenic, Mohr (1978) induced mult iple  
pulmonary turrlors in Golden hiroister by in t ra t raehea l  
i n s t i l l  a t ion of automobile exhaust condensate and 
pointed out t h a t  the  carcinogenici ty  of t h i s  
material more than exceeded t h a t  expected from i t s  
benzo(a)pyrene conbent. Lawtdther and Wal'ler (1976) 
pointed out t h a t  no excess o f  lung cancer was found 
among workers in London transport  diesel  bus garages 
when compared t o  other  equivalent workers, Blumer 
e t  dl. (1977) s tudied the cancer incidence and PAH 
composition of s o i l s  in a Swiss mountain town 
associated with a highway, PAH concentration and 
cancer incidence decreased w i t h  increasing dis tance 
froin the highway. PAH prafliles i n  so i l  resembled 
automotive exhausts ra ther  than res iden t ia l  soots. 
4, Fuel conversions and lubr4cating and other o i l s ,  
Coal gas i f ica t ion  (water gas) and coking (coal t a r )  
operat ions have been widely studied t o  inves t iga te  
t h e  p o s s i b i l i t y  of mcupational l y  re1 ated cancers. 
Trosset  e t  a l e  (19781 reviewed a number of s tud ies  
involving workers in coal gas and coking plants.  
Generally, cancers of the bladder, skin,  lung, and 
scrotum showed increased inc-idence in  w r k e r s  and 
t h e  incidence, especfal ly  of lung cancer, was 
grea"ty increased by smoking. The eo-carcinogeni- 
c i t y  of cigare"cte moke has k e n  found with uranium 
and asbestos m r k e r s  as well (Sivak 1979),  Lloyd 
(1971) found t h a t  the  incidence of cancer in coking 
operat ions increased as the temperature of carbon- 
i a a t i i o  nncreased, Lung cancer deaths were twice as 
frequent in pensioners of a London gas company than 
expected (Dolf 1958), bubricat i  ng and other high 



TABLE 3. Carcinogenic properties o f  ~ndividual ?AH compcruniis: +c+ - hlgh 
activity carcinogen, ++ - moderate a c t i v i t y  carcinogen, s - low actikity 
carcinogen, + - possible carcinogen, c - co-carcinogen, p - promoter, 
i - initiator, in - inhibitor of PAW induced cancer, 7 - unknown, - - non- 
carcinogen. 

naphthalene + ( I )  

fl uorene -(7)-(12): benzaf ajft uorene -(?I; benzo(b)fluorene-(3) 1-{7j4 
benxo(c)fl ucrene-(7); dibenzo(ah) fluorene +(7 1; dibenzo(agjf1 uorene 
-17); dibenzo(ac)Fluorene -4- (7 1, 

anthracene + ( I )  ,-(7) ,-(!'I) , i ( 8 ) ,  i n ( l 0 j :  7,42-dime%hylantkracene+.t4) ,+++(7) ;  
benzo(ajanlhraccne-jij, + . ( 3 ) ,  + ( 7 ) ,  l(8), i(91, p ( l 1 ) ;  10-.ir~ethyl- 
anthracene++.i.(l I ) ,  benzo(a)anthracene++.+(?) ; 7 ,'12-dlmelhy9benao(aj 
anthracene+(Z), i ( 8 ] ,  dibenzo(ac)anthracene-(7) I + ( 7 ) ,  i ( 8 ) ;  
dibenzo(ah)anthracer~e+(l) +(2), + + ( 5 ) ,  ++(7), ++(TI], i n ( i 0 ) ;  
diben~o(aj)anlhracenej.(1)~ +(7j, 

phenanthrene + ( I )  -(7), i(R), i n ( l O j ,  p(ll) : benzn(c)phenanthrene + ( I ) ,  4.+(7), 
+++(I1 ) , dibenzo(ag)phenanthrene ? ( I  j ,  

fluoranthene - ( 2 ) ,  -f7), ~(9): ben~a(ghi)f4uoranthene-(7]~ - / I ] ) ;  benzo(a)fluo- 
ranlhene?(l) benzo(bj P I  uoranthene(4) +(7), + + ( I  l j  ; Renzojj)anthene 
+(7), +(10), benzo(ic)fluoranthene+(3), -(7), -(::I; 3,4-.benzofluo- 
ranthene++(2), +-+( l l ] ,  i0,lZ-benzofluoranthene ++(2), 4+(42), 

pyrene + ( I ) ,  - ( 7 ) ,  -(Ill, cjF; j, ~ ( 9 1 , in(l0) : benzo(a)pyrene+i+(L), +.kc(2), 
+++(7), c(6), ~(8); benzojejpyrene-7, +jllj, e(8)c(9jpjll); 
dihenzo(ah)pyrene ( l ) ,  ++{3) " (41 ,  ++(TI; dibenro(e1)pyrene ?(I); 
dibenzo(ai)pyrene + . ( I ) ,  .c.i.(l%j, ++(7); dibenzo(a1)gyrene + + ( I ] ,  +(7j 
+ + + ( % I ) ;  dibenzo(cd,jk)pyrenee7* i ( 8 ) ;  dibenzo(ah)pyrene .14-+(1%). 

chresene ? ( I ] ,  + ( 3 ) ,  + ( l l ) ,  i ( 4 ) ,  +{7), i(8), i(9), in(T0); 5-methylchrysene 
++(59;  naphthol (1 ,2,3,4-defjchrysene++(l); benzotbjchrysene-(I), 
i ( 4 )  ; bensoi g)ci.i.rysene - ( I ) ;  diben;.o(bk)chrysene-(I). 

naphthacene ? ( I  1, -(7) : - ( I 1  ) , benzo(a)naphthacene ? ( I )  : di6enzo(ac)naphthacene 
+(I); dibento(aj) naphthacene.- (9 1; dibenzo(de,gr)napkthacene ? (1 1. 

triphenyl ene ?(I. ) :  naphtho(J ,2-b)triphenylene-(l), 

perylene - ( I ) ,  -(7), i n ( l 0 j :  benno(ghi)peryiene+O, - ( 3 ) ,  - ( 1 ) ,  c(9); 
benzojaj pery? ene+^c(Z). 

chol anthene +(7) : 3-methylcho'i anthene ++c(7), +++(l%); 20-metilylchol antkene 
~ ( 2 1 ,  +(?I- 

pentaphene ? ( I  j : benzo(b) pentaphene-(1), 

picene -(I)i(8), 

(1) Dipple (1976) 
(2) Graf (1965) 
(3) Arcos and Argus (1974) 
(4) Kip? ing and Waldron (1976) 
(5) Cavalieri et al. (19781 
(6) Pfeiffer (1973) 
( 7 )  National Academy of Sciences (U. S.R.) (1972) 
(8) Scribner (1973) 
(9) Van Durren (1975) 
(10) Crabtree (1946) 
(11) Pfeiffer (1977) 
(12) Lo and Sandi (1978) 



temperature  o i l s  ( s h a l e  o i l s ,  m ine ra l  o i l s ,  
anthracene o i l s )  have been assoc ia ted  w i t h  cancers 
i n  bo th  p r o d u c t i o n  and usage (e,g, mule sp inners ,  
machine t o o l  o p e r a t o r s )  (K ip1 i n g  and Waldron 1976; 
U,S. Na t i ona l  Academy o f  Sciences 1972; Fa l k  e t  a1 
1964). 
5. Foods tu f f s .  G a s t r i c  i n t u b a t i o n  o f  benno(a)- 
pyrene o r  20-methy lcho lanthrene t w i c e  w e k l y  induced 
forestoniach and o t h e r  tumors i n  mice (Poel  1963). 
The i nc idence  o f  stomach cancer i n  humans i s  known 
t o  vary  f rom c o u n t r y  t o  c o u n t r y *  Dungal ( " r 6 l )  
s t u d i e d  t h e  problem i n  I c e l a n d  and came t o  t h e  
c o n c l u s i o n  t h a t  t h e  uneven d i s t r i b u t i o n  o f  stomach 
cancer  i n  I c e l a n d  was r e l a t e d  t o  t h e  uneven 
d i s t r i b u t i o n  observed w i t h  t h e  consumption o f  smoked 
t r o u t  and smoked mutton, t h e  cancer i nc idence  be ing 
h i g h e s t  i n  t hose  areas o f  h i ghes t  consumption o f  
t h e s e  foods tu f f s .  A h i g h  i nc idence  o f  cancer was 
n o t e d  i n  one i s l a n d  town (Westman I s l a n d s )  where 
consu~npt ion  o f  smoked f i s h  and mut ton was l i m i t e d .  
Hea t i ng  o f  houses on t h i s  i s l a n d  u t i l i z e d  coa l  and 
r o o f  r a i n  r u n o f f  was used as d r i n k i n g  water, The 
presence o f  soot  i n  t h e  water was noted. Feed ing 
r a t s  w i t h  smoked mut ton o r  f i s h  l e d  t o  forestomach 
cancers.  Leve l s  of benzo(a)pyrene i n  these food- 
s t u f f s  were o n l y  1-3 ug/kg bu t  much h i g h e r  l e v e l s  o f  
o t h e r  PAHs (espec i  a1 l y  acenaphthene, f l  uorene, phen- 
anthrene, and anthracene were found, Wynder e t  a l ,  
(1963) con f i rmed  t h e  v a l i d ~ t y  o f  the s t a t i s t + c a l  
approach used, I n  a d d i t i o n ,  animals * re  f e d  w i t h  
mu t ton  o r  t r o u t  a t  48 g/wk f o r  1 - 2 y and tumor 
i nc idences  o f  4/18 and 6/18 were found f o r  m r t t o n  
and t r o u t  r e s p e c t i v e l y ,  The h i g h e r  i nc idence  I n  
t r o u t  f e e d i n g  compared w i t h  mut ton i s  i n t e r e s t i n g  as 
t r o u t  con ta ined  almost t w i c e  t h e  amount o f  
benro(a)pyrene and about one -ha l f  t h e  t o t a l  PAW 
l e v e l  of mutton. The case f o r  cancer r e l a t e d  t o  
food i n g e s t i o n  i s  quest ioned by c e r t a i n  authors  
(Grasso and O'Hare 1976). 
6. Use o f  c reosote ,  coa l  t a r  and coa l  t a r  p i t c h .  
S k i n  cancers  have been r e p o r t e d  i n  c reosote  p l a n t  
workers  (U,S. N a t i o n a l  Academy o f  Sciences 1972) bu t  
o n l y  cases o f  s k i n  cancers were found, S a l l  and 
Shear (1940) and Cabot e t  a l ,  (1940) found t h a t  
v a r i o u s  f r a c t i o n s  of  c reoso te  c o u l d  acce le ra te  o r  
r e t a r d  t h e  ca rc inogen i c  a c t i o n  o f  benzo(a)pyrene. 
Anthracene o i l ,  t h e  h i g h  b o i l i n g  f r a c t i o n  o f  creo- 
so te ,  has been w i d e l y  assoc ia ted  w i t h  cancers i n  
use rs  o f  such o i l s  (Thony e t  a l .  1976; F a l k  e t  a l ,  
1964). I n v e s t i g a t i o n  o f  a wood t r e a t i n g  p l a n t  
u t i l i z i n g  70% c reoso te ,  30% coaf t a r  and some 
pentach loropheno l  a f t e r  1 y r  o f  o p e r a t i o n  (Markel  e t  
a l .  1977) showed s k i n  and eye i r r i t a t i o n s ,  m i l  
f o l l i c u l i t i s  and p i t c h  warts. No i nc idence  o f  
cancer  was found, n o t  unexpected ly  s i n c e  o n l y  7 y r  
of exposure was i nvo l ved ,  G a r e t t  (1975) assoc ia ted  
b l a d d e r  tumors and ch ron i c  exposure t o  c r e s o l  and 
c reoso te .  Coal t a r ,  on t h e  o t h e r  hand, and coa l  t a r  
p i t c h  p r o d u c t i o n  a r e  w ide l y  assoc ia ted  w i t h  cancer 
i n  workers ( N a t i o n a l  Academy o f  Sciences 1972; 
F i s h e r  1953). The area has been adequately rev iewed 
b y  T rosse t  e t  a l e  (1978) who r e p o r t  increased 
f requency o f  tumors o f  t h e  b ladder ,  k idney,  stomach, 
pancreas, mouth, ph larynx,  esophagus, and l u n g  i n  
workers  i n  c o a l  t a r  and coa l  t a r  p i t c h  i n d u s t r i e s .  
Coal t a r  has been used i n  t h e  t reatment  o f  p s o r i a s i s  
and o t h e r  s k i n  d i s o r d e r s  and s k i n  tumors and cancers 
have been a s s o c i a t e d  w i t h  i t s  use (Urbach 1959; Rook 
e t  a l ,  1956) bu t ,  acco rd ing  t o  T rosse t  e t  a t .  
(1978),  t h e r e  i s  a s t r o n g  impress ion amoung 
d e r m a t o l o g i s t s  t h a t  t h e  i nc idence  i s  low o r  
non -ex i s ten t .  One f a c t o r  i n  t h i s  i s  t h e  s y n e r g i s t i c  
a c t i o n  o f  u l t r a v i o l e t  l i g h t  and coa l  t a r  which 
y i e l d s  e s s e n t i a l l y  100% cancers i n  t r e a t e d  animals 
(Urbach 1959). These coa l  t a r  p repa ra t i ons  a r e  

mutagenic i n  v i t r o  (Sape rs te in  and Wheeler 1979). 
Use o f  co t c h  i n  e lec t rodes  f o r  r e d u c t i o n  
sme l t i ng ,  b r i q u e t t e s ,  r o o f i n g ,  and f i s h i n g  
a p p l i c a t i o n s  have a l l  been assoc ia ted w i t h  increased 
cancer, Sl adden (1928) observed t h a t  i nc idence  o f  
s k i n  cancer reached 66% a f t e r  10-15 y r  expasure t o  
c o a l  t a r  p i t c h  and 100% a f t e r  40 y r ,  Th is  was 
con f i rmed  by F i s h e r  6 7953). The c a r c i n o g e n j c i t y  o f  
p i t c h  i s  n89,unique t o  p i t c h  ob ta ined  fro111 coaf t a r .  
Tars  obhained f rom b l a s t  furnaces, isoprene, 
acety lene,  c h o l e s t e r o l ,  yeas ts  and human s k i n  
shown t o  be a c t i v e l y  ca rc inogen i c  (Kennaway 1925) 
and as a general  r u l e  t h e  potency o f  t h e  t a r  was 
g r e a t e r  as t h e  "Lentyeratrire s f  Format ion increased 
[K ip1  i n g  and Waldron 19763, 

i n  t h e  l a s t  few yea rs  g rea t  i n t e r e s t  hds devel-  
oped i n t o  t h e  occurrence o f  neap ias ia  I n  aqua t i c  
organisms and t h e i r  r e l a t i o r i s h f p  t o  p o l t u t i o r l  (e.g. 
Annals o f  t h e  Mew York Academy o f  Sciences, Yol. 
298, 1977; S t i c h  e t  a9, 2977; Sonstegard 1977; Brown 
e t  a l .  1973) b u t  t he  involvement o f  PAMs i n  t h e  
e t i o l o g y  o f  such neoplasms 7's unclear,  Yevich arid 
Barszcz (1977) found tumors i n  PfPf a r e n a r j a  f r om 
o i l - i m p a c t e d  s i t e s  bu t  c o u l d  not  s p e c i f i c a r l y  show 
o i l  t o  be t h e  causa t i ve  agent, 

I n v e r t e b r a t e s  a l s o  respond t o  PAHs. The 
earthworm (Lumbricut US t e r r e s t u i s )  developed 
h y p e r p l a s i a  and i n c i p i e n t  tumors upon exposure t o  
benzo(a)pyrene, 3-methylchol  anthrene o r  
din~ethylbenz(a)anthracene and developed l e t h a l  
growths upon f o r c e d  regenera t ion .  T h e i r  o f f s p r i n g  
developed l e t h a l  tumors ( F o s t e r  1969; Gorsch 1954), 
K r i e g  ('1970) r e p o r t e d  t h a t  benzo( a)  pyrene caused 
tumors i n  sna i l s .  Manfred 119701 induced tumors 
i n  Rhodeus amarus and ~ a s t e r o s t e u s  acu lea tos ,  two 
s h o r n  spec i  t rea tment  w i t h  
benmola) Dvrene and methv lcho l  an threne (mi xed) bu t  . , . "  
n o t  i n  ," a long-1  i v e d  species: 
Tumors ed i n  f r o g s  and toads 
( M a t o l t s v  1974: B a l l s  1964: Leone 19531 but  not  i n  

CONCLUSIONS 

The data  reviewed above, c l e a r l y  demonstrate 
t h a t  an a s s o c i a t i o n  e x i s t s  between PAH-containing 
substances and t h e  occurrence o f  cancer. It c o u l d  
be argued t h a t  another cancer - induc ing m a t e r i a l  i s  
assoc ia ted  w i t h  a19 o f  these occurrences but  
s t u d i e s  w i t h  p u r i f i e d  PAWS c o n t r a d i c t  t h i s .  S tud ies  
by  C o t u  n i  and ivlazzone (1939) u s i n g  hurnan vo lun tee rs  
whose s k i n  was d e l i b e r a t e l y  p a i n t e d  % i t h  b@nmo(a)- 
pyrene demonstrated pre-cancerous c e l l u l a r  t r a n s -  
fo rmat ions .  The ques t i on  f rom a h e a l t h  p o i n t  o f  
v i ew  seems t o  be one o f  what l e v e l  o f  PAM humans can 
be exposed t o  w i t h o u t  s i g n i f i c a n t l y  i n c r e a s i n g  t h e i r  
1 i k e l  i hood o f  deve lop ing cancer (Lawence 1976). 
Cancer t h e o r e t i c i a n s  w r k  f rom two premises, one 
which assumes t h a t  a t h r e s h o l d  exposure l e v e l  e x i s t s  
f o r  any chemical carcinogen, ( F a l k  '1978; Jones 7978; 
R a l l  1978)-  The o t h e r  premise i s  t h a t  no such 
t h r e s h o l d  e x i s t s  (Peto  1978) and t h e  number o f  
cancers  induced i s  p r o p o r t i o n a l  t o  t h e  dose, Xn any 
event ,  i n d i v i d u a l s  who b e l i e v e  i n  t h e  t h r e s h o l d  
t heo ry  recogn ize  t h a t  a s t a t i c  t h r e s h o l d  would o n l y  
app l y  t o  a r e l a t i v e l y  homogeneous, g e n e t i c a l l y  
i d e n t i c a l  p o p u l a t i o n  1 i v i n g  under c a r e f u l l y  
c o n t r o l l e d  cond i t i ons .  When one cons iders  t he  l a r g e  
number o f  gene t i c  and env i ronmenta l  f a c t o r s  ( V e s e l l  
and Passanat i  1977; Boulos 1978), t h e  r o l e  o f  
d isease (Boulos 2978), t h e  i n h e r e n t  s t a t i s t i c a l  
problems i n  e x t r a p o l a t i n g  down t o  low l e v e l s ,  t h e  



r o l e  o f  t h e  " u l t i i n a t e  carcinogen" anti t h e  poss fb ie  
v a r i a t i o n s  i n h e r e n t  i n  i t s  syn thes i s  (e,g, n u t r i e n t  
and drug e f f e c t s  on dry1 hydrocarbon hydroxy lase 
( A l v a r e s  e t  a9. 1979) and deq rada t i on  (e.g. v i a  
non-carc inogen ic  pathways) and t h e  d i ve rse  na tu re  o f  
huinan behav ior  pa t te rns ,  i t  i s  i i k e l y  t h a t  t he  human 
s i t u a t i o n  v4 i  11 rniinic a dose/respor\se s i t u a t i o n  a t  
a i l  dose l e v e l s  even i f  a d i s c r e t e  t h r e s h o l d  e x i s t s  
i n  each i n d i v i d u a l .  The research approach t o  
chemica l  ca rc inogenes i s  i s  d i f f - i c u i t ,  Some authors  
( see  Ames 1979; C a r t e r  1.979; arid T s ' c  197751 have 
advocated ca rc inogen i c  rank i n g  o f  cheii i ical s based 
upor) r e l a t i v e l y  f a s t  and cheap ni izroh- ia? t e s t s  bu t  
t h e s e  t e s t s  on l y  g i v e  an es t i i i ia te  o f  t h e  pol :ent ia l  
o f  these ckcmica ls  t o  car!c;e cancers i n  hilrnans. 
P r e d i c t i o n  o f  ?:he cdncer ' ir idi ici i?:~ p o t e r ~ t i a l  o f  PA!! 
contaminated Poodz tu f f s  i s  ex t remely  d i f f i c u l t  and 
u n t i  l b e t t e r  ln.forrnat.;ori i s  f o r t n c o a ~ i  ng t l i e  approach 
wouid seem to be one o f  i;lin'irnum expostire and 
e l i m i n a t i o n  o f  i innecessary exposures. The var ious  
sources o f  i n p u t t o  man a re  r ! i - f f i c c r l t  t c  rank but  
B r i d b o r d  et aPs (1976) idse A tilethod by i:,which 
exposures a r e  ranked i n  terms o r  gackages o f  F i l t e r  
c i g a r e t t e s  per  day, i , e -  one package o f  f i j t c r e d  
c i g a r e t t e s  per ciay i s  eqo l va len t  t o  i j a4  ug 
benzo(a)pyrene, On t h i s  basfc; workers Irr ccke oven 
p la r r t s  were exposed t o  t h e  ei j i i ivalen' i  o f  From 
175-450 packages of c i g a r e t t e s  a cia; and coa l  t a r  
p i t c h  workers t o  1875 packscjes a hay, S i n c e  coa l  
t a r  workers as we have seen above develop caricers 
1 i k e  smokers, t h i s  approach bias soinc m e r i t ,  

The questl iori o f  t h e  e f f e c t  o f  i ngez t i o r i  o f  
PAHs and cancer i s  s t i l l  more c o ~ n p l c x ~  The I ce?and  
s t u d i e s  mentioned above (Dungal 1861) show t h a t  
i nc reased  i t i g i ?s t i on  o f  snioked foods i s  r e l a t e d  t o  
i nc reased  i n c i  cierice o f  gas'c.r.tc cancers but t he  
l e v e l  o f  benzo(a)pyrcnc was qu!tc Icw ( a - 2  11q/ky 
M C " ~  we igh t )  suygest i ing t h a t  the presence o f  o t h e r  
PAHs ( acenaphthalene anti phenar:tlirene) i n  t h e  
f o o d s t u f f s  (saroked riiuttoon and t r o u t  j may p1 ay an 
i m p o r t a n t  r o l e *  

'The high l e v e l s  o f  PAHs i n  edible  p o r t i o n s  o f  
impounded l o b s t e r s  (Llunn and Fee 1 9 7 9 )  are  
s u b s t a n t i a l l y  h i g h e r  than r e p o r t e d  f o r  any o t h e r  
f o o d s t n f f ,  The at lv i  sal.1 i 1 -i ly o f  c o n t i  tiued market -i ng 
o f  9obsters  i r i i th  such h i g h  ' levels o f  PAHs must be 
assessed by t h e  va r i ous  regu1at:ory bodies. i t i s  
i i k e l y  t h a t  a l l owab le  l c v e i s  o f  PAiHs i f  set ,  w i l l  
b e  se t  a t  t h e  h ighes t  P A i i  i e v e l s  na"cur.ally 
encountered i n  f o o d s t i i f f s  ( E .  Sandi , personal  
communicat ion,  i'. Faz io ,  persona l  cornnrunication, W, 
K r a y b i l l  , persona l  con r i un i ca t i on j ,  Th is  l e v e l  i s  
t hough t  to be about 1170 ug t o t a l  PAli/kg Food o r  
about  1 ug benao(aj: jyrene/k$ ILoSster i s  a 
f o o d s t u f f  " c a t  i s  consurrieci .in s i g n i f i c a r l t  quan"cty 
by  o n l y  a very  sniaZ7 p o r t  i o n  of t h e  popu la t i on ,  most 
o f  whoin have access t o  f r es l i ' l y  caught l o b s t e r  which 
have l o w  l e v e l s  o f  PAlis (Dunn and Fee 1979)-  With 
r e g a r d  t o  f u t u r e  use o f  inrpounded l o b s t e r s  an 
accep tab le  course o f  a c t i o n  would i n v o l v e :  
1 )  no c o n s t r u c t i o n  o r  repa. i r  o f  pounds by us ing  
c r e o s o t e - t r e a t e d  t imbers ;  2)  i i m i t i n g  t h e  d u r a t i o n  
o f  l o b s t e r  h o l d i n g  i n  pc;:irtds const ruc tec i  w i t h  
c r e o s o t e - " c r a t e  t i rnbers ;  3 )  depu ra t i an ,  i f  
f e a s i b l e ,  i n  pounds const)- t lc ted o f  non-creosote- 
t r e a t e d  i i iater' ia' ls, F u r t h e r  research i s  needed t o  
determine:  1 )  i f  c e r t a i n  c o a s t a l  areas (e.g, down- 
s t ream o f  p l a n t s  productr ig o r  u t - i i  im ing  c reoso te  o r  
c o a l - t a r )  y l e l d  contaminated l o b s t e r ;  2 )  i f  
l o b s t e r s  depura te  PAHs Lo acceptab le  l e v e l s  i n  a 
reasonab le  l e n g t h  o f  t i m e  3 j  i f  s marked 
d i f f e r e n c e  i n  uptake o f  P A i i  by impounded l o b s t e r  
e x i s t s  between surnmer and w in te r ,  
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