
HELGOL-K---~DER MEERESUNTERSUCHUNGEN 
Helgolander Meeresunters. 33, 257-271 (1980) 

A n a l y s i s  for  p e t r o l e u m  p r o d u c t s  in  m a r i n e  

e n v i r o n m e n t s  

D. C. Malins, M. M. Krahn, D. W. Brown 
W. D. MacLeod, Jr. & T. K. Collier 

Environmental Conservation Divison, Northwest and Alaska Fisheries Center, National 
Marine Fisheries Service, National Oceanic and Atmospheric Administration; 

2725 Montlake Boulevard East, Seattle, Washington 98112, USA 

ABSTRACT: Petroleum is composed of a complex mixture of hydrocarbons that readily undergo 
chemical and biological conversions on entering aquatic environments. These conversions lead to 
the formation of a host of oxygenated products, some of which are potentially toxic to marine life 
and to the consumer of fishery products. State-of-the-art analytical methods, as employed in our 
laboratories, utilize glass-capillary gas chromatography in conjunction with mass spectrometry to 
analyze environmental samples containing trace amounts of aliphatic and aromatic petroleum 
hydrocarbons. These procedures are applied on a routine basis to the analysis of seawater, 
sediments and tissues of marine organisms. Despite this analytical proficiency, a need exists for 
analyzing oxygenated and other polar petroleum products in environmental samples. For example, 
techniques such as high-performance liquid chromatography (HPLC), in conjunction with on-line 
fluorometric assay techniques and mass spectrometry, make possible the analysis of polar oxyge- 
nated compounds resulting from both chemical and biological conversions. These methodologies 
are first steps toward the development of routine assay procedures for environmental samples. 
Current techniques for hydrocarbon analyses and new methods for analyzing polar aromatic 
compounds are discussed. 

INTRODUCTION 

Each year an  es t imated four mi l l ion  metric tons of pet ro leum enter  the mar ine  
env i ronmen t  through sea and  land-base  discharges, t anker  mishaps,  a tmospheric  fall- 
out, and  various other h u m a n  activities (Clark & MacLeod, 1977). The pe t ro leum is a 
complex mixture of compounds  such as aliphatic,  alicyclic and  aromatic hydrocarbons,  
and  a variety of polar aromatic compounds  and  high molecular  weight  polymers (Clark & 
Brown, 1977). Extracts of seawater,  sed iment  and  tissues are often rout inely  ana lyzed  by 
gas chromatography for al iphat ic  hydrocarbons as wel l  as for aromatic hydrocarbons 
con ta in ing  as m a n y  as six benzene  rings (Brown et al., 1980). Yet, cer tain components ,  
notably  polar  aromatic compounds  and  high molecular  weight  polymers, are not well  
sui ted to gas chromatography.  Analyses  of these compounds,  because  of their  low 
volati l i ty or ins tabi l i ty  at e levated  temperatures,  are a con t inu ing  chal lenge  to the 
i ngenu i ty  of the analyt ical  chemist  (Malins, 1980}. 

Other factors add t remendous ly  to the problem. Some of the pe t ro leum components  
such as aromatic hydrocarbons readi ly  undergo  structural al terat ions in  aquat ic  environ-  
ments.  Oxygena ted  products are formed through photochemical  reactions, as wel l  as by 
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enzymatic and other chemical conversions that occur in living systems as diverse as 
microorganisms and fish (Karrick, 1977~ Varanasi & Malins, 1977). The transformations 
of petroleum hydrocarbons generally yield pollutants of enhanced water solubility, and 
their presence adds greatly to problems in studying the chemical composition of 
petroleum-derived products in marine environments. 

Because of these difficulties, it is obvious that conventional gas chromatographic 
analyses for a narrow range of hydrocarbons in seawater, sediment and tissues may 
provide only a limited, perhaps myopic, perspective of petroleum contamination. 

Responding to the need for a detailed perspective of petroleum pollution, we have 
developed sophisticated high-resolution gas chromatographic techniques for hydrocar- 
bons (Ramos et al., 1979). We are also exploring ways to analyze the polar aromatic 
compounds (e. g. oxygenated products) arising from chemical and biological processes. 
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Fig. 1. Analytical scheme for hydrocarbons in sediment 
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In this paper, we describe our gas chromatographic procedures as applied to hydlocar- 
bons in water, sediment, and tissues. In addition, we discuss our advances in developing 
new methods (e. g., applications of high-performance liquid chromatography} for the 
resolution and quantitation of complex mixtures of the polar aromatic compounds 
present in environmental samples. 

METHODOLOGY 

H y d r o c a r b o n s  and  d i b e n z o t h i o p h e n e s  

Sample collection 

Special precautions were taken in collecting and storing marine environmental 
samples for trace analyses of petroleum hydrocarbons (MacLeod et al., 1976). Sampling 
devices (corers, bottles, etc.) were scrupulously cleaned to avoid extraneous organic 
components that could invalidate the analyses. This was accomplished by usual labora- 
tory washing procedures, followed by sequential rinsing with contaminant-free acetone 
and dichloromethane. 

Samples of sediments or mussels (Mytilus edulis) were stored in pre-cleaned glass 
jars tightly sealed with Teflon-lined lids. These samples were refrigerated immediately 
and frozen as soon as possible to inhibit evaporation and chemical and biological 
oxidative changes. 

Water samples were collected in pre-cleaned glass bottles containing 5 % v/v 
contaminant-free dichloromethane, sealed with Teflon-lined lids, and refrigerated. The 
dichloromethane served both as an extraction solvent and a biocide. 

Sample preparation 

Samples of mussels (at least 15 individuals) were thawed and homogenized. A 10-g 
portion of the homogenate (wet wt) was digested with 4 N aqueous sodium hydroxide 

SYSTEM 

Fluids J 
(e.g., bile, urine) 

Stop-flow 

Emission or 
excitation 
spectra 

( 
HPLC 

UV/UVF detection 
(with UVF lex, Xem 
selected for specific 
aromatic hydrocarbon) 

BIOLOGICAL 

Tissue 
(e.g., liver, brain) 

Homogenize with solvent 

) 

Preparative HPLC 

l 
MS confirmation 
of identities 

Fig. 2. Analytical scheme for determination of polar aromatic compounds 



260 D . C .  Mal ins  et al. 

overn igh t  at  30 ~ (MacLeod et  al., 1976). The  d i g e s t e d  s amp le  was  ex t rac ted  wi th  two 
por t ions  of d ie thy l  e ther  (e thanol-  and  peroxide-f ree) .  The e the r  extract  was  concen-  
t ra ted  a n d  f i l te red  th rough  a s i l ica  ge l  b e d  p r e p a r e d  in d ie thy l  ether.  The e ther  e lua te  
was  concen t ra ted  by  f ract ional  d is t i l la t ion  and  the e ther  was  d i sp l aced  wi th  hexane .  The 
resu l t ing  hexane  solut ion was  then  ch roma to g ra phe d  on s i l ica  ge l  to i sola te  the  satu-  
r a t ed  and  aromat ic  hydrocarbons  and  other  w e a k l y  po la r  compounds  (e. g. d ibenzoth io-  
phenes) .  These  fract ions were  a n a l y z e d  by  gas  ch roma tog raphy  (GC). 

Sed imen t  s amples  (100 g wet  wt) were  ex t rac ted  first wi th  me thano l  and  then  wi th  
d i ch lo rome thane /me thano l  as shown in F igure  1 (Brown et al., 1979, 1980). One- l i t e r  
wa te r  samples  were  ac id i f ied  and  ex t rac ted  wi th  d ich lo romethane .  The extracts  were  
concentra ted ,  e x c h a n g e d  into hexane ,  and  then  a n a l y z e d  by  GC. If complex  pa t te rns  of 
pe t ro l eum- re l a t ed  compounds  were  found, the extract  was  ch roma tog raphed  on s i l ica  
gel,  as desc r ibed  above,  and  a n a l y z e d  by  GC. 

Sample analysis 

G a s c h r o m a t o g r a p h y ( G C ). Ana lyse s  were  pe r fo rmed  us ing  a microproces-  
sor-contro l led  GC e q u i p p e d  with  (1) an  au tomat ic  s amp le  injector,  (2) a wa l l -coa ted ,  

open  tubu la r  (WCOT) g la s s -cap i l l a ry  column (20-30 m long and  0.25 m m  i. d.), and  (3) a 
h y d r o g e n  f l ame- ion iza t ion  de tec tor  (FID). The p a c k e d  column GC sample  in jec t ion  por t  
was  mod i f i ed  for spl i t less  s amp le  in jec t ion  as de sc r ibed  by  Ramos et  al. (1979). Co lumn 
condi t ions  and  ope ra t ing  pa rame te r s  a re  shown in the  f igure  captions.  

G a s  c h r o m a t o g r a p h y / m a s s  s p e c t r o m e t r y  (G  C / M S ) . T h e i d e n t i t i e s  
of compounds  de t ec t ed  and  m e a s u r e d  by  GC were  conf i rmed by  GC/MS analysis .  A 
microprocessor -cont ro l led  GC, s imi la r  to that  above,  was  in te r faced  d i rec t ly  to a quad-  
m p o l e  type  mass  spec t romete r  (Ramos et al., 1979). 

P o l a r  a r o m a t i c  c o m p o u n d s  

Sample collection and preparation 

lq x p o s u r e s t u d i e s. Ra inbow trout were  acc l ima ted  to e xpe r ime n t a l  condi t ions  
for two w e e k s  pr ior  to exposure.  The  test  an imals  were  anes the t i zed  wi th  t r ica ine-  
me thanesu l fona te  (50 gg/1) and  force-fed a ge la t in  capsu le  con ta in ing  the  test  compound  
d i sso lved  in ca. 50/~l of e thano l  (see f igure  capt ions  for de ta i l s  of amount  fed and  t ime 
e l a p s e d  before  sampl ing) .  Tissue and  f luid s amples  were  frozen at  - 60 ~ pr ior  to 
analysis .  Bile samples  were  in jec ted  di rec t ly  into the HPLC columns.  

M u s s e l  f i e l d  s t u d i e s  a n d  " A m o c o  C a d i z "  o i l  s p i l l .  A s p a r t o f a  
s tudy by  Wolfe et al. (unpubl ished) ,  musse ls  were  col lec ted  from essen t i a l ly  pe t ro l eum-  
free waters  and  p l a c e d  in cages  1 m b e l o w  the surface at two sites: (1) d i rec t ly  in the 
p a t h w a y  of the  sp i l l ed  pe t ro leum,  and  (2) r emoved  from the direct  p a t h w a y  of the sp i l l ed  
pe t ro leum,  bu t  in an  a rea  that  was  s l ight ly  pol lu ted .  Samples  were  t a k e n  for chemica l  
ana lyses  and  microscopy at the  t ime they  were  p l a c e d  in  the cages  and  after  5, 8, 12, and  
25 days.  Musse l  t issues,  wi th  1.5 ml me thano l  a d d e d  per  g r am wet  t issue, were  
homogen ized ,  centr i fuged,  and  the superna tan t  was decanted .  The  t issue pe l l e t  was 
r e s u s p e n d e d  and  reex t rac ted  wi th  1.0 ml me thano l  pe r  g ram origina~ wet  t issue and 
recent r i fuged.  The superna tan t  was  decanted ,  and  the c o m b i n e d  superna tan t s  were  



Pet ro leum products  in  mar ine  env i ronments  261 

concen t ra t ed  and  used  for I-IPLC inject ions .  The musse l  samples  were  s epa ra t e ly  
ex t rac ted  for GC and  G C / M S  ana lyses  as de sc r ibed  above.  Tissues  were  also e x a m i n e d  
by  e lec t ron  microscopy  for ev idence  of abnormal i t i e s  (Wolfe et al., unpubl i shed) .  

Sample analysis 
H i g h - p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y  ( H P L C ) .  We use 

HPLC to ana lyze  for nonvola t i l e  or t he rma l ly  uns t ab le  o x y g e n a t e d  compounds  which  
cannot  be  d e t e r m i n e d  by  GC (Krahn et  al., 1980). The  ana ly t i ca l  p rocedures  used  to 
s epa ra t e  and  ident i fy  these  po la r  a romat ic  compounds  are  shown in Pigure  2. Separa -  
t ions were  car r ied  out wi th  a d u a l - p u m p  l iqu id  ch roma tog raph  e q u i p p e d  wi th  a reverse  
phase  (10 ~m C- 18 hydroca rbon  coa ted  packing)  ana ly t i ca l  co lumn and  a gua rd  column.  
The de tec tor  was  a dua l -monochromato r  f luorescence  spec t romete r  f i t ted wi th  a 20-~1 
square  f low cell.  

Grad i en t  e lu t ions  were  pe r fo rmed  wi th  0.5 % v/v  acet ic  ac id  in wa te r  (Solvent A) 
and  m e t h a n o l  (Solvent  B) in a 15-min l inea r  g r ad i en t  from 5 to 95 % Solvent  B, fo l lowed 
by  5 min  at  f inal  condi t ions.  

F luorescence  emiss ion  or exc i ta t ion  spec t ra  were  r eco rded  on the f luorescence  
spec t romete r  after  the  eff luent  componen t s  were  t r a p p e d  in  the  de tec tor  flow cell.  

M a s s s p e c t r o m e t r y. The chemica l  ion iza t ion  ins t rument  was  used  for p l a s m a  
desorp t ion  chemica l  ion iza t ion  mass  spec t romet ry  (PD/CI MS) (Krahn et al., 1980). 
Spect ra  of commerc ia l  1 -naph thy l -~-D-g lucuron ic  ac id  (naphthyl  g lucuronide)  and  
naph thy l  g lucuron ide  from fish b i l e  were  o b t a i n e d  by  PD/CI MS. A 2-mm o. d. • 2 -cm 
long  glass  tube  s e a l e d  at one end  and  f i l led  wi th  0.25-mm o. d. s i lver  wire  was  inse r ted  
into the  so l id - sample  probe.  This  inser t  se rved  as the suppor t  for the  compound  to be  
a n a l y z e d  and  was  p l a c e d  d i rec t ly  into the  CI p l a s m a  ( ionized ammonia) .  Hea t  was  
conduc ted  by  the s i lver  wire  to the  s amp le  as the  p robe  t empe ra tu r e  was  ra i sed  from 50 ~ 
to 400 ~ in abou t  90 s. A mu l t i p l e -on  de tec t ion  compute r  p rog ra m was  used  to ob ta in  a 
spec t rum of 100 ng  of naph thy l  g lucuron ide  s tandard .  

RESULTS AND DISCUSSION 

In the  las t  few years ,  s igni f icant  advances  have  b e e n  m a d e  in our  ab i l i ty  to ana lyze  
complex  mix tures  of hydrocarbons  in seawater ,  sediment ,  and  b io log ica l  s amples  (Mac- 
Leod et al., 1976~ Brown et  al., 1979, 1980). Much  of the  progress  was m a d e  th rough  the 
use of g l a s s - cap i l l a ry  gas  ch roma tog raphy  (Ramos et al., 1979). Using  this t echn ique  one 

Table 1. Phenols extracted from seawater-soluble fraction of Prudhoe Bay crude oil and identified 
by GC/MS (adapted from Ramos et al., 1979) 

No. of isomers present ComPounds No. of isomers present Compounds 

1 Phenol 2 Cs-Phenols 
2 Cresols 1 Methylphenetole 
5 C2-Phenols 2 C2-Bromophenols 
7 C3-Phenols 1 C3-Bromophenol 
4 C4-Phenols 1 Cyclohexylphenol 
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Table  2. Aromatic pe t ro leum hydrocarbon concentrat ions in  sediments  exper imental ly  oiled wi th  
Prudhoe Bay crude oil. Samples were  t aken  from the  top 2 cm of a 5-cm sediment  layer (adapted 

from McCain  et  al., 1980) 

Hydrocarbons % Days % 
composit ion 0 2 7 16 30 remain ing  

at day 0 concentrat ion (ng/g dry wt.) on day 30 

1, 2, 3, 4 -Tet ramethylbenzene  4 105 74 50 64 61 58 
Naph tha lene  8 210 200 61 89 82 39 
1-Methylnaphtha lene  16 408 736 400 362 557 137 
2 -Methy lnaph tha lene  29 753 742 601 723 519 69 
2 ,6-Dimethylnaphthalene  14 375 185 411 344 218 58 
2,3 ,5-Trimethylnaphthalene 15 379 338 318 336 187 49 
Fluorene 3 87 75 67 78 102 117 
Phenan th rene  11 275 155 150 156 112 41 

is a b l e  to  s e p a r a t e  h u n d r e d s  of i n d i v i d u a l  c o m p o u n d s  i n  l e s s  t h a n  o n e  hou r .  U s i n g  o u r  
s a m p l e - p r e p a r a t i o n  p r o c e d u r e s ,  t h e  a p p r o x i m a t e  l e v e l s  of s e n s i t i v i t y  a r e  0.1 n g / g  for  

s e a w a t e r  a n d  d r y  s e d i m e n t ,  a n d  4.0 n g / g  for  d ry  t i s sue .  G C / M S  is  e m p l o y e d  i n  i n s t a n c e s  

w h e r e  e l u c i d a t i o n  of s t r u c t u r e  i s  r e q u i r e d .  A l t h o u g h  t h e  G C  a n d  G C / M S  p r o c e d u r e s  a r e  

u s u a l l y  a p p l i e d  to t h e  a n a l y s i s  of p e t r o l e u m  h y d r o c a r b o n s ,  a n d  w e a k l y  p o l a r  com-  

p o u n d s ,  s u c h  as  b e n z o t h i o p h e n e s ,  i t  is  a l so  p o s s i b l e  to  r e s o l v e  a n u m b e r  of t h e  m o r e  

v o l a t i l e  o x y g e n a t e d  o r g a n i c s  b y  t h e s e  t e c h n i q u e s .  For  e x a m p l e ,  w e  h a v e  a n a l y s e d  a 

w i d e  r a n g e  of p h e n o l s  p r e s e n t  i n  t h e  w a t e r - s o l u b l e  f r a c t i o n  (V~rSF) of P r u d h o e  B a y  c r u d e  

oi l  ( T a b l e  1) (Ramos  e t  al., 1979).  

T h e  f o l l o w i n g  e x a m p l e  s e r v e s  to  i l l u s t r a t e  t h e  u s e  of g a s  c h r o m a t o g r a p h i c  a n a l y s e s  

of h y d r o c a r b o n s  i n  l a b o r a t o r y  s t u d i e s  r e l a t i n g  to t h e  f a t e  a n d  b i o l o g i c a l  e f fec t s  of 

Table 3. Petroleum hydrocarbons in the t issues of Engl ish  sole exposed to o i l -contaminated 
sed iment  {test, T) and  to nonoi led  sediment  (control, C) for two months  continuously (adapted from 

McCain  et al., 1978) 

Polycyclic Skin Muscle Liver Skin Muscle Liver Skin Muscle Liver 
aromatic 11 days 27 days 51 days 

hydrocarbons* C T C T C T C T C T C T C T C T C T 
concentrat ion (ng/g dry weight)  * * 

1,2,3,4-Tetramethylbenzene - 33 - 44 - 922 863 124 
Biphenyl  - 156 - - - 307 278 
Naphta lene  - 82 - 20 - 100 
1-Methylnaphtha lene  - 1189 - 369 - 1940 1325 
2-Methylnaphtha lene  - 888 - 279 - 3070 1500 60 
2 ,6-Dimethylnaphthalene  - 130 - - - 69 

* Arenes with aromatic r ings rang ing  from one to six were determined;  (-) refers to values below 
limits of detect ion 
* * Skin and  liver samples  were pooled from three fish at each analysis; muscle samples  were 
analyzed individual ly  
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Fig. 3. Gas chromatogram of the seawater-soluble fraction of Prudhoe Bay crude oil. Hewlett- 
Packard 5840A GC with FID. J & W Scientific 30 m • 0.25 mm SE-54 WCOT glass column. Helium 
carrier pressure 20 psi. Three ~1 splitless injection, with split valve opened after 18 s to a 20 : I split. 

Isothermal for first 5 min at 50 ~ then programmed to 270 ~ at 4 ~ 

pe t ro leum.  Studies  were  conduc ted  on the b ioava i l ab i l i t y  to Engl i sh  sole (Parophrys 
vetulus) of pe t ro l eum from e x p e r i m e n t a l l y - o i l e d  sed imen t s  (McCain  et  al., 1978). Gas  
ch romatograph ic  ana lyses  of s ed imen t  hydrocarbons  and  hydrocarbons  a c c u m u l a t e d  in 
skin, muscle ,  and  l iver  r e v e a l e d  that  these  t i ssues  concen t ra ted  compounds  such as 1- 
and  2 - m e t h y l n a p h t h a l e n e  and  1 ,2 ,3 ,4- te t ramethylbenzene  from the sediment ,  bu t  d id  
not  accumula t e  h ighe r  mo lecu la r  we igh t  compounds ,  such as f luorene and  p h e n a n -  
th rene  (Tables  2, 3) (McCain  et  al., 1978). As exposure  pe r iods  inc reased  b e y o n d  abou t  
two weeks ,  hyd roca rbon  concent ra t ions  in t issues  dec reased .  These  changes  were  
a t t r ibu ted  to the  induc t ion  of m i x e d  funct ion oxygenase  enzymes  that  p romote  the  
convers ion  of hydrocarbons  to metabol i t es .  The chemica l  ana lyses  were  of cr i t ical  
impor t ance  in  r e l a t ing  the  exposures  of pe t ro l eum to morpho log ica l  c ha nge s  (e. g., 
h e p a t o c e l l u l a r  l ip id  vacuol iza t ion)  in the  Engl i sh  sole and  in  de t e rmin ing  which  hy-  
d rocarbons  h a d  en t e r ed  the organisms.  W h e n  M c C a i n  et  al. (1978) conduc ted  the i r  study,  
me thods  h a d  not ye t  b e e n  d e v e l o p e d  for ana lyz ing  nonrad ioac t ive  metabol i tes ,  a l t hough  
there  were  ind ica t ions  from our b i o c h e m i c a l  s tudies  that  these  convers ion  products  were  
r ead i ly  formed and  accumula t ed  in t issues  and  body  f luids of fish e xpose d  to hydrocar -  
bons  (Roubal et  al., 1977; Col l ie r  et  al., 1978; Mal ins  et al., 1979; Varanas i  et  al., 1979). 

W h e n  w e  a n a l y z e d  the WSF of Prudhoe  Bay crude oil, a n u m b e r  of a lky la ted ,  low- 
mo lecu l a r  we igh t  a romat ic  hydroca rbons  were  found to b e  major  componen t s  (Fig. 3}. 
Both the  se lec t ive  depos i t ion  of cer ta in  hydrocarbons  and  ex tens ive  b ioconvers ion  m a y  
lead,  in effect, to a " sc r ambl ing"  of the  re la t ive  propor t ions  of pe t ro l eum hydrocarbons  in 
fish exposed  to the  WSF (Roubal  et al., 1978}. Thus, somet imes  it m a y  b e  difficult  to 
re la te  the  hydroca rbon  accumula t ions  in  o rgan i sms  to a specif ic  type  of pe t ro l eum in the  
envi ronment .  
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Fig. 4. Gas chromatograms of saturated hydrocarbons from a sample of Argo Merchant cargo (upper) 
and saturated hydrocarbons extracted from the stomach contents of cod collected in the region of the 
spilled Argo Merchant oil (lower). Numbers denote n-alkane carbon chain lengths. 

20 m x 0.25 mm SE-30 WCOT glass column. Other conditions same as Figure 3 

No twi ths t and ing  the effects of scrambl ing ,  it  is somet imes  poss ib le  to es tab l i sh  
re la t ionsh ips  b e t w e e n  pe t ro l eum con tamina t ion  and  accumula t ions  of hydrocarbons  in 
organisms.  It was  possible ,  for example ,  to show a p r o b a b l e  cause  and  effect r e la t ionsh ip  
between" sp i l l ed  Argo Merchan t  oil  and  hydrocarbons  p resen t  in the  s tomachs  of cod 
caugh t  nea r  the  impac t  zone (MacLeod et al., 1978). Using  h igh  reso lu t ion  gas  
chromatography ,  ma tch ing  composi t ions  were  ob t a ined  b e t w e e n  both the  a l ipha t ic  and  
aromat ic  hydrocarbons  compr i s ing  the cargo oil and  the co r respond ing  hydrocarbons  in 
the  s tomach (Fig. 4). F inge rp r in t ing  of this  type  is useful  in iden t i fy ing  con tamina t ion  of 
mar ine  organisms  in p e t r o l e u m - i m p a c t e d  areas.  

We have  a p p l i e d  s imi lar  app roaches  in  s tudy ing  the impac t  on sed iments  and  
musse ls  of a smal l  oil sp i l l ' i n  Port A n g e l e s  harbor ,  Washington .  The re la t ive  propor t ions  
of a romat ic  s t ructures  were  not  exac t ly  the  same  in sed imen t  and  organisms  (Fig. 5); 
however ,  the  h igh  reso lu t ion  chromatograms  of the  musse l  and  s ed imen t  extracts  left  
l i t t le  doubt  that  the  accumula t ed  hydrocarbons  arose from pe t ro l eum s imi lar  to that  
p resen t  in  the  sediment .  

Hydroca rbon  ana lyses  of water ,  sediment ,  and  t issues are  useful  ways  of assess ing  
the poss ib le  impac t  of pe t ro l eum pol lu t ion  on mar ine  life. Where  pe t ro l eum hydrocar -  
bons  are  def in i te ly  found in organisms,  pe t ro l eum from the  env i ronment  is impl ica ted ;  
however ,  the  absence  of pe t ro l eum hydrocarbons  in  t issues does not necessa r i ly  pre-  
c lude  the  poss ib i l i ty  that  po la r  compounds  (e. g., oxyge na t e d  products)  from pe t ro l eum 



Pet ro leum products  in  mar ine  env i ronments  265 

1 ! 

c Z ~  

.r c ~  

o . f : L  

o_ ~ o o ~  

rn rv~ o. 

Fig. 5. Gas chromatograms of the aromatic hydrocarbons from sediment (upper} and mussels (lower) 
collected in the vicinity of a small oil spill in the harbor at Port Angeles, Washington, 1979. 

Parameters and conditions as in Figure 3 

may  be  p resen t  in s igni f icant  concentrat ions .  Cer ta in  of the  o x y g e n a t e d  compounds  have  
b e e n  i m p l i c a t e d  as toxicants,  some as mu tagens  and  ca rc inogens  (Sims & Grover,  1974). 
Examples  are  the  produc ts  of the  b ioconvers jon  of benzo[a ]pyrene  and  benz[a]an-  
thracene .  Labora tory  s tudies  have  shown that  a romat ic  hydrocarbons  r ead i ly  unde rgo  
ex tens ive  convers ion  in fish t issues  (Varanasi  & Mal ins ,  1977), so it is r ea sonab le  to 
conc lude  that  po ten t i a l ly  d a m a g i n g  me tabo l i t e s  are  formed in fish after env i ronmen ta l  
exposure  to pe t ro l eum products .  

The t e n d e n c y  for a romat ic  hydrocarbons  to oxidize  and  form po la r  a romat ic  com- 
p o u n d s  in mar ine  systems is of concern.  However ,  b e c a u s e  of the  l imi ta t ions  of conven-  
t ional  gas  ch roma tog raphy  in ana lyz ing  most  of these  products ,  a l t e rna t ives  must  be  
explored .  Efforts to w i d e n  our pe r spec t ives  of p e t r o l e u m  pol lu t ion  to encompass  the  
ana lys i s  of the  essen t ia l ly  non-vo la t i l e  po l a r  compounds  have  resu l ted  in a two-phase  
a p p r o a c h  to the  p rob lem:  (1} a s tudy of ways  to ana lyze  me tabo l i c  products  of s ingle  
a romat ic  hydrocarbons  by  I-IPLC in conjunct ion  wi th  UVF, UV, or UV-UVF techniques ,  
and  (2) a s tudy of ways  to ana lyze  total  a romat ic  po la r  compounds  in f ie ld s amples  by  
HPLC in combina t ion  wi th  UVF detec tors  ope ra t ing  at wave l eng ths  charac ter i s t ic  of 
r ep resen ta t ive  pe t ro l eum de r ived  components .  

In the  first approach ,  Krahn et  al. (1980) repor t  a HPLC/UVF method  of ana lyz ing  
fish and  mouse  b i le  s amples  for n a n o g r a m  amounts  of low-f luorescent  n a p h t h a l e n e  and  
its metabo l i t e s .  In the  current  s tudy,  two  groups  of r a i nbow  trout  were  force-fed  
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Fig. 6. HPLC profiles of naphthalene and its 
metabolites in the bile of rainbow trout. Upper: 
Chromatogram of bile from fish which received 
2.7 mg of naphthalene (11 mg/kg} in each of 3 
force-feedings 12 h apart. Bile was collected 
24 h after the last feeding. Lower: Chromato- 
gram of the control bile. Compounds were de- 
tected at UVF wavelengths ~ex 305 nm and ~m 
340 nm. Identification of the compounds: N, 
naphthalene; NOH, 1-naphthol; NG, 1- 
naphthyl-fl-D-ghicuronic acid (naphthyl 
ghicuronide)~ NSO4, 1-naphthyl sulfate; and U, 

unknown 
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Fig. 7. HPLC profiles of naphthalene and its 
metabolifes in the bile of rainbow trout. Upper: 
Chromatogram of bile from fish which received 
2.7 mg (11 mg/kg) in one force-feeding. Bile 
was collected 24 h later. Lower: Chromatogram 
of the control bile. Compounds were detected at 
UVF wavelengths Aex 305 nm and ~em 340 nm. 
Identification of the compounds: N, naph- 
thalene; NOH, 1-naphthol; NG, 1-naphthyl-fl-D- 
glucuronic acid (naphthyl glucuronide); NSO4, 

1-nyphthyl sulfate; and U, unknown 

naph tha l ene  (11 mg/kg) in  our laboratories. One group received the dose in  each of 

three feedings,  and  the other in  one feeding. The HPLC/UVH chromatogram resul t ing  
from the direct in ject ion of bi le  from fish fed naph tha lene  three t imes is shown in  
Figure 6 and  that from fish fed naph tha lene  once is shown in  Figure 7. In each 
chromatogram the paren t  compound,  naph tha lene  (N), and  two metaboli tes,  1-naph- 
thylg lucuronide  (NG} and  1-naphthol  (NOH), were detected. In addition, 1-naphthyl  
sulfate (NSO4) was detected in  the chromatogram from the mul t ip le - feed ing  study. 
U n k n o w n  polar aromatic compounds  (U) were found in  both chromatograms. In the 
mul t ip le - feed ing  study, the ma in  metabol i te  was 1-naphthyl  g lucuronide;  however,  1- 
naphthol  was the ma in  metabol i te  in  the s ingle- feeding  experiment .  
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Fig. 8. Emission spectrum of naphthyl  glucuronide (UVF Zex 294 nm). Upper  spectrum: Naphthyl  
glucuronide obtained from bile of rainbow trout force-fed naphthalene  (see Fig. 6). Lower spectrum: 

The commercially available standard of the sodium salt of naphthyl  glucuronide 
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Fig. 9. Plasma desorption/chemical ionization mass spectrum of l-naphthyl-fl-D-glucuronic acid 
using ammonia reagent  gas at 0.9 tort. The probe was heated from 50 ~ to 400 ~ in ca. 90 s. A 
mult iple-ion-detect ion computer program was used to emphasize the 144, 194, and 338 m/e  ions 
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Structural de terminat ions  of metabol i tes  were reported by Krahn et al. (1980). 
Structural information was obta ined  by a stop-flow HPLC technique  l ead ing  to the 
f luorescence emiss ion spectrum of 1-naphthyl  g lucuronide  {Fig. 8). Confirmat ion of the 
naphthyl  g lucuronide  structure was obta ined  by PD/CI MS; a spectrum of the commer- 
cial s tandard  is shown in  Figure 9. 

These techniques  for the analysis  of oxygenated  compounds  in  biological  tissues 
and  fluids us ing  HPLC/UVF and  MS should have signif icant  impact  in  several  areas of 
research. For instance,  the metaboli.sm and  disposit ion of pe t ro leum hydrocarbons in  
biological  systems can be s tudied in  the laboratory without the use of isotopically- 
l abe led  compounds.  In addition, organisms subjected to xenobiot ic  contamina t ion  of 
their na tura l  env i ronment  can be invest igated.  We are present ly  conduct ing  studies of 
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Fig. 10. HPLC profiles of methanol extracts of mussel samples~: Upper - directly in the path of the 
"Amoco Cadiz" spilled oil; middle - out of the direct path of the "Amoco Cadiz" spilled oil; and 
lower - mussels before exposure to "Amoco Cadiz" oil. The profiles on the left w e r e  detected at "~ex 
270 nm and ~em 305 nm (characteristic of phenol); the profiles on the right side were detected at ,~ex 

305 nm and ~ e m  340 nm (characteristic of naphthalene metabolites) 
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Fig. i l .  G C / M S  total  ion chromatogram of aromat ic hydrocarbon f ract ion f rom mussels: upper  - 
directly in path of the "Amoco Cadiz" spilled oil; lower - out of direct path of the "Amoco Cadiz" 
spilled oil. GC conditions same as Fig. 3, except that the capillary GC effluent was admitted to a 
Finnigan 200 mass spectrometer. Intensities of both chromatograms adjusted to give same peak 
height above base line for internal standard (I. STD.). Alkylated dibenzothiophenes (Cn-DBTs) 

denoted according to carbon substitution, where n = number of carbons 

this  type.  For example ,  an  ana lys i s  for po l a r  a romat ic  compounds  in f ie ld  s amples  is 
p re sen ted :  W a v e l e n g t h s  charac ter i s t ic  of n a p h t h a l e n e  metabo l i t e s  and  phenols  (Scha- 
b ron  et al., 1979; Krahn  et  al., 1980) were  used  to ana lyze  samples  from a s tudy  of musse ls  
p l a c e d  in  cages  in the  pa th  of the  "Amoco Cad iz"  oil  sp i l l  off the  Bri t tany coast. 
Differences  in  HPLC/UVF profi les  (Fig. 10) were  found in ex t rac t s  of musse ls  (1) 
d e p l o y e d  1 m b e l o w  the wa te r  surface d i rec t ly  in the pa th  of the  spill ,  (2) from mussels .  
s imi la r ly  dep loyed ,  bu t  a w a y  from the pa th  of the  spill ,  and  (3) from extracts  of the  
or ig ina l  ba t ch  of musse l s  before  dep loyment .  Differences in HPLC/UVF responses  
corre la te  we l l  wi th  the  p rox imi ty  of the  musse ls  to the  po l lu t ion  source.  Gas  chromato-  
g raph ic  ana lyses  of the  w e a k l y  po la r  a romat ic  compounds  also d i s t ingu i shed  b e t w e e n  
musse l s  from impac t  s i tes  and  re ference  sites, pa r t i cu la r ly  wi th  respec t  to the  d iben-  
zo th iophenes  (Fig. 11). Thus, two types  of ana ly t i ca l  procedures ,  in a c o m p l e m e n t a r y  
way,  demons t r a t ed  the a p p a r e n t  accumula t ion  of "Amoco Cadiz"  pe t ro l eum products  in 
musse ls  from the impac t  zones.  Wolfe  et  al. (unpubl ished)  have  shown that  ce l lu la r  
changes  (e. g., i nc reases  in  lysosomal  granules)  occur red  in  musse ls  from impac t  s i tes  in 
re la t ion  to musse ls  from re fe rence  areas.  Accord ingly ,  the  chemica l  da t a  and  the  
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o b s e r v e d  h i s t o l o g i c a l  a l t e ra t ions  a p p e a r  to b e  a s s o c i a t e d  w i t h  e x p o s u r e  to "Amoco 

C a d i z "  off. 
To s u m m a r i z e ,  l a r g e  q u a n t i t i e s  of p e t r o l e u m - b a s e d  po l l u t an t s  a re  e n t e r i n g  the  

m a r i n e  e n v i r o n m e n t  e a c h  year ,  c r e a t i n g  a n e e d  for a c c u r a t e  a n a l y t i c a l  d e t e r m i n a t i o n s  of 

t h e s e  c o m p o u n d s  in  wa te r ,  s e d i m e n t ,  t i ssues ,  a n d  o the r  s amples .  Presen t ly ,  m a n y  of t he  

p e t r o l e u m  h y d r o c a r b o n s  a re  r o u t i n e l y  d e t e r m i n e d  by  G C  or G C / M S .  H o w e v e r ,  a vas t  

a r ray  of p o l a r  p e t r o l e u m  p roduc t s  - m a n y  of w h i c h  a re  k n o w n  to b e  g e n e r a t e d  by  

c h e m i c a l  a n d  b i o l o g i c a l  p r o c e s s e s  - h a v e  no t  p r e v i o u s l y  b e e n  d e t e r m i n e d .  O u r  m e t h o d s  

for a n a l y s i n g  t h e s e  p o l a r  a r o m a t i c  c o m p o u n d s  s h o w  p romise .  M e t a b o l i t e s  for a r o m a t i c  

h y d r o c a r b o n s  can  n o w  b e  d e t e r m i n e d  in  c o n n e c t i o n  w i t h  l abo ra to ry  e x p o s u r e  s tudies .  In 

add i t ion ,  r e s e a r c h  on  the  p o l a r  c o m p o u n d s  c a n  b e  c o n d u c t e d  on  f i e ld  s a m p l e s  t a k e n  f rom 

p o l l u t e d  areas .  W e  h o p e  to e x p a n d  our  ab i l i t y  to de t ec t  a n d  q u a n t i t a t e  i n d i v i d u a l  p o l a r  

p e t r o l e u m  d e r i v e d  c o m p o u n d s  in  c o m p l e x  m i x t u r e s  f rom b o t h  the  l a b o r a t o r y  a n d  f ield.  
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