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ABSTRACT: With the depletion of oil resources in more accessible areas, those of remote regions 
are being considered or indeed are now being exploited. In many of these regions, especially the 
polar ones, little is known of the effects such exploitation will have on the environment. But it is 
known that the ecosystems are often subject to great stress by natural climatic conditions and 
additional burdens imposed by man may have catastrophic environmental effects. South Georgia, a 
sub-Antarctic island, has a history of industrial activity mainly concerned with whaling operations 
that peaked around 1925-1935 but has since declined to virtually nothing. Studies of the ecology of 
the area provided a unique opportunity to assess the long-term effects that such activities had on the 
ecosystem. Off the whaling stations a considerable amount of waste material, including fueI oil, was 
released into the bays and inevitably some of this material was deposited in the sediments. 
Chemical evidence in the form of both paraffinic and aromatic hydrocarbons still persists in the 
sediments. The implications of this persistence in relation to the possible influence of the low 
temperature conditions are discussed. The superficial sediments, marine biota and terrestrial 
plants, which since 1965 have returned virtually to a pristine state, contain hydrocarbons essentially 
similar to unpolluted areas around the coast of Britain. Relatively high levels of carcinogenic/ 
mutagenic polynuclear aromatic hydrocarbons in surface sediments suggests a world-wide back- 
ground of abiogenic hydrocarbons probably disseminated by airborne transport. This appears to 
indicate that contamination reaches even remote parts of the world in relatively undiminished 
quantities. 

INTRODUCTION 

The increas ing  concern  over  the finite nature  of non - r enewab le  resources,  recent ly  

h igh l igh ted  by the current  problems in the Middle  East and their  concomitant  effects on 

world  oil suppl ies  and prices, has logical ly  focused at tent ion on reserves  in the more 

remote  regions  of the globe. Consequent ly ,  several  nations are now act ively seek ing  to 

exploi t  the minera l  stocks thought  to be  present  in Antarctica.  The effects that  any large  

scale exploi ta t ion would  have  on the re la t ive ly  prist ine polar  ecosystem are not known, 

a l though some work  has b e e n  carr ied out on the fate and effects of oil in a cold mar ine  

env i ronment  in connect ion  with  the North Alaskan  oilfields (Atlas et al., 1978). However ,  

an awareness  of these problems in re la t ion to Antarct ica has b e e n  ev idenced  by a 
number  of recent  discussions {Cole, 1979). But it must  a lways be borne in mind  that the 

dangers  and repercussions of spills in Antarct ica are potent ia l ly  much  grea te r  than in 
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northern polar regions because of the former's greater remoteness and hence a lack of 
public awareness likely to press for conservation measures. 

Although many data exist on the alkane content and composition of various compo- 
nents of temperate marine ecosystems there is as yet little known about their polynuclear 
aromatic hydrocarbons (PAHs), whilst for polar regions information is lacking on all 
aspects of the presence, fate and effects of oil. This paper reports work on the presence 
and fate of hydrocarbons in the cold, remote marine Antarctic ecosystem of South 
Georgia, an island in the Atlantic sector of the Southern Ocean, described more fully by 
Mackie et al. (1978a). In addition, the persistence of hydrocarbons was examined by 
analysis of deep core sections from the sea bed of a disused whaling station (Grytviken). 
It is hoped that this study will stimulate further research. 

MATERIALS AND METHODS 

Sampling was carried out in 1974 and 1975 from King Edward Cove and its environs. 
Extreme care was taken to avoid contamination of the samples, which were deep-frozen 
for analysis in the United Kingdom. The analytical techniques have been extensively 
described elsewhere (Mackie et al., 1974, 1978a, b). Essentially, aliphatic hydrocarbons 
were determined by solvent extraction, column chromatographic isolation and glass- 
capillary gas chromatography (GC); PAHs were determined on the same extracts after 
isolation according to Giger & Schaffner (1978), slightly modified to remove the large 
quantities of sterol found in some organisms, and analysed by glass-capillary GC/MS 
(Mackie et al., 1978b). 

RESULTS 

The alkanes of five of the most common land plants, a soil sample and a freshwater 
core (Table 1) were analysed as being typical of what the land and freshwater runoff 
might contribute in terms of hydrocarbon input to the marine environment. 

The land plants appear to fall into three groups: (1) the moss with its relatively low 
total alkane and high pristane levels; (2) the burnet with a high total alkane content, 
exceptionally high carbon preference index (CPI - a measure of odd-carbon chain length 
alkane predominance over even-carbon chain length alkanes, where equal proportions 
of each give a CPI of one) and no pristane; (3) the rush and grasses which had 
intermediate values. The soil and freshwater sediments are essentially similar, but since 
the primary source of their hydrocarbons appears to be the land plants, considerable 
chemical changes must take place en route from growing plant to soil or sediment in 
order to lower the CPI, by an order of magnitude. Perhaps a herbivore is involved? The 
mechanism(s} of such change is a tempting subject for further study. 

The only marine plant examined, the kelp (Macrocystis pyrifera), has a completely 
different suite of aliphatic hydrocarbons (Table 1) compared with the terrestrial flora, 
with pentadecane (n-C 15) accounting for over 90 % of its total alkanes {Big. 1). 

The other marine organisms investigated were a mixed zooplankton sample, selec- 
ted benthos species, krill (Euphausia superba) and three common fish (plus a seawater 
sample). In general, their component hydrocarbons (Table 2) are qualitatively and 
quantitatively similar to comparable samples from temperate northern hemisphere areas 
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Fig. 1. n-Alkane distributions in various components of the King Edward Cove ecosystem. Concen- 
tration is in parts/10 B of the fresh/wet weight for biota, parts/106 of the dry weight for sediment and 

/~g/1 for seawater 

(Comer et al., 1976; Whitt le  et al., 1977). However,  the PAH composit ion of the fish, 
whils t  qual i ta t ively similar, appears  to be  rather  reduced  in  amounts  w h e n  compared  
with her r ing  and  mackere l  from the North Sea (Table 3). 

Surface sediments  sampled  at various points  wi th in  and  outside the Cove gave the 
a lkane  va lues  quoted in  Table  4. Again,  the values  are similar  to those ob ta ined  from the 
nor thern  hemisphere .  However,  a sect ioned 36-cm long core showed that considerable  
changes  in  the inputs  of both paraffinic (Table 5) and  aromatic (Table 6) hydrocarbons 
had  occurred over the last  80 years or so. The means  by which the sediments  were  da ted  
(sediment  trap exper iments  and  organic profiles) were reported by Platt (1979). 

DISCUSSION 

Crude oil and  the various fuels derived from it are complex mixtures which cannot  
easi ly be  ana lysed  per  se. The usua l  approach is e i ther  to analyse  for a s ingle substance  
or group of substances  (such as a lkanes  or PAHs) o r t o  examine  for a specific property 
such as f luorescence and  extrapolate the data back to "crude oil uni ts"  via a s tandard  oil. 
Such a t rea tment  of results, however,  assumes that the spilt oil is unchanged .  Since this 
is never  the case, because  of both physical  and  chemical  changes,  the results reported 
here relate to specific compounds  and  hence  can only be used  as indicators a nd  not as a 
measu remen t  of oil. The various component  parts of King Edward Cove's  ecosystem 
were examined  from this point  of view. 

Any discussion of the hydrocarbon composit ions found in  King Edward Cove must  
take account  of the past  history of the bay. In 1904 the first of the great l and -based  
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Table  5. Al iphat ic  hydroca rbon  content  of a 36 cm long  sed imen t  core from the centre  of King 
Edward  Cove. Results  are in parts/106 of the dry weight .  The  dat ing  refers to the  app rox ima te  year  

w h e n  that  layer  b e g a n  to be  laid d o w n  

Sed imen t  Approx imate  yea r  Pristane Phytane CPI 
layer  (cm) of depos i t ion  ~.~5 

0 -1.5 1973 3.1 0.2 0.1 1.7 
1.5-2.5 - 2.7 0.2 0.1 1.6 
2.5-3.5 - 1.6 0.1 trace 2.1 
3.5-6 1964 2.7 0.3 0.1 1.5 

6-8  - 4.8 0.2 0.2 1.3 
8-10 - 6.3 0.2 0.1 1.1 

10-12 1950 3.8 0.5 0.3 1.2 
12-14 - 5.0 0.5 0.3 1.6 
14-16 - 3.9 0.4 0.2 1.6 
16-18 1935 2.2 0.4 0.1 1.7 
18-20 - 2.8 0.5 0.1 1.6 
20-22 - 2.2 0.6 0.1 1.7 
22-24 1920 1.6 0.6 0.1 1.9 
24-26 - 4.3 1.1 0.1 1.5 
26-28 - 4.5 2.5 0.2 1.4 
28-30 1904 3.6 9.2 0.1 1.7 
3 0 - 3 2  - 8.8 3.6 0.1 1.6 
3 2 - 3 4  - 6.9 5.0 0.1 1.5 
34-36 1886 5.3 2.4 0.1 1.9 

Table  6. Aromat ic  hydroca rbon  content  of a 36-cm long  sed imen t  core from the centre of King 
Edward  Cove. Results  are in n g / g  (dry weight) .  See Table  3 for abbrevia t ions .  Trace = 0.1-0.4 n g / g  

Sed imen t  N C1N C2N Ph C1Ph F1 Py BA/BPh BPy Z P A H  DBT 
layer  (cm) 

0 -1.5 22 35 20 17 2 6 4 5 3 115 ~ace  
1.5-2.5 2 3 i0 21 2 13 I i  9 9 79 ~ace  
2 . 5 - 3 . 5  7 8 20 27 2 12 12 11 6 105 ~ace 
3.5-6 2 5 11 10 27 14 16 9 5 97 trace 

6-8 17 17 35 34 90 31 34 35 13 307 3 
8-10 10 11 22 9 6 7 10 9 2 84 1 

10-12 2 5 13 5 4 3 5 8 2 45 1 
12-14 13 28 55 75 36 98 145 144 70 662 8 
14-16 5 14 31 68 12 77 102 152 40 500 4 
16-18 6 19 26 72 12 41 41 79 25 321 3 
18-20 13 17 25 42 5 29 38 45 23 238 1 
20-22 20 55 89 50 22 47 41 47 14 384 4 
22-24 13 10 13 157 5 137 100 36 38 510 1 
24-26 14 12 15 41 3 47 41 18 10 199 trace 
26-28 20 26 40 22 3 12 5 9 4 142 1 
28-30 23 35 34 182 6 75 53 30 9 447 1 
30-32 20 21 37 33 22 13 10 7 8 170 3 
3 2 - 3 4  44 59 93 220 34 174 138 84 41 885 6 
34-36 74 85 112 50 28 110 61 106 45 672 1 
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Antarc t ic  w h a l i n g  stat ions (Grytviken) was  founded  at  the  h e a d  of the  Cove. A l though  
now abandoned ,  th roughout  its pe r iod  of act ivi ty  cons ide rab le  quant i t ies  of organic  
mater ia l ,  fossil fuels and  combust ion  products  en t e red  the envi ronment .  The  factory 
f inal ly  c losed after the  1964/5 season  and  the a rea  has  s ince re tu rned  to l ight  use, wi th  a 
smal l  scientif ic  s ta t ion b e i n g  v is i ted  by  occas iona l  research  and,  more  recent ly ,  f ishing 
vessels .  A l though  the l iv ing  sys tem was  heav i ly  po l lu t ed  in the pas t  (Platt, 1978} it now 
seems to have  r e tu rned  to a condi t ion  (with r ega rd  to pollution} a lmost  the  same  as that  
ob ta in ing  in appa ren t l y  pr i s t ine  reg ions  of the  Southern  Ocean.  

A cons ide rab le  n u m b e r  of surveys and  ana lyses  of paraff in ic  hydrocarbons  have  now 
b e e n  car r ied  out  on var ious  par ts  of t e m p e r a t e  wa te r  ecosys tems (Clark & Blumer,  1967; 
Far r ing ton  & Quinn,  1973; Whit t le  et  al., 1974; W a k e h a m ,  1976}. If the  va lues  ob ta ined  
from obvious ly  po l lu t ed  a reas  are  d iscounted,  it  is c lear  that  the content  and  composi t ion  
of a lkanes  de t e rmined  on these  surveys are very  s imi lar  to those  found in the  p resen t  
study. 

The composi t ion  of the  a lkanes  is also s imi lar  in  that  the  l and  plants ,  soils, aqua t ic  
sed iments  and  fish l ivers  al l  possess  the  character is t ic  m a r k e d  odd-ca rbon  p redomi -  
nance  (Fig. 1, A-F)  whi ls t  fish musc le  and  seawa te r  a lkanes  fol low a r e l a t ive ly  smooth,  
a lmost  gauss i an  d is t r ibut ion  p e a k i n g  usua l ly  in  the  n-C 26 reg ion  (Fig. 1, G-I )  (Mackie  
et  al., 1974; Whit t le  et al., 1977}. 

Vi r tua l ly  no da ta  are  ava i l ab l e  for the PAH content  of l iv ing  systems of any  area,  
s ince only  now are  t echn iques  and  e q u i p m e n t  b e c o m i n g  ava i l ab le  to de t e rmine  the 
complex  a r ray  of these  compounds  p resen t  in t issues and sediments .  Apa r t  from the 
u n p u b l i s h e d  da ta  on her r ing  and  m a c k e r e l  g iven  in Table  3, the  only da ta  on PAHs of 
l iv ing t issues w e  could  f ind are  f igures for benz (a )pyrene  content  of fish f lesh (Malle t  et 
al., 1963; Lee et  al., 1972}, the  most r e l evan t  of these  b e i n g  pe rhaps  the  va lue  of 1.5 p p b  
ob t a ined  for G r e e n l a n d  cod (Gadus morhua) by  Mal le t  et  al. {1963}. Thus, the va lues  
found in the Antarc t ic  fish wou ld  a p p e a r  to be  an  order  of m a g n i t u d e  less  than  those of 
mackere l ,  he r r ing  and  cod from the nor thern  hemisphere ,  al l  of which  show a r emarka -  
b le  agreement .  

Crude  oil, whe the r  from sp i l l ages  or na tu ra l  seepages ,  appea r s  to be  def ic ient  in the  
h ighe r  r ing  aromat ics  (Fig. 2), so it cannot  be  the  sole source of the  PAHs found. The 
a romat ic  fract ion of na tu ra l  s eep  oil  r e semb le s  other  crude oils but  the  n - a l k a n e  series  
are  r e d u c e d  (Reed & Kaplan,  1977}. Since the  input  of oil to the Southern  O c e a n  is 
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Fig. 2. Relative proportions of di-, tri-, tetra- and penta-cyclic aromatic hydrocarbons in (a) fuel oil, 
(b) surface marine sediment (0-3.5 cm depth), (c} "Antarctic cod" muscle and (d) herring muscle 
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n e g l i g i b l e  w h e n  c o m p a r e d  wi th  Europe  or Nor th  Amer ica ,  it is h igh ly  u n l i k e l y  that  the  
paraff in ic  hydroca rbons  found today  in the  Antarc t ic  are  due  to d i rec t  oil  pol lut ion.  
Biogenic  p roduc t ion  in the  mar ine  env i ronmen t  of the  "smooth"  a r ray  of a lkanes  found 
in "c l ean"  s eawa te r  has  not  b e e n  shown (Murray & Thomson,  1977) and  the i r  na tu ra l  
synthes is  mus t  be  cons ide red  h igh ly  unl ike ly .  A wor ld -wide ,  low- leve l  b a c k g r o u n d  of 
ab iogen ic  hydroca rbons  w o u l d  a p p e a r  to be  a more l i ke ly  exp lana t ion  of the  f indings.  
This b a c k g r o u n d  could  be  a t t a ined  e i ther  from a tmospher i c  fal lout  or from the ach ieve-  
men t  of a s t eady-s ta te  of hydrocarbons  formed by  the mix ing  of the  waters  of the  wor ld ' s  
oceans.  De Wies t  (1978) has  shown that  90 % of the  total  mass  of benz(a)  py rene  in the  air  
is a s soc ia t ed  wi th  par t ic les  of a e r o d y n a m i c  d i ame te r  less  than  2 fan, these  par t ic les  
hav ing  m e a n  r e s idence  t imes  in the  air  of 100-~ hours.  Therefore,  it  wou ld  s eem that  a 
w o r l d - w i d e  cove rage  of a i rborne  hydrocarbons  is a possibi l i ty .  It is also t e m p t i n g  to 
specu la t e  on w h e t h e r  this  is the  source of the  ub iqu i tous  "smooth"  n - a l kane  d is t r ibu-  
t ion un ive r sa l ly  found in "c l ean"  water .  

Exc lud ing  the n a p h t h a l e n e  series,  the  m e a n  PAH concent ra t ion  in the  top 3.5 cm of 
the  King Edward  Cove m u d  (75 ppb)  was  e l even  t imes  less than  that  found in the  fine 
sands  of Buzzards  Bay (Hites et  al., 1977), a sha l low (17 m) site nea r  the  very  heav i ly  
indus t r i a l i s ed  nor theas te rn  s eaboa rd  of the  USA and  about  half  of the  160 ppb  f igure  for 
surface sed imen t s  at 130 m dep th  94 k m  east  of Boston, Massachuse t t s  (Windsor  & Hites,  
1979). Therefore ,  a l though  the  inf luence  o f  g ra in  size on PAH concent ra t ion  must  be  
t a k e n  into account ,  the  concent ra t ions  found at South G e o rg i a  st i l l  s eem surpr i s ing ly  
h igh  for such an  i so la ted  location,  i nd ica t ing  that  g loba l  con tamina t ion  reaches  even  
remote  par ts  of the  wor ld  in re la t ive ly  u n d i m i n i s h e d  quant i t ies .  

W h a t e v e r  the source of these  compounds ,  the  ques t ion  of the i r  pe rs i s t ence  remains .  
It is we l l  k n o w n  tha t  the  n - a l k a n e s  are  p re fe ren t i a l ly  d e g r a d e d  wi th  respec t  to the  
b r a n c h e d  m e m b e r s  (Burns & Teal ,  1979), bu t  that  g iven  the r ight  condi t ions  and  suffi- 
c ient  t ime,  a l l  wi l l  d i sappea r .  It has  b e e n  e s t ab l i shed  that  this  d e g r a d a t i o n  wi l l  be  s lower  
in po la r  reg ions  (Atlas et  al., 1978). The  p re sence  of pers i s ten t  a l ka ne s  d e e p  in  the  
s ed imen t  cores from King Edward  Cove, some 70 years  after  b e i n g  depos i t ed  (Platt 
& Mackie ,  1979), fur ther  suppor ts  the  r e d u c e d  ra te  of decompos i t ion  in these  very  cold  
condi t ions.  

The  pe r s i s t ence  of l a rge  amounts  of PAi l s  d e e p  in  these  sediments ,  the  resul t  of 
act ivi t ies  at the  w h a l i n g  station, w o u l d  a p p e a r  to ra ise  en t i re ly  different  quest ions.  
M o v e m e n t  of a l ipha t i c  hydrocarbons  into the  s ed imen t  and  the i r  subsequen t  d e g r a d a -  
t ion has  b e e n  no ted  b y  severa l  workers  (Burns & Teal ,  1979; Davies  et  al., unpub l i shed)  
but  it  w o u l d  a p p e a r  that  the  c a r c i n o g e n i c / m u t a g e n i c  PAHs do not b e h a v e  in  the  same 
manner .  Gr immer  & BShnke (1975) found t empora l ly  constant  leve ls  of PAHs in the  
unpo l lu t ed  end  of a Swiss l ake  and  from this infer red  that  no chemica l  or microb ia l  
d e g r a d a t i o n  of the  PAHs had  t a k e n  p l ace  over  the  in t e rven ing  60 years  or so. The  sharp  
d iscont inui t ies  found in the  long  core (Table  6), f igured  by  Platt  & M a c k i e  (1979), also 
s p a n n i n g  some 60 years,  wou ld  a p p e a r  to a rgue  aga ins t  any  diffusion of PAHs. Thus, the  
PAHs, once s h i e l d e d  by  s ed imen ta t i on  from any pho to-ox ida t ive  react ions,  s eem to be  an  
ex t r eme ly  pe r s i s t en t  class of compounds .  

In conclusion,  the  resul ts  of this work  further subs tan t ia te  the  observa t ion  that  the 
b e h a v i o u r  of oil  and  its var ious  componen t s  is m a r k e d l y  in f luenced  by  t empe ra tu r e  
condi t ions.  Consequent ly ,  po l lu t ion  effects found in t e m p e r a t e  a reas  cannot  wi th  safety 
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b e  a s s u m e d  to p e r t a i n  i n  p o l a r  r e g i o n s .  N o r  is t h e  r e m o t e  A n t a r c t i c  e n v i r o n m e n t  i m m u n e  

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

g e n i c  sou rces .  T h e s e  p o i n t s  s h o u l d  b e  t a k e n  fu l l y  i n t o  a c c o u n t  w h e n  c o n t e m p l a t i n g  

l a r g e - s c a l e  e x p l o i t a t i o n  of A n t a r c t i c a ' s  r e s o u r c e s .  F u r t h e r  r e s e a r c h  is n e c e s s a r y  to 

a s c e r t a i n  to  w h a t  e x t e n t  t h i s  u n i q u e  r e g i o n  c a n  a d e q u a t e l y  b e a r  t h e  i n e v i t a b l e  s t r a i n  of 

s u c h  ac t i v i t i e s .  
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