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Abstract	
  
The	
   extensive	
   and	
   catastrophic	
   potential	
   faced	
   in	
   responding	
   to	
   oil	
   spills	
   highlight	
   the	
   need	
   for	
  
transparent	
  decision-­‐making,	
  rapid	
  action,	
  and	
  effective	
  communication.	
  Here	
  we	
  present	
  a	
  framework	
  
for	
  understanding	
  the	
  environmental	
  management	
  decision-­‐making	
  process	
  based	
  on	
  a	
  critical	
  review	
  
of	
   the	
  existing	
  oil	
   spill	
   response	
   literature.	
  This	
   framework	
   identifies	
  key	
  variables	
   that	
   influence	
   the	
  
fate	
   of	
   a	
  marine	
   oil	
   spill.	
   Future	
   research	
  needs	
   are	
   identified	
   and	
   response	
   technology	
   options	
   are	
  
clarified	
   with	
   the	
   aim	
   of	
   minimizing	
   the	
   impact	
   of	
   such	
   a	
   spill	
   on	
   the	
   ecosystem.	
   In	
   addition	
   to	
  
technological	
   improvements,	
   the	
   need	
   for	
   baseline	
   data	
   collection	
   and	
   rapid	
   decision-­‐making	
   is	
  
highlighted	
  by	
  a	
  case	
  study	
  of	
  a	
  2011	
  oil	
  spill	
  in	
  the	
  Bay	
  of	
  Plenty,	
  New	
  Zealand.	
  
	
  
Key	
  Words:	
  Oil	
  spill,	
  decision-­‐making,	
  marine	
  ecosystem,	
  review	
  
	
  
1.	
  Introduction	
  
Fossil	
   fuels	
  are	
  a	
  cornerstone	
  of	
  modern	
  human	
  
society,	
   and	
   despite	
   promising	
   developments	
   in	
  
alternative	
   energy	
   sources,	
   the	
   extraction	
   and	
  
use	
  of	
  oil	
   is	
  projected	
  to	
  continue	
  to	
  grow	
  by	
  at	
  
least	
   25%	
   over	
   the	
   next	
   25	
   years	
   [1].	
  With	
   the	
  
reliance	
   on	
   oil	
   for	
   energy	
   comes	
   the	
   risk	
   of	
  
accident.	
  Recent	
  history	
  contains	
  many	
  examples	
  
of	
   oil	
   release	
   into	
   the	
   environment,	
   including	
  
many	
   high	
   profile	
   incidents	
   with	
   far-­‐reaching	
  
consequences.	
   These	
   large	
   oil	
   spills	
   are	
   less	
  
numerous	
   than	
   small	
   spills,	
   but	
   they	
   publically	
  
showcase	
   the	
   political,	
   economic	
   and	
   ecological	
  
complexity	
   of	
   spill	
   cleanup	
   [2-­‐5].	
   Historically,	
  
many	
   spills	
   have	
   been	
   the	
   result	
   of	
   damage	
   to	
  
tankers,	
  such	
  as	
  the	
  Torrey	
  Canyon	
  spill	
   in	
  1967,	
  
the	
  Amoco	
  Cadiz	
  spill	
   in	
  1978,	
   the	
  Exxon	
  Valdez	
  
spill	
   in	
  1989	
  [6],	
  and	
  the	
  recent	
  MV	
  Rena	
  spill	
   in	
  
2011	
   [7].	
   As	
   easily	
   accessible	
   resources	
   are	
  

depleted,	
   drilling	
   is	
  moving	
   offshore,	
   leading	
   to	
  
underwater	
   well	
   blowouts	
   such	
   as	
   the	
   Ixtoc	
   I	
  
blowout	
   in	
   1979	
   and	
   the	
   Deepwater	
   Horizon	
  
blowout	
   in	
   2010	
   [8,	
   9].	
   Extraction	
   is	
   also	
  
occurring	
   in	
   even	
   more	
   extreme	
   environments;	
  
as	
   the	
   recent	
   grounding	
   of	
   the	
   Kulluk	
   in	
  
December	
   2012	
   made	
   clear,	
   this	
   could	
   lead	
   to	
  
potentially	
   even	
   greater	
   catastrophes	
   in	
   the	
  
event	
   of	
   an	
   oil	
   release	
   [10].	
   Both	
   tanker	
   and	
  
wellhead	
   oil	
   spills	
   can	
   result	
   in	
   substantial	
  
release	
   of	
   oil	
   in	
   areas	
   that	
   are	
   both	
  
environmentally	
  sensitive	
  and	
  have	
  an	
  impact	
  on	
  
human	
   health	
   and	
   well-­‐being	
   [8].	
   This	
  
contributes	
  to	
  loss	
  of	
  lives	
  and	
  capital,	
  and	
  to	
  the	
  
deterioration	
   of	
   the	
   health	
   of	
   surrounding	
  
ecosystems	
   [11,	
   12]	
   and	
   the	
   services	
   they	
  
provide	
  to	
  adjacent	
  communities	
  [13].	
  	
  
	
  
Study	
   of	
   previous	
   oil	
   spills	
   [6,	
   14]	
   and	
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implementation	
   of	
   corresponding	
   safeguards	
  
helps	
   reduce	
   the	
   impact	
   of	
   future	
   spills.	
   Many	
  
organizations	
   have	
   resources	
   that	
   outline	
  
comprehensive	
   spill	
   response	
   plans	
   [15-­‐18].	
  
However,	
   the	
   complexity	
   of	
   the	
   challenges	
   and	
  
the	
  variety	
  of	
  stakeholders	
  involved	
  highlight	
  the	
  
need	
   for	
   transparent	
   decision-­‐making	
   that	
   is	
  
based	
  on	
  clear	
  answers	
  to	
  key	
  questions	
  [19].	
  	
  
	
  
Stakeholders	
   invested	
   in	
   addressing	
   an	
   oil	
   spill	
  
often	
   struggle	
   to	
   identify	
   and	
   communicate	
  
available	
   resources,	
   and	
  potential	
   responses.	
   To	
  
facilitate	
   this	
   communication,	
   our	
   review	
   is	
  
organized	
   around	
   a	
   five-­‐question	
   framework.	
  
These	
   identify	
   important	
   decision	
   points	
   to	
  
consider	
  during	
  an	
  oil	
  spill	
  in	
  an	
  offshore	
  marine	
  
environment.	
   We	
   conducted	
   a	
   broad	
   review	
   of	
  
technical	
   reports,	
   information	
   from	
  government	
  
agencies,	
   media	
   accounts,	
   and	
   peer-­‐reviewed	
  
literature.	
  This	
  approach	
  led	
  to	
  in-­‐depth	
  reviews	
  
of	
   oil	
   composition	
   and	
   fate,	
   spill	
   response	
  
technologies,	
   and	
   environmental	
   impact	
   and	
  
recovery.	
   	
   Studies	
   that	
   incorporate	
   available	
  
knowledge	
  and	
  identify	
  key	
  decision	
  points	
  serve	
  
to	
   prepare	
   responders	
   for	
   future	
   spills	
   and	
  
communicate	
  available	
  options	
  [19,	
  20].	
  	
  
	
  
In	
  addition	
  to	
  effective	
  responses	
  to	
  oil	
  spills,	
  it	
  is	
  
essential	
   to	
   minimize	
   unintended	
   stress	
   on	
   the	
  
ecosystem	
   created	
   by	
   cleanup	
   efforts.	
   Oil	
   spills	
  
can	
   create	
   large-­‐scale	
   disruptions	
   of	
   a	
   marine	
  
ecosystem	
  [21,	
  22],	
  and	
  subsequent	
  disturbances	
  
may	
   further	
   decrease	
   ecosystem	
   resilience	
   [11,	
  
23,	
   24].	
   From	
   our	
   review	
   of	
   the	
   literature	
   we	
  
found	
  that	
  environmental	
  baseline	
  data	
  is	
  critical	
  
for	
   optimal	
   use	
   of	
   available	
   response	
  
technologies	
  when	
  a	
  spill	
  occurs	
  and	
  for	
  accurate	
  
assessment	
   of	
   ecosystem	
   recovery.	
  
Unfortunately,	
  systems	
  are	
  often	
  not	
   in	
  place	
  to	
  
gather	
   this	
   data	
   at	
   active	
   or	
   potential	
   future	
  
drilling	
  sites.	
  	
  	
  
	
  
We	
   demonstrate	
   the	
   potential	
   benefits	
   of	
  
examining	
   oil	
   spills	
   through	
   this	
   environmental	
  
management	
   framework	
   by	
   considering	
   the	
  

response	
  to	
  a	
   recent	
  oil	
   spill	
   incident	
   in	
   the	
  Bay	
  
of	
   Plenty,	
   New	
   Zealand.	
   This	
   example	
   uses	
   a	
  
relevant	
   scenario	
   to	
   demonstrate	
   many	
   of	
   the	
  
key	
   findings	
   of	
   this	
   review.	
   We	
   then	
   suggest	
  
technical	
   improvements	
   to	
   existing	
   responses	
  
and	
   emphasize	
   the	
   importance	
   of	
   collecting	
  
environmental	
   baseline	
   data	
   at	
   drilling	
   sites,	
  
highlighting	
   areas	
   of	
   research	
   and	
   response	
  
where	
   actions	
   can	
   be	
   taken	
   now	
   to	
   minimize	
  
ecosystem	
  stress	
  in	
  future	
  spills.	
  
	
  
2.	
  Key	
  Variables	
  Affecting	
  Successful	
  Oil	
  
Spill	
  Response	
  
The	
   ultimate	
   goal	
   of	
   a	
   successful	
   oil	
   spill	
  
response	
   is	
   to	
   support	
   ecosystem	
   resilience,	
  
which	
   is	
   the	
  capacity	
   to	
  absorb	
  disturbance	
  and	
  
to	
  reorganize	
  while	
  undergoing	
  change,	
  so	
  as	
  to	
  
still	
   retain	
   equivalent	
   function,	
   structure,	
  
identity,	
   and	
   feedback	
   networks	
   [25].	
   	
   Toward	
  
this	
  end	
  we	
  have	
  outlined	
  the	
  essential	
  variables	
  
to	
  be	
  included	
  in	
  an	
  environmental	
  management	
  
plan	
   that	
   will	
   help	
   coordinate	
   and	
   direct	
  
response	
   efforts	
   [24].	
   Awareness	
   of	
   ecosystem	
  
resilience	
   and	
   of	
   the	
   synergistic	
   effect	
   of	
  
perturbations	
   is	
   key	
   to	
   the	
   assessment	
   of	
  
possible	
  interventions	
  and	
  to	
  the	
  selection	
  of	
  an	
  
environmentally	
   preferable	
   response	
   [23].	
   Our	
  
review	
   does	
   not	
   address	
   financial	
   and	
   political	
  
costs	
  of	
  the	
  possible	
  options;	
  rather,	
  estimations	
  
of	
   the	
   environmental	
   damage	
   [26]	
   and	
   the	
  
effects	
  on	
  the	
  local	
  ecosystem	
  [12],	
  including	
  the	
  
human	
  population,	
  are	
  emphasized.	
  
	
  
In	
   order	
   to	
   understand	
   the	
   key	
   variables	
   that	
  
inform	
  oil	
  spill	
  responses,	
  we	
  used	
  existing	
  public	
  
resources	
   that	
  outlined	
  spill	
   response	
  plans	
   [15-­‐
18,	
   27-­‐29],	
   available	
   literature	
   on	
   existing	
  
technologies	
   [30-­‐38],	
  and	
  emerging	
  case	
  studies	
  
of	
  the	
  Deepwater	
  Horizon	
  incident	
  [8,	
  19,	
  20,	
  39-­‐
44],	
   as	
  well	
   as	
  available	
   case	
   studies	
   from	
  older	
  
incidents	
  [14].	
  	
  
	
  
Using	
   this	
   understanding	
   of	
   response	
  
technologies,	
   we	
   identified	
   key	
   questions	
   that	
  
must	
   be	
   asked	
   when	
   a	
   spill	
   occurs	
   in	
   order	
   to	
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facilitate	
  rapid	
  implementation	
  of	
  an	
  appropriate	
  
response.	
  We	
  narrowed	
   the	
   field	
  of	
   parameters	
  
by	
   considering	
   a	
   number	
   of	
   possible	
   spill	
  
scenarios	
  and	
  determining	
  the	
  physical,	
  chemical	
  
and	
   biological	
   factors	
   that	
   are	
   likely	
   to	
   have	
   an	
  
effect	
   on	
   the	
   eventual	
   response	
   effectiveness.	
  
These	
   variables	
   are	
   broken	
   down	
   into	
   three	
  
subsections:	
  the	
  first	
  addresses	
  the	
  properties	
  of	
  

the	
  oil	
  itself	
  and	
  the	
  nature	
  of	
  the	
  spill	
  (Figure	
  1:	
  
yellow),	
   the	
   second	
   environmental	
   and	
  
ecosystem	
   conditions	
   (Figure	
   1:	
   blue),	
   and	
   the	
  
third	
   available	
   response	
   technologies	
   (Figure	
   1:	
  
orange).	
   The	
   five	
   key	
   questions	
   can	
   clearly	
  
communicate	
   the	
   treatment	
   options	
   and	
  
decisions	
   to	
   all	
   stakeholders.

	
  
Figure	
  1.	
  Potential	
  responses	
  to	
  an	
  oil	
  spill	
  based	
  on	
  key	
  decision-­‐making	
  questions.	
  	
  The	
  outline	
  
guides	
  the	
  user	
  through	
  a	
  series	
  of	
  questions	
  about	
  the	
  spill	
  (yellow),	
  the	
  physical	
  and	
  biological	
  

environment	
  in	
  which	
  the	
  spill	
  occurs	
  (blue),	
  and	
  potential	
  cleanup	
  responses	
  (orange).	
  
	
  
Because	
  an	
  oil	
  spill	
  is	
  not	
  static	
  and	
  evolves	
  over	
  
time,	
   a	
   single	
   analysis	
   of	
   the	
   situation	
   is	
   rarely	
  
sufficient.	
   In	
   some	
   cases	
   the	
   answers	
   to	
   each	
  

question	
  will	
   change	
  because	
  of	
   cleanup	
  efforts	
  
undertaken;	
  in	
  other	
  cases	
  the	
  optimal	
  response	
  
may	
  be	
  affected	
  by	
  changes	
  in	
  weather	
  patterns,	
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the	
   amount	
   of	
   oil	
   spilled	
   (as	
   in	
   a	
   continuous	
  
release	
  scenario),	
  or	
  new	
   information	
  about	
   the	
  
sensitivity	
  of	
  surrounding	
  environments.	
  
	
  
2.1	
  Oil	
  and	
  Spill	
  Properties	
  (Figure	
  1:	
  Yellow)	
  
The	
  size	
  of	
  an	
  oil	
  spill	
  and	
  the	
  type	
  of	
  oil	
  spilled	
  
define	
   the	
   scale	
   of	
   the	
   spill	
   and	
   influence	
   the	
  
types	
  of	
  responses	
  to	
  be	
  considered.	
  	
  
	
  
2.1.1	
  Spill	
  Size	
  
The	
  size	
  of	
  an	
  oil	
  spill	
  has	
  a	
  strong	
  correlation	
  to	
  
the	
   complexity	
   of	
   the	
   response	
   required.	
   In	
  
broad	
  terms,	
  oil	
  spills	
  may	
  be	
  classified	
  either	
  as	
  
being	
  very	
  small,	
   large	
  with	
  a	
  fixed	
  volume	
  from	
  
a	
   single	
   release,	
   or	
   large	
   with	
   a	
   continually	
  
changing	
   volume	
   due	
   to	
   ongoing	
   release	
   of	
   oil	
  
into	
   the	
   environment.	
   The	
   response	
   to	
   a	
   large	
  
spill	
  is	
  multi-­‐faceted	
  and	
  will	
  evolve	
  substantially	
  
over	
  the	
  course	
  of	
  a	
  cleanup	
  operation.	
  	
  
	
  
On	
   a	
   very	
   small	
   scale	
   (<	
   100	
   gallons)	
   it	
   is	
   often	
  
possible	
   to	
   completely	
   contain	
   and	
   remove	
  
spilled	
   oil	
   with	
   absorbent	
   materials,	
   such	
   as	
  
those	
  in	
  the	
  “spill	
  kits”	
  frequently	
  found	
  onsite	
  in	
  
ports	
   [45].	
   With	
   larger	
   spills,	
   such	
   a	
  
straightforward	
  response	
  does	
  not	
  suffice	
  for	
  oil	
  
removal;	
  it	
  is	
  in	
  such	
  cases	
  that	
  responders	
  must	
  
identify	
  all	
  options	
  available	
  for	
  cleanup.	
  
	
  
Approximately	
  55%	
  by	
  volume	
  of	
  the	
  oil	
  spilled	
  in	
  
navigable	
   waters	
   in	
   the	
   United	
   States	
   comes	
  
from	
   vessels	
   of	
   various	
   types	
   (barges,	
   tankers,	
  
freighters,	
   and	
   other	
  watercraft)	
   [16].	
   The	
   total	
  
possible	
  volume	
  of	
  oil	
  from	
  a	
  vessel	
  is	
  limited	
  by	
  
the	
   carrying	
   capacity	
  of	
   the	
   vessel.	
   The	
   carrying	
  
capacity	
  of	
  tankers,	
  for	
  example,	
  ranges	
  from	
  106	
  
to	
  108	
  gallons,	
  although	
  the	
  likelihood	
  of	
  a	
  large,	
  
full	
   tanker	
   spilling	
   100	
   million	
   gallons	
   of	
   oil	
   is	
  
very	
  low	
  [46,	
  47].	
  If	
  oil	
  is	
  leaking	
  slowly	
  from	
  the	
  
vessel,	
  the	
  actual	
  amount	
  of	
  oil	
  in	
  the	
  water	
  may	
  
be	
   continually	
   changing,	
   but	
   the	
   finite	
   upper	
  
bound	
   on	
   the	
   amount	
   of	
   oil	
   being	
   treated	
   is	
  
useful	
   in	
   planning	
   a	
   cleanup	
   response	
   that	
   will	
  
span	
  over	
  a	
  longer	
  period.	
  In	
  any	
  situation	
  where	
  
a	
   leak	
   is	
   ongoing,	
   it	
   is	
   essential	
   to	
   prioritize	
  

stopping	
   the	
   continued	
   release	
   of	
   oil	
   in	
   the	
  
cleanup	
   strategy,	
   since	
   oil	
   is	
   much	
   easier	
   to	
  
remove	
   before	
   coming	
   into	
   contact	
   with	
  
environmental	
  media.	
  
	
  
Offshore	
   production	
   facilities	
   (stationary	
   spill	
  
sources	
  other	
  than	
  pipelines)	
  account	
  for	
  13%	
  by	
  
volume	
  of	
   the	
   oil	
   spilled	
   in	
  water	
   in	
   the	
  United	
  
States;	
  pipelines	
  account	
   for	
   the	
   remaining	
  31%	
  
of	
   spills	
   in	
   navigable	
   waters	
   [16].	
   Spills	
   on	
  
navigable	
   waters	
   in	
   recent	
   US	
   history	
   have	
  
ranged	
   in	
   size	
   from	
  very	
   small,	
  with	
  94%	
  of	
   the	
  
total	
   number	
   of	
   offshore	
   production	
   spills	
  
measuring	
  2100	
  gallons	
  or	
  less	
  [48],	
  to	
  the	
  nearly	
  
5.0	
  million	
  barrels	
   (210	
  million	
  gallons)	
   released	
  
in	
  the	
  Deepwater	
  Horizon	
  disaster	
  [19,	
  49].	
  When	
  
oil	
   is	
   released	
   from	
   a	
   wellhead	
   or	
   a	
   pipeline,	
  
there	
  is	
  no	
  clear	
  upper	
  limit	
  on	
  the	
  amount	
  of	
  oil	
  
that	
  will	
  be	
  released	
  until	
  the	
  flow	
  is	
  successfully	
  
stopped.	
   However,	
   even	
   if	
   emergency	
  
procedures	
   to	
   stop	
   the	
   flow	
   of	
   oil	
   are	
  
unsuccessful,	
   it	
   is	
   essential	
   to	
   concurrently	
  
initiate	
  a	
  dynamic	
  cleanup	
  plan	
  to	
  respond	
  to	
  the	
  
rapidly	
   changing	
   conditions	
   caused	
   by	
   the	
  
continuous	
  influx	
  of	
  oil.	
  
	
  
In	
  both	
   vessel	
   and	
  wellhead	
  or	
  pipeline	
   spills,	
   it	
  
can	
  be	
  very	
  difficult	
  to	
  accurately	
  quantify	
  the	
  oil	
  
released	
   into	
   the	
   environment	
   [50].	
  While	
   such	
  
values	
   are	
   important	
   for	
   long-­‐term	
  
environmental	
   impact	
   analysis,	
   difficulties	
   in	
  
estimating	
  the	
  exact	
  amount	
  of	
  oil	
  released	
  into	
  
the	
   environment	
   must	
   not	
   paralyze	
   decision-­‐
making	
   and	
   cleanup	
   efforts.	
   It	
   is	
   sufficient	
   to	
  
provide	
   an	
   order-­‐of-­‐magnitude	
   estimate	
   that	
  
informs	
   how	
   resource-­‐intensive	
   a	
   response	
   will	
  
be	
   and	
   allows	
   decision	
   makers	
   to	
   evaluate	
   the	
  
adequacy	
  of	
  their	
  resources.	
  
	
  
2.1.2	
  Oil	
  Type	
  
The	
   composition	
   of	
   oil	
   that	
   is	
   spilled	
   strongly	
  
influences	
  the	
  available	
  response	
  options.	
  Oil	
  can	
  
be	
   broadly	
   categorized	
   as	
   one	
   of	
   three	
   types:	
  
crude	
  oil,	
  bunker	
  fuel	
  or	
  weathered	
  oil.	
  Crude	
  oil	
  
is	
   the	
   mixture	
   of	
   hydrocarbons	
   that	
   has	
   been	
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extracted	
  from	
  a	
  well	
  and	
  is	
  being	
  transported	
  to	
  
a	
  refinery.	
  Bunker	
  oil	
   is	
  primarily	
  used	
  to	
  power	
  
marine	
   equipment.	
   Weathered	
   oil	
   results	
   from	
  
the	
   exposure	
   of	
   spilled	
   oil	
   to	
   environmental	
  
conditions	
   for	
   any	
   period	
   of	
   time,	
   resulting	
   in	
  
evaporation	
   of	
   the	
   lighter	
   constituents	
   and	
  
partial	
  emulsification.	
  	
  
	
  
Crude	
   oil	
   accounts	
   for	
   approximately	
   29%	
   by	
  
volume	
  of	
   the	
   total	
   oil	
   spilled	
  on	
  water	
   globally	
  
[16],	
  while	
  spills	
  of	
  bunker	
  fuel	
  comprise	
  48%	
  by	
  
volume	
  of	
  the	
  total	
  oil	
  spilled	
  on	
  water	
  [16].	
  (The	
  
remaining	
  23%	
  is	
  a	
  combination	
  of	
  waste,	
  mixed	
  
oil,	
   and	
   refined	
   products).	
   While	
   the	
   exact	
  
composition	
  of	
  crude	
  oil	
  depends	
  on	
  the	
  source,	
  
it	
  generally	
  consists	
  of	
  a	
  mixture	
  of	
  lighter	
  (C4-­‐16)	
  
and	
   heavier	
   saturated	
   hydrocarbons	
   (C17	
   and	
  
greater),	
   various	
   aromatic	
   and	
   polyaromatic	
  
hydrocarbons,	
   and	
   small	
   amounts	
   of	
  

asphaltenes,	
   resins,	
   and	
   waxes	
   [16,	
   51,	
   52].	
  
When	
  fresh,	
  it	
  generally	
  floats	
  on	
  calm	
  water	
  and	
  
forms	
  a	
  slick.	
  
	
  
By	
  contrast,	
  bunker	
  oil	
   is	
   composed	
  primarily	
  of	
  
heavier	
   saturated	
   hydrocarbons,	
   asphaltenes,	
  
resins,	
   and	
   waxes,	
   and	
   contains	
   few	
   light	
  
components,	
  making	
   it	
  much	
  more	
  viscous	
   than	
  
crude	
   oil.	
   Bunker	
   fuel	
   spills	
   also	
   tend	
   to	
   be	
  
smaller	
   in	
   volume,	
   although	
   their	
   frequency	
   is	
  
higher:	
  the	
  Cosco	
  Busan	
  spill	
  in	
  the	
  San	
  Francisco	
  
Bay	
  epitomizes	
  bunker	
  oil	
  spills	
  with	
  a	
  volume	
  of	
  
just	
   over	
   50,000	
   gallons	
   [53].	
   Table	
   1	
   provides	
  
compositional	
   breakdowns	
   of	
   South	
   Louisiana	
  
Crude	
   (a	
   typical	
   example	
   of	
   a	
   light	
   crude	
   oil)	
   in	
  
the	
   form	
   that	
   it	
   is	
   transported	
   and	
   in	
   the	
   form	
  
that	
   it	
   initially	
   leaves	
  a	
  wellhead,	
  and	
  of	
  Bunker	
  
Oil	
   C,	
  which	
   is	
   the	
  predominant	
   form	
  of	
   fuel	
  oil	
  
used.	
  

	
  	
  	
  
Table	
  1.	
  Compositions	
  of	
  South	
  Louisiana	
  Crude	
  (in	
  a	
  surface	
  spill	
  and	
  at	
  the	
  wellhead)	
  

and	
  Bunker	
  Oil	
  C	
  [43,	
  54].	
  
	
  

Component	
   South	
  Louisiana	
  
Crude	
  in	
  Transport	
  	
  

(%	
  weight)	
  

South	
  Louisiana	
  
Crude	
  at	
  Wellhead	
  

(%	
  weight)	
  

Bunker	
  Oil	
  C	
  
(%	
  weight)	
  

CH4	
   0	
   20	
   0	
  
C2-­‐4	
   4.7	
   11	
   0	
  
C5-­‐8	
   16	
   12	
   0	
  
C9-­‐16	
   16	
   12	
   3.5	
  
C17-­‐41	
   44	
   33	
   39	
  
BTEX+a	
   3.4	
   3.8	
   0.2	
  
PAHb	
   0.9	
   1.3	
   2.9	
  
Other	
  Aromatics	
   8.3	
   4.4	
   26	
  
Resins	
   5.9	
   4.4	
   16	
  
Asphaltenes	
   0.8	
   0.6	
   13	
  
Waxes	
   1.7	
   1.3	
   2.5	
  

aBenzene,	
  toluene,	
  ethynylbenzene,	
  and	
  xylenes.	
  	
  bPolyaromatic	
  hydrocarbons	
  
	
  
The	
  composition	
  of	
  spilled	
  crude	
  oil	
  changes	
  due	
  
to	
   evaporation,	
   wave	
   action,	
   and	
   exposure	
   to	
  
sunlight	
   and	
  microbial	
   activity	
   [38,	
   40,	
   55].	
   The	
  
rate	
   at	
   which	
   all	
   of	
   these	
   factors	
   act	
   can	
   vary	
  
[54],	
   but	
   the	
   effects	
   are	
   easily	
   observed	
   by	
  

quantifying	
   the	
   composition	
   of	
   weathered	
   oil.	
  
Evaporation	
  and	
  microbial	
  activity,	
  both	
  of	
  which	
  
depend	
   on	
   temperature,	
   generally	
   remove	
  
lighter	
   components	
   of	
   oil,	
   which	
   results	
   in	
  
increased	
   viscosity,	
   decreasing	
   the	
   effectiveness	
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of	
  both	
  skimming	
  and	
  dispersants	
  [43,	
  52].	
  Over	
  
two	
  days	
   at	
   15	
   °C	
   in	
   a	
   controlled	
   study,	
   40%	
  of	
  
crude	
  oil	
  evaporates;	
  after	
  this	
  time	
  the	
  chemical	
  
composition	
  of	
  spilled	
  crude	
  oil	
   is	
  similar	
  to	
  that	
  
of	
   bunker	
   oil	
   [16,	
   32,	
   33,	
   54].	
   By	
   contrast,	
   only	
  
3%	
   of	
   bunker	
   oil	
   evaporates	
   in	
   the	
   same	
   time	
  
[16].	
  
	
  
Turbulent	
   water	
   increases	
   the	
   degree	
   of	
   both	
  
dispersion	
   and	
   emulsification	
   of	
   oil;	
   oil-­‐water	
  
emulsions	
   are	
   much	
   more	
   difficult	
   to	
   clean	
   up	
  
than	
   oil	
   itself.	
   This	
   was	
   demonstrated	
   in	
   the	
  
Torrey	
  Canyon	
  spill,	
  where	
   lack	
  of	
  preparedness	
  
delayed	
   initial	
   cleanup	
  of	
   fresh	
  crude	
  oil	
  off	
   the	
  
coast	
   of	
   Britain,	
   resulting	
   in	
   the	
   weathering	
   of	
  
this	
   oil	
   [56].	
   In	
   general	
   there	
   are	
  more	
   options	
  
and	
   the	
   removal	
   of	
   oil	
   is	
   much	
   simpler	
   before	
  
significant	
   weathering	
   has	
   occurred,	
  
underscoring	
   the	
   need	
   for	
   rapid	
   response	
   to	
   oil	
  
spills.	
   Knowledge	
   of	
   initial	
   oil	
   composition	
   and	
  
the	
   changes	
   that	
   occur	
   with	
   weathering	
   is	
  
essential	
   for	
   effective	
   cleanup.	
   Characteristics	
  
such	
   as	
   volatility	
   and	
   viscosity	
   will	
   have	
   a	
  
significant	
  impact	
  on	
  the	
  effectiveness	
  of	
  various	
  
technologies,	
   such	
   as	
   the	
   ability	
   to	
   allow	
   for	
  
controlled	
   burns	
   or	
   the	
   effectiveness	
   of	
  
skimmers.	
  	
  
	
  
2.2	
  Environmental	
  Considerations	
  (Figure	
  1:	
  
Blue)	
  
The	
  location	
  of	
  the	
  spilled	
  oil	
  with	
  respect	
  to	
  the	
  
shoreline,	
   various	
   aquatic	
   ecosystems,	
   and	
   the	
  
ocean	
   floor	
   affects	
   the	
   selection	
   of	
   appropriate	
  
responses.	
   The	
   Environmental	
   Sensitivity	
   Index	
  
developed	
   by	
   the	
   National	
   Oceanographic	
   and	
  
Atmospheric	
   Administration	
   (NOAA)	
   [26]	
   is	
  
presented	
  here	
  as	
  a	
  potentially	
  useful	
   rubric	
   for	
  
evaluating	
   environments	
   that	
   may	
   be	
   affected.	
  
Additionally,	
   geographical	
   and	
   weather	
   factors	
  
significantly	
   influence	
   the	
   range	
   of	
   potential	
  
responses.	
   Rather	
   than	
   enumerating	
   all	
   of	
   the	
  
potential	
  factors,	
  it	
  is	
  possible	
  to	
  summarize	
  their	
  
influence	
  on	
  potential	
  spill	
  responses	
  by	
  asking	
  if	
  
booms	
  can	
  be	
  used.	
  While	
  booms	
  are	
  a	
  response	
  
rather	
   than	
   a	
   direct	
   environmental	
   factor,	
   they	
  

emerged	
   as	
   an	
   effective	
   technology	
   that,	
   if	
  
available	
   and	
   possible	
   to	
   deploy,	
   are	
   often	
   a	
  
beneficial	
   first	
   response	
   since	
   they	
   both	
   isolate	
  
the	
   affected	
   region	
   and	
  enable	
  other	
   treatment	
  
responses.	
   This	
   question	
   encompasses	
   physical	
  
and	
   environmental	
   factors,	
   and	
   informs	
   the	
  
possibility	
  of	
  using	
  several	
  cleanup	
  methods.	
  	
  
	
  
2.2.1	
  Surface/Underwater	
  	
  
This	
  parameter	
  considers	
  the	
  difference	
  between	
  
oil	
  that	
  is	
  released	
  from	
  a	
  point	
  on	
  the	
  surface	
  of	
  
the	
  water	
  and	
  oil	
  that	
  is	
  released	
  underwater,	
  for	
  
example	
   from	
   a	
   damaged	
   wellhead.	
   This	
  
parameter	
   is	
   very	
   closely	
   tied	
   to	
   the	
   properties	
  
of	
  the	
  oil	
  itself.	
  
	
  
There	
  are	
  two	
  significant	
  differences	
  between	
  oil	
  
spilled	
  on	
   the	
  surface	
  vs.	
  underwater:	
   the	
   initial	
  
composition	
   of	
   the	
   crude	
   oil	
   (See	
   Table	
   1),	
   and	
  
the	
  tendency	
  towards	
  natural	
  dispersion	
  vs.	
  slick	
  
formation.	
   Crude	
   oil	
   released	
   from	
   a	
   wellhead	
  
has	
   a	
   larger	
   contribution	
   from	
   lighter	
   fractions,	
  
most	
  notably	
  a	
  contribution	
  on	
  the	
  order	
  of	
  20%	
  
methane	
  by	
  weight	
  [43].	
  The	
  lighter	
  components	
  
are	
   more	
   likely	
   to	
   float	
   to	
   the	
   surface	
   after	
   an	
  
underwater	
   release,	
   while	
   heavier	
   components	
  
are	
  more	
  likely	
  to	
  remain	
  suspended	
  in	
  the	
  water	
  
column.	
   However,	
   lighter	
   components	
   dissolve	
  
easily	
   in	
   water	
   and	
   can	
   become	
   trapped	
   in	
   the	
  
water	
   column	
   [43].	
   When	
   they	
   do	
   reach	
   the	
  
surface,	
   they	
  may	
   be	
   significantly	
  weathered.	
   A	
  
study	
   by	
   Johansen	
   et	
   al.	
   of	
   a	
   controlled	
  
underwater	
   oil	
   release	
   demonstrates	
   that	
   the	
  
rate	
   at	
   which	
   oil	
   reaches	
   the	
   surface	
   and	
   the	
  
degree	
   of	
   weathering	
   depends	
   on	
   a	
   number	
   of	
  
factors,	
   including	
   rate	
  of	
   release	
  and	
  size	
  of	
   the	
  
droplets	
  released	
  [57].	
  
	
  
The	
   response	
   technologies	
   available	
  will	
   change	
  
depending	
  on	
  the	
  state	
  of	
  the	
  oil	
  once	
  it	
  reaches	
  
the	
   surface,	
   since	
   not	
   all	
   technologies	
  will	
  work	
  
with	
   weathered	
   oil.	
   Additionally,	
   the	
   fate	
   of	
   oil	
  
that	
  remains	
  trapped	
  in	
  the	
  water	
  column	
  needs	
  
to	
  be	
   considered	
   in	
   the	
   response	
   [58-­‐60].	
  Many	
  
technologies	
   are	
   designed	
   for	
   surface	
   oil	
   and	
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cannot	
  be	
  used	
  underwater.	
  
	
  
2.2.2	
  Environmental	
  Sensitivity	
  	
  
Given	
   that	
   oil	
   spills	
   occur	
   in	
   a	
   diversity	
   of	
  
ecosystems,	
   it	
   is	
   necessary	
   to	
   quickly	
   evaluate	
  
the	
   affected	
   area	
   and	
   the	
   potential	
  
environmental	
   impact	
   of	
   the	
   spill.	
   Based	
   on	
   a	
  
combination	
   of	
   situational	
   factors,	
   such	
   as	
  
predicted	
   weather,	
   local	
   currents	
   and	
   tides,	
  
natural	
   degradation	
   rate	
   of	
   oil,	
   and	
   water	
  
temperature,	
   responders	
   can	
   evaluate	
   whether	
  
nearby	
   sensitive	
   environments	
   are	
   likely	
   to	
   be	
  
affected	
   by	
   the	
   spill	
   or	
   by	
   any	
   proposed	
  
treatments.	
   A	
   set	
   of	
   creditable	
   guidelines	
   for	
  
classification	
   and	
   identification	
   of	
   habitats	
   has	
  
been	
   created	
   by	
   NOAA	
   as	
   part	
   of	
   their	
  
Environmental	
   Sensitivity	
   Index	
   (ESI)	
   mapping	
  
system	
   [26].	
   This	
   tool	
   is	
   a	
   set	
   of	
   multilayered	
  

maps	
   of	
   shorelines	
   of	
   the	
   United	
   States,	
  
generated	
   from	
   digital	
   databases	
   using	
  
Geographic	
  Information	
  Systems	
  (GIS)	
  to	
  which	
  a	
  
sensitivity	
   classification	
   has	
   been	
   applied	
   [26,	
  
61].	
   An	
   ESI	
   map	
   contains	
   information	
   on	
  
biological	
  resources,	
  human-­‐use	
  resources,	
  and	
  a	
  
shoreline	
   classification	
   and	
   rank.	
   The	
   shoreline	
  
classification	
   and	
   rank	
   integrates	
   four	
   factors:	
  
exposure	
   to	
   wave	
   and	
   tidal	
   energy,	
   shoreline	
  
slope,	
  substrate	
  type,	
  and	
  biological	
  productivity	
  
and	
   sensitivity.	
   Rankings	
   range	
   from	
   1	
   to	
   10E	
  
(see	
  Table	
  2)	
  and	
  provide	
  a	
  clear,	
  increasing	
  scale	
  
of	
   relative	
   sensitivity	
   to	
   contact	
  with	
   oil,	
  with	
   a	
  
higher	
   ESI	
   code	
   corresponding	
   to	
   a	
   more	
  
sensitive	
  habitat	
  [62].	
  Although	
  it	
  is	
  composed	
  of	
  
several	
   quantitative	
   components,	
   the	
   overall	
  
ranking	
   is	
   qualitative	
   and	
   guides	
   the	
  
establishment	
  of	
  protection	
  priorities.	
  	
  

	
  
Table	
  2.	
  Environmental	
  Sensitivity	
  Index	
  shoreline	
  classification	
  for	
  Estuarine	
  

Ecosystems.	
  The	
  contents	
  of	
  this	
  table	
  are	
  reproduced	
  with	
  permission	
  from	
  NOAA	
  [26].	
  
	
  

ESI	
  Code	
   ESTUARINE	
  ENVIRONMENTS	
  
1A	
   Exposed	
  rocky	
  shores	
  
2A	
   Exposed	
  wave-­‐cut	
  platforms	
  in	
  bedrock,	
  mud	
  or	
  clay	
  
3A	
   Fine-­‐	
  to	
  medium-­‐grained	
  sand	
  beaches	
  
4	
   Coarse-­‐grained	
  sand	
  beaches	
  
5	
   Mixed	
  sand	
  and	
  gravel	
  beaches	
  
6A	
   Gravel	
  beaches	
  
7	
   Exposed	
  tidal	
  flats	
  
8A	
   Sheltered	
  scarps	
  in	
  bedrock,	
  mud	
  or	
  clay	
  &	
  sheltered	
  rocky	
  shores	
  

(impermeable)	
  
9A	
   Sheltered	
  tidal	
  flats	
  
10A	
   Salt-­‐	
  and	
  brackish-­‐water	
  marshes	
  
10B	
   Freshwater	
  marshes	
  
10C	
   Swamps	
  
10D	
   Mangroves	
  
10E	
   Inundated	
  low-­‐lying	
  tundra	
  

	
  
This	
   shoreline	
   classification	
   system	
   [26]	
   can	
   be	
  
the	
  foundation	
  for	
  determining	
  the	
  sensitivity	
  of	
  
an	
   affected	
   environment.	
   Although	
   the	
   NOAA	
  
maps	
   are	
   specific	
   to	
   the	
   United	
   States,	
  
comparable	
   maps	
   have	
   been	
   created	
   for	
   the	
  

coast	
  of	
  the	
  United	
  Arab	
  Emirates	
  [63],	
  the	
  Loire	
  
estuary	
   in	
  France	
  [64]	
  and	
  the	
  Coatacoalcos	
  and	
  
Tonalá	
   Rivers	
   Low	
   Basin	
   in	
   Mexico	
   [65].	
  
Comprehensive	
   sensitivity	
   assessment	
   for	
   a	
  
specific	
  environment	
  surpasses	
  the	
  level	
  of	
  detail	
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that	
   can	
   be	
   provided	
   by	
   the	
   ESI,	
   but	
   the	
  
classifications	
   and	
   ranks	
   found	
   in	
   ESI	
   guidelines	
  
for	
   shoreline	
  environments	
  present	
  an	
  excellent	
  
framework	
  for	
  rapid	
  estimation	
  of	
  the	
  sensitivity	
  
of	
  potential	
  marine	
  environment	
  affected.	
  
	
  
2.2.3	
  Use	
  of	
  Booms	
  	
  
An	
   oil	
   spill	
   can	
   be	
   treated	
   or	
   removed	
   more	
  
easily	
   if	
   it	
   is	
   prevented	
   from	
   spreading.	
   Booms	
  
are	
  floating	
  barriers	
  used	
  to	
  contain	
  and	
  localize	
  
the	
  oil	
  at	
  the	
  water’s	
  surface	
  [31].	
  A	
  typical	
  boom	
  
consists	
  of	
  a	
   length	
  of	
   fabric	
   filled	
  with	
  buoyant	
  
material	
   (e.g.	
   polypropylene)	
   to	
   keep	
   one	
   side	
  
afloat,	
  with	
  a	
  heavy	
  chain	
  or	
  weight	
  attached	
  to	
  
submerge	
   the	
   other	
   side.	
   The	
   floating	
   side	
   is	
  
designed	
   to	
   prevent	
   oil	
   from	
   spilling	
   over,	
  
whereas	
  the	
  submerged	
  side	
  is	
  made	
  to	
  prevent	
  
oil	
   from	
   seeping	
   under	
   the	
   boom.	
   Some	
  booms	
  
contain	
   hydrophobic	
   material	
   or	
   oil	
   sorbents,	
  
which	
  not	
  only	
  contain	
  but	
  also	
  help	
  remove	
  the	
  
oil	
   from	
   the	
   water.	
   Recent	
   advances	
   in	
  
nanotechnology	
   have	
   made	
   more	
   selective	
  
sorbents	
   from	
   hydrophobic	
   nanowires	
   that	
  
enhance	
  oil-­‐water	
   separation	
   [66,	
   67].	
  Although	
  
not	
   a	
   complete	
   response	
   on	
   their	
   own,	
   booms	
  
enable	
   a	
   number	
   of	
   potential	
   responses,	
  
including	
  skimming	
  and	
  burning	
  [31].	
  	
  
	
  
Weather	
  is	
  the	
  primary	
  factor	
  in	
  determining	
  the	
  
feasibility	
   of	
   boom	
   use,	
   because	
   calm	
   seas	
   are	
  
required	
   for	
   booms	
   to	
   be	
   effective;	
   currents	
   of	
  
greater	
   than	
   one	
   knot	
   and	
   waves	
   higher	
   than	
  
two	
  meters	
  typically	
  deter	
  the	
  use	
  of	
  booms	
  [14,	
  
68,	
  69].	
  The	
  existence	
  of	
  the	
  oil	
  as	
  a	
  surface	
  slick	
  
is	
   also	
   a	
   prerequisite.	
   Consequently,	
   asking	
   if	
  
booms	
   can	
   be	
   used	
   determines	
   several	
  
important	
   factors.	
   In	
   practical	
   terms,	
   the	
  
availability	
   of	
   booms	
   and	
   boats	
   from	
   a	
   location	
  
close	
   enough	
   to	
   the	
   oil	
   spill	
   that	
   they	
   can	
   be	
  
applied	
  quickly	
  should	
  also	
  be	
  considered.	
  In	
  the	
  
event	
   that	
   complete	
   containment	
   or	
   cleanup	
   of	
  
oil	
   is	
  not	
  possible,	
  booms	
  can	
  also	
  be	
  used	
  as	
  a	
  
protective	
  barrier	
   for	
   sensitive	
  environments;	
   in	
  

the	
  Exxon	
  Valdez	
  spill,	
  for	
  example,	
  booms	
  were	
  
used	
  to	
  protect	
  a	
  salmon	
  hatchery	
  [7,	
  53,	
  70].	
  
	
  
2.2.4	
  Additional	
  Environmental	
  Factors	
  	
  
Temperature	
   and	
  weather	
   conditions	
   can	
   affect	
  
the	
  viability	
  of	
  an	
  oil	
  spill	
  response.	
  These	
  factors	
  
inform	
  several	
  of	
  the	
  key	
  questions	
  that	
  we	
  have	
  
identified	
   (such	
   as	
   weathering	
   and	
   use	
   of	
  
booms);	
   because	
   of	
   this	
   we	
   chose	
   not	
   to	
  
represent	
   them	
   as	
   separate	
   questions.	
  
Substantial	
  movement	
  of	
  spilled	
  oil,	
  either	
  due	
  to	
  
weather	
   or	
   from	
   underwater	
   currents,	
   affects	
  
the	
   spatial	
  distribution	
  of	
   the	
  oil	
   [58-­‐60,	
  71-­‐73].	
  
This	
  effect	
  of	
  weather	
  and	
  sea	
  conditions	
  on	
  oil	
  
movement	
   must	
   be	
   considered	
   when	
  
determining	
   which	
   ecosystems	
   are	
   potentially	
  
impacted.	
   Water	
   temperature	
   impacts	
   the	
   rate	
  
of	
  evaporation	
  of	
  oil	
   in	
  a	
   roughly	
   linear	
  manner	
  
[54]	
   and	
   also	
   affects	
   the	
   metabolic	
   activity	
   of	
  
microbial	
   communities	
   that	
   assist	
   in	
   the	
  natural	
  
biodegradation	
  of	
  oil	
  [32,	
  33].	
  These	
  factors	
  also	
  
determine	
   the	
   timeframe	
   during	
   which	
   burning	
  
(which	
   requires	
   the	
   presence	
   of	
   volatile	
  
components)	
   and	
   fertilization	
   are	
   applicable.	
   In	
  
addition,	
   strong	
   winds,	
   storms,	
   and	
   turbulent	
  
water	
   can	
   drastically	
   change	
   the	
   conditions	
   at	
  
the	
  surface	
  of	
  an	
  oil	
  spill,	
  making	
  responses	
  that	
  
require	
  containment	
  booms	
  impractical.	
  
	
  	
  
3.	
  Existing	
  Responses	
  and	
  Technologies	
  
Once	
   the	
   chemical	
   and	
   environmental	
   factors	
  
affecting	
  the	
  spill	
  are	
  considered	
  (Figure	
  1),	
  there	
  
remain	
   a	
   number	
   of	
   possible	
   responses	
   (see	
  
Table	
   3	
   and	
   Figure	
   1:	
   Orange).	
   These	
   are	
   not	
  
necessarily	
   to	
   be	
   used	
   in	
   isolation;	
   the	
   complex	
  
and	
  dynamic	
  nature	
  of	
  a	
  spill	
  will	
  often	
  demand	
  a	
  
combination	
   of	
   responses	
   as	
   the	
   spill	
   evolves.	
  
While	
   its	
   mention	
   in	
   the	
   literature	
   is	
   rare	
   [24],	
  
the	
  option	
  of	
  not	
  intervening	
  should	
  also	
  always	
  
be	
  considered,	
  as	
  it	
  can	
  sometimes	
  avoid	
  causing	
  
greater	
   harm	
   to	
   the	
   impacted	
   environments.	
  
Table	
  3	
  outlines	
  many	
  of	
   the	
  potential	
   response	
  
strategies	
  that	
  can	
  be	
  employed	
  along	
  with	
  their	
  
advantages	
  and	
  disadvantages.	
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Table	
  3.	
  Summary	
  of	
  existing	
  oil	
  spill	
  responses.	
  
	
  

Response	
   Description	
   Advantages	
   Disadvantages	
  

Skimming	
  

Machines	
  that	
  
use	
  sorbents	
  or	
  
vacuum	
  to	
  
remove	
  oil	
  [31]	
  	
  

Permanently	
  removes	
  
surface	
  oil	
  

Cannot	
  be	
  used	
  in	
  rough	
  weather	
  or	
  if	
  
spill	
  is	
  inaccessible	
  by	
  boat	
  
Only	
  works	
  with	
  surface	
  oil	
  
Difficult	
  with	
  emulsified	
  oil	
  
Oil	
  waste	
  must	
  be	
  managed	
  

Burning	
  
Ignition	
  and	
  
burning	
  of	
  
surface	
  oil	
  

Can	
  remove	
  a	
  large	
  
amount	
  of	
  oil	
  in	
  a	
  short	
  
time	
  
One-­‐step	
  cleanup	
  
process	
  

Must	
  occur	
  soon	
  after	
  the	
  spill	
  [74]	
  
Difficult	
  with	
  emulsified	
  oil	
  
Requires	
  booms	
  for	
  containment	
  and	
  
surface	
  thickness	
  of	
  >2mm	
  [16]	
  	
  
Creates	
  air	
  pollution	
  [16]	
  

Dispersants	
  

Chemicals	
  added	
  
to	
  prevent	
  oil	
  
slicks	
  and	
  lower	
  
local	
  oil	
  
concentration	
  

Reduces	
  surface	
  fire	
  
hazard	
  	
  
Can	
  make	
  oil	
  more	
  
accessible	
  for	
  natural	
  
degradation	
  

Does	
  not	
  remove	
  oil	
  from	
  the	
  
ecosystem	
  
Can	
  be	
  more	
  toxic	
  than	
  the	
  oil	
  itself,	
  
or	
  increase	
  the	
  oil	
  toxicity	
  by	
  making	
  
it	
  more	
  bioavailable	
  [34,	
  36]	
  

Sinking	
  

Sorbents	
  that	
  
absorb	
  oil	
  and	
  
sink	
  it	
  to	
  the	
  sea	
  
floor	
  

Removes	
  oil	
  from	
  the	
  
surface	
  
Agents	
  are	
  chemically	
  
inert	
  	
  

Does	
  not	
  remove	
  oil	
  from	
  the	
  
ecosystem	
  
Sorbents	
  may	
  leak	
  over	
  time	
  [30]	
  
Toxic	
  for	
  sea	
  floor	
  life	
  
Banned	
  in	
  most	
  countries	
  [16]	
  

Fertilization	
  

Addition	
  of	
  
nutrients	
  to	
  
promote	
  natural	
  
degradation	
  

Can	
  increase	
  rate	
  of	
  
natural	
  oil	
  degradation	
  
Can	
  be	
  oil	
  soluble;	
  keeps	
  
fertilizer	
  at	
  spill	
  site	
  

An	
  effective	
  ratio	
  of	
  fertilizer	
  to	
  oil	
  
can	
  be	
  difficult	
  to	
  predetermine	
  [37]	
  
Untested	
  effectiveness	
  on	
  weathered	
  
oil	
  [35]	
  

No	
  
intervention	
  

Allow	
  for	
  natural	
  
degradation	
  of	
  
the	
  oil	
  

Lessens	
  further	
  stress	
  on	
  
ecosystem	
  from	
  
intervention	
  
Minimizes	
  effects	
  of	
  
added	
  chemicals	
  

Can	
  be	
  slow	
  and	
  unpredictable	
  
Possible	
  increased	
  presence	
  of	
  oil	
  
slicks,	
  and	
  accompanying	
  fire	
  hazard	
  
and	
  toxicity	
  
	
  

	
  
3.1	
  Skimming	
  	
  
Skimming	
  physically	
  removes	
  oil	
  from	
  the	
  surface	
  
of	
   the	
   water.	
   Booms	
   are	
   often	
   required	
   for	
  
skimmer	
   operation;	
   skimming	
   is	
   therefore	
  
limited	
   by	
   the	
   same	
   environmental	
   conditions	
  
that	
   affect	
   boom	
   use.	
   Since	
   skimmers	
   can	
   only	
  
operate	
   at	
   the	
   surface	
  with	
   fresh	
   oil	
   that	
   easily	
  
flows	
  in	
  a	
  thick	
   layer,	
  skimming	
  is	
   ineffective	
  for	
  
oil	
  located	
  underwater,	
  for	
  dispersed	
  oil,	
  and	
  for	
  
weathered,	
   emulsified,	
   or	
   extremely	
   viscous	
   oil	
  
[16].	
  	
  
	
  

Skimmers	
  are	
  rated	
  by	
  the	
  speed	
  and	
  efficacy	
  of	
  
oil	
   removal,	
   where	
   efficacy	
   is	
   defined	
   as	
   the	
  
percentage	
   of	
   oil	
   contained	
   in	
   the	
   removed	
  
residue.	
   These	
   efficacy	
   values	
   can	
   vary	
   widely	
  
with	
   the	
   type	
   of	
   skimmer,	
   the	
  weather	
   and	
   sea	
  
conditions,	
   and	
   the	
   type	
   of	
   oil,	
   in	
   addition	
   to	
  
many	
   other	
   physical	
   parameters	
   such	
   as	
  
temperature	
   and	
   slick	
   thickness	
   [16,	
   75].	
   The	
  
most	
   efficient	
   skimmers	
   working	
   in	
   ideal	
  
conditions	
   are	
   80-­‐90%	
   effective,	
   but	
   drop	
   to	
   5-­‐
10%	
  effectiveness	
  in	
  poor	
  conditions	
  [16].	
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While	
   skimmers	
   remove	
   oil	
   from	
   the	
   aquatic	
  
environment,	
   they	
   do	
   not	
   provide	
   a	
   permanent	
  
storage	
   or	
   disposal	
   solution.	
   The	
   recovered	
   oil	
  
must	
  be	
   initially	
  stored	
   in	
  tanker	
  ships,	
  meaning	
  
these	
   ships	
  must	
   be	
   able	
   to	
   access	
   the	
   area	
   of	
  
the	
   spill.	
   During	
   the	
   Exxon	
   Valdez	
   spill,	
   this	
  
transfer	
   of	
   oil	
   from	
   temporary	
   to	
   more	
  
permanent	
   storage	
   proved	
   difficult	
   and	
   delayed	
  
the	
   cleanup	
   [76].	
   Ultimately	
   the	
   oil	
   must	
   be	
  
reused	
  or	
   disposed	
  of	
   elsewhere,	
   and	
   a	
   storage	
  
and	
   disposal	
   plan	
   is	
   needed	
   when	
   considering	
  
skimming	
  as	
  a	
  cleanup	
  response	
  [77].	
  
	
  
3.2	
  Burning	
  
Burning	
  oil	
  on	
   the	
   surface	
  of	
   the	
  water	
  after	
  an	
  
oil	
   spill,	
  also	
  called	
   in	
  situ	
  burning,	
   is	
  a	
  common	
  
process	
   used	
   to	
   clean	
   up	
   oil	
   spills.	
   This	
   process	
  
can	
  typically	
  remove	
  large	
  amounts	
  of	
  oil	
  (80,000	
  
gallons/day),	
   with	
   up	
   to	
   98%	
   of	
   the	
   initial	
   oil	
  
removed	
  [16].	
  This	
  response	
  was	
  used	
  during	
  the	
  
Deepwater	
   Horizon	
   spill,	
   where	
   411	
   total	
   burns	
  
removed	
  5%	
  of	
  the	
  oil	
  released	
  -­‐	
  a	
  total	
  of	
  11.14	
  
million	
  gallons	
  of	
  oil	
  [78].	
  Containment	
  with	
  fire-­‐
proof	
   booms	
   to	
   maintain	
   slick	
   thickness	
   and	
  
control	
   of	
   the	
   flame	
   is	
   necessary,	
   since	
   an	
  
uncontrolled	
   fire	
   could	
   endanger	
   workers.	
  
Burning	
   must	
   begin	
   soon	
   after	
   a	
   spill	
   occurs,	
  
before	
   the	
   lighter	
   components	
   of	
   the	
   oil	
   have	
  
evaporated.	
  Ignited	
  fuel	
  from	
  a	
  helitorch	
  or	
  bags	
  
with	
   gelled	
   gasoline	
   can	
   be	
   added	
   to	
   assist	
  
ignition	
   of	
   oil	
   slicks.	
   However,	
   for	
   oil	
   spills	
   that	
  
contain	
   bunker	
   oil,	
  weathered	
   oil,	
   or	
   emulsified	
  
oil,	
   such	
  as	
   the	
  Torrey	
  Canyon	
   spill,	
   ignition	
   can	
  
be	
   difficult	
   and	
   prevent	
   burning	
   from	
   being	
   a	
  
viable	
   response	
   [16,	
  30,	
  56,	
  78,	
  79].	
  By	
   learning	
  
from	
   burn	
   responses	
   to	
   accidental	
   oil	
   spills	
   as	
  
well	
   as	
   intentional	
   burn	
   studies,	
   improvements	
  
have	
   been	
   made	
   to	
   increase	
   ignition	
   and	
   burn	
  
efficiencies	
   [80].	
   Compared	
   to	
   other	
   cleanup	
  
processes	
   where	
   oil	
   must	
   be	
   separated	
   and	
  
discarded,	
   burning	
   is	
   a	
   one-­‐step	
  process.	
   It	
   also	
  
requires	
   less	
   equipment	
   and	
   fewer	
   personnel,	
  
often	
  making	
  it	
  appealing	
  as	
  a	
  first	
  response.	
  	
  
	
  

Burning	
   is	
   accompanied	
   by	
   obvious	
   safety	
  
concerns	
   and	
   significant	
   health	
   risks.	
   It	
   is	
   not	
  
recommended	
   within	
   500	
   meters	
   of	
   populated	
  
areas	
   because	
   of	
   the	
   toxic	
   substances	
   and	
   fine	
  
particulate	
   produced	
   by	
   incomplete	
   oil	
  
combustion	
   [16].	
   For	
   this	
   reason,	
   proper	
   air	
  
quality	
  monitoring	
   is	
   necessary	
   when	
   using	
   this	
  
technique	
   [81].	
   In	
   addition,	
   some	
   states	
   require	
  
prior	
   approval	
   to	
   conduct	
  burns,	
  which	
  may	
   cut	
  
into	
  the	
  already	
  short	
  time	
  window	
  for	
  effective	
  
burning,	
   emphasizing	
   the	
   need	
   for	
   a	
   pre-­‐spill	
  
burn	
  response	
  plan	
  so	
  that	
  quick	
  action	
  can	
  take	
  
place	
  [82].	
  	
  
	
  
Burning	
   is	
   a	
   viable	
   option	
   when	
   a	
   quick	
   and	
  
efficient	
  cleanup	
  is	
  needed,	
  especially	
   if	
  the	
  spill	
  
threatens	
   a	
   shoreline.	
   It	
   should	
   only	
   be	
   used	
  
when	
   the	
   fire	
   can	
  be	
   kept	
  under	
   control,	
   either	
  
with	
   fireproof	
   booms	
   or	
   natural	
   barriers	
   (e.g.,	
  
marshes,	
   frozen	
   areas)	
   [16].	
   Burning	
   should	
   not	
  
be	
   used	
   when	
   watercraft	
   are	
   in	
   direct	
   contact	
  
with	
   the	
  spill.	
  Often	
  when	
  there	
   is	
  a	
  continuous	
  
oil	
  spill	
  and	
  crews	
  are	
  actively	
  working	
  at	
  the	
  spill	
  
site,	
  burning	
  is	
  not	
  an	
  option	
  unless	
  the	
  oil	
  slicks	
  
can	
  be	
  isolated	
  from	
  the	
  source	
  of	
  the	
  spill.	
  	
  
	
  
3.3	
  Dispersants	
  
Oil	
   spill	
   dispersants	
   are	
   formulations	
   of	
  
surfactants	
   and	
   solvents,	
   used	
   to	
   lower	
   local	
  
concentrations	
   of	
   oil	
   and	
   prevent	
   large	
   slicks	
  
from	
   forming	
   on	
   the	
   water	
   surface.	
   The	
  
surfactants	
  are	
  able	
   to	
  break	
  up	
  an	
  oil	
   slick	
  and	
  
disperse	
   the	
   oil	
   into	
   small	
   droplets	
   [83].	
   The	
  
solvents	
   act	
   as	
   a	
   carrier	
   for	
   the	
   surfactants,	
  
allowing	
  the	
  dispersant	
  to	
  penetrate	
  the	
  oil	
  slick	
  
effectively.	
   Dispersant	
   use	
   is	
   intended	
   to	
  
decrease	
  the	
   impact	
  of	
   large	
  oil	
  slicks	
  that	
  harm	
  
living	
   organisms	
   via	
   direct	
   contact,	
   habitat	
  
damage,	
   or	
   disruption	
   of	
   food	
   sources	
   [84].	
  
Dispersants	
   must	
   be	
   used	
   to	
   treat	
   fresh	
   oil	
   as	
  
soon	
   as	
   possible	
   after	
   a	
   spill	
   occurs,	
   since	
  
weathering	
   significantly	
   decreases	
   their	
  
effectiveness	
  [85,	
  86].	
  
	
  
The	
   choice	
   of	
  which	
   dispersant	
   to	
   use	
   and	
   how	
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much	
  dispersant	
  to	
  apply	
  depends	
  on	
  a	
  number	
  
of	
   factors,	
   including	
   oil	
   type	
   and	
   amount,	
  
weathering,	
   salinity,	
   and	
   temperature.	
   Typically,	
  
dispersant	
   is	
   applied	
   in	
   a	
   dispersant-­‐oil	
   ratio	
  
between	
   1:50	
   and	
   1:10,	
   although	
   some	
  
dispersants	
  are	
  recommended	
  in	
  ratios	
  as	
  high	
  as	
  
1:2.	
  The	
  United	
  States	
  Environmental	
  Protection	
  
Agency,	
   for	
   example,	
   currently	
   lists	
   22	
  
dispersants	
   on	
   their	
   National	
   Contingency	
   Plan	
  
(NCP)	
   Product	
   Schedule,	
   all	
   of	
   which	
   have	
  
guidelines	
   for	
   application	
   and	
   data	
   on	
   toxicity	
  
and	
  effectiveness	
  [87].	
  	
  
	
  
Historically,	
   dispersants	
   were	
   formulated	
   with	
  
highly	
   toxic	
   aromatic	
   solvents	
   [88-­‐90].	
   More	
  
recent	
   dispersant	
   formulations	
   are	
   much	
   less	
  
toxic	
  [90,	
  91],	
  but	
  the	
  toxicity	
  of	
  the	
  dispersed	
  oil	
  
itself	
  may	
  be	
  increased	
  by	
  greater	
  bioavailability	
  
[34,	
  36,	
  92,	
  93].	
  Additionally,	
  it	
  has	
  recently	
  been	
  
shown	
   that	
   dispersants	
   may	
   persist	
   in	
   the	
  
environment	
  after	
  the	
  oil	
  has	
  degraded	
  [41].	
  The	
  
determination	
   of	
   dispersant	
   toxicity	
   is	
   often	
  
limited	
   to	
   easy-­‐to-­‐measure	
   endpoints	
   such	
   as	
  
LD50,	
   which	
   quantifies	
   only	
   acute	
   exposure	
  
leading	
   to	
   death	
   [94].	
   Toxicity	
   can	
   encompass	
  
many	
   more	
   variables,	
   such	
   as	
   sublethal	
  
endpoints	
   or	
   effects	
   resulting	
   from	
   chronic	
  
exposure	
   [92,	
   95,	
   96],	
   it	
   may	
   vary	
   greatly	
  
between	
   organisms,	
   and	
   it	
   may	
   not	
   follow	
   a	
  
linear	
  dose-­‐response	
  relationship	
  [97,	
  98].	
  While	
  
dispersants	
   lower	
   local	
   concentrations	
   of	
   oil,	
  
they	
   increase	
   the	
   geographic	
   area	
   where	
   oil	
   is	
  
detected	
  [99,	
  100],	
  meaning	
  that	
  the	
  number	
  of	
  
potentially	
  exposed	
  organisms	
  is	
  greater	
  than	
  for	
  
undispersed	
   oil;	
   this	
   must	
   be	
   accounted	
   for	
   in	
  
decision-­‐making	
  processes.	
  
	
  
Beyond	
  toxicity,	
  it	
  is	
  also	
  extremely	
  important	
  to	
  
examine	
   the	
   effectiveness	
   of	
   dispersants	
   [101].	
  
Effectiveness	
   depends	
   on	
   a	
   number	
   of	
   factors,	
  
including	
   type	
   of	
   oil,	
   wave	
   action,	
   and	
   water	
  
temperature	
   [85,	
   86,	
   102].	
   There	
   have	
   been	
  
examples	
   of	
   oil	
   spills	
   where	
   dispersant	
   use	
   has	
  
been	
   highly	
   effective,	
   such	
   as	
   the	
   Sea	
   Empress	
  
spill	
   in	
   1996	
   [103].	
   However,	
   there	
   have	
   also	
  

been	
   spills	
  where	
   dispersants	
  were	
   applied	
   and	
  
were	
   largely	
   ineffective	
   because	
   the	
   oil	
   was	
  
already	
  weathered,	
  such	
  as	
  the	
  Exxon	
  Valdez	
  spill	
  
[6].	
  	
  
	
  
Dispersant	
   application	
   in	
   the	
   field	
   is	
   routinely	
  
monitored	
   for	
   effectiveness	
   as	
   well	
   as	
   toxicity	
  
[83],	
   but	
   very	
   little	
   field	
   testing	
   has	
   been	
   done	
  
outside	
  of	
  these	
  emergency	
  situations.	
  However,	
  
in	
   the	
  event	
  of	
  dispersant	
  application,	
   follow-­‐up	
  
studies	
   can	
   provide	
   needed	
   data	
   about	
   real-­‐
world	
   effects.	
   Unfortunately,	
   this	
   follow-­‐up	
   is	
  
rarely	
  done,	
  as	
  in	
  the	
  case	
  of	
  the	
  Ixtoc	
  I	
  oil	
  spill	
  in	
  
1979.	
   The	
   response	
   to	
   this	
   spill	
   included	
  one	
  of	
  
the	
  largest	
  dispersant	
  applications	
  in	
  history,	
  but	
  
little	
   is	
   known	
   about	
   the	
   long-­‐term	
   effects	
   of	
  
dispersant	
  in	
  the	
  spill	
  area	
  [94,	
  104].	
  
	
  
The	
   benefits	
   of	
   dispersant	
   use	
   include	
   ease	
   of	
  
application,	
   effective	
   removal	
   of	
   oil	
   from	
   the	
  
water	
  surface,	
  and	
  prevention	
  of	
  slick	
  formation	
  
by	
   an	
   underwater	
   release	
   [83].	
   Dispersant	
   use	
  
can	
   be	
   merited	
   in	
   the	
   event	
   of	
   a	
   spill	
   that	
  
threatens	
   nearby	
   sensitive	
   shorelines	
   or	
   human	
  
life	
  and	
  cannot	
  be	
   treated	
  by	
  other	
  means	
   [27].	
  
However,	
   much	
   of	
   the	
   literature	
   is	
   quite	
  
conservative	
   about	
   recommending	
   dispersant	
  
use.	
   Despite	
   the	
   potential	
   benefits,	
   dispersant	
  
use	
  is	
  still	
  a	
  controversial	
  option.	
  	
  
	
  
3.4	
  Sinking	
  
Sinking	
   agents	
   adsorb	
   oil,	
  making	
   it	
   denser	
   and	
  
causing	
   it	
   to	
   sink	
   to	
   the	
   ocean	
   floor.	
   One	
  
example	
   of	
   a	
   sinking	
   agent	
   is	
   chalk	
   (calcium	
  
carbonate),	
   which	
   is	
   chemically	
   and	
   biologically	
  
inert	
   [105].	
  Oil	
   sunk	
   to	
   the	
  ocean	
   floor	
  can	
  only	
  
be	
   biodegraded	
   anaerobically,	
   which	
   is	
  
significantly	
   slower	
   than	
   the	
   aerobic	
  
biodegradation	
  that	
  can	
  occur	
  on	
  the	
  surface	
  or	
  
in	
   the	
   water	
   column	
   [106].	
   However,	
   there	
   are	
  
advantages	
   to	
   rapid	
   removal	
   of	
   oil	
   from	
   the	
  
water	
  column;	
  this	
  response	
  could	
  be	
  applied	
   in	
  
an	
   area	
   where	
   the	
   ocean	
   floor	
   has	
   minimal	
  
sensitive	
   biota,	
   particularly	
   in	
   an	
   area	
   where	
  
natural	
   seeps	
   occur	
   and	
   the	
   ecosystem	
   is	
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equipped	
  for	
  benthic	
  oil	
  degradation.	
  One	
  major	
  
risk	
  associated	
  with	
  sinking	
  is	
  immediate	
  damage	
  
to	
  biota	
  on	
   the	
  ocean	
   floor,	
   such	
  as	
  occurred	
   in	
  
the	
  1971	
  blowout	
  well	
  blowout	
  at	
  Santa	
  Barbara,	
  
where	
   the	
   benthic	
   population	
   was	
   devastated	
  
from	
   being	
   coated	
   with	
   oil-­‐soaked	
   clay	
   [107].	
  
Similar	
  wildlife	
  destruction	
  events	
  in	
  other	
  cases	
  
where	
   sinking	
   agents	
   were	
   used	
   has	
   led	
   to	
   a	
  
complete	
   ban	
   on	
   their	
   use	
   in	
   many	
   countries	
  
[16].	
   The	
   long-­‐term	
   potential	
   for	
   leaching	
   of	
   oil	
  
back	
   into	
   the	
  water	
  may	
   also	
   be	
   a	
   risk,	
   but	
   the	
  
extent	
  of	
  this	
  is	
  not	
  well	
  documented.	
  
	
  
3.5	
  Fertilization	
  
Microbial	
   communities	
   capable	
   of	
   degrading	
   oil	
  
are	
   present	
   in	
   most	
   marine	
   environments,	
  
although	
   they	
   might	
   be	
   present	
   at	
   very	
   low	
  
abundance	
   [39,	
   108,	
   109].	
   Fertilization,	
   also	
  
referred	
   to	
   as	
   biostimulation,	
   involves	
  
accelerating	
   oil	
   breakdown	
   by	
   indigenous	
  
microbes	
   by	
   adding	
   nitrogen,	
   phosphorus	
   and	
  
other	
   limiting	
   nutrients	
   to	
   the	
   spill.	
   This	
  
technique	
  can	
  be	
  used	
  to	
  treat	
  oil	
  slicks	
  on	
  water	
  
that	
   remain	
   after	
   the	
   bulk	
   of	
   the	
   oil	
   has	
   been	
  
removed	
  by	
  skimming	
  or	
  burning.	
  
	
  
Beach	
   field	
   tests	
   during	
   the	
   Exxon	
   Valdez	
   spill	
  
indicated	
   that	
   assisted	
   biodegradation	
   could	
  
result	
   in	
   removal	
   of	
   1.2%	
   of	
   total	
   petroleum	
  
hydrocarbon	
   per	
   day	
   [14,	
   39,	
   110].	
   Laboratory	
  
soil	
   microcosm	
   studies	
   have	
   reported	
   that	
   in	
  
unfertilized	
   controls	
   there	
   is	
   negligible	
  
hydrocarbon	
   biodegradation;	
   fertilizer	
   addition	
  
significantly	
   improves	
   oil	
   degradation	
   within	
   a	
  
few	
   days	
   [111-­‐113].	
   Fertilization	
   of	
   ocean	
   oil	
  
spills	
   has	
   been	
   less	
   well	
   studied.	
   However,	
   the	
  
degradation	
  activity	
  of	
  microbes	
  at	
  the	
  oil-­‐water	
  
interface	
  has	
   been	
  enhanced	
  by	
   the	
   addition	
  of	
  
fertilizer	
   [111].	
   Liquid	
   fertilizers	
   have	
   been	
  
effective	
   in	
   in	
   situ	
   applications,	
   such	
   as	
   in	
   the	
  
2002	
   Prestige	
   spill	
   off	
   the	
   coast	
   of	
   Spain.	
   The	
  
oleophilic	
   fertilizers	
   used	
   remained	
   in	
   the	
  
affected	
   area	
   and	
   were	
   shown	
   to	
   work	
   well	
  
under	
   high	
   wave	
   conditions	
   [114].	
   A	
   significant	
  
increase	
   in	
   biodegradation	
   after	
   fertilizer	
  

addition	
   has	
   been	
   reported	
   for	
   saturated	
   and	
  
aromatic	
  hydrocarbons,	
  which	
  make	
  up	
  the	
  bulk	
  
of	
   crude	
   oil	
   [39,	
   111].	
   Less	
   conclusive	
   evidence	
  
exists	
   to	
   support	
   the	
  practice	
   of	
   fertilization	
   for	
  
resins,	
  asphaltenes,	
  and	
  highly	
  weathered	
  oil	
  [35,	
  
114,	
  115].	
  	
  
	
  
Fertilizers	
  must	
  be	
  added	
  in	
  an	
  appropriate	
  ratio	
  
and	
   take	
   into	
   account	
   baseline	
   nutrient	
  
concentrations	
   and	
   release	
   rate	
   [37].	
   This	
  
highlights	
   the	
   importance	
   of	
   the	
   acquisition	
   of	
  
pre-­‐drilling	
   ecological	
   baselines	
   [9]	
   and	
  
monitoring	
  of	
  the	
  affected	
  environment	
  [116],	
  as	
  
the	
   addition	
   of	
   excess	
   nutrients	
   might	
   lead	
   to	
  
oxygen	
   depletion	
   in	
   the	
   ecosystem	
   [37,	
   55].	
  
Particular	
  care	
  should	
  be	
  taken	
  in	
  oxygen-­‐limited	
  
environments	
   and	
   in	
   those	
   with	
   lower	
   nutrient	
  
levels,	
   such	
   as	
   coral	
   reefs,	
   or	
   in	
   areas	
  with	
   low	
  
mixing	
   rates	
   and	
   shallow	
   waters,	
   such	
   as	
  
mangroves	
   [27,	
   37].	
   In	
   these	
   environments	
   it	
   is	
  
critical	
   to	
   weigh	
   the	
   benefits	
   of	
   acceleration	
   of	
  
biodegradation	
   against	
   potential	
   further	
  
disruption	
  of	
  the	
  ecosystem	
  by	
  nutrient	
  addition.	
  	
  
	
  
3.6	
  No	
  Intervention	
  
Analysis	
  of	
  past	
  oil	
  spills	
  reveal	
  some	
  scenarios	
  in	
  
which	
  the	
  benefits	
  of	
  the	
  oil	
  spill	
  response	
  were	
  
minimal	
   when	
   taking	
   into	
   account	
   the	
   further	
  
stress	
   and	
   impact	
   on	
   the	
   ecosystem	
   caused	
   by	
  
the	
   response	
   itself	
   [24,	
   117].	
   With	
   oil	
   spills	
   in	
  
coastal	
   environments,	
   such	
   as	
   coral	
   reefs	
   or	
  
mangroves,	
   physical	
   damage	
   and	
   trampling	
   by	
  
cleanup	
   workers	
   has	
   led	
   to	
   slower	
   oil	
  
degradation	
  and	
   longer	
   recovery	
   times	
   [27,	
   28].	
  
Unfortunately	
   this	
   is	
   usually	
   recognized	
   only	
   in	
  
hindsight	
   [28].	
  A	
  recent	
  synthesis	
  of	
  240	
  studies	
  
surveyed	
   ecosystems	
   after	
   anthropogenic	
  
perturbations,	
  including	
  oil	
  spills,	
  and	
  found	
  that	
  
the	
  time	
  to	
  recovery	
  increases	
  with	
  perturbation	
  
magnitude	
   and	
   as	
   the	
   number	
   of	
   disturbances	
  
increases	
   [11];	
   this	
   is	
   a	
   strong	
   argument	
   for	
  
considering	
   non-­‐intervention	
   as	
   an	
   option	
   in	
  
some	
  spill	
  scenarios.	
  	
  
	
  
Responders	
  must	
  often	
  consider	
  the	
  tradeoffs	
  of	
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a	
   particular	
   response.	
   When	
   considering	
   the	
  
available	
   interventions	
   in	
   situations	
   involving	
  
sensitive	
  environments,	
  small	
  spills	
  of	
  light	
  oil,	
  or	
  
inaccessible	
   locations	
  where	
  physical	
  damage	
  to	
  
delicate	
   structures	
   is	
   likely	
  by	
  workers	
  or	
  boats,	
  
the	
  environmentally	
  preferable	
  response	
  may	
  be	
  
to	
   allow	
   the	
   oil	
   to	
   degrade	
   without	
   further	
  
intervention,	
   also	
   referred	
   to	
   as	
   monitored	
  
natural	
   attenuation.	
   In	
   some	
   areas,	
   geographic	
  
conditions	
  will	
   lead	
  to	
  dilution	
  and	
  dispersion	
  of	
  
the	
  oil,	
  and	
   left	
  alone,	
  oil	
  will	
  evaporate,	
  photo-­‐
oxidize	
   and	
   will	
   biodegrade	
   from	
   naturally	
  
occurring	
   hydrocarbon-­‐degrading	
   microbes.	
  
Experiments	
   have	
   shown	
   that	
   approximately	
  
50%	
   of	
   typical	
   light	
   crude	
   oil	
   will	
   evaporate	
  
within	
   20	
   hours	
   [55].	
   Furthermore,	
   oil	
   spills	
   in	
  
areas	
   with	
   warmer	
   temperatures	
   that	
   have	
   a	
  
high	
  percentage	
  of	
   light	
   hydrocarbons	
   are	
   likely	
  
to	
  biodegrade	
  unassisted	
  [55].	
  
	
  
The	
  most	
   important	
   tradeoff	
   is	
  often	
   the	
   length	
  
of	
   time	
   that	
   oil	
   remains	
   in	
   the	
   environment.	
   In	
  
cases	
   of	
   low	
   temperature	
   and	
   limited	
   oxygen	
  
availability,	
   unassisted	
  degradation	
   can	
   result	
   in	
  
very	
  slow	
  to	
  negligible	
  oil	
  degradation	
   [55].	
  This	
  
slow	
  removal	
  of	
   the	
  oil	
   is	
  a	
  variable	
   that	
   should	
  
be	
  weighed	
  and	
  considered	
  before	
  adopting	
  this	
  
response.	
  	
  
	
  
4.	
  Case	
  Study	
  –	
  An	
  analysis	
  of	
  the	
  MV	
  
Rena	
  oil	
  spill	
  
Having	
   reviewed	
   the	
   individual	
   responses	
   and	
  
key	
   questions	
   involved	
   in	
   a	
   spill	
   response	
   we	
  
consider	
   how	
   this	
   knowledge	
   could	
   inform	
   an	
  
active	
   oil	
   spill	
   response.	
   In	
   a	
   real	
   oil	
   spill	
  
situation,	
   it	
   is	
   necessary	
   to	
   deal	
   with	
   evolving	
  
conditions	
   and	
   to	
   consider	
   the	
   use	
   of	
   multiple	
  
responses	
   at	
   any	
   given	
   time.	
   By	
   looking	
   at	
   a	
  
complete	
  spill	
  from	
  the	
  beginning	
  of	
  the	
  incident	
  
to	
   the	
   end	
   of	
   cleanup,	
   it	
   is	
   possible	
   to	
  
understand	
   how	
   decisions	
   were	
   made,	
   and	
   to	
  
see	
   how	
   the	
   application	
   of	
   key	
   questions	
   and	
  
knowledge	
   gained	
   from	
   previous	
   research	
   can	
  
inform	
   a	
   spill	
   response	
   in	
   progress.	
   We	
   have	
  
examined	
   the	
   MV	
   Rena	
   oil	
   spill	
   in	
   the	
   Bay	
   of	
  

Plenty,	
  New	
  Zealand	
  in	
  October	
  2011	
  to	
  highlight	
  
lessons	
   from	
   the	
   response	
   literature.	
   This	
   spill	
  
was	
  chosen	
  because	
  it	
  occurred	
  recently	
  and	
  was	
  
well	
   documented	
   by	
   Maritime	
   New	
   Zealand,	
  
allowing	
  a	
  detailed	
  analysis	
  of	
  the	
  spill	
  conditions	
  
and	
  response	
  as	
  they	
  evolved	
  over	
  time.	
  	
  
	
  
4.1	
  Description	
  of	
  Situation	
  [7]	
  
The	
  MV	
  Rena	
  was	
  a	
  cargo	
  vessel	
  that	
  struck	
  the	
  
Astrolabe	
  Reef	
  twelve	
  nautical	
  miles	
  off	
  the	
  coast	
  
of	
   New	
   Zealand	
   near	
   Tauranga	
   on	
   October	
   5,	
  
2011.	
  The	
   total	
   volume	
  of	
  oil	
  on	
  board	
   the	
   ship	
  
was	
  estimated	
  at	
  1900	
  metric	
  tons,	
  the	
  majority	
  
of	
  which	
  was	
  bunker	
  oil.	
  Oil	
  began	
   leaking	
   from	
  
the	
  grounded	
  vessel	
  on	
  the	
  evening	
  of	
  October	
  5,	
  
and	
  strong	
  ocean	
  currents	
  pushed	
   the	
  oil	
   in	
   the	
  
direction	
  of	
  the	
  shoreline.	
  The	
  weather	
  was	
  calm	
  
until	
  the	
  night	
  of	
  October	
  10,	
  after	
  which	
  a	
  storm	
  
system	
  entered	
  the	
  area	
  and	
  oil	
  started	
  to	
  wash	
  
up	
  on	
  nearby	
  beaches.	
  The	
  spill	
  occurred	
  close	
  to	
  
an	
   important	
   fish	
   habitat	
   and	
   in	
   the	
   middle	
   of	
  
the	
  breeding	
  season	
  of	
  native	
  birds.	
  On	
  October	
  
14,	
   the	
   hull	
   of	
   the	
   ship	
   cracked	
   fully	
   in	
   two,	
  
speeding	
  the	
  release	
  of	
  oil	
  and	
  the	
  intensification	
  
of	
   cleanup	
   operations	
   on	
   the	
   beaches.	
   In	
   the	
  
next	
  ten	
  days	
  the	
  effort	
  focused	
  on	
  the	
  pumping	
  
of	
   oil	
   off	
   the	
   ship	
   in	
   order	
   to	
   prevent	
  more	
   oil	
  
being	
   spilled.	
   By	
   end	
   of	
   October	
   2011,	
   the	
  
situation	
   was	
   contained	
   and	
   the	
   effort	
   had	
  
mostly	
  transitioned	
  to	
  cleanup	
  operations	
  of	
  the	
  
oil	
   and	
   debris.	
   Many	
   beach	
   restrictions	
   were	
  
lifted	
  on	
  November	
  15,	
  2011,	
  but	
  in	
  March	
  2012	
  
small	
   amounts	
   of	
   oil	
   were	
   still	
   reported	
   to	
   be	
  
leaking.	
   As	
   of	
   this	
   writing,	
   removal	
   of	
   the	
   ship	
  
and	
  assorted	
  debris	
  was	
  still	
  ongoing.	
  	
  
	
  
In	
   their	
   initial	
   response	
   to	
   the	
   MV	
   Rena	
   spill,	
  
Maritime	
   New	
   Zealand	
   activated	
   its	
   Maritime	
  
Incident	
   Response	
   Team,	
   whose	
   aim	
   was	
   to	
  
refloat	
   and	
   remove	
   the	
   vessel	
   from	
   the	
   reef	
  
without	
  any	
  release	
  of	
  fuel	
  oil	
  or	
  hazardous	
  cargo	
  
into	
   the	
   environment.	
   This	
   effort,	
   along	
   with	
  
ongoing	
   efforts	
   to	
   pump	
   oil	
   from	
   the	
   damaged	
  
vessel	
   when	
   weather	
   permitted,	
   were	
   very	
  
important	
  to	
  the	
  cleanup.	
  	
  Preventing	
  oil	
  release	
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into	
   the	
   environment	
   altogether	
   precludes	
   the	
  
need	
   to	
   remove	
   it,	
   and	
   this	
   was	
   the	
   primary	
  
focus	
  of	
  Maritime	
  New	
  Zealand’s	
  efforts.	
  
	
  
In	
  addition	
  to	
  preventing	
  oil	
  release,	
  a	
  number	
  of	
  
corrective	
  actions	
  were	
  taken	
  to	
  treat	
  spilled	
  oil.	
  
The	
   dispersant	
   Corexit	
   9500	
  was	
   applied	
   to	
   the	
  
spill	
   after	
  24	
  hours,	
   and	
  protective	
  booms	
  were	
  
eventually	
  set	
  up	
  to	
  guard	
  many	
  of	
  the	
  sensitive	
  
nearby	
   beaches	
   -­‐	
   the	
   Tauranga	
   Harbor	
   and	
   an	
  
area	
   of	
   extensive	
   sheltered	
   tidal	
   flats	
   (ESI	
   index	
  
of	
  9A),	
   salt	
  marshes	
   (10A)	
  and	
  mangroves	
   (10D)	
  
[26]	
  were	
  threatened	
  by	
  the	
  spill.	
  	
  Equipment	
  to	
  
skim	
  oil	
  from	
  the	
  surface	
  was	
  also	
  deployed,	
  but	
  
it	
  could	
  not	
  be	
  used	
  in	
  the	
  early	
  days	
  of	
  the	
  spill	
  
due	
  to	
  deterioration	
  of	
  weather	
  conditions.	
  
	
  
The	
   size	
   of	
   the	
   oil	
   spill	
   was	
   continuously	
  
changing,	
  and	
  this,	
  along	
  with	
  the	
  movement	
  of	
  
the	
  oil	
   slick,	
  was	
  well	
  monitored,	
  which	
  allowed	
  
decisions	
   about	
   response	
   strategy	
   to	
   be	
  
reevaluated	
  on	
  an	
  ongoing	
  basis.	
   In	
   later	
  phases	
  
of	
  the	
  oil	
  release,	
  it	
  was	
  noted	
  that	
  the	
  majority	
  
of	
   the	
   slick	
   stayed	
   in	
   the	
   area	
   of	
   the	
   grounded	
  
vessel.	
  
	
  
Like	
  many	
  oil	
  spill	
  cleanup	
  operations,	
  the	
   initial	
  
response	
   to	
   this	
   spill	
  was	
   hindered	
   by	
   delays	
   in	
  
the	
   decision-­‐making	
   process,	
   which	
   ultimately	
  
limited	
   the	
   available	
   options.	
   While	
   Maritime	
  
New	
   Zealand	
   was	
   quick	
   to	
   act	
   when	
   it	
   became	
  
clear	
  that	
  the	
  spill	
  could	
  not	
  be	
  contained,	
  a	
  pre-­‐
established	
   plan	
   of	
   action	
   would	
   have	
   assisted	
  
communication	
   between	
   the	
   crew	
   of	
   the	
   MV	
  
Rena	
   and	
  Maritime	
  New	
  Zealand	
  and	
  expedited	
  
the	
  response	
  [7].	
  As	
  discussed	
  above,	
  cleanup	
  of	
  
fresh	
   oil	
   is	
  much	
   easier	
   than	
   that	
   of	
  weathered	
  
oil,	
   and	
   substantial	
   weathering	
   occurs	
   even	
   in	
  
the	
  first	
  24	
  hours	
  after	
  a	
  spill.	
  
	
  
4.2	
  Analysis	
  of	
  Response	
  
Considering	
  the	
  spill	
  from	
  the	
  perspective	
  of	
  the	
  
key	
  questions	
  reviewed	
  in	
  this	
  paper	
  can	
  provide	
  
insight	
   into	
  how	
  a	
  practical	
   summary	
  of	
   oil	
   spill	
  
literature	
   informs	
   the	
   response	
   to	
   an	
   active	
   oil	
  

spill.	
  The	
  MV	
  Rena	
  spill	
  was	
  a	
  continuous	
  release	
  
of	
  oil	
  with	
  a	
  known	
  maximum	
  volume,	
  and	
  was	
  a	
  
spill	
   of	
   hydraulic	
   engine	
   oil	
   and	
   bunker	
   oil.	
  
Stopping	
   the	
   ongoing	
   release	
   was	
   correctly	
   a	
  
priority;	
   the	
   choice	
   to	
   use	
   dispersants	
   was	
  
however	
   poorly	
   informed	
   because	
   dispersants	
  
are	
   largely	
   ineffective	
   on	
   heavy	
   oils,	
   especially	
  
after	
  weathering	
  has	
  occurred	
  [118].	
  	
  
	
  
The	
  spilled	
  oil	
  was	
  predominantly	
  on	
  the	
  surface	
  
of	
  the	
  water,	
  especially	
  during	
  the	
  initial	
  release.	
  
Skimmer	
   technology	
   for	
   bunker	
   oil	
   does	
   exist,	
  
and	
   the	
   choice	
   to	
   deploy	
   skimmers	
   to	
   clean	
   up	
  
this	
   surface	
   spill	
   was	
   wise.	
   This	
   was	
  
unfortunately	
  hampered	
  by	
  a	
  combination	
  of	
  the	
  
aforementioned	
  delays	
  in	
  the	
  early	
  response	
  and	
  
poor	
   weather.	
   The	
   deployment	
   of	
   containment	
  
booms	
   was	
   similarly	
   restricted	
   by	
   timing	
   and	
  
weather,	
   but	
   protective	
   booms	
  were	
   somewhat	
  
effective	
  in	
  reducing	
  oiling	
  of	
  the	
  beaches.	
  
	
  
Other	
   responses	
   that	
   could	
   have	
   been	
  
considered	
   are	
   burning,	
   fertilization,	
   and	
   non-­‐
intervention.	
   	
  Burning	
  was	
   likely	
  precluded	
  both	
  
by	
   the	
  presence	
  of	
  other	
   vessels	
   for	
   removal	
   of	
  
the	
   oil	
   from	
   the	
   Rena,	
   and	
   by	
   the	
   proximity	
   to	
  
populated	
   areas.	
   Although	
   detailed	
  
environmental	
   baseline	
   data	
   for	
   the	
   area	
   is	
   not	
  
available,	
   localized	
   eutrophication	
   events	
   have	
  
occurred	
   in	
   the	
   Tauranga	
   basin	
   [119],	
   making	
  
fertilization	
   a	
   poor	
   option.	
   The	
   excellent	
  
monitoring	
   of	
   oil	
   movement	
   and	
   local	
   currents	
  
showed	
   strong	
   currents	
   would	
   carry	
   the	
   spilled	
  
oil	
  towards	
  shore.	
  This	
  information	
  made	
  it	
  clear	
  
that	
  intervention	
  was	
  necessary.	
  
	
  
While	
  hindsight	
  is	
  the	
  easiest	
  lens	
  through	
  which	
  
to	
   evaluate	
   any	
   oil	
   spill	
   response,	
   there	
   are	
  
several	
  important	
  lessons	
  to	
  be	
  learned	
  from	
  the	
  
MV	
   Rena	
   spill.	
   	
   The	
   first	
   is	
   that	
   rapid	
   decision-­‐
making	
  improves	
  the	
  effectiveness	
  of	
  a	
  response.	
  
While	
  most	
   of	
   the	
   decisions	
  made	
   by	
  Maritime	
  
New	
   Zealand	
   were	
   appropriate,	
   having	
   a	
  
decision-­‐making	
   framework	
   in	
  place	
   for	
   such	
  an	
  
emergency	
   would	
   have	
   expedited	
   the	
   response	
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process,	
   allowing	
   for	
   faster	
   deployment	
   of	
  
containment	
   booms	
   and	
   skimming	
   equipment.	
  
The	
  second	
  is	
  that	
  environmental	
  baseline	
  data	
  is	
  
essential.	
   Knowledge	
   of	
   local	
   eutrophication	
  
events	
   prevented	
   the	
   costly	
   and	
   risky	
   use	
   of	
  
fertilizers	
   in	
   the	
   Tauranga	
   basin;	
   having	
   more	
  
detailed	
   information	
   could	
   have	
   helped	
  
determine	
   if	
   other	
   areas	
   of	
   the	
   spill	
   could	
   be	
  
fertilized.	
   The	
   third	
   lesson	
   is	
   to	
   understand	
   the	
  
limitations	
   of	
   the	
   technology	
   available.	
   The	
  
ineffectiveness	
   of	
   dispersant	
   application	
   to	
  
heavy,	
  weathered	
  oils	
  is	
  known	
  [118],	
  but	
  it	
  was	
  
used	
   in	
   this	
   cleanup	
   effort	
   because	
   that	
  
information	
   was	
   not	
   communicated	
   to	
   decision	
  
makers.	
   The	
   following	
   section	
   outlines	
  
recommendations	
   based	
   on	
   these	
   lessons,	
  
including	
   the	
   gathering	
   of	
   baseline	
   data,	
  
computer	
   simulations,	
   technological	
  
improvements	
   to	
   responses,	
   and	
   understanding	
  
of	
  impacts.	
  
	
  
5.	
  Future	
  Research	
  Needs	
  
All	
  aspects	
  of	
  oil	
  spill	
   response	
  can	
  benefit	
   from	
  
further	
   research.	
   These	
   can	
   be	
   grouped	
   into	
  
three	
   major	
   areas	
   that	
   tap	
   different	
   sets	
   of	
  
technical	
  expertise.	
  Baseline	
  environmental	
  data	
  
should	
  be	
  collected	
  at	
  present	
  and	
  future	
  drilling	
  
sites;	
   this	
   is	
   a	
   key	
   immediate	
   action	
   that	
   could	
  
spur	
   research	
   and	
   inform	
   the	
   application	
  of	
   the	
  
responses	
   discussed	
   above.	
   Computer	
  modeling	
  
of	
   the	
   fate	
   of	
   released	
   oil	
   will	
   assist	
   in	
  
anticipating	
   spill	
   evolution	
   when	
   a	
   spill	
   occurs	
  
and	
   benefit	
   overall	
   response	
   implementation.	
  
Technical	
   improvements	
   to	
   response	
  
technologies	
  will	
  improve	
  efficacy	
  of	
  oil	
  removal.	
  
Environmental	
   impact	
   studies	
   for	
   current	
   and	
  
emerging	
   technologies	
   will	
   assist	
   in	
   deciding	
  
when	
  they	
  are	
  best	
  applied	
  to	
  a	
  spill.	
  
	
  
	
  
5.1	
  Baseline	
  Environmental	
  Data	
  
Collection	
   of	
   baseline	
   data	
   in	
   an	
   area	
   that	
   is	
   at	
  
risk	
  for	
  an	
  oil	
  spill	
  will	
  help	
  response	
  planning	
  by	
  
providing	
   information	
   about	
   the	
   resilient	
   and	
  
fragile	
  parts	
  of	
  an	
  ecosystem.	
  This	
  data	
  must	
  be	
  

collected	
   before	
   oil	
   contamination	
   occurs,	
   and	
  
should	
   incorporate	
   local	
   knowledge	
   and	
  
priorities	
  such	
  as	
  seasonal	
  use	
  of	
  animal	
  habitats	
  
[13,	
  120]	
  or	
  human	
  activity	
  [121,	
  122].	
  
	
  
It	
   is	
   particularly	
   important	
   to	
   collect	
   baseline	
  
data	
  that	
  can	
  inform	
  and	
  improve	
  the	
  application	
  
of	
   response	
   technologies.	
   Detection	
   of	
   oil-­‐
degrading	
  bacteria,	
  as	
  is	
  possible	
  with	
  PhyloChip	
  
microarrays	
  [123],	
  and	
  levels	
  of	
  limiting	
  nutrients	
  
will	
   help	
   to	
   predict	
   whether	
   significant	
  
hydrocarbon	
   degradation	
   could	
   occur	
   naturally.	
  
This	
   data	
   could	
   inform	
   potential	
   application	
   of	
  
fertilizers	
  or	
  sinking	
  agents,	
  and	
  of	
  the	
  likelihood	
  
that	
   oil	
   left	
   alone	
   will	
   naturally	
   degrade	
   in	
   the	
  
environment.	
   Knowledge	
   of	
   sensitive	
   shoreline	
  
or	
   underwater	
   environments	
   will	
   smooth	
   the	
  
process	
   of	
   prioritizing	
   at-­‐risk	
   ecosystems	
   for	
  
protection.	
   Additionally,	
   collection	
   of	
   baseline	
  
data	
   about	
   air	
   quality	
   [43]	
   and	
   other	
  
contaminant	
  levels	
  will	
  help	
  to	
  evaluate	
  whether	
  
an	
   impacted	
   environment	
   has	
   returned	
   to	
   pre-­‐
spill	
   conditions,	
   which	
   will	
   improve	
  
accountability	
  for	
  oil	
  spill	
  cleanup.	
  
	
  
5.2	
  Computer	
  Modeling	
  
With	
  sufficient	
  baseline	
  data	
  about	
  an	
  area,	
   it	
   is	
  
possible	
   to	
   generate	
   predictive	
   models	
   of	
   the	
  
movement	
   of	
   oil	
   in	
   the	
   environment.	
   	
   Oil	
  
evaporation	
   has	
   been	
  modeled	
   as	
   a	
   function	
   of	
  
time	
  or	
  temperature,	
  dependent	
  on	
  the	
  initial	
  oil	
  
composition	
   [54].	
   Models	
   of	
   the	
   release	
   of	
   oil	
  
from	
  a	
   reservoir	
   [124],	
  geographical	
  distribution	
  
[71,	
  72,	
  125],	
  and	
  the	
  mixing	
  of	
  oil	
  with	
  water	
  in	
  
the	
   absence	
   of	
   intervention	
   [42,	
   59]	
   are	
  
becoming	
   increasingly	
  common.	
  More	
  advanced	
  
models	
   have	
   also	
   been	
   generated	
   that	
   predict	
  
the	
   rate	
   at	
   which	
   oil	
   will	
   be	
   removed	
   from	
   the	
  
environment	
  using	
  a	
  particular	
  response	
  and	
  use	
  
these	
   inputs	
   to	
   calculate	
   scenarios	
   for	
   cleanup	
  
[126].	
   This	
   is	
   invaluable	
   in	
   performing	
   a	
   cost-­‐
benefit	
   analysis	
   of	
   a	
   particular	
   intervention	
   and	
  
when	
   considering	
   the	
   possibility	
   of	
   non-­‐
intervention	
   as	
   the	
   most	
   ecologically	
   sound	
  
method	
  for	
  oil	
  cleanup.	
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5.3	
  Technical	
  Improvements	
  
Improvements	
   can	
   be	
   made	
   to	
   enhance	
  
skimming,	
   burning	
   and	
   dispersant	
   technologies.	
  
Absorbent	
   materials	
   with	
   increased	
   selectivity	
  
for	
   hydrocarbons	
   over	
   water	
   are	
   needed	
   to	
  
improve	
   the	
   overall	
   removal	
   efficiencies	
   of	
  
skimmers.	
   Their	
   efficacy	
   at	
   removing	
   heavier	
   or	
  
partially	
   emulsified	
   oils	
   also	
   needs	
   to	
   be	
  
improved	
  to	
  broaden	
  the	
  utility	
  of	
  skimmers	
   for	
  
a	
  wider	
   range	
  of	
   spills.	
   A	
  major	
   drawback	
   of	
   all	
  
skimmer	
   technology	
   is	
   its	
   inability	
   to	
   effectively	
  
deal	
   with	
   debris;	
   coarse	
   filtration	
   systems	
   that	
  
protect	
   oil-­‐removing	
   materials	
   can	
   ameliorate	
  
this	
   [16].	
   Sorbent	
  materials	
   using	
   natural	
  waste	
  
products	
  from	
  local	
  agriculture	
  show	
  promise	
  as	
  
an	
  alternative	
  method	
  of	
  oil	
  collection	
  [73].	
  
	
  
New	
   burning	
   agents	
   that	
   keep	
   a	
   fire	
   burning	
  
continuously,	
  cleanly,	
  and	
  work	
  with	
  a	
  variety	
  of	
  
oil	
  types	
  would	
  improve	
  burning	
  efficiencies	
  and	
  
reduce	
  air	
  pollution	
  hazards.	
  Ignition	
  techniques,	
  
containment,	
   and	
   air	
   quality	
   monitoring	
   could	
  
also	
  be	
  improved	
  to	
  ensure	
  safe	
  and	
  effective	
   in	
  
situ	
  burning.	
  
	
  
Dispersants	
   are	
   typically	
   a	
   treatment	
   of	
   last	
  
resort	
   because	
   of	
   their	
   potential	
   to	
   negatively	
  
affect	
   organisms	
   in	
   the	
   water	
   column	
   [34,	
   41,	
  
92].	
   Use	
   of	
   currently	
   existing	
   dispersants	
  would	
  
be	
  improved	
  by	
  more	
  comprehensive	
  data	
  about	
  
their	
   effects	
   in	
   different	
   environments,	
   possibly	
  
through	
  the	
  use	
  of	
  species	
  sensitive	
  distributions	
  
[127].	
  New	
  dispersants	
  without	
  components	
  that	
  
are	
   cytotoxic,	
   teratogenic,	
   or	
   disruptive	
   to	
   the	
  
endocrine	
   system	
   of	
   organisms	
   in	
   the	
   marine	
  
environment	
   could	
   make	
   dispersant	
   application	
  
more	
   viable.	
   However,	
   the	
   repercussions	
   of	
  
making	
   oil	
   itself	
   more	
   bioavailable	
   are	
   still	
   of	
  
concern.	
   Further	
   improvements	
   could	
   include	
  
dispersants	
   that	
   degrade	
   to	
   non-­‐toxic	
   small	
  
molecules	
   that	
   supply	
   limiting	
   nutrients	
   to	
  
microbial	
  hydrocarbon	
  degraders.	
  Surfactants	
  of	
  
bacterial	
   origin,	
   or	
   that	
   mimic	
   bacterial	
  
biosurfactants,	
  are	
  a	
  promising	
  area	
  of	
   research	
  

[128,	
   129].	
   Ideally,	
   bio-­‐based	
   surfactants	
   are	
  
biodegradable	
   and	
   enhance	
   the	
   activity	
   of	
   the	
  
whole	
   hydrocarbon	
   degrading	
   microbial	
  
community	
   [129,	
   130].	
   Advances	
   in	
   amino	
   acid-­‐
based	
   [131]	
   and	
   saccharide-­‐based	
   surfactants	
  
[132,	
   133]	
   could	
   also	
   contribute	
   significantly	
   to	
  
the	
  creation	
  of	
  less	
  toxic	
  dispersants.	
  
	
  
Fertilization	
   could	
   be	
   improved	
   through	
   studies	
  
optimizing	
   quantities	
   and	
   types	
   of	
   fertilizers	
  
applied,	
  and	
  by	
  understanding	
  how	
  to	
  customize	
  
their	
   application	
   for	
   each	
   ecological	
   scenario	
  
while	
   considering	
   entire	
   oil-­‐degrading	
   microbial	
  
communities	
   [130].	
   Additionally,	
   coupling	
   of	
  
fertilization	
   with	
   the	
   use	
   of	
   dispersants	
   as	
  
suggested	
  above	
  could	
  assist	
  degradation.	
  
	
  
The	
   treatment	
   of	
   weathered	
   and	
   emulsified	
   oil	
  
remains	
   one	
   of	
   the	
   most	
   significant	
   technical	
  
challenges	
   for	
   addressing	
   oil	
   spills.	
   Most	
  
technologies	
   that	
   work	
   well	
   on	
   fresh	
   oil,	
  
including	
   burning,	
   skimming,	
   and	
   dispersants,	
  
are	
   largely	
   ineffective	
   on	
   weathered	
   oil.	
   The	
  
same	
   is	
   generally	
   true	
   of	
   bunker	
   oil	
   because	
   its	
  
lack	
  of	
  volatile	
  components	
  makes	
  the	
  properties	
  
of	
   bunker	
   oil	
   roughly	
   approximate	
   those	
   of	
  
weathered	
  crude.	
  Although	
  many	
  spills	
  of	
  bunker	
  
oil	
   are	
   small,	
   better	
   methods	
   to	
   clean	
   up	
   this	
  
large	
  fraction	
  (48%	
  by	
  volume	
  of	
  all	
  oil	
  spilled	
  in	
  
the	
   marine	
   environment)	
   of	
   spilled	
   oil	
   are	
  
necessary.	
  
	
  
5.4	
  Environmental	
  Impact	
  of	
  Responses	
  
The	
   extent	
   to	
   which	
   immediate	
   and	
   long-­‐term	
  
environmental	
   impact	
   is	
   understood	
   varies	
  
greatly	
   between	
   responses.	
   In	
   general	
   these	
  
impacts	
   are	
   poorly	
   studied,	
   often	
   because	
  
follow-­‐up	
   evaluation	
   has	
   not	
   historically	
   been	
  
considered	
   part	
   of	
   the	
   cleanup	
   process	
   [24].	
   In	
  
the	
  case	
  of	
  physical	
  removal	
  technologies	
  such	
  as	
  
skimmers	
   and	
   booms,	
   the	
   main	
   secondary	
  
impacts	
   are	
   site-­‐specific	
   habitat	
   damage	
   by	
  
human	
   presence,	
   but	
   in	
   chemically	
   and	
  
biologically	
   complex	
   responses,	
   the	
  
environmental	
   impacts	
   can	
   be	
   studied	
   in	
   a	
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broader	
  sense.	
  
	
  
In	
  order	
  to	
  properly	
  assess	
  the	
  risks	
  and	
  benefits	
  
of	
   using	
   dispersants,	
   predictions	
   of	
   the	
  
effectiveness	
  of	
   the	
  dispersant	
   in	
  producing	
   the	
  
desired	
   outcomes	
   must	
   be	
   possible.	
   These	
  
desired	
   outcomes	
   can	
   be	
   considered	
   as	
  
opportunity	
   costs	
  of	
  not	
  using	
  dispersants,	
   such	
  
as	
   avoidance	
  of	
   shoreline	
   oiling	
   or	
   reducing	
   the	
  
fire	
  hazard	
  to	
  workers	
  around	
  the	
  spill	
  [134].	
  An	
  
understanding	
   of	
   how	
   both	
   oil	
   and	
   dispersants	
  
distribute	
  in	
  the	
  environment	
  and	
  assessment	
  of	
  
the	
   effectiveness	
   of	
   dispersants	
   in	
   reducing	
  
shoreline	
   oiling	
   is	
   crucial.	
   Additionally,	
   the	
   risks	
  
of	
   dispersant	
   use	
   in	
   the	
   particular	
   ecosystem	
  
must	
  be	
  well	
  characterized.	
  Most	
  data	
  regarding	
  
dispersant	
   effects	
   on	
  microbial	
   degradation,	
   for	
  
example,	
   seem	
   to	
   indicate	
   that	
   dispersant	
  
introduction	
  leads	
  to	
  slower	
  oil	
  degradation,	
  but	
  
some	
   indicate	
  no	
  change	
  or	
  even	
  an	
   increase	
   in	
  
degradation	
  rate	
  [101].	
  Many	
  other	
  possible	
  risks	
  
of	
   dispersant	
   use	
   are	
   also	
   still	
   not	
   well	
  
understood,	
   including	
   sublethal	
   effects	
   of	
  
dispersants	
   mixed	
   with	
   crude	
   oil,	
   effects	
   of	
  
dispersants	
   in	
   deep	
   water,	
   movement	
   and	
  
degradation	
   of	
   dispersants	
   in	
   the	
   environment,	
  
and	
  long-­‐term	
  environmental	
  effects.	
  
	
  
More	
   research	
  on	
  dispersants	
   is	
  needed	
   to	
   fully	
  
inform	
  decisions	
   about	
   their	
   use.	
   Better	
   toxicity	
  
studies	
  are	
  needed,	
  with	
  careful	
  consideration	
  of	
  
relevant	
   endpoints	
   and	
   organisms.	
   This	
   is	
  
especially	
   true	
   for	
   dispersants	
   that	
   are	
   not	
   part	
  
of	
  the	
  Corexit	
   family,	
  since	
  much	
  of	
  the	
  data	
  on	
  
modern	
   dispersants	
   was	
   acquired	
   using	
   Corexit	
  
dispersants.	
   It	
   is	
   also	
   imperative	
   to	
   conduct	
  
appropriate	
   environmental	
   monitoring	
   studies	
  
before,	
   during	
   and	
   after	
   dispersant	
   application.	
  
While	
   monitoring	
   during	
   cleanup	
   is	
   commonly	
  
done,	
   baseline	
   studies	
   before	
   a	
   spill	
   and	
   long-­‐
term	
   monitoring	
   after	
   a	
   spill	
   are	
   much	
   less	
  
common.	
   This	
   monitoring	
   would	
   also	
   be	
  
improved	
  by	
  better	
  analytical	
  field	
  methods.	
  The	
  
only	
   reliable	
  method	
   for	
   detecting	
  oil	
   is	
  GC-­‐MS,	
  
which	
   is	
   difficult	
   to	
   do	
   in	
   the	
   field	
   [101].	
   The	
  

traditional	
   field	
   method	
   for	
   oil	
   detection	
   is	
  
fluorometry,	
   which	
   is	
   less	
   reliable,	
   although	
  
improvements	
  are	
  continually	
  being	
  made	
  [135].	
  
Relying	
  on	
  dispersant	
  detection	
  as	
  a	
  proxy	
  for	
  oil	
  
detection	
   is	
  also	
  problematic,	
  as	
  the	
  dispersants	
  
can	
  persist	
  after	
  the	
  oil	
  has	
  been	
  degraded	
  [41].	
  
	
  
In	
   areas	
  where	
   there	
   is	
   a	
   tendency	
   toward	
  or	
   a	
  
history	
  of	
  eutrophication	
  events,	
  it	
  is	
  particularly	
  
important	
  to	
  carefully	
  consider	
  the	
  compounded	
  
effects	
   of	
   the	
   application	
   fertilizers.	
   Although	
  
fertilizers	
   have	
   been	
   extensively	
   used	
   as	
   a	
  
response,	
  it	
  is	
  important	
  to	
  continue	
  to	
  fine-­‐tune	
  
their	
  content	
  and	
  ratios	
  so	
  as	
  to	
  best	
  harness	
  the	
  
degradation	
  capacity	
  of	
  the	
  natural	
  hydrocarbon-­‐
degrading	
  microbial	
  communities.	
  A	
  database	
  of	
  
baseline	
   data	
   of	
   the	
   affected	
   area,	
   as	
   well	
   as	
  
thorough	
   understanding	
   of	
   the	
   ecosystems	
  
affected	
  by	
  the	
  spill	
  will	
  greatly	
  aid	
  in	
  evaluating	
  
the	
   risks	
   and	
   benefits	
   of	
   the	
   application	
   of	
  
fertilizers.	
  	
  	
  	
  
	
  
A	
   response	
   that	
   is	
   currently	
   not	
   legal	
   in	
   most	
  
countries	
  because	
  of	
  its	
  historic	
  negative	
  impacts	
  
is	
   the	
   use	
   of	
   sinking	
   agents;	
   as	
   a	
   result,	
   little	
   is	
  
known	
  about	
  the	
  technique	
  [16].	
  While	
  extreme	
  
caution	
   in	
   the	
   application	
   of	
   sinking	
   agents	
   in	
  
coastal	
  areas	
  is	
  still	
  warranted,	
  the	
  movement	
  of	
  
underwater	
  drilling	
  to	
  locations	
  further	
  offshore,	
  
where	
   the	
   ocean	
   is	
  much	
   deeper	
   and	
   the	
   biota	
  
on	
  the	
  sea	
  floor	
  are	
  less	
  dense,	
  suggests	
  that	
  this	
  
technique	
   should	
   be	
   revisited.	
   Studying	
   the	
  
extent	
  and	
  effects	
  of	
  leaching	
  on	
  the	
  ocean	
  floor	
  
would	
   help	
   determine	
   the	
   appropriate	
   uses	
   of	
  
sinking	
  agents.	
  The	
  extent	
  and	
  effects	
  of	
  leaching	
  
on	
  the	
  ocean	
  floor	
  and	
  more	
  thorough	
  surveys	
  of	
  
deep-­‐water	
   organisms	
   would	
   inform	
   the	
  
potential	
  safe	
  use	
  of	
  sinking	
  agents.	
  
	
  
With	
   increased	
  collection	
  of	
  background	
  data,	
   it	
  
becomes	
   possible	
   to	
   quantify	
   the	
   impact	
   of	
   not	
  
intervening	
   on	
   the	
   recovery	
   of	
   an	
   ecosystem.	
  
Further	
   research	
   is	
   needed	
   to	
   elucidate	
   when	
  
and	
   where	
   the	
   choice	
   to	
   not	
   intervene	
   is	
  
appropriate.	
   The	
   ecology	
   and	
   in	
   situ	
   physiology	
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of	
   natural	
   marine	
   hydrocarbon-­‐degrading	
  
microbial	
  communities	
  requires	
  further	
  study,	
  as	
  
does	
   the	
   determination	
   of	
   conditions	
   where	
  
unassisted	
   biodegradation	
   is	
   effective.	
   Studying	
  
the	
   environments	
   and	
   cases	
  where	
   intervention	
  
has	
  resulted	
  in	
  an	
  added	
  stress	
  to	
  the	
  system	
  will	
  
give	
   scientific	
   weight	
   to	
   non-­‐intervention	
   as	
   a	
  
reasonable	
  response.	
  
	
  
6.	
  Conclusions	
  
There	
  is	
  a	
  growing	
  voice	
  in	
  the	
  oil	
  spill	
   literature	
  
[5,	
  9,	
  42,	
  44,	
  58]	
  calling	
  for	
  decision-­‐making	
  tools	
  
that	
  encompass	
  the	
  complexity	
  of	
  environmental	
  
problem	
   solving.	
   This	
   review	
   provides	
   a	
  
framework	
  to	
  assist	
  in	
  the	
  communication	
  of	
  this	
  
complexity	
   to	
   diverse	
   stakeholders.	
   This	
   takes	
  
the	
  form	
  of	
  a	
  series	
  of	
  decision	
  points	
  based	
  on	
  
the	
  nature	
  of	
  oil	
   spilled	
  and	
   the	
  environment	
   in	
  
which	
  a	
  spill	
  takes	
  place.	
  
	
  
Underlying	
   these	
   guiding	
   questions	
   is	
   a	
   strong	
  
emphasis	
   on	
   ecological	
   awareness.	
   This	
   context	
  
contributes	
  to	
  the	
  execution	
  of	
  an	
  environmental	
  
management	
   strategy	
   that	
   ensures	
   rapid	
  
recovery	
   and	
   the	
   maintenance	
   of	
   ecosystem	
  
resilience	
   and	
   biodiversity.	
   This	
   in	
   turn	
   requires	
  
that	
   ecological	
   baseline	
   data	
   be	
   collected	
   in	
  
locations	
  where	
  oil	
  spills	
  are	
  likely.	
  	
  
	
  
In	
   addition	
   to	
   the	
   need	
   for	
   ecological	
   data,	
   this	
  
review	
   identifies	
   opportunities	
   for	
   improving	
  
existing	
  oil	
   spill	
   responses	
  through	
  technological	
  
advances	
   and	
   computer	
   modeling.	
   These	
  
measures	
  will	
  improve	
  oil	
  spill	
  response	
  capacity	
  
and	
  should	
  particularly	
  be	
  considered	
   in	
  new	
  oil	
  
drilling	
   regions.	
   Effective	
   and	
   transparent	
  
response	
   strategies	
   will	
   help	
   stakeholders	
  
preserve	
  the	
  ability	
  of	
   the	
  ecosystem	
  to	
  recover	
  
from	
  oil	
   spills	
   and	
   retain	
   function	
   in	
   the	
   face	
  of	
  
anthropological	
  stresses.	
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