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	On March 25, 1989, the Exxon Valdez ran aground on a pinnacle at Bligh Reef in Prince William Sound.  Eight of the eleven cargo tanks extending the length of the ship ripped open.  Over the next day, oil gushed from these ruptured tanks causing about eleven million gallons of North Slope crude oil poured into the icy waters of the Prince William Sound.  The spill affected one of the largest and most productive fishing regions in the world.  The livelihoods of hundreds of fisherman from small villages located near the spill, were at risk.3  A plan was formulated to help reduce the ecological damage to the area around the spill.  One component of the plan was to use bioremediation.





	Bioremediation is the process of encouraging the natural process of biodegradation to cleanup spills and other environmental problems caused by humankind’s activities.  There are three different types of bioremediation: nutrient enrichment, seeding with naturally occurring microorganisms, and seeding with genetically engineered microorganisms.  Since seeding with genetically engineered microorganisms is still in the experimental stages of development, the bioremediation choice came down to which of the remaining two methods to choose.  The preliminary step was to determine if their was a diverse enough indigenous population of microorganisms in the Prince William Sound to carry out the bioremediation process or whether there was a need to add bacteria.  After initial experiments, it was determined that indeed there was a diverse enough indigenous population of oil-degrading microorganisms present.  This left nutrient enrichment as the bioremediation type to be used.





	Populations of oil-degrading microbes in most environments are limited by the availability of hydrocarbons.  Following an oil spill, this limitation is overcome and the microbial population expands.  In order for this to occur, the microbes need oxygen for respiration and other nutrients that are not available in petroleum.  Since the highly porous shorelines of Prince William Sound provided a well aerated environment, oxygen was unlikely to be a limiting factor for biodegradation.  Oil provides a rich source of reduced carbon, but no readily available nitrogen or phosphorus.  These nutrients are vital to the growth of microbes.  Nitrogen is essential for the synthesis of proteins and nucleic acids and phosphorus is vital for nucleic acids, and the energy metabolism of the cell.  Some bacteria can fix nitrogen from the atmosphere, but this is not widespread in oil-degrading microbes.  Thus, the growth of oil-degrading microorganisms is limited by the availability of nitrogen and phosphorus.  The goal of the bioremediation effort in Prince William Sound was to provide higher levels of these nutrients.





	Initial field tests needed to be conducted to determine if bioremediation would if fact help and if any additional dangers were posed to the ecosystems where bioremediation would be used.  Two sites were chosen for these field tests in 1989, Snug Harbor and Passage Cove on Knight Island in Prince William Sound.  The fertilizers used in the field tests were Woodace briquettes, Inipol EAP 22, Inipol EAP 22 and Customblen and a water soluble fertilizer.  Inipol EAP 22 is a microemulsion containing nitrogen(urea) and phosphorus(tri(Laureth-4)-phosphate) encapsulated within oleic acid, resulting in an oleophilic formulation.2  Since Inipol EAP 22 is an oleophilic product, it sticks to the surface of the oil on a beach, and does not penetrate deeply into the beach sediment at the recommended application rates.  Customblen is a slow-release encapsulated formulation of ammonium nitrate and ammonium phosphate.  It was used to simulate subsurface biodegradation.  The water soluble fertilizer used was a mixture of inorganic slats of nitrogen and phosphorus dissolved in seawater and sprayed onto the beach to achieve concentrations in pore water of 7 mg of nitrogen per liter and 4 mg of phosphate per liter to a depth of 2 meters.  Table 1 shows the composition of the Inipol EAP 22 and the Customblen fertilizer.





Table 1. Composition of Inipol EAP 22 and Customblen5


Ingredients�
Chemical Formula�
Purpose�
�
Inipol EAP 22a


  Oleic Acid


  Tri(laureth-4)-phosphate


  2-Butoxyethanol


  Urea


  Water�



CH3(CH2)7CH=CH(CH2)7COOH


[C12H25(OC2H4)3O]3PO


HO-C2H4-O-C4H9


NH2-CO-NH2


H2O�



Hydrophobic phase


Phosphorus source and surfactant


Surfactant & emulsion stabilizer


Nitrogen source


Solvent�
�
Customblenb


   Ammonium nitrate


   Calcium phosphate


   Ammonium Phosphate�



NH4NO3


Ca3(PO4)2


(NH4)3PO4�



Nitrogen Source


Phosphorus Source 


Source of both Nitrogen & phosphorus�
�
a Elemental composition, 7.4% Nitrogen, and 0.7% Phosphorus.


b Elemental composition, 28.0% Nitrogen and 3.5% Phosphorus.








	On Snug Harbor, six plots were chosen, three on mixed sand and gravel and three on cobble.  One of the cobble plots was treated with Inipol EAP 22, a second with Woodace briquettes and the third was left untreated as a control.  The same treatment strategy was used on the sand and gravel plots.  After 8-14 days of initial treatment, the cobble plot treated with Inipol EAP 22 showed the surface of the cobble to be almost completely free of oil.  Even though the surface looked clean, there was substantial amounts of subsurface oil.  On the cobble plot treated with the Woodace briquettes, their was not as noticeable a difference as with the Inipol EAP 22.  The affect of Inipol EAP 22 on the sand and gravel plot was not as noticeable.





	On the other field site, Passage Cove, four plots were chosen.  On was left untreated as a control, two were treated with a mixture of Inipol EAP 22 and Customblen and the fourth was treated with a water-soluble fertilizer.  The plots treated with Inipol EAP 22 and Customblen were visually cleaner than the control after about 10-14 days and only isolated patches of oil appeared down to a depth of 10 cm after one month.  However, oil remained 20-30 cm below the treated plot after 45 days.  Similar effects were noted on the fourth plot treated with the water-soluble fertilizer, but the changed took 10-15 days longer to become visibly noticed.  No visible changes were noted on the control plot at the end of the experiment.  Addition of the Inipol EAP 22 and Customblen appeared to simulated oil biodegradation by a factor of 2 to 3, while the addition of the water soluble fertilizer simulated biodegradation by a factor of 4 to 5.  





	In 1990, another field trial was conducted on Knight Island.  Changes in oil concentration were monitored around the center of a fertilized beach and compared with those monitored in the center of an adjacent untreated control.  Three beaches were selected and named KN-132, KN-135, and KN-211.  The beach substrate, degree of oil contamination, and nutrient applications made to each beach are summuraized in Table 2.  The nutrient measurements in beach pore water gives a good indication of whether the fertilizers had penetrated the beach.  Data from KN-135 and KN-132 showed their was an increase in total nitrogen levels(sum of ammonia, nitrite, nitrate and organic nitrogen) directly after application.  KN-132 had increased levels of nitrogen for about ten days after application, while KN-135 had increased levels for nearly twenty days.  KN-211, which was treated with Customblen only, showed no increase in nitrogen levels.  After a second application, all treated beaches showed a rise in nitrogen levels.  No increase in nitrogen levels was seen on the untreated beach.  Nutrient measurements of the inshore waters at KN-211 showed highly elevated levels of nitrogen and phosphorus directly after treatment, a phenomenon not seen on either of the other two treated beaches.  It appears that the first nutrient addition of Customblen was rapidly washed off the beach, but the second application was not.  This suggests that because KN-211 is a high-energy beach and under certain conditions, granular slow-release fertilizers such as Customblen can be removed from a beach before significant amount of nutrients are released.  





	The total number of heterotrophs  tended to increase on both the treated and control beaches over the course of the experiment.  Most times, the heterotrophs were more abundant in the treated sediment than in the control on KN-132 and KN-135.  The reverse was found on KN-211 and this could possibly be explained because the nutrients failed to remain on the beach.  A few times the number of heterotrophs on the treated beaches were significantly higher than on the untreated beaches, but these differences were not significant.  Significant increase in the ability of sediment microorganisms to mineralize hexadecane were noted with 2 days on the fertilized portions of KN-132, within 8 days on KN-135 and KN-211 within 2 days.  The increase in the ability of sediment microorganisms on KN-211 was not as great as on the other two fertilized beaches possibly reflecting the failure of the first addition of nutrients.  After the second application of fertilizer on each of the treated beaches, the ability of the microorganisms to mineralize hexadecane was significantly higher for the remainder of the experiment.  The additions of nutrients to all the three treated beaches stimulated the ability of sediment microorganisms to mineralize hexadecane.  Thus, there is evidence that the bioremediation does help increase the microbial communities ability to degrade oil more quickly.


 


   Table 2. Nutrient additions to test beaches in Alaska in summer 1990.5


Beach Site�
Fertilizer�
No. of Applications�
Time (days) of application�
Beach Environment�
Amt of nitrogen added (g of N/m2)�
�
KN-135�
Inipol EAP 22 Customblen�
2


3�
0,53


0,53,72�
Low energy, contained surface and subsurface oil�
106b�
�
KN-211�
Customblen�
2�
0,44�
High Energy, contained subsurface oil�
53�
�
KN-132c�
Inipol EAP 22


Customblen�
2


2�
0,44


0,40�
Low energy, contained largely surface oil�
56�
�
a Days after start of the test (taken as day zero).


b For example, this consisted of an initial application of 361 g of Inipol EAP 22 per m2 and 103 g of Customblen per m2 followed by 303 g of Inipol EAP 22 per m2 and 17 g of Customblen per m2 and finally 91 g of Customblen per m2.


c A small portion of this beach was treated with bioremediation agents in 1989.





	Along with determining whether bioremediation worked, scientists needed to determine the toxicity of the fertilizers they were applying on the ecosystem in Prince William Sound.  Toxic studies were done on the Oleophilic fertilizer, Inipol EAP 22.  Studies were done using both species indigenous to Prince William Sound and with species commonly used in toxicity testing that are known to be more sensitive to than indigenous species.    The toxicity of Inipol EAP 22 and weathered oil were tested in three ways.  First, to account for the worst-case conditions, the Inipol EAP 22 was tested in a mixture with seawater.  Second, because Inipol EAP 22 is very likely to become bound to oil after application to an oil-contaminated shoreline, and because data generated by the manufacture shows that the toxicity of the fertilizer is much lower in the presence of oil, a second treatment involved spraying fertilizer on a layer of oil on seawater.  Last, the oil was tested alone to provide data for comparisons.  The toxicity tests were for the development of definitive acute LC 50 values for fishes, invertebrates and algae as shown in table 3.  General trends show that larvae of mussels, oysters and juvenile mysids are two orders of magnitude more sensitive than salmon and approximately one order of magnitude more sensitive than herring and sticklebacks.  When mixed when oil, Inipol’s toxicity is reduced by a factor of two to four.7


Table 3. Results of Laboratory Toxicity Tests with Oleophilic Fertilizer, Inipol EAP 22, and Various Marine Species. (Values are 96 Hour LC 50 estimates unless otherwise noted.)7





Organism�
Inipol�
Inipol Plus Oil�
�
Fish  


  Salmon smolts


             Herring


             Sticklebacks�



2500 ppma


                  200 ppm


           100 ppma�



6700 ppm


           800 ppma


        range-finder underway�
�
Invertebrates  


  Mussel larvae


             Oyster larvae


             Mysids


             Pandalid shrimp�



35 ppm (48 hr)


            > 10 ppm < 100 ppm (48 hr)


            range-finder < 100 ppm


            400 ppma�



70 ppm (48 hr)


            range-finder underway


            range-finder underway


            range-finder underway�
�
Algae  


  Skeletonema�



range-finder underway�



range-finder underway�
�
a Best Estimate from non definitive test





	The comprehensive field program initiated to respond to the Exxon Valdez oil spill produced some important results on the effectiveness of bioremediation.  The bioremediation strategy of adding nutrients to the beaches produced visual reductions in the amount of oil contaminating the beach.  Several of the trials suggested that adding nutrients not only encouraged oil biodegradation, but also increased the rate of oil loss by the physical and chemical process on the beach.  Some suggestions have been made to explain this enhanced oil loss; for example increased rates of biodegradation increase the amount of partially oxidized hydrocarbons, which can interact ironically with clay particles to form buoyant flocs, which are removed from the shore.  Alternatively, increasing the oil biodegradation rate may also lead to increased production of biosurfactants which encourage description of oil from the shoreline surface to the water column.  All the results helped to confirm the hypothesis that the degree of biodegradation of the oil prior to the application of fertilizer and the ratio of nitrogen added per unit oil load were the most important factors governing the rate of oil removal.  





	Between September 1989 and September 1990, a detailed investigation of the number of oil-degrading microorganisms on fertilized and unfertilized shorelines in Prince William Sound was made.  The goal was to determine if bioremediation had an effect on the microbial populations on oiled shorelines in comparison with the untreated controls.  The results showed that adding nutrients had little consistent impact on the microbial population in Prince William Sound.  The investigation also showed that the number of oil-degrading microorganisms was much larger on the treated beaches than on the control.  It also appears that the effect of adding nutrients lasted at least one month.  In that time, the increase in the number of microorganisms was between ten and a hundred times greater than in the controls.  This trend was also noticed in surface and subsurface samples along with the upper, middle and lower parts of the intertidal zone.





	The data from using bioremediation after the Exxon Valdez provides information for using bioremediation in future oil spills.  The success of using bioremediation techniques is a very complex and depends on many factors.  Successful bioremediation has been carried out on sand, salt marsh and cobble shorelines.  Climatic conditions will also influence whether to use bioremediation.  In low temperatures, oil biodegradation is significantly reduced.  This means that bioremediation is most effective in the spring and summer months.  Bioremediation is also difficult to treat if the oil concentrations are too high, although the upper limit has not been quantified. 





	On the basis of limited data, Sveum and Bech have speculated that bioremediation should only be targeted on oil that is absorbed into beach sediment.  They believe that bioremediation should only be used after the physical removal processes of oil are mostly complete.  During the period initially after an oil spill, conditions for oil biodegradation are suboptimal.  Bioremediation works well when used along with other methods of oil removal and likely will never become the major factor in cleaning up oil spills.
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