Preservacion del Recurso Agua
en la Industria Petrolera

OVERVIEW OF EXXON CORPORATION'S BIOREMEDIATION
PROGRAMS WITH EMPHASIS ON THE ALASKA SPILL

R. R. Lessard, R. C. Prince, J. B. Wilkinson
Exxon Research and Engineering Company
Florham Park, New Jersey 07932 USA

J. R. Bragg
Exxon Production Research Company
Houston, Texas, 77252 USA

J. R. Clark
Exxon Biomedical Sciences, Inc.
East Millstone, New Jersey, 08875 USA

R. M. Atlas
University of Louisville
Louisville, Kentucky, 40292 USA

271



OVERVIEW OF EXXON CORPORATION'S BIOREMEDIATION
PROGRAMS WITH EMPHASIS ON THE ALASKA OIL SPILL

R. R. Lessard, Exxon Research & Engineering Co.
J. R. Bragg, Exxon Production Research Co.

J. R. Clark, Exxon Biomedical Sciences, Inc.

R. C. Prince, Exxon Research & Engineering Co.

J. B. Wilkinson, Exxon Research & Engineering Co.
R. M. Atlas, University of Louisville

ABSTRACT

Following the Valdez spill in Alaska in 1989, Exxon scientists worked
closely with the U. S. Environmental Protection Agency (EPA) and the State of
Alaska, to conduct the most extensive bioremediation study on oiled shoreline ever
carried out. Over $10 million was spent conducting this research. The process
involved applying fertilizers on intertidal shorelines to stimulate the growth of
indigenous oil-degrading microbes and accelerate the rate of natural degradation of
the oil. In analyzing the data from this program, Exxon developed unique
approaches, focusing on specific changes in the oil chemistry to verify the
degradation rate increase provided by the added nutrient. Such a sophisticated
approach was required because of the problems inherent with reliance on the
measurement of total petroleum hydrocarbon in the sediment to define the
degradation rate. Results show that the rate of oil biodegradation on fertilized
beaches was from three to more than five times faster than on unfertilized beaches.

This paper summarizes the bioremediation research conducted, and the
extensive information obtained. The experience gained by Exxon, including
pioneering work on internal markers, applies directly to bioremediation studies in
other environments. Some of this experience is being extended to the remediation
of inland contaminated sites and there is a major effort now underway to identify
low-cost bioremediation techniques for in-situ restoration of such sites.
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AVIEW OF THE ALASKA CLEANUP

On March 24, 1989, the tanker "Exxon Valdez" ran aground on Bligh
asing about 41,000 tons (11 million gallons) of Alaskan North Slope crude
Prince William Sound, Alaska. A portion of this oil floated ashore.

ether, some 2100 km (1300 miles), or 15% of the total shoreline in Prince

jam Sound and the Gulf of Alaska, was oiled to some degree (Owens 1991).

Oiling was heaviest on islands directly in the path of the slick

hwest of the spill site). It was essential that the heaviest concentrations of oil
smoved as soon as possible to minimize contact with wildlife and fishery

es and to prevent the oil from being remobilized with the risk of impacting
orelines. The massive cleanup force, required because of the extensive

e affected, peaked in 1989 at over 11,000 workers, 1400 boats, and 84

. By mid-September 1989, all oiled shoreline approved for treatment had

en treated by one or more processes, including 120 km (74 miles) treated by
premediation.

| By 1990, shoreline oiling had decreased dramatically as a result of the
89 cleanup activities and natural cleansing by winter storms (Jahns et al. 1991).
90, bioremediation was the primary tool used both on a stand-alone basis and
combination with mechanical cleanup techniques, such as storm bernn relocation,
g, and manual pickup. By 1991, oiling was further significantly reduced, and
vel of bioremediation effort needed was only about one-seventh as much as in

. A joint federal and state shoreline survey conducted in May-June 1992
onfinmed that essentially all oil had been removed from the shoreline. On June 12,
, the US Coast Guard (USCG) and the State of Alaska officially declared the
up concluded, indicating that further cleanup activities would not provide a net
vironmental benefit (NEB), i.e. subsequent cleanup operations would do more
arm than good.

b This paper suminarizes involvement by research scientists at Exxon
and EPA in the bioremediation phase of the cleanup.
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ELECTION AND R F BIOREMEDIATION

Within two weeks of the Valdez grounding, Exxon formed a spegija}
task force made up of scientists and engineers to provide technical support for g
field cleanup teams. Exxon has had an ongoing oil spill response R&D program
20 years -- the largest in the oil industry -- and was able to draw on extensive
experience in assembling the support teams. Early in the cleanup, Exxon and Ep
scientists jointly proposed the possibility of using bioremediation as one approach
for quickly treating the impacted shoreline.  The first step was to confirm that
microorganisms with the ability to degrade oil were abundant in Alaska waters,
Hydrocarbon-degrading microbes have been studied extensively, and they have beg
found in all marine environments sampled (Robertson et al. 1973, Mulkins-Phil
and Stewart 1974, Bunch and Harland 1976, Roubal and Atlas 1978, Gunkel et
1980). In general researchers have found that in marine areas far from any source
of petroleum hydrocarbons the numbers of oil-degrading organisins are lower lhui
near sites of petroleum discharge. Hydrocarbon-degraders nonnally make up less
than 0.1% of the total microbial population in areas removed from unusual
hydrocarbon sources such as natural submarine seeps or municipal/industrial
discharge sites (Atlas 1981), but increase their fraction of the total microbe
population to 10% or greater near sources of oil discharge (Mulkins-Phillips and
Stewart 1974).

Water samples collected just offshore of an oiled beach in April 1989
revealed that there were indeed a broad range of oil-degrading microbes in Prince
Willliam Sound, and that they had already responded to the presence of oil by
increasing in number to between 1-10% of the total microbial population. Their
initial presence was later attributed to the hydrocarbon compounds falling from the
numerous evergreen trees in the area. This was very encouraging and indicated that
bioremediation would have a high chance for success. This was later verified in the
field.

The next step was to consider the chance of success based on prior
experience. A key issue was how to retain fertilizer in an intertidal environment
long enough to work before being washed out. Prior to the Exxon Valdez accident,
bioremediation of marine oil spills had only been studied in laboratory tests and a

274



d number of field trials (see, for instance, Lee and Levy 1986; 1989). Interest
oremediation to clean marine oil spills was stimulated following the

diz spill in 1978, when it became clear that biodegradation of

ns had played a major role in natural oil removal (Gundlach et al. 1983).
evidence that fertilizers in water from agricultural runoff had accelerated

) Recognizing the need for a liquid fertilizer that would allow slow

se of nitrogen and phosphorus and remain with the oil to be degraded, EIf

aine developed Inipol EAP22 (Ladousse and Tramier 1991), which is an oil-
microemulsion that contains nitrogen and phosphorus nutrients. Because it
an external oil phase, it readily sticks to oil residues and is therefore called
pleophilic” (oil loving) fertilizer.

This fertilizer was first tested against a water-soluble agricultural

in an experimental spill in Norway (Sendstad et al. 1984; Halmo 1985). A
d increase in biodegradation of alkanes was observed for Statfjord oil

with either Inipol or agricultural fertilizer relative to oil from unfertilized
s, but with no statistical difference in rate between the two fertilizers.

. Inipol EAP22 was used following an actual spill in November 1985 of
ut 88,000 liters of marine gas oil on the shoreline in Ny Alesund, Spitsbergen
eum 1987; Sveum and Ladousse 1989). The fertilizer was applied the next-

er, and extensive monitoring of hydrocarbon levels was conducted. The

in biodegradation rate of treated oil was reported to be about six to nine

es higher than for untreated oil.

: Overall, available experience suggested that addition of fertilizer could
 significant potential to help eliminate oil stranded in intertidal zones in Alaska.
er, because prior tests were viewed as limited and with results that might be
ecific, success of field bioremediation following the Exxon Valdez spill could
assured without field testing. There were also questions about the safety of
emediation application.

89 FIELD AND LAB TESTS
To test the effectiveness and confirm that bioremediation would be

e, the U. S. Environmental Protection Agency (EPA) and Exxon executed a joint
arch agreement and undertook extensive field and laboratory test programs in
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the summer of 1989. Based on advice from international scientific €XPerts pro
at a conference hosted by EPA, the emphasis was on simply adding fertilizerg
beaches to supplement naturally available nitrogen and phosphorus. No trace e
or other micronutrients were included and no microorganisms or enzymes wera

added. The bacteria involved were strictly native bacteria already present og th
Alaska shoreline.

The EPA effort focused on field activities: conducting initial pilot
demonstration tests of bioremediation, evaluating various fertilizers for it
effectiveness, and developing treating procedures for large-scale applications by
Exxon if the tests were successful. Exxon's effort, in addition to logistical and
operations support, was directed at conducting laboratory screening studies to
support the EPA field demonstration. Exxon's laboratory testing program was -
designed to confirm that microbes from Prince William Sound would degrade
Prudhoe Bay crude oil and to determine how much faster biodegradation might
proceed if fertilizers were added to shorelines.

The fertilizers selected for field testing in 1989 had to meet practical
criteria imposed by the short response time and be commercially available in large
quantities, amenable to practical transportation and application strategies, and able
to deliver nitrogen and phosphorus effectively. Designed to provide nitrogen and
phosphorus nutrients to the indigenous bacteria over a reasonably sustained period

of time, three different application strategies were considered:

¢ Oleophilic liquid fertilizer,
» Slow-release solid fertilizer, and
* Aqueous fertilizer solution

Oleophilic liquid fertilizers are designed to adhere to oil and to
shoreline substrate (e.g., rocks, gravel), providing a reasonably uniform surface
coating near the oil to be degraded. Nutrients are slowly released to the water near’
the oil-water interface where they can be utilized by microbes.

Slow-release solid fertilizers, developed for agricultural use, utilize
formulations designed to dissolve slowly or break down on continued or intermitten
contact with water and release various forms of nitrogen and phosphorus. Several
candidates were available for testing.

é
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- Aqueous fertilizer solutions contain soluble forms of nitrogen and

yrus and are applied by spraying through water sprinklers. The basis for this
was that solutions of known nutrient concentrations could penetrate
provide rapid availability of nutrients with uniform coverage. The
izer solution was not considered a candidate for large-scale application
use there was insufficient lead time for developing a practical delivery
owever, this type of fertilizer was included in the research program for

e beyond 1989.

. After several different products and application strategies were tested,
lic fertilizer Inipol EAP22 and the slow-release granular solid

n were selected for large-scale use. Table 1 provides the components

d in each.

Inipol EAP22, manufactured by a subsidiary of EIf Aquitaine (EIf

e 1982), and hereinafter referred to simply as Inipol, was the only

fertilizer available for large-scale application. It is a honey-colored liquid
sion with an external phase of oleic acid, the principal fatty acid of olive
ternal phase consists of micron-sized droplets of water containing urea,
n source. These droplets are stabilized within the oil by tri(laureth-4)

te, frequently used in cosinetics, which also provides the phosphorus

A fourth component, 2-butoxyethanol, serves to further stabilize the

ulsion and reduce its viscosity. For early testing, Inipol was sprayed on the
iment by back-pack sprayers, but airless paint sprayers were adapted later
scale applications.

Customblen granular fertilizer, manufactured by Grace Sierra
s, was developed as a high-quality lawn and agricultural fertilizer with
release properties.
Exxon's early screening experiments showed that indigenous bacteria
ince William Sound were capable of degrading many hydrocarbon
nents in the residue oil. These laboratory screening tests confirmed that the
on of fertilizer to the beaches had a high probability of increasing the rate of
gradation by indigenous microorganisms if sufficient nutrient concentrations
be maintained within the sediment. The ability to achieve such nutrient
ntrations in the dynamic beach environment could be answered only by field
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The EPA initiated field work in early May 1989 to identify 2 riaf
sites for demonstration tests. Snug Harbor and Passage Cove on Knight Island
selected since the oiling and geomorphological conditions appeared to be well syjg,
for bioremediation (i.e. no pooled oil, permeable substrate, etc.). These beaches
consisted mainly of cobblestones overlying a base of mixed sand and gravel. Bot
sites contained oily residue on the cobble surfaces and oil mixed into the sand ancl'_
gravel under the cobblestones.

Eight to ten days after the application of Inipol at Snug Harbor, a
striking reduction of oiling was visible in the treated cobble plot. Close examination
of the beach showed that much of the oil on the cobble surfaces was gone, but oil
still remained in the gravel and sand under the cobble covering. Also, there
appeared to be a reduction in the oiling on the Inipol-treated gravel beach after
to three weeks, but the effect was not as striking. Substantial changes in oil
composition occurred on all test plots over the three months of monitoring.

Oil degradation was clearly occurring on both fertilized and control
plots, but differences between fertilized and control plots were not statistically
significant. Oil degradation was determined by the absolute loss of alkanes, and by
a decrease in the nC18-phytane ratio. This later ratio has been widely used to
follow degradation, since microbes degrade the linear alkane (nC18) more readily -
than the branched phytane, this ratio decreases as biodegradation proceeds. It was
subsequently shown that the indigenous microbes of Prince William Sound were
degrading phytane far faster than expected, so that changes in the nC18-phytane
ratio substantially underestimated the rate of biodegradation.

Results from ecological monitoring in these tests were very
encouraging. Nutrient concentrations did not increase in waters adjacent to the
treated shoreline. Chlorophyll analyses of phytoplankton samples showed fertilizer
applications had no measurable impact on algal growth, and all chlorophyll values
were within the expected range for Prince William Sound. Mussels caged just
offshore of the test plots showed no detectable PAHs, suggesting that the fertilizers
did not increase the input of petroleum compounds into the water column.
Furthermore, no oil slicks were observed along the shoreline following fertilizer
application.

Considering all available data, including microbiology studies,
decreases in sediment oil loading (Figure 1), changes in oil chemistry, and visual
improvement of shorelines, the EPA concluded that bioremediation enhanced oil
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1. However, EPA was not able to provide statistically significant quantitative
of biodegradation due to the highly heterogeneous nature of the oil and
This issue was addressed in subsequent laboratory test programs and in
eld testing program. Nevertheless, the data obtained in 1989 showed that
tion was safe and likely to be eflective, and approval was granted by
federal authorities for widespread application. Between August 1 and

er 15, 1989, over 120 kin (74 miles) of shoreline in Prince William Sound
Gulf of Alaska were treated primarily with Inipol EAP-22 and some

len slow release granular fertilizer. Large-scale applications of both these

s continued during the summers of 1990 and 1991, and small quantities of
nblen were used on the few isolated patches of oil remaining in the summer of

-1990 LABORATORY STUDIES

The focus of laboratory research late in 1989 and early 1990 was on
ntial for subsurface bioremediation, a better understanding of the mechanism
ich Inipol works, and on toxicology issues. It became clear that the dramatic
ing seen with Inipol EAP22 was indeed a biological process, and that Inipol
2 had no "rock-washing" properties. Furthermore, biodegradation was
ional to the amount of available nitrogen in the concentration range used in
oremediation applications, and almost all classes of oil compounds (paraffins,
enes, 1-,2-, and 3-ring aromatics and polar compounds) were subject to
dation, with the exception of the asphaltenes which made up less than 2% of
iginal oil (Chianelli et al, 1991). Beach simulators were constructed to test
flective fertilizer applications to the surface of the beach were in providing

ents to subsurface bacteria. The results of these pilot tests were very
icouraging.

990 MONITORING PROGRAM

Based on results from the Exxon laboratory tests that demonstrated
success in subsurface bioremediation and on additional toxicity tests by the
A that indicated minimal risk to shoreline biota, approval was granted in April
for continued large-scale application of bioremediation in 1990 to treat
aining surface and subsurface oil. However, the State of Alaska approved
remediation contingent on Exxon's funding and conducting a research monitoring
gram jointly with the EPA and the State of Alaska. That monitoring program,

._nducted on three test beaches on Knight Island, produced the most extensive field
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data on bioremediation available to date. The statistical analyses of those datg
ultimately provided quantitative proof of effectiveness of bioremediation, and .
technically sound explanation of why results were better on some beaches thay
others. The program, initiated in late May 1990, was designed to provide datg.
within six weeks to assist in decisions on re-applications of bioremediation (Prjy
et al. 1990, Prince 1992, Prince et al. 1993). The program was extended into
September to more fully characterize efficacy and environmental effects of the
treatments.

To assess efficacy, the program focused on:

e Ability of nutrients to penetrate and remain in pore waters within the sediment,

« Stimulation of the ability of the microbes to degrade hydrocarbons
("mineralization potential"),

o Changes in number of microbes in response to fertilizer addition, and

e Changes in amount and composition of oil residue in the sediment.

The main strategy of the tests was to compare changes in oil
characteristics on a fertilized beach with changes in oil on an adjacent, untreated
control. Key criteria for site selection were the size and similarities in sediment
structure and oiling of the segment. Each beach needed to be sufficiently large to
permit dividing it into a fertilized area and an untreated control area having similar
properties. :

Test beach KN-135 (Figure 2) was a low-energy beach located in Bay
of Isles that contained both surface and subsurface oil. KN-211 was a high-ene
beach facing the original spill that contained primarily subsurface oil. The third si
KN-132, was a low-energy beach in Herring Bay that contained only surface oil.
All three beaches were more heavily oiled than the majority of shorelines that were
bioremediated in 1990, and, except for a small section of KN-211, none had been
bioremediated in 1989.

During the 100 days of testing, samples of interstitial water were
collected and analyzed periodically for nutrient levels, dissolved oxygen, salinity,
pH and temperature. Sediment samples were also collected from both the surface
and subsurface to determine residue oil weight and composition and microbial
numbers and activity. Toxicology tests were conducted using water samples
collected from the beaches. Waters were tested for chlorophyll concentration to
determine if algal stimulation was occurring.
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Detailed summaries of the Monitoring Program findings have been
in Prince et al. 1990, Lindstrom, et al. 1991, and Bragg, et al. 1992 and are
ummarized here:

were no adverse ecological effects.

ficant reductions in oiling on beaches were visually apparent within one
ath of fertilizer addition even though the oil had been in place for 14 months
to testing.

Rates of degradation were substantially different on the sites tested. This relates
o the degree of degradation which had already occurred prior to the test. In
icular, the oil on KN-132 was substantially more degraded than that on KN-
5 so that it was more difficult to stimulate degradation on KN-132.

ssponse to the addition of fertilizer varied on the three beaches. For example,

= was a significant release of nitrogen into the interstitial water on KN-135
d KN-132, however, there was virtually no nitrogen detected in KN-211 until
a second application at day 44. There is evidence that Customblen washed out
of KN-211 after the first application, complicating the data interpretation.

There was no substantial increase in phosphate in the interstitial water.

Oxygen consumption in interstitial water peaked about two weeks after the first
“application of fertilizer, declined back to background levels after one month, and
then peaked again following re-application (Figure 3), consistent with nitrogen

" concentration. However, there was always adequate oxygen present.

“More organisms were generally present on the fertilized beaches, especially in
~ the subsurface.

* Laboratory mineralization experiments exposing organisms from the test beaches
" to radioactive tracer hydrocarbons showed an activity enhancement of four times
 for fertilized surface samples and up to ten times for subsurface samples.

» Initial attempts to analyze the sediment samples for residue oil to show

statistically significant differences with and without fertilizer were frustrated by
the extreme heterogeneity of oil loadings from sample to sample.
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DATA INTERPRETATION BREAKTIIROUGH

The problems Exxon and EPA encountered in providing statistically
significant measures of biodegradation based on sediment oil analysis alone Prove,
to be a major obstacle in obtaining widespread acceptance in the scientific
community that fertilizer addition to the beaches had indeed achieved the rate
enhancement being claimed by the investigators. This also proved to be a probleg
in another bioremediation application carried out by Exxon off Staten Island, New
York in 1990 (Madden et al. 1991). Though physical evidence was compelling, '
statistical verification was not possible. In a dynamic beach environment,
gravimetrically measuring change over time in the mass of oil caused only by
biodegradation is virtually impossible because other physical processes are i
simultaneously causing loss or gain of oil. As sediments are exposed to waves nd
tidal currents, oil residues can be remobilized, leading to localized changes in the
amount and specific location of oil (Owens 1991; Jahns et al. 1991). Physical
removal of oil by natural processes can cause a reduction in oil loading without anet
change in oil composition. Also, oil loading can increase locally because of '
remobilization from adjacent sediments even as the oil is being biodegraded, so
gravimetric measures alone provide a misleading picture of bioremediation
effectiveness.

The other complication, cited earlier, was that the approach used in
earlier spills to monitor rate of biodegradation by tracking changes in the ratio of
normal to branched alkanes (n C18/phytane) was confounded by the adeptness of
Alaskan bacteria in consuming the phytane.

To overcome these barriers Exxon began a search for alternative
markers in late 1989 as part of its extensive Winter Laboratory Program. In
collaboration with Battelle Ocean Sciences, researchers followed up on some earlier
work (Requejo and Halpern 1989) and developed procedures for using hopane as an
appropriate conserved marker (Prince et al. 1990, Butler et al. 1991). The
molecular structure of hopane is presented in Figure 4. Hopane is present in
Prudhoe Bay crude oil at about 200 ppm and, though it can be biodegraded, the rate
is extremely slow compared to that of other hydrocarbons. It was found sufficiently
stable for the purposes of this investigation.
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3 Hopane analysis is quite expensive (up to $2500/sample) and involves
umber of analytical steps:

g

Extraction of 30g of sediment

Removal of polars by alumina column

Analysis by GC and mass spectrometry

By measuring the residual amounts of classes of hydrocarbon

pounds relative to the undegraded hopane, investigators were at last able to

the degradation of chemical species and differentiate between fertilized and
ilized samples. Exxon scientists spent nearly two years on this effort. Figures
6 are examples of the differences discerned at a 95% confidence level in the

e in total resolvable hydrocarbon and polycyclic aromatic hydrocarbon relative
stable hopane. A detailed sumunary of the leamings is available elsewhere

g etal. 1992, 1993; Prince et al. 1993). General findings are summarized as

S,

iodegradation rates of three to more than five times above background were
idicated for adequately fertilized sediments

'. ferences in biodegradation rates resulted mainly from varying levels of nutrients
litrogen) in sediment pore waters. Even higher rates of biodegradation could
robably have been aclneved by increasing dosage and frequency of fertilizer
pplication

nination of nC18/phytane ratio relative to hopane confirmed that both
somponents were being degraded (Figure 7). Therefore, use of the ratio would have
uggested lower rates than were actually achieved

Extent of prior oil degradation is a significant factor affecting biodegradation rate at
point in time. Biodegradation of highly degraded oil may be limited by

ilability of the oil to the microorganisms due to high molecular weight and low
water solubility. However, such oil is usually biologically inert to other organisms
as well.
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XTEN INLAND SPILL AND DISPOSAL SITE

Prompted by successful and safe application of bioremediation in
Alaska, Exxon's scientists and-engineers have been actively pursuing opportunitieg
for expanding the science base developed in Alaska to other types of hydrocarbop
contamination—in particular to inland sites. Exxon has an extensive site
remediation R&D effort underway and is making maximum use of the advances
learnings from the Alaska cleanup in establishing the potential use of biological
processes for soil remediation. Exxon's programs are aimed at all facets of a
remediation project, as depicted in Figure 8.

Characterization of the site contamination defines the nature and
extent of the contamination, soil properties and geological and hydrogeological
features of the site. Based on the Valdez experience, proper sampling and analytica]
protocols are critical. Also, since the scope of the entire project may depend on thig
step, statistical planning of the sampling phase is crucial in order to establish
confidence in the determination of how much oil is present or removed. Since there
are often numerous sources of hydrocarbon at a contaminated site, use of markers to
track degradation will be very challenging and perhaps impossible. Therefore,
careful data collection, preparation and interpretation are required to maximize
confidence in the data. Building on the Valdez leamings, Exxon has developed
statistically-designed sampling methods or protocols for obtaining representative
samples from what can be highly non-homogeneous contamination areas. The.
consistency of analytical techniques for determining the amount and type of
hydrocarbon in contaminated soils has been improved.

The other important front-end activity is risk assessment. Here the
objective is to define a technical basis for determining potential health and
environmental impacts in order to arrive at appropriate cleanup targets and
strategies and avoid errors in technology selection and deployment.

The technology section of an overall program involves soil
treatability testing, review of applicable options, development of design correlations
and onsite pilot scale testing. Exxon research guidance studies clearly indicate that
in situ bioremediation, if successfully implemented has potential to be the lowest
cost approach for site restoration. Reliable techniques have been developed for
measuring the treatability of contaminated soils in both laboratory and field
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cations. These have been used to demonstrate that aged heavy hydrocarbons
e bioremediated under controlled conditions both in the laboratory and in field

. There are many challenges to applying the Valdez learnings to
nd sites as listed on Table 2. The North Slope crude stranded on the beaches in
had a high percentage of hydrocarbon species that degraded at a relatively
rate, even two years after the spill. Also, the contamination was from a single
rce. Site contamination, especially in older manufacturing facilities, often has

cumulated from multiple sources over a period of decades and can be highly
athered. These sites may contain high levels of hydrocarbon species which are
re resistant to biodegradation.

.. Contamination depth in Alaska was largely confined to about a foot

d in a few areas reached three feet. At some inland sites, contamination has been
ed much deeper. The cobble and pebble beaches found in Alaska were for the

part very porous and permeable. Soils are sometimes tightly packed clay, silt

The combination of permeable beaches and shallow contamination,
long with an open, well-flushed system provided a hi ghly effective mechanism for
sporting oxygen and nutrients to the contaminated sediments in Alaska. The
cycles, fresh water runoff and wave action also removed de gradation by- -
ducts. Inland sites are essentially closed systems. A key challenge for deep in-
itu bioremediation is a reliable delivery system for nutrients and oxygen.

) As far as future initiatives are concerned, plans have been formulated
for additional bioremediation activities. Investigations are under way into other
crobiological operating regimes. Tests at higher temperatures (up to 140°F) are
eeking to explore the activity of naturally occurring, thenmophilic bacteria.
Reduced pH tests are aimed at triggering fungal activity. Studies on how to take
advantage of enzymes to attack complex hydrocarbon molecules are also underway.
In addition, we are beginning to tackle the challenge of extending the knowledge
‘acquired to deep in-situ bioremediation.
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T'S NEX BIOREMEDIATION OF INE SPILLS?

The success of bioremediation in Alaska has generated interest
the world in this technology for remediating oil spills. In fact, nutrient-enriching -
fertilizers were used to speed up recovery from a 700 ton spill by the tanker
Presidente Arturo Umberto Illia at the Puerto Rosales terminal in Argentina in
October 1992. To our knowledge, this is only the second application of fertilizers
remediate a tanker spill (Cutter Information Corp 1992).

The Alaska field data provided extensive information on
bioremediation performance on the rocky/gravel shorelines found in Alaska. There
is evidence that bioremediation is also effective in other types of environments such
as sand beaches and salt marshes, but additional work is needed in those
environments to fully establish feasibility and quantify the effectiveness as
compared to natural degradation. Differences in sediment permeability affect
oxygen and nutrient transport and the nature of the microbial population is different.
Thus, further work is needed to extend the results from Alaska to other
environments. The experience gained by Exxon, including pioneering work on
internal markers, by which changes in oil composition can be traced and used to
quantify bioremediation effectiveness, should directly apply to programs in other
environments.

The U.S. Marine Spill Response Corporation held a workshop in }
Washington, D.C., on January 10-11, 1993 to consider the research and
development needs associated with the advancement of bioremediation as a tool for
marine oil spill response. The meeting was attended by representatives of the EPA,
Exxon, Environment Canada, the University of Louisville, NOAA, Amoco Oil
Company, University of Cincinnati, NETAC, Texas General Land Office, and the
Canadian Department of Fisheries and Oceans. Participants of the workshop
considered the spectrum of bioremediation research topics and assembled a list of
priority R&D issues. These issues were ranked by each participant following the
workshop. The rankings based on a weighted distribution resulted in the following
priority areas (ranked in terms of decreasing priority):

1. Factors and criteria that can be used to determine when bioremediation is
an appropriate response;

2. Conditions required for effective use of bioremediation and how these
conditions are achieved,
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. Conditions required for effective use of bioremediation and how these
conditions are achieved;

. Standards (protocols) for conducting field studies on bioremediation;
‘4. Endpoints of bioremediation: when to stop;

5. Economical measures of bioremediation rates;

. Adverse side effects of bioremediation within specific habitats;

by Feasibility and effects of coupling bioremediation and dispersants;

\ Spafial and temporal fates of nutrients following bioremediation,;

. Critical factors controlling and limitations of EPA/NETAC test protocols
and results.

.S. Government agencies, whose commitment to this program enabled it to
e its successful outcome.

287



BIBLIOGRAPHY

Atlas, R.M. 1981. Microbial Degradation of Petroleum Hydrocarbons: An
Environmental Perspective. Microbiological Review. 45:180-209.

Bragg, J.R., R . C. Prince, J. B. Wilkinson and R. M. Atlas. 1992.
onremedlatlon for Shoreline Cleanup Following the 1989 Alaskan O|I Spill.
Company, U.S.A., Houston, TX.

Bragg, J.R.,, R. C. Prince, E. J. Harner, and R. Atlas. 1993. Bioremediation i
Effectiveness Following the Exxon Valdez Spill. Proceedings of the 1993 Oil Spill
Conference (Prevention, Behavior, Control Cleanup), March 29-April 1, 1993.
Tampa, FL. U.S. Coast Guard, American Petroleum Institute, U.S. Environmental
Protection Agency p. 435-447.

Bunch, J.N., and R. C. Harland. 1976. Biodegradation of Crude Petroleum by !
the Indigenous Microbial Flora of the Beaufort Sea. Beaufort Sea Technical Rep ort
#10, Environment Canada, Victoria, BC. 52 pp.

Butler, E.L., G.S. Douglas, W.G. Steinhauer, R. C. Prince, T. Aczel, C. S. Hsu,
M. T. Bronson, J. R. Clark and J. E. Lindstrom. 1991. Hopane, a New
Chemical Tool for Measuring Oil Biodegradation. In R.E. Hinchee and R. B. |
Olfenbuttel (Eds). On Site Bioremediation. Processes for Xenobiotic Hydrocarbon
Treatment, Butterworth-Heineman, Stoneham, Mass. pp 515-521.

Chianelli, R. R., T. Aczel, R. E. Bare, G. N. George, M. W. Genowitz,

M. J. Grossman, C, E. Haith, F. J. Kaiser, R. R. Lessard, R. Liotta,

R. L. Mastracchio, V. Minak-Bernero, R. C. Prince, W. K. Robbins, E. I.
Stiefel, S. M. Hinton, J. R. Bragg, S. J. McMillen and R. M. Atlas, 1991.
Bioremediation Technology Development and Application to the Alaskan Spill. In
Proceedings of the 1991 Intemational Qil Spill Conference, American Petroleum
Institute, Washington DC, pp 549-558.

Colwell, R.R. and J. D. Walker. 1977. Ecological Aspects of Microbial
Degradation of Petroleum in the Marine Environment. Critical Reviews in
Microbiology 5: pp 423-445.

288



nformation Corp., 1992, Oil Spill Intelligence Report, Arlington,
setts, Nov. 5, 1992.

quitaine. 1982. Technical data sheets for EIf Aquitaine development of

ate, G.D. 1984, The Fate of Petroleum in Marine Ecosystems. Petroleum
gy, R. Atlas, ed. MacMillan Publishing Company, New York, NY pp.

Jlach, E.R., P.D. Boehm, M. Marchland, R. M. Atlas, D. M. Ward, and
‘Wolfe. 1983. The Fate of Amoco Cadiz Oil. Science, 221:122-129.

kel, W., G. Gassman, G. H. Oppenheimer, and I. Dundas. 1980.

minz Results of Baseline Studies of Hydrocarbons and Bacteria in the North
19?5 1976 and 1977. Ponecias del Simposio International en: Resistencia a
Antibiosis y Microbiologia Mavina, Santiago de Compostela, Spain. pp 223-

jmo, G. 1985. Enhanced Biodegradation of Oil. Proceedings of the 1985 @11
Confcrence (Prevention, Behavior, Control, Cleanup), February 25-28, 198‘5
s Angeles, CA. U.S. Coast Guard, American Petroleum Institute, U.S. '
umental Protection Agency. pp. 531-537.

hns, H.0., J. R. Bragg, L.C. Dash, and E. H. Owens. 1991. Natural Cleaning
orelines Following the Exxon Valdez Oil Spill. Proceedings of the 1991 Oil
Conference (Prevention, Behavior, Control, Cleanup), March 4-7, 1991, San
0. C.A. U.S. Coast Guard, American Petroleum Institute, U.S. Environmental

rotection Agency. pp. 167-176.

ousse, A., and B. Tramier. 1991. Results of 12 years of Research in Spilled
Dil Bioremediation: INIPOL EAP22. Proceedings of the 1991 International Oil
8pill Conference (Prevention, Behavior, Control, Cleanup), March 4-7, 1991, San
iego, CA. U.S. Coast Guard, American Petroleum Institute, U.S. Environmental
Protection Agency. pp. 577-581

289



Lee, K., and E. Levy. 1986. Biodegradation of Petroleum in the Marine -
Environment: Limiting Factors and Methods of Enhancement. Canadian Tee
Report of Fisheries and Aquatic Sciences, No. 1442. April. :

Lee, K., and E. Levy. 1989. Aquatic Toxicology and Water Quality May ;'j_-
J.A. Nriagu, ed. John Wiley and Sons, New York, NY, pp. 217-243. "

Lindstrom, J. E., R. C. Prince, J. R, Clark, M. J. Grossman, T. R. Yeager
F. Braddock, E. J. Brown. 1991. Microbial populations and hydrocarbon
biodegradation potentials in fertilized shoreline sediments affected by the T/V
Exxon Valdez Oil Spill. Applied and Environmental Microbiology 57, 2514-25;

Madden, P.C., S.M. Hinton and M. D. Lee. 1991. Bioremediation of an Oil
Contaminated Beach on Prall's Island in the Arthur Kill, American Institute of :
Chemical Engineers Meeting, Los Angeles, November 20-22.

Marine Spill Response Corporation. 1993. Research and Development Pro: ;;_f‘:_
Quarterly Report., Vol 3 No. 1, Washington, D. C.

Mulkins-Phillips, G.J. and J. E. Stewart. 1974. Distribution of Hydrocarbon-
Utilizing Bacteria in Northwestern Atlantic Waters and Coastal Sediments.
Canadian Journal of Microbiology, 20:955-962

National Research Council, (NRC). 1985. Oil in the Sea: Inputs, Fates and
Effects. National Academy Press, Washington, DC. 601 pp.

Owens, E.H. 1991. Changes in Shoreline Oiling Conditions 1 1/2 Years After the
1989 Prince William Sound Spill. Woodward-Clyde Consultants, Coastal Science
and Engineering Center, Seattle, WA. 52 pp. March.

Prince, R.C., J. R. Clark, and J. E. Lindstrom. 1990. Bioremediation
Monitoring Program. Unpublished report. Submitted to U.S. Coast Guard.

290



 R.C. 1992. Bioremediation of Oil Spills, with particular reference to the
m the Exxon Valdez. In Microbial Control of Pollution (J. C. Fry, G M
'R. A. Herbert, C. W. Jones and . A. Watson-Craik, eds.) Society for

1 Microbiology Symposium 48, Cambridge University Press, pp. 19-34.

e, R. C., J. R. Clark, J. E. Lindstrom, E. L. Butler, E. J. Brown, G.
r, M. J. Grossman, P. R. Parrish, R. E. Bare, J. E. Braddock, W. G.
auer, G. S. Douglas, J. M. Kennedy, P. J. Barter, J. R. Bragg, E. J.

er, and R. M. Atlas. 1993. Bioremediation of the Exxon Valdez Oil Spill:
ng efficacy and safety. In On-Site Reclamation. Processes for xenobiotic
ocarbon treatment. (R. E. Hinchee and R. F. Olfenbuttel, eds.)
1-Heinemann, Boston. In press.

hard, P.H., C. F. Costa, and L. Suit. 1991. Alaska Oil Spill Bioremediation
ct, Science Advisory Board Draft, U.S. Environmental Protection Agency,
ice of Research and Development. EPA/600/9-91/046a. October.

¢jo, A.G., and H. 1. Halpern. 1989. An Unusual Hopane Biodegradation
nce in Tar Sands from the Pt. Arena (Monterey) Formation. Nature (London)

son, B., S. Arhelger, P.J. Kinney, and D. K. Button. 1973. Hydrocarbon
gradation in Alaskan Waters. The Microbial Degradation of Oil Pollutants,
Ahearn and S. P. Meyers, eds. Louisiana State University Press, Baton Rouge,
\ pp. 171-184.

al, G. and R.M. Atlas. 1978. Distribution of Hydrocarbon Utilizing
organisms and Hydrocarbon Biodegradation Potentials in Alaska Continental
helf Areas. Applied and Environmental Microbiology 35: 897-905.

lobertson, B.S., Arhelger, P.J., Kinney, and D. K. Button. 1973. Hydrocarbon
degradation in Alaskan Waters. The Microbial Degradation of Oil Pollutants,

3. Ahearn and S.P. Meyers, eds., Louisiana State University Press, 1973 Baton

Rouge, Louisiana, pp. 171-184.

291



Sendstad, E., T. Hoddo, P. Sveum, K. Eimhjellen, K. Josefsen, O. Nilsen,
T. Sommer. 1982. Enhanced Oil Biodegradation On An Arctic Shoreline.
Proceedings of the Fifth Arctic Marine Oil Spill Program Technical Seminar, Jy
15-17, 1982, Edmonton, Alberta. pp. 331-340. :

Sendstad, E., P. Sveum, L. J. Endal, Y. Brattbakk, and O. 1. Ronning. 198
Studies on a Seven Years Old Seashore Crude Oil Spill on Spitsbergen.
Proceedings of the Seventh Arctic Marine Oil Spill Program Technical Seminar,
June 12-14, 1984, Edmonton, Alberta. pp. 60-74. 3

Sveum, P. 1987. Accidentally Spilled Gas Oil in a Shoreline Sediment on :
Spitsbergen: Natural Fate and Enhancement of Biodegradation. Proceedings of
Tenth Arctic and Marine Oil Spill Program Technical Seminar, June 9-1 1, 1987,
Edmonton, Alberta. pp. 177-192.

Sveum, P. and A, Ladousse. 1989, Biodegradation of Qil in the Arctic:
Enhancement of Oil-Soluble Fertilizer Application. Proceedings of the 1989 Qil
Spill Conference (Prevention, Behavior, Control, Cleanup), February 13-16, 1989,
San Antonio, TX. U.S. Coast Guard, American Petroleum Institute, U.S.
Environmental Protection Agency. pp. 439-446.

292



OrrE8ZZ1 088

i!imm—

’

%g'e snioydsoyd *od®(*HN)  ejeuydsouyd wnjuowwy

. lewswai3 (d) {(*0d)°ed ajeydsoyd wnived
%0'82 uaboaN (N) *ONHN 2jes}IN WniuoWWY
SUOEIIUIDUOD JUSUINN g|nuwio4 [ediuayn sjusuodwo)

p1jOS Jejnuels uajquoisn)d

O%H 1318 o

HN-O0O-°HN ealn 4
%.'0 snioydsoud ®4°*0-0-"H?0—OH joueyiakxoing-z
jeiuewai3 (d) 0dtl0°H%D0)%H?' 0]  ereydsoud(y-yieane|uL
%b°L uaBomN (N)  HO 09*“CHO)HO=HO“(HO)*HO pIaY 21910
SUO[IBIIUAZUO0D JUBLINN g|nw.iod jeaiwayd sjuauodwo)

~— pinbi 2111ydoajo 2zdv3 lodiuj




ua|qwolsny + _onﬁ_.\.__n_ o

_ |043u0) _

S1S31 3A00 3DVSSVd NI AN3IWIa3s

A0V4HNS 379900 WoH4 SSOT 710 JIHLIWIAYYD

I 3HNODI4

oc

09

ocl

TVILINI 40 % ‘LHDIIM aNAIS3H 710

294



Q1 LBEZ1TeR
WORE 0 T
o | 5




Y O T

1S31 40 1HVLS 1SVd SAVA ‘SNIL

08 09 or 0z 0
T T T 0

_ pazijiiag _

<
Wdd ‘NIDAX0 a3A10SSIa

joJjuo)

‘N3DOHLIN d3aayv 0L ISNOdS3H HV3T1O A3IMOHS
1071d @3ZIIL434 IHL "SEL-NM 40 H3LVM 3HOd LN3IWIA3S
NI N3DAXO a3ATOSSIA 40 NOILVHINIONOD
€ 34NOId

296



o et | 5

ve €¢

297

auedoy-gd12PLL

m02<._<m Jd.tN.r(E nmn(m...umn_ zoz SvY




1S31 40 1HVIS 1SVd SAVA ‘INIL

ozl 001 08 09 ov 0c 0
T T T T T

4 4
-

SaAIN) 32U3PYU0D %S6 4

(INVJOH/OHH L Y|

_ jojuo) V4|

{ =

JOV4HNSANS SEL-NX “LNIWIA3S TOHLNOD "SA A3ZIMiLd34 Ni
INVJOH/NOSHVYOOHAAH 318VATOS3H TVLOL NI 3DONVHD
S 34HNOI4

298



1S31 40 LHVLS 1SVd SAVA ‘IWIL

(174! (/] 08 09 ov 0z 0
_ : _ , . 8L
“> [ S3aAIND 30UBPHUOD %S6 ()4
s
V. iy
- 5 ; ¢T -
3
pazijiuag e 55
;;;;;;;; s p—— v'e B
= ~Foo >
%
\ G I TR 9'c > e
e i 5
[fonuog e S ;
|||||||||||||||||||| St
L —==-40¢
ze

m0<n_r_:mm3m mn_.-Zv_ ._.st__nmm .._Om._.zoo "SA d3Z111L434 NI
)A10d TV.LOL NI m02<_._0




6 LRZZL THA
UG ] DD m
East]

1531 40 1HVLS 1SVd SAVA ‘IWIL

(1748 00} 08 09 ov (174 0
IA" T T - T T = T 1‘% O
/«/ : mcms._&mwoﬂ
v /4 }©
Hauedop/aueiyd ~suedor/gIou € M
v =
o

NOILYAvHd93aoig 40 HOLVOIIANI SAILVYLITVNO
SY ATINO aITVA SYM OLLVH INV.IAHA/8LOU
‘a3avyH3a DNIZg 343IM HLO8 MOHS 3NIL 'SA INVdOH
Ol 3AILY13H 3NV.LAHd ANV 810U NI S3ONVHD
L 34NOId

300



—errz )

|

Buiiojiuopy wia)-6uoT
|
jyuswabeuey 193loid
ubBisag Buusauibug
uonejuawajduy

suone|a1i0) ubisag
Aujigeieas] jojid/qe
aouaiadx3y Ansnpuy
uonesijddy/uonsajas Abojouyosa
|

X = °

301

JUBWISSASSY YSIH uonezualoeieyd als

NDON—ZWHON OOZN—QUWEI-—OZ®N




yno1yIq walsAs sjuaunN/uabAxo

Alanljeqg a1qeley - JaAljeQ 01 319V - podsuel)
walsAs paso|n wajsAs uadp /solnespAy
pues/is/Ae|d 3|qqo)/a1q9q3d BIpaiN
‘deag 01 mojjeys (14 £>) mojjeys yidaq
SOH PaxIN aainog ajbuis adA
‘pasayieam AlubiH ‘ysai4 Ajaanejay jueuIweIuo)

SalUs pueju| ZapjeA

NOILVIG3IW3HOIg NLIS NI OL SONINHYIT Z3ATVA A'lddV
= IONITIVHO A3
¢3navl

5]

302



