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Preface

Exploring the potential of chemical dispersants to combat open-sea oil
spills has been attractive to both government and industry. however, an
unanswered question is whether testing and technical advances in the laboratory
and in the field, and progress in deployment, justify the use of dispersants as a
primary response technique.

Much of the dispersant research in the United States has been conducted
by private industry. In addition, research was conducted by the Interagency
Technical Committee for the Oil and Hazardous Materials Simulated
Environment Test Tank (OHMSETT) facility. The committee included the
Minerals Management Service of the Department of the Interior, the U.S. Coast
Guard, the U.S. Navy, the Environmental Protection Agency, and Environment
Canada. Further, a major amount of dispersant research has been done in
Canada, sponsored by Environment Canada. Significant research also has been
conducted by industry and by others abroad, most notably in France, Norway,
and the United Kingdom. In view of the extent of recent research, U.S. and
Canadian cooperating agencies requested that the National Research Council
(NRC), "review the state of knowledge in toxicity, effectiveness of application
techniques, and effectiveness of commercially available dispersants." In
response, the Commission on Engineering and Technical Systems of the NRC
convened the Committee on Effectiveness of Oil Spill Dispersants.

Members of the committee were selected for their experience in
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and knowledge about the fates and effects of petroleum in the marine
environment, physical chemistry of pollutants, physical and chemical
oceanography, marine biology and zoology, oil and hazardous materials
cleanup techniques and management, oil spill contingency planning and
response, marine engineering and field deployment, and public interest in
environmental protection. A balance of technological, scientific, and geographic
perspectives was a major consideration in the selection of the committee.
Consideration of public concern about environmental safety was another major
consideration.

SCOPE OF STUDY

The committee was charged to assess the state of knowledge and practice
about the use of dispersants in responding to open-ocean oil spills. This
assessment will guide federal and local governments and industry in both the
United States and Canada, in defining the role of dispersants in oil spill
response and implementing the use of dispersants. Equally important is the
charge to identify gaps in knowledge where research is especially needed. The
committee was specifically asked to

* determine the effectiveness of dispersants and identify the best
techniques for their use;

* identify the possible impacts of dispersants and dispersed oil on marine
and coastal environments; and

» provide guidance about when and where dispersants should or should
not be used.

The committee interpreted these charges broadly, and addressed two
fundamental questions: Are dispersants effective—that is, do the chemicals
remove oil from the surface of the sea and disperse it into the water column? Is
the biological impact of dispersed oil greater or less than that of untreated 0il?
In answering these questions, the committee also identified where knowledge is
lacking and what research is fundamental to improving effective and
responsible use of dispersants.

While the focus of the assessment was on the use of dispersants in the open
ocean, the committee examined the possibility of impacts on important
characteristics of the marine environment—tropical, temperate, and polar
coasts, areas important to marine life cycles, and ocean areas frequented by
marine mammals and bird life.

Government policies were addressed only to the extent that they

Copyright © National Academy of Sciences. All rights reserved.
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affect optimum use and deployment of dispersants and international cooperation
in their assessment and application.

The committee determined that a detailed assessment of comparative costs
for using dispersants for treating a spill and for mechanical cleanup and disposal
would be beyond the charge given to the committee. However, since this topic
could be a significant element in the decision-making process about the choice
of response techniques, a summary giving a range of costs and important
references has been provided in the text for the interested reader.

METHOD OF STUDY

Data and information about dispersant use and its effects were acquired
from Canadian and U.S. sources through the auspices of the sponsoring
agencies, with extensive input by Environment Canada. A significant
contribution was the evaluation of literature on Comparative Field Effects of
Dispersed and Undispersed Petroleum Oils in Coastal Marine Environments,
prepared at the request of the committee by P. Lane and Associates Limited,
Halifax, Nova Scotia. This work was conducted under the guidance of Peter
Wells, a member of the committee.

Canadian, European, and U.S. experiences and data were also acquired
through background papers written by committee members and reviewed during
the Workshop on Oil Spill Dispersant Effectiveness held March 24-26, 1986, at
Reston, Virginia. Participants included guests from British, Canadian, French,
and U.S. research institutions and industry. They were Gerard Canevari, Exxon
Research and Engineering Company, Houston, Texas; Jean Croquette, Centre
de Documentations sur le Pollutions Accidentelles de Eaux (CEDRE), Brest,
France; Merv Fingas, Conservation and Protection, Environment Canada,
Ottawa, Ontario; Richard Golob, World Information Systems, Inc., Cambridge,
Massachusetts; David Kennedy, National Oceanic and Atmospheric
Administration, Seattle, Washington; Gordon Lindblom, Exxon Chemical
Company, Houston, Texas; Donald MacKay, University of Toronto, Ontario,
Canada; and Joseph Nichols, The International Tanker Owners Pollution
Federation Ltd., London, England. Information was also received from D.
Cormack, Warren Spring Laboratory, Stevenage, England.

The assessment process of the report development was undertaken in two
subsequent meetings and was based on test data as well as on observations of
field experience, including field trials conducted
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by Environment Canada, August 1986, in the Beaufort Sea, Northwest
Territories. These field trials were witnessed by Colin Jones, a committee
member, at the invitation of the Canadian government. The committee report
and its conclusions and recommendations reflect a broad data base and
assessment in the marine toxicological and biological area. A more limited data
base supports the field applications and experience area; however, field
observation enhances the experience basis for the committee's conclusions and
recommendations in that area.
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EXECUTIVE SUMMARY 1

Executive Summary

Concern for the possible aesthetic, ecological, and economic impacts of oil
spills in the ocean, and the adequacy of technologies for controlling them, led to
a request from the U.S. and Canadian governments for an assessment of the
effectiveness and use of dispersants. The assessment was sought to establish an
improved basis for making decisions about when and how to cleanup oil spills.

Dispersants, which are solvents and agents for reducing surface tension,
are used to remove oil slicks from the water surface. The treated oil enters the
water column as fine droplets where it is dispersed by currents and subjected to
natural processes, such as biodegradation. If this process is effective, the oil
may thus be prevented from moving into sensitive environments or stranding
onshore, thereby eliminating or reducing damage to important coastal habitats,
marine life, or coastal facilities.

This study addresses two questions about the use of dispersants: Do they
do any good? and Do they do any harm?

DO THEY DO ANY GOOD?

In a few carefully planned, monitored, and documented field tests, as well
as in laboratory tests, several dispersants have been shown to be effective—that
is, they have removed a major part of
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EXECUTIVE SUMMARY 2

the oil from the water surface when properly applied to oils that were dispersible.

However, at other field tests and at accidental spills, dispersants have been
reported to have low effectiveness. The latter results may have been due to the
use of inadequate application techniques, such as poor targeting and distribution
of aerial sprays, as well as the possibility that the oils were not dispersible,
some dispersants were poorly formulated, or the results were inconclusive
(differing reports from several observers who used different monitoring
techniques). Resolution of these ambiguities will require the correct choice of
dispersants; accurate calibration in field tests; training and competence in
application technique; and the development of more objective and reliable
monitoring methods.

Chemical dispersants have been used extensively on a few large oil spills—
Ixtoc I, Torrey Canyon, and Main Pass Block 41 Platform C—but no systematic
documentation of effectiveness has been published.

Much is known about why and how dispersants work. This knowledge is
largely based on empirical tests and observations made in the laboratory and
during sea trials. The general mechanism by which surfactant chemicals
disperse crude oils and some refined products (diesel, heating oils, and bunkers)
into the water column is qualitatively understood, and quantitative studies and
models are being developed to describe this process. The necessary conditions
for effective dispersal of oil in the laboratory have been established, and
dispersant compositions, which could be effective under the proper conditions,
have been developed. In addition, larger-scale laboratory tests and field
experiments at sea have more closely simulated the action of wind, waves, and
other aspects of the marine environment, and have helped to define their
influence on effectiveness.

One important aspect inadequately understood is the interaction of various
physical and chemical processes involved in oil dispersion. Few published
studies exist on the fundamental science concerning how dispersants act on oil
in water. Most or the published studies on oil spill dispersants describe
laboratory and sea tests of commercially available products. These tests
generally were conducted to evaluate how well the products worked, and few
studies have investigated the interactive phenomena of surfactants (surface
tension reducing chemicals), crude oil, and water.

When dispersants are sprayed from boats or aircraft, how well they work
depends on sea conditions and application techniques as
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well as on the chemical nature of both the dispersants and the oil. Application
techniques have improved with experience, but are still far from routinely
optimal. A critical factor in the strategy of dispersant application is that the
viscosity of oil increases rapidly with weathering. Because more viscous oil is
more difficult to disperse, response within a few hours is generally essential to
high effectiveness. Some light crude oils and refined products remain
dispersible for a longer time. In addition, oil slick areas tend to expand linearly
with time, and current shear may later increase slick areas even more rapidly;
this expansion rate further emphasizes the need for early treatment response.

DO THEY DO ANY HARM?

Concern that chemical dispersants could be toxic to marine life has led to
considerable caution in authorizing their use at spill sites. Laboratory studies of
dispersants currently in use have shown that their acute lethal toxicities are
usually lower than crude oils and their refined products.

A wide range of sublethal effects of dispersed oil has been observed in the
laboratory. These occur in most cases at concentrations comparable to or higher
than those expected in the water column during treatment (1 to 10 ppm), but
seldom at concentrations less than those found several hours after treatment of
an oil slick (less than 1 ppm). The times of exposure in the laboratory (24 to 96
hr) are much longer than predicted exposures during slick dispersal in the open
sea (1 to 3 hr), and the effects would be expected to be correspondingly less in
the field. Direct application of dispersant to marine life (as when birds and fur-
bearing mammals or their habitats accidentally are sprayed) is to be avoided,
because dispersants destroy the water-repellency and insulating capacity of fur
or feathers, and various components may disrupt the structural integrity of
sensitive external membranes and surfaces.

Laboratory bioassays have shown that acute toxicity of dispersed oil
generally does not reside in the dispersant, but in the more toxic fractions of the
oil. Dispersed and untreated oil show the same acute toxicity, a conclusion
obscured in much of the literature by the large number of studies that quote oil
concentration as being the total oil per unit volume of the experimental system,
rather than the actual measured dissolved and dispersed hydrocarbon
concentrations to which organisms are exposed.
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EXECUTIVE SUMMARY 4

The immediate ecological impact of dispersed oil varies. In open waters,
organisms on the surface will be less affected by dispersed oil than by an oil
slick, but organisms in the water column, particularly in the upper layers, will
experience greater exposure to oil components if the oil is dispersed. In shallow
habitats with poor water circulation, benthic organisms will be more
immediately affected by dispersed oil. Although some immediate biological
effects of dispersed oil may be greater than for untreated oil, long-term effects
on most habitats, such as mangroves, are less, and the habitat recovers faster if
the oil is dispersed before it reaches that area.

RECOMMENDATIONS FOR USING DISPERSANTS

The committee recommends that dispersants be considered as a potential
first response option to oil spills, along with other response options.
Implementation of this recommendation must consider spill size, logistical
requirements, contingency planning, equipment and dispersant performance and
availability, appropriate regulations, and personnel training.

Sensitive inshore habitats, such as salt marshes, coral reefs, sea grasses,
and mangroves, are best protected by preventing oil from reaching them.
Dispersion of oil at sea, before a slick reaches a sensitive habitat, generally will
reduce the overall and particularly the chronic impact of oil on many habitats.
This has been shown by research studies that compared the biological effects of
untreated and dispersed oil released on water over the intertidal or immediate
subtidal zones at Baffin Island (arctic); Long Cove, Maine (north temperate);
and Panama (tropical). Although these studies generally showed that dispersed
oil caused less chronic environmental damage than oil alone, the committee
recommends that additional ecological studies be conducted, under controlled
or naturally established water circulation regimes in shallow environments, to
help define the conditions under which dispersant use will be effective and
environmentally safe.

Because the principal biological benefit of dispersant use is prevention of
oil stranding on sensitive shorelines, and because dispersability of oil decreases
rapidly with weathering, prompt response is essential. Therefore, the committee
recommends that regulations and contingency planning make rapid response
possible; this includes prior approval to field-test a dispersant immediately after
a spill to establish dispersability in cases of doubt.
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1

Use of Oil Dispersants: History and Issues

Decisions about using dispersants are made in the context of the reasons
for treating spilled oil. The image of a black, sticky mass covering a once clean
shore or yacht hull is dramatic enough, but there are other less visible incentives
to respond to a spill, such as threats to valuable habitat and nursery areas or to
vulnerable early stages of marine life. Other concerns are: How great a threat do
spills pose in quantity and frequency? What are the usual sources of oil in the
sea and what can be done to counter a spill? These concerns establish the setting
for using chemical dispersants and are discussed here. This chapter also reviews
how dispersants have been used and developed and what their use is expected to
accomplish.

The potential use of chemical dispersants raises some primary questions,
principally: Are they effective? and Do they reduce the potential damage caused
by spilled oil? These issues are discussed generally in this chapter and in more
detail in later chapters.

REASONS FOR TREATING OIL SPILLS

Aesthetic and Ecological Damage

Introduction of petroleum into the marine environment is a direct
consequence of the production and transportation of crude oil and refined
products. Even though natural seeps of crude oil occur
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USE OF OIL DISPERSANTS: HISTORY AND ISSUES 7

in areas of the ocean floor and stable biotic communities are associated with
them, the sudden introduction of high concentrations of hydrocarbons can kill
or cause sublethal effects in some marine organisms.

In the 1960s and 1970s, more and more oil was transported by sea and—
with the introduction of supertankers—in larger vessels. The increased risk of a
major oil spill was displayed dramatically when the first major tanker
catastrophe—the Torrey Canyon spill—occurred.

Public outcry from the Torrey Canyon spill and similar incidents
stimulated development of a variety of response techniques to contain or
remove spilled oil before it could harm property or the environment.
Unfortunately, some early attempts to cleanup the oil for aesthetic reasons
caused more ecological harm than good (National Research Council [NRC],
1985; Smith, 1968; Southward and Southward, 1978; Spooner, 1969).

Perhaps the most dramatic symbol of the consequences of an oil spill is an
oiled seabird. Attempts by volunteers to rescue birds have been a response to
many oil spills, yet despite enthusiastic care, the survival percentage is low.
Diving birds, such as auks, are especially vulnerable. Some marine mammals
may also be affected under certain circumstances.

Nearshore marine waters and shallow fishing banks are also rich in a
variety of less visible organisms. Some areas, such as salt marshes, are among
the most productive ecosystems known. The impact of spilled oil on these areas
is obvious and often severe, and public awareness of these ecosystems has
expanded concern about the danger from oil spills. The concern that oil spills
pose a threat to commercial fisheries has been extended to open-ocean life in
general (Boesch and Rabalais, 1987).

Economic Damage

In addition to aesthetic and ecological concerns, coastal regions can suffer
economically from damage done by oil spills to recreation areas, harbors and
vessels, commercial shellfish grounds, and intake sources for desalination and
power plants. During summer months, beaches along the coasts of most
maritime countries are crowded with people on weekend outings and vacations.
Thus, there is considerable economic incentive in coastal recreation areas to
protect beaches from spills or to clean them up quickly. Cleanup of
contaminated boats, seawalls, and harbor equipment can be expensive. In a
marina

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

USE OF OIL DISPERSANTS: HISTORY AND ISSUES 8

where boat owners pride themselves on the appearance of their craft, pressure
for cleanup is likely to be even more intense than in an industrial harbor.

Because hydrocarbons from spilled oil can become entrained in sediments
inhabited by many commercial shellfish species, shellfish can become
contaminated with oil. They may then be unfit for human consumption due to
high levels of hydrocarbons. Contamination can close a commercial shellfish
bed for years, resulting in a considerable financial loss to shellfish producers.

In some regions of the world—such as Bermuda, several Caribbean
islands, and the Middle East—desalination plants provide an important source
of drinking water for the surrounding sea. Oil, even when naturally dispersed,
can enter the intake of such a plant and threaten to contaminate an entire
drinking water supply with hydrocarbons (Kruth et al., 1987). Power-plant
cooling water intakes are similarly vulnerable.

There have been several attempts to identify and analyze the costs for
mechanical cleanup and disposal as well as for treatment with chemical
dispersants. These analyses have produced a wide spectrum of results, reflecting
many variables that are difficult to measure. For example, when oil is recovered
by mechanical means what is usually measured includes large amounts of water
and debris. Another variable is the cost of transporting equipment to the cleanup
or staging site. Usually the cost of moving boats and other equipment for
mechanical cleanup is omitted, but aircraft and equipment transport expenses
are commonly included in evaluations of dispersant operations.

Mechanical costs of oil cleanup range from $65 per bbl to $5,000 per bbl.
Dispersant costs range from $15 per bbl to a maximum of $65 per bbl (Lasday,
1985). These ranges are related to spill sizes of 10,000 to 100,000 bbl of oil.
These statistics and other analyses, such as provided by White and Nichols
(1983), show that the costs of oil spill cleanup are high, and that they are an
order of magnitude more for mechanical cleanup than for treatment using
chemical dispersants and still another order of magnitude more for cleanup of
the immediate and obvious damage done once the oil has come ashore.

Long-term residual effects have been identified in several reports (Teal and
Howarth, 1984; White and Nichols, 1983), but attempts to place a monetary
value on the loss of or damage to natural resources and to establish replacement
or restoration costs have been based
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USE OF OIL DISPERSANTS: HISTORY AND ISSUES 9

on sweeping assumptions about natural processes and usually lack long-term
environmental data.

Safety Hazards

Crude oil contains a substantial fraction of volatile hydrocarbons, as do
refined petroleum products such as gasoline and diesel oil. Spilled oil
evaporates, producing high concentrations of flammable hydrocarbon-air
mixtures. If such a mixture ignites, fire can spread to the bulk oil container and
consume it. Although a fire may not pose a major hazard to aquatic systems, air
pollution from partially burned crude oil can pose severe public health and
ecological hazards (Gundlach and Hayes, 1977; Thebeau and Kana, 1981).
Therefore, prevention of fires—better yet, prevention of spills—is a desirable
goal.

Some volatile components of crude and refined oils, such as benzene, are
very toxic to humans. Indeed, a human health concern is that cleanup crews can
receive doses of toxic fumes high enough to cause nausea and possibly other
health effects.

POTENTIAL SOURCES OF SPILLED OIL

The worldwide input of petroleum to the marine environment was
estimated by the National Research Council (1985), which noted the sources,
probable ranges, and selected the best single number for the sources as shown in
Table 1-1. The estimates, based on data acquired from 1971 through 1980, are
provided only as indicators of major sources and their importance. Input of
petroleum fluids from municipal and industrial wastes (urban and river runoff,
sewage, refineries, and industrial sources), atmospheric-borne particulates, and
natural sources (marine seeps, sediment erosion) is mostly continuous and,
while the environmental effects are of serious concern, control or treatment
technology usually differs greatly from that related to marine oil spill response.
However, some accidental spills on inland rivers and waterways may be
amenable to common marine oil spill response.

Marine transportation—tankers, barges, and lighters—and offshore
operations for the exploration and production of hydrocarbons are the key
sources of interest in regard to marine oil spills. On a global basis, marine
transportation accounts for the largest single portion of petroleum inputs, more
than 40 percent on the basis of
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"best estimates" (NRC, 1985) and 30 to 50 percent depending on the ranges of
other sources. However, the bulk of this input is due to routine operational
discharges. About 12 percent is due to accidents, but this can vary from year to
year by factors of 2 or 3. In contrast, offshore oil and gas operations are
estimated to contribute only a little more than 1 percent of the oil accidentally
put into the sea. A single incident can dramatically alter these data, however;
for example, the largest spill to date, the Ixtoc I well blowout, put 3.1 million
bbl in the Gulf of Mexico in 1979 and 1980.

TABLE 1-1 Input of Petroleum Hydrocarbons Into the Marine Environment (Million
Barrels Per Year)2

Source Probable Range Best Estimate
Transportation

Operational 4.4-15.0 7.2

Accidents 2.2-3.0 2.9

Subtotal 6.6-18.0 10.1
Municipal wastes and runoff 4.0-21.5 8.1
Atmosphere 0.3-34 2.1

Natural sources 0.2-17.3 1.7

Offshore production 0.3-0.4 0.3

Total 11.4-60.6 22.3

2 One barrel (bbl) equals 42 U.S. gallons or about 35 Imperial gallons. This report will refer to
barrels as the standard volume measurement in reference to petroleum transport and spills.
SOURCE: Converted from NRC (1985) estimates based on metric tons per year.

Apart from oil discharges caused by military action in the Persian Gulf, the
incidence of major tanker spills elsewhere has been dramatically reduced from
1974 to 1986 (Table 1-2). The majority of tanker spills over 5,000 bbl were
from collisions and groundings.

All discharges reported in waters under the U.S. Coast Guard's jurisdiction
or by the U.S. Environmental Protection Agency (U.S. EPA) from 1974 through
1983 range from 200,000 bbl to more than 500,000 bbl per year (Figure 1-1).
Of the reported discharges, only about 5 percent (about 11,000 bbl in 1983)
occurred in offshore waters, that is, in the territorial sea (shore to 3 mi), the
contiguous zone (3 to 12 mi), and the high seas (beyond 12 mi). River channels,
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ports and harbors, and open sheltered waters receive most spillage, in contrast
to offshore areas.

In U.S. waters, waterborne transport accounted for about 28 percent of the
total volume reported spilled in 1983. Most of this volume was attributed to
tank barges, which accounted for 22 percent (43,000 bbl) of all oil spilled.
Much of this discharge occurred in ports and harbors. As more and more oil is
refined outside of the United States, ocean transport of refined products to and
along the U.S. East Coast by barge is increasing.

About 35 to 50 percent of spillage in U.S. waters is crude oil. Spill
volumes and number of incidents in U.S. offshore waters are shown in Figures
1-2 and 1-3. These statistics cover both transportation and offshore oil and gas
operations in the three major U.S. coastal areas. Canadian offshore oil spills
during the period from 1974 to 1984 averaged about 10,000 bbl per year, but
the definition of offshore includes inlets and coastal areas, while the U.S.
offshore definition excludes harbors and sheltered waters. Most Canadian
discharges were fuel oil and distillates, in contrast to U.S. experience, but
statistical comparisons of incidents and volumes between the United States and
Canada would require access to the raw data.

Most spills are small and most spilled oil volume comes from only

TABLE 1-2 Number of Oil Spills From Tankers Worldwide, 1974-1986
Barrels

Year 50-5,000 >5,000
1974 92 26
1975 98 23
1976 67 25
1977 66 20
1978 57 24
1979 56 36
1980 50 13
1981 50 5
1982 45 3
1983 53 11
1984 25 7
1985 29 8
1986 23 7

SOURCE: International Tanker Owners Pollution Federation Ltd.
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a few large incidents. For example, in 1983* the U.S. Coast Guard reported the
following spill statistics in and around U.S. waters:

00,000
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450,000 =

400,000 =

350,000 -

BARRELS

300,000 (-
250,000 -
200,000 -

150,000
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Figure 1-1

Volume of oil and the substances discharged, 1974-1983. All volumes have
been converted from U.S. gallons to barrels. The 1983 figure includes 55,000
bbl attributed to "other,” a category not previously used in Coast Guard
reporting. Source: U.S. Coast Guard, 1987.

* Small spills (less than 12 bbl)—5,923 spills (63 percent) accounted for
6,200 bbl (3 percent of total volume). These spills are usually not
treated with dispersants nor cleaned up by mechanical means.

* Moderate spills (12 to 1,200 bbl)—617 spills (6.5 percent) accounted
for 60,000 bbl (30 percent of total volume). Efforts to cleanup these
spills usually use mechanical means, but in some cases such spills
could be treated with dispersants.

* Although Coast Guard statistics for 1984 are available, they are preliminary.
Variations between preliminary and final statistics can be significant, thus the figures for
1983 are the latest final data reported here (U.S. Coast Guard, 1987).
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Figure 1-2
Number of oil spills in U.S.offshore waters (territorial, contiguous, and high
seas). Source: U.S. Coast Guard, 1987.

» Large spills (more than 1,200 bbl)—19 accidents (0.2 percent) released
133,000 bbl (67 percent of the total volume). These spills may require
major response effort, including aerial application of dispersants.

TREATMENT METHODS

There are four major options for responding to oil spills: mechanical
containment and collection; use of chemical dispersants; shoreline cleanup; and
natural removal (no cleanup action). Countermeasures that are less widely used
or have major limitations are burning, sinking, gelling, and enhanced
biodegradation. In determining the best possible countermeasure for a given
situation, availability and applicability must be carefully weighed against
potential environmental damage (Table 1-3).*

* Comprehensive presentations of oil cleanup methods are provided in U.S. EPA
(1981) and Wardley-Smith (1976).
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Figure 1-3
Volume of oil (bbl) spilled in U.S. offshore waters (territorial, contiguous, and
high seas). Source: U.S. Coast Guard, 1987.

Mechanical Containment, Recovery, or Removal

Mechanical means for oil spill mitigation include barriers (booms) to
contain or divert oil, and skimmers or sorbents to recover or remove it from the
water surface. In addition to mechanical barriers (which include sorbent
booms), surface-collecting agents ("oil herder" chemicals), water jets, air jets,
and air bubble barriers have been used to contain or divert spilled oil.
Performance of any of these methods, however, can be severely limited by
oceanic conditions and weather, including currents, waves, and wind, and by
the nature of the oil slick.
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cent. Although surface-collecting agents do not move oil relative to underlying
water, they can limit its spread regardless of water speed.

Maximum wave height for complete containment should be less than equal
to the freeboard of the barrier, or waves will splash water and oil over it.
Mechanical barriers are thus severely limited on open seas. In practice, most
barriers lose effectiveness in wave heights greater than 1.3 m (4 ft). In
experiments, surface-collecting agents have kept oil from spreading in 1 to 2 m
(4 to 6 ft) seas, but duration of effectiveness decreases with increasing sea state.

Limitations to operation of most containment options are related to current
and wind-induced wave heights. Air and water jets are seriously affected by
winds, especially when they blow toward the jet. Surface-collecting agents
cannot move floating oil against the wind, but the ability of a surface-collecting
agent to keep oil from spreading is not affected. Wind stress on boom barriers
can be appreciable, and the boom must be strong enough to withstand such
forces.

The rate of oil recovery by any mechanical device decreases with
decreasing oil thickness. Because the recovery rate of most skimmers is
negligible at thicknesses of less than about 1 mm, booms are often used in
conjunction with skimmers. This approach is limited, however, by problems of
maneuvering, anchoring, and coordinating multiple vessels needed to handle
such arrays.

Mechanical collection devices have environmental limitations similar to
those of containment devices because skimmers are affected by wind, waves,
and currents in much the same way as barriers. Oil may pass under or by a
skimmer and not be collected if the skimmer is moving through the water faster
than 1 kn. Waves higher than 1.3 m may cause oil to splash over skimmers or
otherwise cause them to lose effectiveness. More robust skimmers and barriers
have been designed for the U.S. Coast Guard to use in the open ocean, and
others for use in the North Sea. Some of these devices have successfully
recovered oil in seas higher than 4 ft. In large spills, the effectiveness—the
percent of surface oil removed by treatment—has been low for mechanical
cleanup systems; for example, possibly 10 percent during the Ixtoc I blowout
(Teal and Howarth, 1984).

Shoreline Cleanup

If oil strands on a shoreline, attempts are usually made to remove it using
mechanical means, by flushing, by manual pickup, or by physically removing
the substrate. In some cases, oil-soaked vegetation
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has been cropped, but this method is usually regarded as environmentally
undesirable. Hard surfaces, such as rocks or bulkheads, have been sandblasted
or steam cleaned. In most cases, shoreline cleanup is expensive and may be
environmentally damaging. However, the only method for cleaning and
restoring public beaches and easily accessible shorelines near fisheries and
industrial areas is removal of oil.

Natural Removal

Oil left alone is eventually removed from water surfaces and shorelines by
a variety of natural means, including evaporation, photooxidation, solution,
physical dispersion, sedimentation on particulate matter, and biological
degradation. Although these natural processes may be slow, possibly as long as
several years, they are generally conceded to be environmentally acceptable,
and in some cases may be preferable to using active countermeasures.

Other Countermeasures

In addition to the mitigation measures discussed above, a number of other
countermeasures are available or have been proposed, including burning,
sinking, and gelling. All of them have some limitations, however. A major
limitation to burning oil at sea is that oil tends to spread on water and the sea is
a very effective heat sink; it is difficult to raise the temperature of a thin layer of
floating oil high enough to permit ignition. However, where spilled oil cannot
flow well, as in the Arctic and on ice, there has been effective use of burning as
a cleanup technique. Even so, combustion is never complete and air pollution is
a real concern. The addition of chalk or treated sand has been used or proposed
as a means of sinking oil. However, sinking is seldom completely effective
initially, and some oil tends to resurface. Moreover, oil that sinks to the bottom
contaminates benthic life and degrades more slowly than when floating,
dispersed, or dissolved in water.

Several gelling formulations have been proposed but have yet to be
demonstrated in practice. Most formulations would require substantial mixing
energy to make them effective, which is not practical under actual spill
conditions. A further limitation is that gelling formulations are expensive; the
cost of cleanup using gelling agents is likely to be far higher than conventional
means. A possible exception
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is a viscoelastic additive, however, it has yet to prove itself in a real spill; thus
there is no basis as yet for judging its utility.

Because constituents of oil degrade naturally when attacked by bacteria,
algae, protozoa, and marine fungi, enhancement of biological degradation has
been proposed using specially chosen or bioengineered microbes. However,
microbes that degrade hydrocarbons are readily available everywhere in nature,
except in polar waters where the rates of breakdown are very slow and variable
(Atlas, 1985). It does not appear necessary in most cases to enhance their action.

ROLE OF DISPERSANTS

Much of the biological and ecotoxicological research on dispersants, oils,
and dispersed oils has been conducted in support of chemical dispersant
response to oil spills in coastal waters. Real or perceived impacts on biological
populations, habitats, water sources, and recreational areas have focused the
attention of resource managers, cleanup specialists, policymakers, marine
scientists, and the public on the need for better understanding of oil spill effects
and development of techniques for dealing with them.

Rationale for Dispersant Use

An initial reason for using dispersants is to respond to public and
governmental concerns by preventing potential damage to birds, fish, marine
mammals, and other natural resources; fouling of shorelines and boats; and
contamination of drinking water sources. Dispersing an oil spill will make it
less visible, and may reduce its economic and ecological impact—provided the
water volume, which it disperses into, is great enough. If the oil is dispersed
into a small volume of water with poor circulation, the ecological impact may in
fact be increased. Some specific cases have been studied in adequate detail (see
Chapter 4, "Biologically Oriented Mesocosm and Field Studies"). Rapidly
dispersing oil into the water column will, in most cases, be less costly
environmentally than manual shoreline cleanup.

Sea and Weather Conditions

Dispersants may be especially valuable when other countermeasures fail,
for example when an open-ocean spill is moving oil onshore,
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but waves are too high to permit the use of booms and skimmers. Another
example is if tidal currents are so strong that oil would be carried under a boom,
resurface, and threaten a sensitive area. Because severe weather enhances
natural dispersion of oil, the results of chemical dispersant use may not be
apparent as in calm seas. Nevertheless, reduction of interfacial tension by
dispersants is likely to hasten dispersion.

Logistics

Application of dispersants can be accomplished more quickly than
recovery of spilled oil by mechanical means. Aerial spraying of chemical
dispersants is usually the preferred method of application to use at sea, because
it is more efficient and provides a wider range of coverage than application
from boats. Like vessel spraying methods, aerial application is limited in high
winds, fog, or darkness. The speed of aerial response itself is not the key goal,
but rather the imperative to ensure protection of sensitive environments and
public amenities.

Protection of Ecologically Sensitive Areas and Organisms

Marine ecosystems, such as salt marshes, mangroves, and coral reefs, and
bird nesting areas are extremely sensitive to damage by oil, but the use of
dispersants raises questions about the relative environmental effects of oil and
dispersed oil (see Chapters 3 and 4). Dispersants may be applied when it is
judged that the impact of dispersed oil on organisms, habitats, and ecological
processes will be less than that of oil alone. Determining relative environmental
effects requires objectively assessing alternative treatments in terms of
effectiveness, acute toxicity, ecological effects, and cost, including potential
loss of natural resources.

Accurate exposure assessment for surface and subsurface oil is critical to
estimating the hazards of dispersed oils to seabirds, whose protection is a major
reason for dispersant use over open waters (Peakall et al., 1987).

Protection of Fisheries Resources

Fisheries resources are vulnerable to damage by oil, but the nature of this
biological damage is thought to be largely indirect and
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seasonal, via planktonic eggs and larvae and through the contamination of fish
habitats. If a major spill occurs where a limited fish population is spawning, an
entire year-class could be exposed to damage. Although long-term damage
could be ameliorated by strong previous or subsequent year-classes, losses to
commercial fisheries might be substantial for a species under pressure from
fishing, predation, or stresses from chronic pollution (Boesch and Rabalais,
1987; Howarth, 1987; Longhurst, 1982; NRC, 1985). Using dispersants may
mitigate this situation by moving oil into the water column and lowering its
concentration and the time of exposure of gametes, developing embryos, and
larvae that dwell on or near the surface. Dispersant use may also limit the
damage to sensitive nearshore nursery waters, especially if oil is effectively
dispersed in areas remote (i.e., where natural processes can treat oil) from the
sensitive waters.

Protection of Shoreline Amenities

Beaches, harbors, marinas, and other shoreline amenities can suffer costly
damage from oil spills. The same strategies suggested for protection of sensitive
ecological areas can be applied to commercial areas by applying dispersants
before a slick approaches too close to shore. In addition, booms may be set to
protect lagoons and harbors.

Dispersants as an Aid to Natural Cleanup

Microbial degradation of oil appears to be enhanced by dispersal because
of the larger surface area available. However, to some degree, the lower
concentration of nutrients available in open water may limit the potential for
growth of the hydrocarbon-utilizing microbial species.

Laboratory and mesocosm studies show increased oil biodegradation rates
when dispersants are used. Temporary inhibition of biodegradation with
dispersed oil also has been observed in the laboratory, but appears to occur only
at dispersed oil concentrations higher than would be observed in the field.
Mesocosm studies in ponds suggest that when effectively used, dispersants
should enhance the rate of biodegradation of oil. Unfortunately, supportive field
observations or case histories are not available. Finally, available information
suggests that some compounds, such as tar balls, would remain undegraded
regardless of the addition of dispersants (Lee and Levy, 1986). Prevention of
the formation of tar balls and large oil-in-water emulsions accumulations—
called mousse—is a potentially
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important advantage of chemically dispersing oil. These forms of oil, with low
surface area, tend to be resistant to biodegration, largely because there are few
microbes and nutrients present in the mass.

HISTORY OF DISPERSANT USE

The Torrey Canyon Spill

Before about 1970, dispersant formulations were basically degreasing
agents that were developed to clean tanker compartments, bilges, and engine
rooms. A number of "detergents," as they were called, were used to attempt to
disperse the nearly 1 million bbl of crude oil that spilled from the tanker Torrey
Canyon off the English coast in 1967. The extreme toxicity of these agents to
marine life was attributed primarily to alkylphenol surfactants and the aromatic
hydrocarbons in the solvent(Portmann, 1970).

Over 14 days following the Torrey Canyon spill, about 10,000 bbl of
various dispersants were sprayed on the water and along the shore.
Investigations showed that the solvents evaporated (90 percent in 100 hr), but
the denser surfactants did not evaporate, mix with, or dissolve in seawater.
Instead, they formed stable "detergent-oil" emulsions, the most stable of which
were produced by the most toxic dispersants—Houghton, BP1002, and Gamlen.
Smith (1968:22) noted:

As to spraying at sea, we have no information about its eventual effectiveness.
It was generally agreed by those taking part in the sea operations that dispersal
was often achieved in the immediate neighborhood of spraying. However,
despite the large quantities of detergents used, large areas of undispersed oil
persisted for weeks as extensive and discrete patches.

The biological impacts along rocky shores were highly visible and
devastating. Evidence of mortality was repeated all along the affected shoreline:
empty limpet seats were conspicuous in pools, dead barnacle shells persisted for
some time, and mussel shells gaped. The rotting flesh did not take long to
disappear, but even when the shells had broken away, clumps of short straw-
colored byssus threads persisted for a few weeks. Although the official position
was that "the effects have not been catastrophic" (Smith, 1968:178), adverse
publicity during and after the Torrey Canyon incident gave dispersants a bad
reputation. Indeed, the experience led to a very cautious attitude toward
dispersant use among several industrialized nations.
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Development of New Formulations

The main concerns supporting the cautious attitude toward dispersant use
after the Torrey Canyon spill were

* toxicity of the products themselves, and
» concern that effective dispersants would make oil constituents more
available to biota and thus enhance toxicity of oil components.

There was further concern about greater quantities of hydrocarbons
entering and persisting in shallow, low-energy marine environments when
dispersed with chemicals. Biological concerns focused on species important to
fisheries, young life stages of marine animals, and littoral or shallow sublittoral
habitats. Despite these concerns, the United Kingdom and several other
European countries continued to test dispersants in a series of government-
sponsored programs, and Canada and several other countries conducted
research and prepared guidelines for acceptability and use.

Second-generation dispersants were produced; generally they were much
less acutely toxic than the earlier formulations but of variable effectiveness. In
addition, a third generation of dispersants, with concentrates consisting mostly
of surfactant with little solvent, was introduced to reduce volume for storage
and transportation. The concentrates were intended to be diluted with seawater
during spraying from boats, which was supposed to make spraying more
uniform and increase operating time at sea (Morris and Martinelli, 1983).
Laboratory tests suggested, however, that dilution reduced effectiveness by as
much as a factor of 5 (Crowley, 1984a,b; Doe and Wells, 1978; Cormack,
private communication). Experience at sea did not agree with the laboratory
prediction, however, and the large effect experienced may have been specific to
the formulation used in the tests (Lindblom, private communication). Undiluted
dispersant is applied from aircraft, but some equipment on boats use water-
diluted dispersant.

Concerns about the environmental impact of dispersants stimulated
considerable research in Canada, Europe, and the United States in the 1970s and
1980s. The Conference of the American Society for Testing and Materials
(ASTM) in 1977 stimulated U.S. work leading to major worldwide studies
funded by the American Petroleum Institute (API) and Exxon (Koons and
Gould, 1984; McCarthy et al., 1978), and the 1980 Toronto dispersant
conference (Mackay et al., 1981) brought most of the major researchers
together to consider new work. In part sparked by the Toronto discussions, a
Canadian
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research and development program was continued, which built on earlier work,
to gain better understanding of the fate and effects of chemically dispersed oils
in cold, temperate, and arctic waters. This program continued into the 1980s, in
particular with the Arctic Marine Oilspill Program (AMOP), which supported
the annual AMOP Technical Seminars and the Baffin Island Oil Spill Project
(BIOS) study. Considerable research was initiated in Norway and Sweden and
continued in France, the Netherlands, and the United Kingdom, among others.
Despite these efforts, many key questions asked 15 to 20 years ago are still the
subject of controversy and research today.

Development of Equipment

Boat spraying systems were developed by the United Kingdom's Warren
Spring Laboratory (WSL) shortly after the Torrey Canyon incident. They were
designed to make dispersant chemical spraying more controllable, and were
especially useful for applying undiluted hydrocarbon-based dispersants at very
high doses, 327 to 889 l/ha (35 to 95 gal/acre) (Cormack, 1983c). Early
dispersant formulations required agitation to promote dispersion. This was done
using trailing wooden "breaker boards," which required that the spray boom be
mounted toward the rear of the vessel, often aft of where the bow wave breaks
from the hull. This configuration caused some dispersant spray to miss the oil
that was pushed away. Development of dispersant concentrates eliminated this
problem because they reduced the need for externally applied agitation and
made breaker boards obsolete. The dispersant concentrates also reduced the
amount of dispersant needed to treat a given quantity of oil, and therefore
reduced the application rate and greatly extended the spraying time for a vessel
or aircraft.

A fixed-wing aircraft system, which uses undiluted concentrate, was
developed by the WSL from crop-spraying equipment in the 1970s. Additional
extensive experimental and developmental work on aerial spraying was done in
Canada and the United States in the 1970s and 1980s (Cormack and Parker,
1979; Lindblom and Barker, 1978; Nichols and Parker, 1985; Ross et al., 1978).
Helicopter spraying systems were also developed in the late 1970s and were
used to spray dispersants on the slick from the Hasbah 6 blowout along the
coast of Saudi Arabia in 1980 (Martinelli, 1980; van Oudenhoven, 1983).
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Case Studies

Dispersants have been used at many spills (more than 50 have been
recorded), including the very large operations such as the Ixtoc I blowout in the
Gulf of Mexico (Nelson-Smith, 1980, 1985). A few of these spills are described
briefly in Appendix B. However, lack of controls, ad hoc observations, poor
documentation, and lack of objective criteria for effective dispersal have made
these situations less informative than might be expected. Planned dispersant
field trials are reviewed, assessed, and summarized in Chapter 4.

ISSUES AND QUESTIONS

This report focuses on two main themes that are amplified in the form of
more detailed concerns or questions in this section, along with a brief
discussion of related problems:

» Dispersant effectiveness: Do dispersants do any good? Are current
formulations and techniques effective? Can more effective techniques
be developed?

* Harmful effects of dispersants: Do dispersants do any harm? Is the
toxicity of dispersant formulations significant to marine species and, if
so, under what environmental conditions? Is the biological impact of
dispersed oil greater or less than that of untreated 0il?

Using Chemical Dispersants to Remove Oil from the Surface
of the Water

Developing optimum techniques for applying dispersants under various
conditions requires an understanding of the numerous factors affecting oil
dispersion. To achieve this, a definition of effectiveness is required, as well as a
knowledge of the physical and chemical mechanisms of dispersion, techniques
and logistics of dispersant application, and possible methods for modeling
effectiveness quantitatively.

Defining Effectiveness

A commonly accepted definition of effectiveness of spill treatment, and
the one used in this discussion, is the fraction of oil removed from the surface of
the water. Alternative definitions have been devised, based on laboratory
measurements, in an attempt to provide an easily measured surrogate
(Chapter 2, "Laboratory Studies of Effectiveness"). Field studies have measured
the concentration

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

USE OF OIL DISPERSANTS: HISTORY AND ISSUES 25

of dispersed oil in the water column under a slick, to find how much oil might
be encountered by organisms (Chapter 4, "Physical and Chemical Studies").

Effectiveness depends on many factors. The following are discussed in
detail later in this report: the physical and chemical interaction of oil and
dispersants to reduce interfacial tension (Chapter 2, "Composition of
Dispersants"), slick structure, sea state, turbulent mixing of oil droplets in the
subsurface water column (Chapter 2, "Fate of Oil Spilled on Open Water" and
"Behavior of Oil-Dispersant Mixtures"), and efficiency of application
techniques (Chapter 5, "Design of Dispersant Application Systems").

Identifying Physical and Chemical Factors That Influence Effectiveness

Many factors influence the dispersibility of oil and the effectiveness of
treatment. Specific questions include: How is effectiveness influenced by

* oil composition (amounts of aromatic and aliphatic hydrocarbons,
asphaltenes, and metalloporphyrins)?

» dispersant composition (hydrophilic-lipophilic balance [HLB]) of
surfactant(s), kind of surfactant(s), and type of solvents?

* dispersant-to-oil ratio?

* energy input (breaking waves, subsurface turbulence, and mechanical
mixing)?

» water salinity and temperature?

* oil viscosity?

* oil slick thickness and distribution on the water surface?

» weathering of the oil (loss of volatile hydrocarbons, photooxidation,
and water-in-oil emulsion formation [mousse])?

Viscosity, slick distribution, and oil weathering are time-dependent
variables. These environmental and time-dependent factors are discussed in
Chapter 2.

Factors Affecting Dispersant Application Techniques

New dispersant formulations have been developed through the years. In
addition, the techniques of dispersant testing and application are continuously
revised with experience. New developments range from testing new
formulations for effectiveness and toxicity in the laboratory, to the design of
spray equipment for boats and
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aircraft, to the training of skilled response personnel in operating such
equipment effectively. New formulations are usually proposed when a
manufacturer is convinced of their effectiveness in treating oil spills.
Government agencies normally test, or oversee the testing, of such new
products for effectiveness and toxicity (see Chapter 3). Questions raised are:

* Can one dispersant be used with a wide variety of oils with expectation
of reasonably equal effectiveness?

* Are there significant differences between the expected performance
characteristics of different dispersants used with the same oil?

* How important is it to apply dispersants before the oil weathers, and
what factors control this?

* At the time of a spill, is it important to test the proposed dispersant on a
sample of the oil before proceeding to apply the dispersant? What are
the alternatives?

 Is it important to spray dispersant uniformly?

* How should dispersant effectiveness be measured?

* What are the concentrations and persistence of dispersed oil under
chemically dispersed and untreated oil slicks? What are the
concentrations and persistence of dissolved hydrocarbons under slicks,
and how do they differ from the C;, fraction?

* Are current spray systems (circa 1987) adequate to control oil spills?

Factors Affecting Toxicity of Chemical Dispersants and
Dispersed Oil

As discussed in later chapters, there is a wide diversity of use of chemical
dispersants for the control of oil spills in various countries. A range of opinion
exists concerning the biological effects resulting from the use or proposed use
of chemical dispersants. The following questions (discussed in Chapters 3 and
4) have been raised, based on some real observations or on perceived concerns:

* How toxic are dispersants alone, and chemically dispersed oil, to
marine plants and animals in laboratory studies?

* How do laboratory measured toxicity exposures compare with
exposures measured in field studies?

* Does chemically dispersed oil pose more or less hazard than untreated
oil to organisms at the sea surface and in the immediate subsurface
waters?
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* Does chemically dispersed oil pose more or less hazard than untreated
oil to benthic organisms?

* How do offshore biological effects compare with effects on shorelines
habitats, including the intertidal and immediate subtidal zones?

* Are there chronic effects from dispersants used to control oil spills?

* Is the oil biodegradation rate increased after chemical dispersion?

* Is photooxidation greater or less after chemical dispersion?

e Is there need to further refine and standardize toxicity testing in
laboratory studies?

* Does chemical dispersion increase or decrease the amount of oil that
attaches to solids in the water column and the amount of oil that enters
the sediments?

» Will chemical dispersion of the oil slick protect seabirds and mammals?

* Should a more effective dispersant (less applied) be used even if it is
more toxic?
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Answers to the above questions are addressed principally in Chapters 3
and 4.
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2

Chemistry and Physics of Dispersants and
Dispersed Oil

Most oils spilled on water rapidly spread into a slick, with thickness from
several millimeters down to one micrometer depending on the oil type and the
area available for spreading. Wind-driven waves and other turbulence can break
up the slick, producing more or less spherical droplets ranging in size from a
few micrometers to a few millimeters. Sometimes, these droplets can be
stabilized by natural surface-active agents (surfactants) present in the oil or
contributed by the sea-surface microlayer in the region where the oil was
spilled. These surfactants stabilize the droplets by orienting in the oil-water
interface with the hydrophobic part of the surfactant molecule in the oil phase
and the hydrophilic part in the water phase, thereby diminishing the interfacial
tension.

Applying chemical dispersants to an oil slick greatly increases the amount
of surfactant available and can reduce oil-water interfacial tension to very low
values—it therefore takes only a small amount of mixing energy to increase the
surface area and break the slick into droplets (Figure 2-1).

Dispersants also tend to prevent coalescence of oil droplets. The interface,
stabilized by the surfactant, permits droplets to survive despite frequent
collisions with adjacent droplets. The same stabilizing factors reduce adherence
to hydrophilic solid particles, such as sediments, as well as other solid surfaces
(discussed later in Chapter 4).
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Mechanism of chemical dispersion. A. Surfactant locates at oil-water interface.
B. Oil slick is readily dispersed into micelles or surfactant-stabilized droplets
with minimal energy.

Source: Derived from Canevari (1969).

During the past 20 years, significant reviews and descriptions of dispersant
chemistry include those by Poliakoff (1969), Dodd (1974), Canevari (1971,
1985), Wells (1984), Pastorak et al. (1985), Wells et al. (1985), API Task Force
(1986), and Brochu et al. (1987).

COMPOSITION OF DISPERSANTS

The key components of a chemical dispersant are one or more surface-
active agents, or surfactants—sometimes loosely called "detergents." They
contain molecules with both water-compatible (hydrophilic) and oil-compatible
(lipophilic or hydrophobic) portions. Most formulations also contain a solvent
to reduce viscosity and facilitate dispersal.

Chemistry of Surfactants

The behavior of a surfactant is strongly affected by the balance between
the hydrophilic and lipophilic groups in the molecule. Griffin (1954) defined the
hydrophile-lipophile balance. The useful range of this parameter is from 1 (most
lipophilic) to 20 (most hydrophilic). Many organic compounds, like hexane,
with no hydrophilic groups could have HLB as low as zero, and would not be
surface active. In
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the HLB range of 1 to 4, the surfactant does not mix in water; above 13, a clear
solution in water is obtained (Rosen, 1978).

Bancroft's rule states that the dominant group of a surfactant tends to be
oriented in the external phase (Bancroft, 1913). Thus, a predominantly
lipophilic surfactant (HLB, 3 to 6) would stabilize a water-in-oil emulsion, and
a predominantly hydrophilic surfactant (HLB, 8 to 18) would stabilize an oil-in-
water emulsion. Surfactants used in oil spill dispersants tend to be of the latter
type. Natural surfactants, which promote mousse (water-in-oil emulsion), tend
to be predominately lipophilic.

HLB is important in determining the effect of salinity on dispersant
performance, since hydrophobic portions of the surfactant molecule tend to be
salted out. Laboratory measurements on weathered crude oil with a dispersant
sensitive to salinity showed that, at a comparable treatment rate and mixing
energy, the amount of oil dispersed is approximately 58 percent in seawater
compared to 1 percent in fresh water. This formulation, balanced for effective
performance in seawater, is too hydrophilic for freshwater service (Canevari,
1985).

Surfactants are also classed by charge type, as noted below (a list of
formulations is given in Appendix A):

* Anionic. Examples include sulfosuccinate esters, such as sodium
dioctyl sulfosuccinate (e.g., Aerosol OT). Other examples are
oxyalkylated C12 to C15 alcohols and their sulfonates.

* Cationic. An example is the quaternary ammonium salt RN(CH3)3
+Cl-, but such compounds are often toxic to many organisms and are
not currently used in commercial dispersant formulations (Lewis and
Wee, 1983).

* Nonionic. These are the most common surfactants used in commercial
dispersant formulations. Examples are sorbitan monooleate (HLB,
4.3), sold as Span 80, and ethoxylated sorbitan monooleate (HLB, 15),
sold as Tween 80. In addition, polyethylene glycol esters of
unsaturated fatty acids and ethoxylated or propoxylated fatty alcohols
are used.

» Zwitterionic or amphoteric. These molecules contain both positively
and negatively charged groups, which may balance each other to
produce a net uncharged species. An example would be a molecule
with both a quaternary ammonium group and a sulfonic acid group
(refer to Appendix A), but such compounds are not found in current
commercial formulations.
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As surfactants become more concentrated, the interfacial tension between
oil and water decreases until a critical micelle concentration (CMC) is reached.
Micelles are ordered aggregates of surfactant molecules, with the hydrophobic
portions of the molecules together at the interior of the micelle and the
hydrophilic portions facing the aqueous phase. Above the CMC level, there is
little change in interfacial tension, and additional surfactant molecules form
new micelles. Below the CMC, additional surfactant molecules accumulate at
the water-air or oil-water interfaces. The CMC can be estimated from the
concentration at which a change in slope of a plot of interfacial tension (as
measured by the drop weight technique) versus dispersant concentration occurs
(Figure 2-2).

Some formulations can reduce interfacial tension to a few percent of the
value without surfactant addition. For example, in a specially adapted Wilhelmy
Plate instrument, the initial oil-water interfacial tension of 18 dyn/cm was
reduced to the minimum detectable value, approximately 0.05 dyn/cm, within 1
min after dispersant was added (Ross and Kvita, unpublished data).

Current Dispersant Formulations

Early dispersant formulations were derived from engine room degreasers,
and some were highly toxic (Chapter 1). To reduce toxicity, nonaromatic
hydrocarbons (or water-miscible solvents such as ethylene glycol or glycol
ethers), as well as less toxic surfactants, have been used in more recent
formulations (Chapter 4 and Appendix A).

Figure 2-3 illustrates how different surfactants become oriented at the oil-
water interface. Compound A is sorbitan monooleate (HLB, 4.3),
predominantly lipophilic. Compound B is Compound A that has been
ethoxylated with 20 mol of ethylene oxide, rendering it more hydrophilic (HLB,
15). A dispersant containing both A and B, with a larger amount of B, can
stabilize an oil-in-water emulsion.*

A blend of surfactants with different HLB, giving a resultant HLB of 12,
will be more effective than a similar quantity of a single surfactant with HLB of
12. This is shown in Figure 2-3: the hydrophilic groups of B penetrate farther
into the water phase, per

* As discussed earlier, the dominant group of a surfactant tends to be oriented in the
external phase (Bancroft, 1913).
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mitting closer physical interaction between the lipophiles of both A and B. The
overall result is to provide a stronger interfacial surfactant film and resistance to
coalescence of dispersed oil droplets.
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Figure 2-2

Interfacial tension as a function of dispersant concentration showing the
discontinuity in slope at the critical micelle concentration (cmc).

Light Arabian crude with three dispersant formulations at 28°C and 38 percent
salinity; interfacial tension is measured by the drop-weight method. Source:
Rewick et al., 1984. Reprinted, with permission, from the American Society
for Testing and Materials. © 1984 by ASTM.

A review of the patent literature (Appendix A), combined with discussions
with several major suppliers of dispersants, indicates that a limited number of
surfactant chemicals are used in the dispersant formulations most widely
available today. The exact details of dispersant formulations are proprietary, but
the chemical characteristics of these formulations are broadly known (Canevari,
1986; Brochu et al., 1987; Wells et al., 1985; Fraser, private communication).
Thus,
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modern dispersant formulations containing one or more nonionic
surfactants (15 to 75 percent of the formulation) may also contain an anionic
surfactant (5 to 25 percent of the formulation) and include one or more solvents.
The surfactants used include the following:

e nonionic surfactants, such as sorbitan esters of oleic or lauric acid,
ethoxylated sorbitan esters of oleic or lauric acid, polyethylene glycol
esters of oleic acid, ethoxylated and propoxylated fatty alcohols, and
ethoxylated octylphenol; and

* anionic surfactants, such as sodium dioctyl sulfosuccinate and sodium
ditridecanoyl sulfosuccinate.

Dispersant formulations also contain a solvent to dissolve solid surfactant
and reduce viscosity so that the dispersant can be sprayed uniformly. A solvent
may be chosen to promote rapid solubility of the surfactant in the oil and to
depress the freezing point of the dispersant mixture so that it can be used at
lower temperatures.

The three main classes of solvents are: (1) water, (2) water-miscible
hydroxy compounds, and (3) hydrocarbons. Aqueous solvents permit
surfactants to be applied by eduction into a water stream. Hydrocarbon solvents
enhance mixing and penetration of surfactant into more viscous oils. Examples
of hydroxy-compound solvents are ethylene glycol monobutyl ether, diethylene
glycol monomethyl ether, and diethylene glycol monobutyl ether. An example
of a hydrocarbon solvent is a low-aromatic kerosene. High-boiling solvents
containing branched saturated hydrocarbons are also used since they are less
toxic than aromatics.

Appendix A gives a list of chemical formulations for use on oil discharges
listed in 1987 by the U.S. Environmental Protection Agency in its National
Contingency Plan Product Schedule (Flaherty and Riley, 1987). Composition of
some of these formulations have been disclosed in patents, but all are
proprietary. Only U.S. EPA listed formulations may be used to treat oil
discharges in U.S. waters (Chapter 6).

Matching Dispersant Formulations with Oil Type for
Increased Effectiveness

Because oils vary widely in composition, it is reasonable to hypothesize
that a particular dispersant formulation could be more effective with one oil
than another; indeed that a dispersant could
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be matched to a particular oil for increased, possibly optimal, effectiveness.
This is not possible at present for a number of reasons. Only a limited number
of different dispersants have been used or are available. Such a narrow subset of
all possible formulations has resulted from a convergent evolution in the
industry. Furthermore, limited use has been made of chemical dispersants
during accidental spills in the United States, and only a few research spills have
been conducted using different dispersants with the same oil.

Because it is not possible to conduct field tests of all dispersants with all
oils, a more practical approach has been taken: formulations that perform best
in laboratory studies are used on oil spills. If a dispersant works, it continues to
be used.

It should be noted, however, that the effect of dispersant application may
be delayed, as was observed in Lichtenthaler and Daling's (1985) Norwegian
offshore research studies. Effectiveness also may be reduced by oil resurfacing
later (Bocard et al., 1987). Temperature can affect dispersant performance in
ways other than by changing the viscosity of the oil. The solubility of
ethoxylated surfactants in water increases at lower temperature. For example, at
similar dispersant-oil ratios, water salinity, and wave energy, dispersant OSD-1
was found to be 100 percent effective (all oil was removed from the water
surface) in laboratory tests at 15°C, but only 56 percent effective at 5°C. In
contrast, dispersant EXP-A was 100 percent effective at both temperatures. This
difference was explained by changes in water solubility and HLB of the
dispersant (Becker and Lindblom, 1983).

Fate of Surfactants and Solvents in the Aqueous Environment

Surfactants are used for many purposes other than treating oil spills, and
their degradation in the aqueous environment has been a concern since the
1950s, when synthetic alkylbenzene sulfonate (ABS) detergents were found to
be resistant to biodegradation and produced persistent foam on waters receiving
domestic sewage effluent. This problem was solved by replacing the ABS
detergents with more readily biodegradable surfactants. Manufactured
surfactants in 1983 totalled about 24 million metric tons worldwide, most of
which were employed as household detergents and industrial cleaners (Layman,
1984:49). It is recognized that surfactants used in detergents may contribute to
stream pollutant discharges that are continuous and often affect a large area
over many years. In contrast, dispersants and dispersed oil inputs to the sea are
usually rare or infrequent
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events that could cause temporary effects in the open sea, but cause large, short-
term disruptions in restricted areas. Therefore, a direct comparison of
continuous surfactant discharge from industrial and household use and
dispersant surfactant loading is tenuous, at best, in regard to environmental
effects of the two sources.

Some discharged surfactants are biodegraded in sewage treatment plants,
but many are not because much of the sewage is not treated. Some of the linear
alkylbenzenes (LAB), used in the manufacture of linear alkyl sulfonates (LAS)
remain as an impurity in LAS, and are found in suspended particles and
sediments surrounding municipal waste discharges. Eganhouse et al. (1983)
used LAB as tracers and stated that they appear to be preserved in sediments for
10 to 20 years.

Some work has been done on the rate of breakdown and environmental
concentrations of surfactants in the water column (Kozarac et al., 1983; Lacaze,
1973, 1974; Penrose et al., 1976; Una and Garcia, 1983). Surfactants are also
transferred from water to air via sea spray, and increase the production of
marine aerosol. They may thus encourage the transfer of oil slick components
into the atmosphere (Fontana, 1976). Adsorption of surfactants onto sediments
is discussed later in this chapter (see also Inoue et al., 1978).

Surfactants can also become bioconcentrated and metabolized in the tissue
of fishes and invertebrates (Comotto et al., 1979; Kimerle et al., 1981; Payne,
1982; Schmidt and Kimerle, 1981). Metabolic breakdown of the surfactants is
rapid (85 percent in 4 days).

The fate of solvents used in dispersant formulations might also be of
concern. Hydrocarbon solvents are similar to portions of the oil being dispersed
and tend to suffer a similar fate. Glycol ether solvents are likely to be more
readily biodegradable than the oil being dispersed, but nothing appears in the
literature about the toxicity of their degradation products. However, the
concentrations are usually small and decrease rapidly owing to dilution and
mixing.

FATE OF OIL SPILLED ON OPEN WATER

Slick Thickness

Slick thickness is an important parameter in predicting optimum dispersant
dosage (Chapter 5), but the thickness of an oil slick at sea cannot be readily
determined. Reliable measurements of thickness over the whole area of a slick
have rarely been made (Hollinger and
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Menella, 1973; Lehr et al., 1984; O'Neill et al., 1983). Infrared remote sensing
provides an image of thick slicks, 10 to 50 pm or greater (O'Neill et al., 1983),
and ultraviolet sensing can measure slicks down to the submicron range.
Combined, infrared and ultraviolet remote sensors can be used to calculate areas
and ratios of thin to thick slicks. The limits to infrared detection are unknown,
however, and certainly vary with environmental conditions and oil type.
Varying intensity levels in the infrared have been processed to yield additional
contours, but assignment of thickness to such contours, although attempted, has
been only relative (Ross, 1982).

Actual slicks at sea are nonuniform in thickness and distribution on the
surface. The thickest portion of a slick can be as great as several millimeters
and the "sheen" (microlayer) only 1 to 10 um. In one experiment, infrared
thermography showed that thin areas of the slick were 10 to 20 um and thick
areas were 150 to 200 pm. The thicker portion contained 28 of the 42 bbl of
spilled oil (Bocard et al., 1984), but covered only about one-fifth of the slick's
surface area.

Most estimates of slick thickness are averages based on the visual
appearance of the oil or calculated by dividing the total volume of oil by its
observed area (International Tanker-Owners Pollution Federation [ITOPF],
1982). Some investigators believe that using average thickness, although
formally consistent, is misleading and obscures one of the most important
aspects of an oil slick from the cleanup team's point of view—its
nonuniformity. Also, from a biological point of view, exposures under a
nonuniform slick are likely to be patchy.

Nevertheless, many spills of widely varying size tend to reach a similar
average thickness of about 0.1 mm rather quickly and this rule of thumb is
widely employed by dispersant application specialists. Over several days, as the
slick spreads, average thickness may decrease to 0.01 mm (API Task Force,
1986; McAuliffe, 1986). The following is some evidence for such a
generalization:

¢ The Chevron Main Pass Block 41 C blowout, released oil at 1,680 to
6,650 bbl/day. The slick size varied, but was about 1-km wide and 10-
km long, with thicker oil near the platform. The average thickness was
0.02 to 0.09 mm (McAuliffe et al., 1975; Murray, 1975).

e The Hasbah 6 oil well blowout in the Arabian Gulf released a viscous
oil slick that extended for many miles. After 2 weeks, 9,930 bbl of oil
were skimmed from an area of 11.3 km?. The slick was thus estimated
to be at least 0.13-mm thick (Cuddeback, 1981).
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* In the API-EPA research spills, 20 bbl were released over 5 to 10 min,
corresponding to rates of 3,000 to 6,000 bbl/day. After 15 to 30 min,
before dispersant spraying began, the slicks covered 20,000 to 30,000
m2. Average thickness was therefore 0.1 to 0.2 mm (Johnson et al.,
1978; McAuliffe et al., 1980, 1981).

* In a Norwegian test spill of 700 bbl over 2 hr (corresponding to 8,400
bbl/day), the thick part of the slick, containing 90 percent of the oil,
covered 1 km? after 8 hr and remained at 1.5 to 2 km? for the next 5
days. The average spill thickness decreased from 0.06 to 0.013 mm
(Audunson et al., 1984).

* Data from the 1983 Halifax trials showed average thicknesses of
untreated slicks was of the order of 47 um after 1 hr, decreasing to 40
um after 2 hr. The thin portion of the slicks was estimated to be of the
order of 1-um thick (Canadian Offshore Aerial Applications Task
Force [COAATF], 1986).

A large release over a short time, such as would occur from a tanker
accident, initially produces much thicker slicks near the release point. For
example, release of 200,000 bbl into an area 100 m in diameter could create an
average thickness of 20 mm, but if the slick spreads, the average thickness
decreases. In cold climates and waters, however, the higher viscosity of oil can
cause a stable slick to be thicker than 0.1 mm. In addition, slick thickness could
increase as the oil becomes emulsified to form mousse, which occurred during
the Amoco Cadiz disaster and many other incidents.

Slick Spreading

Oil slicks are usually nonuniform in thickness because of the interaction of
interfacial tension, gravity, and viscosity in spreading processes, the
accumulation of oil at downwelling convergence zones produced by water
movement, and the formation of high-viscosity water-in-oil emulsions
(mousse). Furthermore, oils have different spreading tendencies, particularly on
cold water (Tramier et al., 1981). The work of Fay (1971) provided a
mathematical prediction for spreading under the influence of interfacial tension
and gravity. His model predicts an area increasing to a maximum value
proportional to the 3/4 power of the volume of oil spilled. Although the model
included water viscosity, it did not include the effects of oil viscosity,
emulsification, and evaporation, and considered only a calm water surface.
Nevertheless, the model was successful in predicting
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results of laboratory experiments and was subsequently used in more elaborate
models (Huang and Monastero, 1982).

However, field tests revealed the limitations of Fay's approach. Jeffery
(1973) reported the formation of an elongated slick with the major dimension
increasing linearly with time over 4 days. The minor dimension increased
rapidly during the first few hours, then remained constant. In the experiments
reported by Cormack et al. (1978), the minor dimension increased at a rate in
accordance with the Fay equations, but the major dimension increased at 10
times the expected rate. Attempts to deal with factors not addressed by the Fay
approach include constraining the slick to be elliptical (Lehr et al., 1984) or
imposing artificial nonhomogeneity on the slick by dividing it into "thick" and
"thin" portions (Mackay et al., 1980a).

Recent studies have shown that the dominant mechanism of oil spreading
is the interaction of the oil droplets with diffusive and current shear processes in
near-surface currents (Elliot, 1986). Work by oceanographers, such as Bowden
(1965), Fisher et al. (1979), and Okubo (1967), have shown that a patch will
elongate in the direction of flow. The length scales of the patch in the along-
and cross-flow directions are approximated by equations that suggest that
initally the spreading of oil droplets will be Fickian*—that is, it is dependent on
the spatial concentration gradients—and that spreading will grow linearly with
time. These expressions also show that, with time, velocity shear is more
influential.

Subsurface release from a well blowout produces a thinner slick than a
release directly onto the water surface because of the entrainment of water (and
oil) in rising gas bubbles (Fannelop and Sjoen, 1980). At the surface, water and
oil flow away from the center of the plume, and the oil slick spreads faster than
oil released on a quiet surface.

A model of the Ixtoc I blowout developed on these principles estimated
that, at 1 km from a 30,000 bbl/day subsurface discharge, slick thickness would
be 0.06 mm (Fannelop and Sjoen, 1980). This may be compared with an
average thickness of 0.07 mm calculated by Jernelov and Linden (1981) and
McAuliffe (1986). For a surface discharge, the calculation of Fannelop and
Sjoen would indicate a thickness of 1.3 mm under the above conditions.

* Fick's first law states that the flux, or rate of diffusion, of a material (e.g., oil
particles, chemicals) is proportional to the concentration gradient; this relationship
assumes that flow is laminar.
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In addition to the spread (or sometimes contraction) of the slick under
control of surface tension and viscosity, a variety of oil types in test and
accidental spills, including the Ixtoc I spill, have been observed to spread into a
complicated texture of thick "pancakes" and thin sheen. Formation of mousse is
common. Windrows produced by surface convergences are further
complications. Thicker patches have been observed to move downwind at a
faster rate, leaving a thinner trailing sheen behind. Published observations of
actual thickness variation downdrift from Ixtoc I are rare and none are
quantitative. Several months after the well blew out, observers on research
vessels, small boats, and helicopters, characterized the oil in the plume as
occupying five zones (Atwood, 1980):

1. A continuous light-brown water-oil emulsion on the surface
occurred in the immediate vicinity of the flames at the wellhead
and extended no more than a few hundred meters down the plume.

2. The sea surface was 30 to 50 percent covered by a light-brown
emulsion in disoriented streaks. This zone started a few hundred
meters down-plume from the burn and extended several kilometers,
depending on wind stress. At times it was virtually absent.

3. The sea surface was 20 to 50 percent covered by light-brown
emulsion oriented in streaks parallel to the wind direction,
apparently in the convergence zones of the Langmuir surface
circulation.* The streaks were surrounded by a sheen, their width
varied from a few centimeters to a few meters, and their length
varied from one to tens of meters. The dimensions depended on
wind stress. This zone extended from a few hundred meters from
the flames to several kilometers down the plume.

4. The light-brown emulsion darkened until the streaks were black,
apparently from photooxidation, since the degree of darkening
seemed to depend on light intensity. Langmuir streaks were
blackened in the center and light brown at the edges. At times they
coalesced into lines of blackened oil several kilometers long. At the
brown edges were small balls of viscous emulsion (mousse). The
softer balls would coalesce on contact; in some instances grapefruit-
sized balls formed a raft 50 m in diameter. Most of these phenomena

* The combination of wind forces and wave forces produce currents that rotate
cylindrically. The convergences between these currents, or windrows, are straight
running in the direction of the wind, and their distance apart ranges from 20 to 50 m
depending on wind speed (Faller, 1978).
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occurred 10 to 40 km from the burn. A light to heavy sheen of
surface oil was always present in this zone.

5. An extensive sheen (1 to 10 um), visible because it changed the
reflectivity of the water surface, covered more than 50 percent of
the surface, usually in the form of Langmuir rows, and extended to
the farthest extremity of the plume.

Other observers noted that there were typically three to six "stringers,"
slicks much longer than they are wide, 1 to 3 mm thick (Fraser and Reed, 1982).
Observers from Petroleanos Mexicanos also noted the complicated nonuniform
structure of the Ixtoc I slick (Petroleanos Mexicanos, 1980, translated from the
Spanish):

The oil that did not disperse moved along the surface of the sea following the
resultant marine surface currents and the direction of the winds, forming bands
and strips of variable lengths and widths and other capricious shapes.

During the first few days after the spill, the slick formed a maximum length of
15 km and a maximum width of 2 km. [As a result of] the combination of the
containing barrier, recovery of spilled oil, and the reduction in flow of oil from
the well, the size of the slick was reduced even though it advanced toward the
coast along a corridor well defined by the currents. It can be shown that the
slick did not advance as a compact and continuous mass, but as a series of
strips that from aerial observation seemed like a web.

Physical Processes of Dispersion Related to Water Motion

In addition to spreading of an oil slick and dispersal of oil into droplets,
spilled oil is distributed and transported by motion of the water mass in which it
resides. Such motion includes drift of the slick caused by wind, tides, and other
forces, motion of dispersed oil with the water mass, and redistribution of oil
with respect to the water as a result of turbulent diffusion and vertical shear.

Conventional concepts of physical oceanography are frequently used to
describe these processes. The change with time of o0il concentration at a specific
location is the sum of three terms:

1. advective changes, which depend on flow of the water mass;

2. turbulent diffusion changes, which depend on concentration
gradients of the oil within the water mass and on wind- and current-
induced turbulence; and

3. source or sink changes, which depend on physical, chemical, and
biological interactions. Solid particles on which oil has adsorbed
can settle out as sediment, dispersed oil droplets can be removed by
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recoalescence with the surface slick, or photochemical and
biochemical degradation can occur.
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Figure 2-4

Droplet size distribution for test of Kuwait crude dispersal. Source: Jasper et
al., 1978.

Reprinted, with permission, from the American Society for Testing and
Materials. © 1978 by ASTM.

Mechanical dispersion occurs primarily when waves break, which requires
wind speeds greater than 10 kn. When wave action provides sufficient energy to
overcome interfacial tension and create new oil-water interfacial area, an oil
slick breaks into small droplets, usually less than 10 pm in diameter depending
on slick thickness, that become suspended in the water column. Larger drops
form in smaller numbers, and their distribution (Figures 2-4 and 2-5) falls off
more steeply than exponentially (Bouwmeester and Wallace, 1986a,b; Franklin
and Lloyd, 1986; Jasper et al., 1978; Lewis et al., 1985; Norton et al., 1978;
Shaw and Reidy, 1979).

Advection

Bulk motion of water includes daily tidal currents; wind-induced currents
(including the Langmuir surface circulation) that occur with daily sea breezes
and longer-term time-scales (days to weeks); seasonal coastal currents; frontal
eddies in boundary currents; and mesoscale eddies, which are common in the
open ocean. Currents
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have been charted for centuries in waters frequented by ships. This accumulated
knowledge is used, for example, by the U.S. Coast Guard, Navy Supervisor of
Salvage, and the Canadian Coast Guard to predict drift so that boats and other
objects lost at sea might be found.

Many currents are unpredictable, however, and advective flow is
frequently complex and difficult to predict. For example, recent satellite-based
studies of Gulf Stream eddies have shown the potential complexity of
mesoscale circulation (Backus et al.,, 1981). This is also reflected in the
subsurface distribution of dispersed oil in the
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Figure 2-5

Droplet size distributions of No. 2 diesel oil in wind-wave tank with no
dispersant. Initial (upstream) oil thickness = 0.15 mm. Wave height is
condition II. Fetch: X = 10.6 m.

Source: Boumeester and Wallace, 1986a.
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Ixtoc I plume (Figure 2-6). Observations of a section moving from the
southwest to northeast suggested that oil was transported at least 40 km in
subsurface water. Figure 2-6 shows substantial concentrations southwest of the
blowout site ("upstream"). The upstream oil most likely was the result of
advection prior to the date on which these measurements were made, when the
current was in a different direction.
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Figure 2-6

Oil concentrations (ug/liter) in the water column following the Ixtoc I blowout.
Note the horizontal extent of the oil, which suggests the role of advection,
while the downward penetration is indicative of the role of vertical turbulent
diffusion. Source: Boehm and Fiest, 1982. Reprinted, with permission, from
Environmental Science and Technology, Vol. 16, No. 2. © 1982 by American
Chemical Society.

A second example of advective processes working at different time scales
is shown in Figure 2-7. These data were derived from an experiment designed
to test a model emphasizing physical processes, such as drift and spread, and
weathering and vertical distribution (Johansen, 1984). The surface distribution
of the oil slick followed the track of buoys quite well. In Johansen's model
(discussed in more detail later) advection was computed as a "vectorial sum of
the drift induced by the local wind, tidal currents, and an assumed stationary
background current,”" which adequately summarizes the advective components.

Physical dispersion in many areas is dominated by unique local
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Figure 2-7

Time variation of an oil slick observed by remote sensing during the Halten
Bank experiment. With time, the slick extended in line of advection and took
on shapes determined by tidal currents, inert oscillations, and wind events.
Source: Johansen, 1984.
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currents. For example, currents near a coast are primarily determined by
tidal flow, wind direction, and bathymetry, all of which are locally unique.
Convergence zones created by internal waves can be a major factor in the
onshore transport of slicks or tar lumps. Thus, in addition to models and
theoretical studies, there is a need for knowledge of important physical
processes specific to areas likely to be affected by oil spills.

TABLE 2-1 Typical Turbulent (Eddy) Diffusion Coefficients

Location K (cm¥sec) References
Horizontal Diffusion
New York Bight 5,500 Okubo, 1971
Bering Sea 2,800 Coachman and Charnell, 1979
Harrison Bay 780 Wilson et al., 1981
Vertical Diffusion
Bering Sea 185 Cline et al., 1982
Beaufort Sea 25 Liu and Leendertse, private communication

SOURCE: Pelto et al., 1983.

Turbulent Diffusion

Turbulent diffusion coefficients are scale dependent since turbulent
diffusion does not obey Fick's diffusion laws rigorously (some typical values
are given in Table 2-1). However, the order of magnitude of values is
instructive: horizontal turbulent diffusion tends to be more than 10 times faster
than vertical. For oil dispersion, this means that surface spills tend to stay near
the surface and to be advected horizontally, rather than to diffuse downward
and enter a less observable regime.

Prediction of vertical movement may be highly simplified by using a
"diffusion floor" (Mackay et al., 1982). Dispersant-treated oil tends to be under
greater influence from vertical diffusion than untreated oil (Chapman, 1985),
and this type of physical transport can be addressed using a depth-dependent
diffusion coefficent.

The classic study of turbulent ocean diffusion was made by Okubo (1971),
and recent theoretical and observational studies that
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give new information on the topic are Cline et al. (1982), Wilson et al. (1981),
and Coachman and Charnell (1979).

il Concentration Under Slicks

Oil dispersed into the water column can come into contact with marine
organisms that would not otherwise be affected by an oil spill. It is important to
know the concentration of oil and its distribution in the water column in order to
assess the environmental impacts of using a dispersant to treat an oil spill.

Vertical distribution of oil components in the water column depends on
many physical factors, chiefly sea state, which breaks a slick into droplets and
during storms can mix the upper layers of water to a depth of 10 m or more.
(This vertical distribution has been studied in a number of field experiments
described in Chapter 4.) Under untreated slicks, oil concentrations typically are
a few parts per million to less than 0.1 ppm, diminishing with depth and with
increasing time. For example, in one experiment water sampled beneath two
untreated control slicks 2 to 6 hr after the spill gave oil concentrations ranging
between 3 to 5 ppm at 1 m and 0.03 and 0.63 ppm at 2 m (Lichtenthaler and
Daling, 1985).

In addition to redistribution of physically dispersed oil, the more soluble
components of oil, such as benzene, toluene, xylene, and naphthalene, which
are also more acutely toxic than other components, dissolve in the water and do
not resurface if the droplets coalesce. Methods for analysis of oil in water are
not consistent among researchers. For example, some researchers measure
volatile hydrocarbons (C; to C;y). Others extract the water with a solvent and
measure high molecular weight hydrocarbon by fluorescence, gas
chromatography, or by weight.

The toxicity of a hydrocarbon component to marine organisms depends on
the aqueous solubility of the compound, how concentrated it is in the portion of
the water where the organism lives, the type of organism, the length of time it is
exposed, and many other specific factors (see Chapter 3).

Evaporative Loss of Volatile Hydrocarbons

During the first 24 to 48 hr of an oil spill, evaporation is the single most
important weathering process affecting mass transfer and removal of toxic
lower molecular weight components from the
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slick. Evaporative loss is controlled by the composition, surface area, and
physical properties of the oil and by wind velocity, air and sea temperatures, sea
state, and solar radiation. The thinness of a slick and the small diameter of
dispersed oil droplets allows the volatile hydrocarbons (C; to C) to evaporate
quickly or go into solution. Evaporation greatly predominates over solution. For
example, Harrison et al. (1975) demonstrated that evaporation is 100 times
faster than solution for aromatics, and 10,000 times faster for alkanes.
Biological toxicity of the remaining surface oil or droplets dispersed into the
water column should thereby be greatly reduced (Anderson et al., 1974;
McAuliffe, 1971, 1974; Wells and Sprague, 1976). From a physicochemical
model, estimated evaporative loss of volatile hydrocarbons for different crude
oils ranges from about 20 to 50 percent in 12 hr (Mackay et al., 1980a; Nadeau
and Mackay, 1978; van Oudenhoven et al., 1983). The lower percentage occurs
with more viscous oils.

Field measurements have demonstrated rapid loss and low concentrations
of C; to C;( hydrocarbons in oil samples from surface slicks, and in water under
untreated and chemically dispersed crude oil slicks. McAuliffe (1977) and
Johnson et al. (1978) showed complete loss from a crude oil slick of low
molecular weight aromatic hydrocarbons in 8 hr, for example, benzene and
toluene within 1 hr, dimethylbenzenes by 5 hr, and trimethylbenzenes by 8 hr.

Evaporative losses of specific compounds are difficult to predict
theoretically and thus limit theoretical modeling of weathering. Henry's law
constants are required for hundreds of individual components whose rate of loss
is usually assumed to be controlled only by individual mole fraction (which
cannot be determined) in the crude or distillate product and pure component
vapor pressure. This assumption can lead to some simplification, since
pseudocomponents (or distillate cuts) of various boiling point ranges have been
used in modeling evaporative behavior, and good agreement between observed
and predicted behavior has been obtained (Page et al., 1983, 1984; Payne and
McNabb, 1984).

Dissolved hydrocarbons, like the slick, are most concentrated near the oil
spill release point, particularly if it is beneath the water surface. The regions in
which the seawater is likely to be most toxic are therefore localized. As the
slick spreads and evaporates, low molecular weight compounds are lost and the
risk of subsurface exposure to these diminishes. Acute toxicity of oil on or near
the
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surface oil therefore tends to be diminished by evaporative weathering (Gordon
et al., 1976; McAuliffe, 1986; Wells and Sprague, 1976).

Photochemical Processes

Oxygen- containing products, resulting from exposure of oil to air and
sunlight, are likely to have some surface activity (Klein and Pilpel, 1974).
Photochemical oxidation of most oil on water occurs slowly, so the
concentration of oxidation products and their effects on dispersibility are likely
to be small in the first few days after an oil spill (Burwood and Spears, 1974;
Hansen, 1975, 1977; Payne and McNabb, 1984; Payne and Phillips, 1985;
Wheeler, 1978). However, for some oils (typically, waxy crudes), photolysis
may have a significant effect on chemical dispersibility and on the formation
and stability of water-in-oil emulsions after only a few hours of exposure
(Daling, 1988; Daling and Brandvik, 1988).

Although some oxygenated products have been isolated from samples
taken at large oil spills, most predictions are based on small-scale laboratory
experiments, and little or no fieldwork has been done on this process (Overton
et al., 1979, 1980; Payne and McNabb, 1984; Payne and Phillips, 1985).

Mousse Formation

The formation of stable water-in-oil emulsions appears to depend on the
simultaneous presence of asphaltenes and paraffins (Bridie et al., 1980; Payne
and Phillips, 1985). Although their experiments were not aimed at establishing
the limits of either component, Bridie et al. noted the following:

* The original sample (Kuwait 200+ fraction, with 6.6 percent asphaltene
and 9.8 percent paraffin wax) readily formed mousse.

* When waxes and asphaltenes were removed, no mousse could be
formed.

* When either waxes or asphaltenes were added back to the basic oil
singly, no mousse could be formed.

* When both waxes and asphaltenes were added back to the basic oil,
mousses were easy to form.

* When only 10 percent of the original asphaltene content was added
together with the waxes to the basic oil, mousses were easy to form.
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Water-in-oil emulsions can be destabilized by adding surfactants that
displace the indigenous surfactants from the interface (Canevari, 1982). One
product performed well as an emulsion preventer at product-to-oil ratios as low
as 1:5,000. The product has a high oil-to-water partition coefficient (10,000)
compared to most dispersants (10), and is a better dispersant than Corexit 9527
at ratios between 1:400 and 1:5,000 (Buist and Ross, 1986, 1987). Similarly,
dispersant formulation effectiveness may depend on interaction with the
indigenous surfactants at the interface. Such an interaction appears to affect
dispersant performance even more than the physical properties of crude oil
(Canevari, 1985).

BEHAVIOR OF OIL-DISPERSANT MIXTURES

Criteria for Effective Dispersal

The chemical nature of dispersants and the physical and chemical
processes that affect untreated oil have been reviewed, and this chapter now
turns to the physical and chemical criteria for effective chemical dispersal. (The
various factors that influence success or failure of a dispersant response
operation—equipment design, dispersant regulation, dosage, remote sensing,
application strategy, and logistics—are discussed in Chapter 5.)

Some of the processes discussed earlier, particularly advection and
turbulent diffusion, apply to chemically dispersed oil as well as untreated oil.
However, chemical dispersants can cause major changes in slick-spreading
characteristics; droplet formation, stabilization, coalescence, and resurfacing;
and adherence of oil to solid surfaces, suspended particulate matter, and
sediments. Four basic criteria must be met for effective chemical dispersal of oil
to occur:

1. Dispersant must be sprayed onto the slick. This obvious criterion
can be a major problem in practice. Dispersants are usually sprayed
from boats or aircraft onto a floating oil layer.

2. Dispersant must mix with oil or move to the oil-water interface.
Dissolution of dispersant in bulk oil is not necessary as long as the
surfactant molecules adsorb at the interface. The ideal dispersant
application system produces drops small enough to just penetrate
the slick; not so small that they remain at the oil-air interface or
blow off-target with the wind, and not so large that they penetrate
the slick and are lost in the water column (see Chapter 5; API Task
Force, 1986).
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3. The dispersant must attain the proper concentration at the interface;
ideally, that is the concentration that causes a maximum reduction
in interfacial tension (Rewick et al., 1981). The ideal dosage
(quantity per unit area) is an amount sufficient to cause dispersion
but not so high that dispersant is wasted. Although uniform dosage
is the goal, actual dosage is often neither uniform nor precisely
known (Chapter 5; API Task Force, 1986; Exxon Chemical
Company, 1985).

If wind blows falling droplets outside the slick boundary, or if
previous droplets cause herding—the movement of the slick into
narrow bands interspersed with clear water—or dispersion, a
falling droplet will be ineffective. In principle, thick areas require
more dispersant and thin areas require less, but there is no practical
way to vary the application rate to achieve a constant dispersant-to-
oil ratio. Spray equipment is set to provide a uniform quantity per
unit area. Dispersants may be applied "neat" (undiluted) or diluted
by water or a hydrocarbon solvent. In practice, average dosage
required is determined from manufacturer's recommendations (e.g.,
Exxon Chemical Company, 1985) and experience.

4. The oil must disperse into droplets. Energy is required to increase
the oil-water interfacial area. The lower the interfacial tension, the
less energy is required. Indeed, under optimum conditions (very
low interfacial concentration for some dispersants), oil-water
interfacial tension can be reduced to less than 1 dyn/cm, and almost
any minor agitation will suffice. The energy can come from wind,
waves, or mechanical stirring, although normal wave energy is
usually adequate.

Relation of Qil Composition to Dispersibility

Earlier, the question whether dispersant formulation could be varied to
match particular oil types was answered "no." Here, a related question is
addressed: What oil composition factors influence the ease with which oil can
be dispersed?

Crude oils naturally contain some surface-active compounds, which are
believed to contribute to mousse formation and can interact unpredictably with
a dispersant's surface-active components (Payne and Phillips, 1985). However,
all oils are not equally dispersible (Canevari, 1987). This is not surprising given
the many variations in oil composition and physical properties.

Available data about oil properties include volume yield during
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distillation to temperatures that correspond usually to commercial product
fractions, API gravity, viscosity, sulfur, nitrogen, nickel, vanadium, aromatics,
naphthenes, smoke point, pour point, and aniline point (Bobra and Chung,
1986; Payne and McNabb, 1984). Of these data, the only ones that have been
correlated with dispersibility are viscosity and pour point. Information on the
influence of oil composition on dispersibility is poorly understood and is
insufficient to allow a rigorous prediction of the dispersibility of a particular oil.
Testing is usually needed.

TABLE 2-2 Labofina Effectiveness Results, Standard 1-Min Delay Before Sampling

Dispersant®
Crude Oil Emulsion Tendency A B C D
Kuwait Extremely strong 25 12 8 21
La Rosa Extremely strong 24 — — 20
North Slope Strong 26 — — 30
Guanipa Strong 18 — — 35
Loudon Strong 23 4 5 21
Murban Intermediate 17 10 10 21
Southern Louisiana Relatively weak 20 11 4 15
Ekofisk Weak 26 12 7 34
Saharan Blend Weak 19 — — 38
Goose Creek Weak 31 — — 29
Cyy None 46 39 24 50

2 Identity of dispersant was not revealed in the publication.
SOURCE: Canevari, 1987.

Differences in performance of different dispersants with the same oil also
occur, despite similarities in some dispersant compositions. An example from
laboratory experiments with four dispersants on various crude oils is shown in
Table 2-2 (Labofina test, discussed later in this chapter). Tetradecane (C;4) was
used as a standard having no tendency to form water-in-oil emulsions. The four
dispersants performed on Cy, in the order D > A > B > C, which was generally
preserved for the 10 crude oils tested. However, differences varied greatly. For
example: for Ekofisk crude oil, dispersant C's effectiveness was rated 7, and
that for D was 34; for Cy4, C was 24 and D was 50; for Guanipa crude, D was
35 and A was 18; for Kuwait crude, A was more effective at 25 than D at 21
(Canevari, 1987).
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Another example is the comparison of two crude oils adjusted to the same
viscosity. Normally LaRosa crude (73 cSt viscosity at 16°C) is more difficult to
disperse than Murban crude (6 c¢St). When LaRosa crude was diluted with pure
isoparaffin oil to a viscosity of 6 cSt, its dispersion efficiency (Mackay-Nadeau-
Steelman [MNS] test, dispersant-oil ratio 0.003:1) was 50 percent compared to
78 percent for Murban crude of the same viscosity (Canevari, 1985).

Laboratory studies (NRC, 1985) have shown that metalloporphyrins,
which are naturally occurring components of crude oils, with some surface-
active properties, favor formation of water-in-oil emulsions (mousse). Canevari
(1985) predicted that these trace components would tend to inhibit dispersion
(oil-in-water emulsion formation) rather than enhance it. The literature on
enhanced oil recovery indicates that other oil components might also affect
dispersant effectiveness (Healy et al., 1976). For example:

* Aromaticity. Solubility in the oil phase of the oleophilic portion of
surfactant molecules would be expected to increase with the
concentration of aromatic constituents in the oil (Bancroft, 1913). On
the other hand, aromatics facilitate dissolution of dispersant in oil
(Mackay, private communication). Experiments by Mackay et al.
(1986) indicate that addition of toluene to Alberta crude oil in some
cases increased effectiveness as measured by MNS and rotating flask
tests.

* Naphthenic acids. These are carboxylic acids of cyclic hydrocarbons.
They are not strongly surface active but could interact with added
surfactants. U.S. West Coast crudes typically contain much higher
concentrations of naphthenic acids than Gulf Coast crudes (acid
numbers are 3.5 to 4.0 in California versus 0.4 to 1.3 in the Gulf).

* Pargffin. The pour point of an oil is strongly correlated with its
paraffin (wax) content. As spilled oil weathers and gradually loses its
lower molecular weight components by evaporation, the higher
molecular weight paraffins increase in relative amount and also
become less soluble in the remaining oil, in some cases forming a
separate solid phase. The result is an increase in pour point. If the pour
point of the weathered oil becomes higher than the ambient water
temperature, the oil will become solid or semisolid and be
nondispersible.

* Asphaltenes. Wax and asphaltenes are stabilizing agents for water-in-
oil emulsions that, with their very high viscosity, are extremely
difficult to disperse. Hence asphaltenes can be important to
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determining dispersibility. Unfortunately, they are not a factor
commonly determined in oil analysis. Lindblom (private
communication) suggests that the 650+°F fraction might be taken as a
surrogate in predicting whether mousse formation is likely. If that
fraction is greater than 40 percent, the oil may tend to emulsify and
will be difficult to disperse.

Effect of Oil Viscosity, Time, and Other Parameters on
Dispersion

In this section, the influence of viscosity and other important
physicochemical parameters will be considered in the context of optimizing
dispersion. The effectiveness of oil dispersants as determined by laboratory
tests is strongly dependent on oil viscosity. Viscosity has two effects: it retards
dispersant migration to the oil-water interface, and it increases the energy
required to shear off a drop from the slick. Forces applied to a viscous slick
from water motion tend to be transmitted through the slick rather than being
dissipated in the slick and causing dispersion (Mackay, private communication).

Dispersants are most effective for oil viscosities less than about 2,000 cSt,
and almost no dispersion occurs over 10,000 cSt (see Figure 2-8) (Cormack et
al., 1986/87; Lee et al., 1981; Morris, 1981). This viscosity limit was chosen by
the United Kingdom as a reference point against which to consider the number
of oils likely to be treatable by dispersants at sea (Cormack et al., 1986/87).
Other researchers use 2,000 or 5,000 cSt as the limit (ITOPF, 1982).

Daling (1988) points out that the upper viscosity limit for chemical
treatment of oils and water-in-oil emulsions is specific for different oils. It is
therefore not possible to use a general viscosity limit, particularly on water-in-
oil emulsions, where the dispersant has to break the emulsion into oil and free
water at the surface before dispersion of the oil into the water column can take
place.

Criticality of Timely Response

According to Cormack et al. (1986/87) most crude oils are treatable when
freshly spilled, but because viscosity increases rapidly with weathering, time is
critical. This time relationship is shown in Figure 2-9, which indicates increased
viscosity of different crude oils, floating on the sea and constrained in 4-m
diameter floating rings (Cormack et al., 1986/87; Martinelli and Cormack,
1979). In large accidental
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spills, oil is often 24 hr old or older when dispersant is first applied, and may
have formed mousse as well.
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Figure 2-8
Increase of viscosity of several crude oils with weathering. Source: Cormack et
al., 1986/87.

The final viscosity values likely to be reached after weathering of oil at sea
for 12 to 24 hr must be considered to determine whether and how long after a
spill dispersants can be usefully applied (van Oudenhoven et al., 1983).

According to Cormack, all crude oils are initially amenable to dispersion
except those crude oils with high initial viscosities, those that would be solid at
seawater temperatures, and petroleum products normally carried in heated cargo
tanks. All light fuel oils are amenable.

Lindblom (private communication) states that an oil is dispersible if it will
spread on water. If the oil will not spread (i.e.,
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if the water temperature is below the pour point of the oil), dispersant drops will
simply roll off of the oil layer.
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Figure 2-9

Effect of viscosity on dispersant efficiency using the Fina revolving flask test
at the Warren Spring Laboratory. Source: Morris, 1981.

The dispersant formulation used also may influence the dependence of
dispersibility on oil viscosity. For example, hydrocarbon-solvent based
dispersants appear to work better on mousse and on high-viscosity oils than do
dispersants with water, glycol, or glycolether solvents, probably because their
dissolution in the oil keeps oil and dispersant in contact longer (COAATF,
1986; Fraser, private communication).

Contact Time of Dispersant With Oil

Contact time between the dispersant and oil is an important factor in
effectiveness of dispersal. If the dispersant is water soluble it can be diluted in
the water before the proper interfacial structure can be developed to stabilize
droplets. The Labofina test as practiced at Warren Spring Laboratory uses a
contact time of 1 to 1.5 min before the onset of agitation. For oil or mousse with
a viscosity of 10,000 cSt, the standard WSL Labofina test gives almost zero
effectiveness, but with a contact time of several minutes the effectiveness could
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be as high as 40 percent (Cormack et al., 1987). With shipboard applications
systems, estimated contact time may be as short as 2 sec.

Effect of Dispersant on Slick Dynamics

Because chemical dispersants lower interfacial tension between oil and
water, they greatly alter the dynamics of slick spreading and the development of
slick structures described earlier.

One of the most obvious and rapid effects, when surfactant is first applied
to an oil slick, is herding (Chau et al., 1986; Delvigne, 1985; Mackay et al.,
1986). The surfactant lowers the surface tension of the water thereby causing
the oil slick to contract in a few seconds. This herding soon subsides and is not
important after a few minutes.

On a longer time scale, oil slicks treated with dispersant appear to spread
more rapidly than untreated slicks. Near St. John, Newfoundland in 1981,
investigators found that a treated slick initially spread slower than untreated
ones, spread more rapidly after 2 hr 30 min, and after 3 hr 45 min was 33
percent larger (Goodman and MacNeill, 1984). Three sets of slicks laid down
during a test near Halifax in 1983 also exhibited this effect—the treated slick
spread slower at first (COAATF, 1986). The transition times and excess area
varied, however—both slicks were the same size after 4 hr 15 min for the
Corexit 9527 treated slick, 1 hr 45 min for Corexit 9550, and 2 hr for BPMA
700. The Corexit 9550 slick was 4 times larger than the untreated slick after 2
hr 30 min.

Application of dispersant to a mousse patch from the Ixtoc I blowout was
described in the cruise report of the ship Longhorn. On August 18, 1979, the
ship encountered a large area of reddish to chocolate-colored viscous oil,
containing much debris. A strong odor, likened to the smell of "an old gas
station," permeated the area. The mousse was so viscous it made a "slurping"
sound against the side of the ship. When the oil surface parted, schools of small
silvery fish and some sharks could be seen swimming below.

Shortly after the mousse was found, a DC-6 aircraft appeared and sprayed the
patch, presumably with a dispersant; after the spraying had ceased, the
Longhorn steamed back into the mousse and found the area of the patch
appeared smaller, as if the oil had been "herded" by the chemical. Its texture
was now more liquid, but the layer was thicker. (Hooper, 1981:186)

These phenomena are rarely addressed by modelers, and not
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much progress has been made in developing mathematical expressions for their
effects (Zagorski and Mackay, 1981). Payne and McNabb (1984) have written:

It is not possible at this time to model spilled oil behavior beyond first order
estimations of total area potentially covered for a defined range of slick
thickness.

The variables affecting modeling of dispersed oil behavior are even more
complex; these are addressed later in this chapter.

Behavior of Droplets and Resurfacing

Addition of a chemical dispersant reduces the energy required to break a
slick into droplets. If the interfacial tension is sufficiently low, chemically aided
dispersion can occur in the absence of breaking waves. In addition, under
similar conditions the number of small drops tends to be larger for oil dispersed
chemically than mechanically (Jasper et al., 1978).

Droplet size greatly affects the physical transport of oil. Because oil drops
are generally less dense than water, larger droplets rise to rejoin the slick,
smaller ones rise more slowly, and the smallest ones tend to remain suspended
in the water column as the result of turbulent diffusion. The suspended droplets
are then transported horizontally by subsurface currents and can diffuse deeper
into the water column. Oil droplets can be removed from the water column by
combining with sediment and other abiotic particles, or becoming bound to or
ingested by biota, such as plankton.

Size distribution of dispersed oil droplets in the water is an important
measure of dispersant effectiveness (Mackay et al., 1986). A spectrum of oil
drop diameters can be characterized by a variety of terms: most-frequent droplet
size or mean droplet size are used, as is volume mean diameter (vmd), the
droplet size that contains average volume. The latter measure is quite different
from mean droplet diameter or size since the volume of a sphere increases with
the cube of the diameter. For example, a dispersion may have a mean particle
diameter of 5 um, but a volume mean diameter of 70 um (Byford et al., 1984).

Depending on the interfacial tension produced by the dispersant and the
energy with which the oil is dispersed, the vmd may range from 1 to 200 pum.
For example, the vid of dispersed oil droplets (at dispersant-oil ratios of 1:16
to 1:100) were 14 to 225 um in the MNS test, and 17 to 84 um in the Labofina
test (Lewis et al., 1985). Ideally,
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the dispersed oil droplets should be as small, if possible having a vind as low as
1 to 5 pm, in order to avoid resurfacing.*

A laboratory study of the effect of temperature and energy on droplet size
distribution (Byford et al., 1984) found that the vimd of oil droplets was most
strongly influenced by dispersant formulation and energy input, but temperature
(0° to 20°C) had only a minor effect. Dispersant-oil ratio had a great effect on
vind for a low-performance dispersant, but not for a high-performance
dispersant. Density had a greater influence on vmmd than viscosity, at constant
temperature.

Delvigne (1987) showed that droplet size distributions became smaller
with increasing energy input (d varied as E°7) as well as duration. Oil type,
weathering state, and temperature all affected viscosity, and droplet size was
approximately proportional to the 0.34 power of viscosity. Droplet size
distributions were similar whether they were drawn from submerged oil or a
surface layer, and they were independent of salinity.

To characterize the resurfacing of the larger droplets for a given
observation time and turbulent regime, Mackay et al. (1986) used in their model
the concept of a critical oil droplet diameter, above which most oil will
resurface and below which most oil remains dispersed. The higher the mixing
energy, the larger this critical droplet diameter will be.

With time, the depth of dispersed oil particles increases (Mackay et al.,
1986). In practice, this depth depends on oceanographic conditions, especially
turbulent diffusion and mesoscale currents. It is not necessary that all oil
droplets remain in the water column indefinitely for the dispersant to work.

It is apparent that for effective dispersal, oil droplets formed in the water
should be as small as possible. The smaller they are, the longer they will stay in
the water column without resurfacing (Gatellier et al., 1973; Mackay et al.,
1980b, 1986; Nichols and Parker, 1985). Byford et al. (1984) summarized the
situation by proposing that dispersed oil droplet size be regarded as a major
factor in judging dispersant effectiveness.

* The ideal vimd is an estimate based on observations; one review of this report
suggested that a 20 pm vmd is acceptable.
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QOil Concentration Under Dispersed Slicks

Dispersal of an oil slick initially increases subsurface concentration, which
may be rapidly diminished by physical transport processes. The larger oil-water
interfacial area of chemically dispersed oil may cause dissolution to be
increased, and evaporation, which depends on oil-air surface, to diminish.

Because the most water-soluble components of oil tend to contribute most
to acute toxicity of dispersed oils (Abernethy et al., 1986; Anderson et al., 1974;
Wells and Sprague, 1976), there is concern that the biological impact of
chemically dispersed oil on subsurface organisms might be greater than for
mechanically dispersed oil. This effect would be mitigated, in open water, by
turbulent diffusion, which transports dispersed oil away from the surface and
greatly dilutes its concentration. For a very large spill near shore, or for a
smaller spill in a confined area, turbulent transport may not be adequate to
disperse oil rapidly.

Some field studies have been designed to quantify the effects of chemical
dispersion on physical transport processes and to measure the exposure
conditions that result. The concentrations of dispersed oil measured in these
tests should be compared with toxic thresholds estimated for the organisms and
crude oils reviewed in Chapter 3. For example, during tests off southern
California, La Rosa crude was dispersed by aerial application of Corexit 9527.
An estimated 50 percent of the spilled oil was dispersed. In samples collected
20 to 25 min after dispersant application, the highest concentrations were 2 to 3
ppm at 1 to 3 m and 0.5 ppm at 6 m (McAuliffe et al., 1980). Using the concept
of ppm-hr,* the estimated exposure was 0.67 to 1.25 ppm-hr at 1 to 3 m depth
and 0.17 to 0.21 ppm-hr at 6 m. After 100 min, the concentration at 1 to 3 m
had not diminished, so that the exposure factor became 3.3 to 5 ppm-hr.

Under a slick of Murban crude oil in the same test series estimated to be 90
to 95 percent dispersed 23 min after spraying, oil concentrations were 18 ppm at
1 m and 10 ppm at 3 m. After 50 to 57 min, concentrations had diminished to 3
to 4 ppm at 1 m.

* The ppm-hr concept is an attempt to relate laboratory bioassay test data (in which oil
concentration is usually held constant) to exposure conditions in nature, where the
concentration of dispersed oil varies with time. The ppm-hr concept assumes that toxic
effects are linear, both with concentration and time. Thus, both for variable concentration
and for constant concentration, the integral of concentration times time is assumed to be
comparable. There are situations, particularly involving extremes of concentration or
time, where linearity should not be assumed.
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Exposure at 1 to 3 m ranged from 2.5 to 6.9 ppm-hr, and at 6 to 9 m it was
0.83 to0 0.95 ppm-hr.

For the best dispersed (approximately 80 percent) Prudhoe Bay crude oil
slick off southern California, McAuliffe et al. (1981) measured higher total oil
concentrations 15 min after dispersant application by aircraft: 30 to 50 ppm at 1
m, 10 ppm at 3 m. After 220 min concentrations at 1 to 9 m had decreased to
0.5 to 2.3 ppm. By graphical integration, assuming exponential decrease of
concentration with time, the exposure factors were 47 ppm-hr at 1 m depth and
12 ppm-hr at 9 m.

Cormack and Nichols (1977) measured concentrations of Ekofisk crude oil
chemically dispersed within the first 2 min after spraying from a boat: 16 to 48
ppm at 1 m. The oil concentration decreased to 5 to 18 ppm within 5 to 10 min
after spraying, and to 1 to 2 ppm after 100 min. By graphical integration, the
exposure factor in this case was 2 to 6 ppm-hr for the first 100 min.

Aerially sprayed Statfjord crude oil slicks were sampled after 30 to 50 min.
The highest o0il concentrations were 25 to 40 ppm at 0.5 to 2 m depth; at 3 m
only 4 ppm were found (Lichtenthaler and Daling, 1985). Water samples
collected 165 to 225 min after spraying contained up to 7 ppm at 0.5 to 1 m and
0.2to 1.4 ppm oil at 3 m.

Field experiments that measured oil concentration beneath naturally
dispersed (untreated) slicks gave concentrations varying from less than 0.1 to 5
ppm, and exposures of 1 to 35 ppm-hr; the higher concentrations and greater
exposure factors were found within the top meter of water. In the tests reviewed
above, concentrations of chemically dispersed oil (up to 40 ppm) and exposure
factors (up to 60 ppm-hr) are higher than those in undispersed cases.

Evaporation and Weathering of Dispersed Oil

Subsurface sampling of dispersed oil is seldom done because of logistical
and measurement problems, and because concentrations decrease quickly to
levels too low to be reliably analyzed. As a result, many questions about such
interrelated processes as evaporation and weathering remain unanswered. For
example, McAuliffe (1977) stated that "chemically dispersed oil appeared to
weather in a manner similar to oil naturally dispersed under slicks." In contrast,
Page et al. (1985) observed enhanced evaporation when oil was chemically
dispersed.
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Interaction of Dispersed Oil with Suspended Particulate
Matter and Sediment

Because a primary fate of spilled oil may be sedimentation, especially in
estuarine and nearshore environments, it is important to know whether chemical
dispersal increases or decreases transport of hydrocarbons to the sediment and
whether sedimented oil is more available to benthic biota. In this section,
physicochemical evidence for enhanced or reduced sediment transport is
examined.

Mackay and Hossain (1982) conducted a laboratory study of mechanically
dispersed oil and suspended particulate matter (SPM) interactions and
sedimentation of mechanically and chemically dispersed crude oil (Alberta,
Murban, and Lago Medio crude and Corexit 9527 and BP1100WD dispersants).
They found that in the presence of sediment, dispersed oil was removed from
the water column, and the settling velocity of oiled particulate matter was
estimated to be as rapid as 1 rn/hr. From 5 to 30 percent of the oil was
incorporated in the settled sediment. Addition of dispersant decreased the
fraction settled: for example, 30 percent with no dispersant, 10 to 15 percent at
a dispersant-oil ratio of 1:10, and 6 percent at a dispersant-oil ratio of 1:5.

The most important factor appeared to be the degree of sorption of
dissolved oil by organic matter in the sediment compared to the lower uptake of
the mineral component (Karichoff et al., 1979). Association of oil and sediment
particles changed the buoyancy of both; hence excess sediment tended to sink
the oil, and excess oil (e.g., twice the volume of sediment) tended to keep fine
sediment particles suspended. Smaller oil droplets (induced by chemical
dispersion) were less susceptible to sedimentation than larger droplets.

Even in the absence of sediment, oil droplets do not remain suspended
indefinitely. Like other particles in the size range 1 to 10 pm, they are
scavenged by zooplankton, which absorb what nutrition they can and package
the remainder into rapidly sedimenting fecal pellets (NRC, 1985; Sleeter and
Butler, 1982). Oil droplets can also be degraded by bacteria or fungi, which are
comparable in size and capable of metabolizing hydrocarbons if they are given
adequate nutrients. This group of processes is generally known as "biologically
mediated transport.”

The agglomeration of both sediment particles and oil droplets is affected in
a complex way by their interactions investigated by Harris and Wells (1979),
Mackay and Hossain (1982), and Little et al. (1986 and earlier papers). Mackay
and Hossain concluded that "prediction
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of the environmental behavior requires a detailed knowledge of the prevailing
sediment depositional regime." Nevertheless, their results suggested that
chemical dispersion of oil leads to reduced interaction with suspended
particulate matter or sedimentation.

OIL FATE AND DISPERSION MODELS

Model Types

An ideal model simulates the following processes mathematically:

¢ advection of slick and water masses;

* evaporation of oil components;

* dissolution of oil components in water;

* dispersion of oil droplets in water;

* oxidation of oil components (particularly photooxidation);
e emulsification (mousse formation);

* biodegradation of oil components; and

» sedimentation (including biologically mediated transport).

All of these processes are time-dependent and must be described by
dynamic models. State-of-the-art models include some, but not all, of these
processes at varying degrees of sophistication; but field or laboratory
experiments designed to calibrate or test models usually focus on only one
process. Comprehensive models tend to be created in response to a need, such
as the following (Mackay, 1986 and private communication):

» real-time spill trajectory—to facilitate countermeasures by on-scene
commander (requires real-time environmental data, but can be used as
a "game" for training);

* environmental impact assessment—to provide scenario for likely
impact of oil-related developments such as offshore exploration and
production or deep-water port;

* site-specific biological assessment—to provide an assessment of likely
ecological effects;

* ecosystem—to provide long-term overall assessment of impacts and
hazards on lakes, estuaries, bays, or open ocean.

Chemical dispersion is only infrequently addressed in these models;
typically the only dispersion modeled is produced by wind and surface
turbulence.

There is extensive literature on slick movement and oil fate models
(Table 2-3). The report of Huang and Monastero (1982) is
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the most complete review to 1982; Spaulding (1986) updates it. Only Mackay et
al. (1980b, 1982, 1986) and Johansen (1985a,b) consider chemical dispersion.

TABLE 2-3 Oil Spill Models Considering Dispersion

Oil Spill Model Author

DOOSIM Johansen, 1987

Applied Science Associates Spaulding, 1987
Three-dimensional shear diffusion Elliott et al., 1986
University of Toronto Mackay, 1986

SINTEF Johansen, 1985

University of Toronto Mackay et al., 1982

A. D. Little Aravamudan et al., 1981
SLIKFORCAST Audunson et al., 1980
University of Toronto Mackay et al., 1980b
University of Rhode Island Cornillon and Spaulding, 1978
SEADOCK Garver and Williams, 1978
SLIKTRAKB Blaikley et al., 1977
USC/API Kolpack et al., 1977

SOURCES: Johansen, 1985a,b; Mackay et al., 1986.

Oil-weathering mathematical models developed by Payne et al. (1983,
1984) are based on measured physical properties and generate material balances
for both specific and pseudocompounds (distillation cuts) in crude oil. They
apply to open-ocean, estuary, lagoon, and land spills. Weathering processes
included in the model are evaporation, dispersion into the water column,
dissolution, water-in-oil emulsification, and slick spreading. Good agreement
has been obtained between predicted and observed weathering behavior. The
material balance and weathered-oil composition predictions generated as
functions of time are useful for contingency planning, for assessing potential
damage from spills, and in preparing environmental impact statements for outer
continental shelf drilling activities.

Although oil is composed of hundreds of compounds, each with a distinct
solubility (oil-water partition coefficient), volatility, reactivity, and diffusivity,
most models treat "oil" as a single chemical species. This simplification is
particularly inadequate when it is necessary to distinguish between components
(such as benzene and toluene) that partition from oil into water and remain in
the sub-surface water mass and insoluble hydrocarbons that comprise the
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separate phase oil droplets that tend to rejoin the slick or attach to sedimenting
particles.

Nonuniform Slick Thickness

Because slicks spread and have a nonuniform structure, some researchers
(Mackay et al., 1986) have used a conceptual model that changes abruptly in
moving from a small thick area to a sheen over the rest of the slick. This is
important because uniform dispersant application based on such a model will
result in overtreatment of the thin area by an estimated factor of more than 10 or
more and undertreatment of the thick portions by a factor of 10 or more.

Advection and Diffusion

In modeling, it is frequently assumed that advection dominates the
horizontal field, and turbulent diffusion dominates the vertical field and they are
independent of each other. This greatly simplifies the differential equations and
allows the two transport processes to be treated separately in numerical models
(Mackay, 1984).

Resurfacing

The most common supposition in modeling the natural dispersion process
is that breaking waves cause the oil layer to be propelled into the water column,
thus forming a "shower" of oil droplets (Figure 2—10). This depends on wind
speed and on oil density and viscosity. Most of the oil particles rise again to the
slick and coalesce there, but smaller droplets diffuse downward and are retained
by sedimentation or biologically mediated transport (Mackay et al., 1980b;
Sleeter and Butler, 1982).

Breaking Waves

Dispersion rate is likely to be a function of slick thickness, oil-water
interfacial tension, sea state, and fraction of the sea covered by breaking waves.
It is well known that oil causes turbulence damping on a water surface; its
presence thus presumably reduces the incidence of breaking waves and
diminishes the fraction of sea they cover. It is also believed that dispersion
occurs even in the absence of breaking waves, possibly as a result of "folding"
of the oil when very
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sharp, high-amplitude, short-wavelength waves pass through the oil layer and
near-breaking conditions exist for a brief time.

Monbreaking Waves Breaking Waves
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Figure 2-10

Schematic diagram of dispersion processes. Source: Mackay et al., 1980b.

Buist (1979) has done the most detailed mathematical treatment of this
process, along with experimental wind-wave tank measurements that resulted in
equations with adjustable parameters.

Integrated Approaches

Bringing all the variables affecting oil dispersion together in a single
mathematical model is a formidable challenge. Two groups have made
substantial progress, however: Donald Mackay and co-workers at the University
of Toronto, and Oistein Johansen of the Continental Shelf Institute (IKU),
Trondheim, Norway.

Mackay's Model

Mackay's early models are primarily one-dimensional, emphasizing mass
balance, and do not attempt to predict a detailed three-dimensional distribution
of dispersed oil. The equations developed by Mackay et al. (1980b, 1986)
predict an increasing dispersion rate as a slick becomes thinner. Thinner slicks
damp turbulence less effectively on the water surface, and fewer breaking
waves are affected.
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The droplets formed from a thin slick are expected to be smaller and the
rate of dispersion faster than for thicker slicks (Figure 2-10).

In a simple diffusion model to estimate the oil concentration beneath a
dispersed spill, Mackay et al. (1982), using data from McAuliffe et al. (1980),
predicted that concentration decreases exponentially with increasing depth and
time—at any time, it is directly proportional to oil volume. Thus a larger spill
would be expected (after dispersal) to yield higher concentrations of oil in water
than would a small spill. A limitation on this calculation is the time allowed for
spreading of oil on water; the calculations by Mackay et al. implicitly assume
dispersant application and dispersion very shortly after the oil has been spilled,
and before it has (for a large spill) spread very far.

In the most recent model, Mackay et al. (1986) divide oil on the water
surface into thick and thin slicks, the proportion of oil in each and the amount of
dispersant sprayed on each are part of the input data. The influence of chemical
dispersants is included in the form of an effectiveness factor, X; that is, the
amount of oil dispersed is X times the amount of dispersant applied. A transition
in dispersant effectiveness is recognized—from a "performance-limited" regime
at low-dispersant concentrations to an "access-limited" regime of thin slicks in
which herding and the relatively small amount of oil contacted by each
dispersant drop make the amount of oil dispersed independent of the amount of
dispersant added.

Dispersal is assumed to be a quadratic function of wind speed; the
coefficient decreases by a factor of 2 as the temperature decreases from 25 to 0°
C. The size of dispersed droplets is assumed to be distributed according to the
Weibull function; those larger than a critical diameter will resurface (following
Stokes' law, modified for eddy diffusion effects) and expand the thin slick. In
addition, eddy diffusion can transport the smaller drops to the surface, where
they rejoin the slick, or to deeper water, where they are lost. Horizontal
transport of oil dispersed in the water column produces a linear increase in
plume diameter with time, as based on the dye patch data of Okubo (1971).

The model developed by Mackay et al. (1980b) does not discriminate
between dissolved and dispersed oil and does not include evaporation or any
other process that might differ for components of the oil. It treats the sea as
semi-infinite, without allowing for shore-line, bottom topography, or
stratification. Aspects of this model include:
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» expression for oil drop diameter as a function of the effectiveness
factor, X;

* temperature and turbulence dependence of X;

* validity of the resurfacing expressions;

» validity of the horizontal diffusion expressions;

* use of a "diffusion floor" to simplify modeling of vertical advection; and

* calibration of the model with data on experimental spills.

Johansen's Model

Johansen's (1984) work illustrates the complexity of advection-diffusion
processes and provides a new approach to including them in a model of
dispersed oil. This model considers particles to be in one of three states: at the
surface, entrained in the water column, or evaporated. The drift of a particle is
determined by its state, and the transition from one state to another is
determined by a random-number generator and a set of probability parameters:

* probability for entrainment—wind dependent;

* probability for resurfacing—dependent on density difference, droplet
size distribution, time submerged, and wind force;

* probability for evaporation—computed from established evaporation
models.

The advective movement of the spill is assumed to be dependent on the
vectorial sum of the drift induced by the local wind, tidal currents, and an
assumed stationary background current. These can be estimated by empirical
correlations or from observations.

This integrated model was extended to contrast the behavior of chemically
treated with untreated oil (Johansen, 1985b). This is done by using two different
sets of entrainment and resurfacing parameters, as well as two different droplet
size distributions. The advantage of chemically dispersed oils, from the physical
viewpoint, is that the oil is dispersed into the water column rather than
remaining as a surface slick. Chemical dispersion thus tends to enhance the
probability of entrainment and, since chemically dispersed oil droplets tend to
be smaller and recombine less easily than physically dispersed untreated oil
globules, the probability for surfacing is reduced.

The most recent dispersion model, Dispersion of Oil on Sea Simulation
(DOOSIM), is a two-layer drift model using a random-walk algorithm for
spreading calculations (Johansen, 1987). A stochastic model is used for the
mass budget, but an empirical model is used for
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weathering. The model produces a color display with a generalized map, a
detailed map, and a continual presentation of mass balance.

Model Validation

As more information is obtained in the laboratory and in field tests, models
can be more thoroughly calibrated and their assumptions tested. Good models
help discipline thinking about complex processes and aid in designing and
planning further work. The models discussed above have been tested against
data obtained in the field under realistic conditions. To make such a test
meaningful requires carefully planned measurements on a controlled spill.
Ideally, the field experiment should be designed to test a specific hypothesis.
For example, Mackay et al. (1982) used a one-dimensional model to fit some
data from the field studies by McAuliffe et al. (1980).

Summary

Both untreated and chemically dispersed oil are transported by advective
and diffusive processes. Oil left untreated on calm water tends to stay at or near
the surface and thus tends to be controlled by wind-related surface drift.
Untreated oil is more influenced by vertical turbulent diffusion as the seas
become rougher, but it remains strongly influenced by surface currents. In
contrast, dispersed oil enters the water column even in calm weather, is more
influenced by vertical diffusion and vertical shear, and is less affected by
horizontal advection. Resurfacing of oil in the water column is an important
process that greatly complicates attempts to model, conceptually or
numerically, the distribution of dispersed oil.

These considerations emphasize the need to understand more precisely the
role of vertical turbulent diffusion and the vertical distribution of dispersed oils.
Areas of needed research include near-surface wave, current, and oil dynamics;
oil-ice interaction; algorithms for the time-dependent process of photooxidation;
improved environmental data; and model validation with spill data. Trends
include the development of comprehensive models, systems, development of
portable stand-alone models, and the move toward interactive ("expert") system
models (Spaulding, 1986).
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LABORATORY STUDIES OF EFFECTIVENESS

Purpose of Laboratory Testing

The general objectives of laboratory testing of dispersants include the
following:

* testing a variety of dispersants to rank their relative effectiveness (e.g.,
Doe and Wells, 1978; Mackay and Szeto, 1981; Mackay et al., 1984;
Martinelli, 1984; Rewick et al., 1981, 1984); and

* testing effectiveness of dispersants under carefully controlled
conditions to assess the role of oil type, weathering state, dispersant-oil
ratio, mixing energy, salinity, temperature, and application methods
(e.g., Byford et al., 1983; Lehtinen and Vesala, 1984; Mackay et al.,
1984; Payne et al., 1985; U.S. EPA, 1984).

Laboratory tests are also used to screen dispersant types prior to more
expensive field testing (Meeks, 1981; Nichols and Parker, 1985). They provide
data for contingency planning; for stockpiling specific dispersants for particular
environments, oil types, or deployment methods (Byford et al., 1983; U.S. EPA,
1984); and ultimately for deciding whether or not to use a particular dispersant
(Mackay and Wells, 1983).

Mathematical models for dispersal of oil can be partially validated in the
laboratory (Mackay, 1985). Appropriate concentrations for toxicity testing can
also be determined in laboratory tests (Anderson et al., 1985; Bocard et al.,
1984; Mackay and Wells, 1983; Wells et al., 1984b).

There are three generic types of laboratory tests in use as of 1987:

1. Tank tests with water volumes of 6 to 150 liters, including test
vessels agitated using circulated seawater, and tests that employ
breaking or nonbreaking waves to generate more realistic turbulent
mixing energy. Examples are the EPA test (U.S. EPA, 1984), MNS
test (Mackay et al., 1984), and the French Institute of Petroleum
(IFB) test.

2. Shake-flask or rotating flask tests that are conducted on a 1-liter
scale. Examples include the WSL Labofina test (Martinelli, 1984).

3. Interfacial tension tests that measure properties of the treated oil
instead of degree of dispersal in a system with given energy input
(Rewick et al., 1984).

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

CHEMISTRY AND PHYSICS OF DISPERSANTS AND DISPERSED OIL 71

The most common of these tests are compared later in this chapter.

All tests reviewed establish an oil slick and then apply dispersant in a
defined dispersant-oil ratio. Dispersant may be applied by spraying neat or
mixed with seawater, by pouring into a ring on the water surface that contains
the oil slick, by adding dispersant to seawater, or by premixing the dispersant
with the oil. Mixing energy is applied by a high-speed propeller, by rotating a
separatory funnel containing the oil-dispersant mixture (Labofina), by a spray
hose and circulation pump (EPA), or by a high-velocity air stream (MNS).

Dispersant effectiveness is determined by one of the following four criteria:

1. The amount of oil dispersed in the water. This can be measured by
visual observation, or by solvent extraction and spectrophotometric
analysis. The amount of dispersed oil may be determined under
dynamic conditions (e.g., MNS and EPA tests) or after mixing has
terminated (e.g., Labofina and MNS tests). It is also desirable to
measure the amount of oil remaining in the surface slick to obtain a
mass balance, but standard methods for doing so have not yet been
developed (Nichols and Parker, 1985).

2. Dispersed oil droplet size (Byford et al., 1984; Lewis et al., 1985).
This is another important criterion since larger droplets resurface
some time after dispersal in the water column. The volume mean
diameter in the MNS test was 14 to 226 um depending on the
dispersant-to-oil ratio (DOR) and the dispersant used (Byford et al.,
1984; Lewis et al., 1985); in the Labofina test it was less than 154
pm.

3. Dispersed droplet stability as a function of time and turbulence in
both static and dynamic systems (Mackay et al., 1984; U.S. EPA,
1984).

4. Interfacial tension (Mackay and Hossain, 1982; Rewick et al.,
1981, 1984) has been used to rank dispersant formulations, but the
static character of the measurement makes correlation with
dispersal under turbulent conditions unrealistic.

Critical Factors

In all tests, oil-water ratio, dispersant-oil ratio, dispersant application
method, mixing energy application, and methods of sampling and analysis were
found to be critical factors in determining the precision of results. Oil-water
ratio is most important for the relatively
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hydrophilic dispersant formulations (i.e., those with relatively high HLB) since
greater dispersion occurs with higher concentration of surfactant; this will be
the case if the volume of water is smaller for the same volume of oil and
surfactant. The nearly infinite capacity of the open ocean for diluting
hydrophilic dispersant is not normally accounted for in laboratory tests. Typical
oil-to-water ratios are 0.02:1 for the Labofina test, 0.0017:1 for the MNS test,
and 0.00077:1 for the EPA test.

At high oil-water ratios, collisions (and possible coalescence) of dispersed
droplets are more frequent; this too is an unrealistic simulation of the open ocean.

Dispersant-oil ratio is especially important below 0.2:1, where a steep
dependence of effectiveness on dispersant-oil ratio is observed (Rewick et al.,
1981).

The method of applying the dispersant to the oil is a key factor in an
effectiveness test. Types of application used include:

* dispersant premixed with water;

* dispersant premixed with oil;

* neat (undiluted) dispersant, poured on slick; and

* neat dispersant sprayed on slick (this is the only test that has direct
field relevance).

For dispersant sprayed on the slick, droplet diameters in the 200 to 700
mm range are desirable. These diameters are similar to those produced by
dispersant spray systems used in practice, which is a fortunate match of
circumstances (Chapter 5). Dispersal tends to be more efficient with smaller
drop sizes. Other factors affecting results include amount (volume) of
dispersant in the slick surface, oil slick thickness, and drop-to-drop distance in
the sprayed slick (Mackay et al., 1984). These are areas that continue to be
important in laboratory research.

How mixing energy is applied in the laboratory is also a major factor.
Recognizing that premixing dispersant with oil or water does not realistically
represent field conditions, various methods have been employed to mix
dispersant with oil: swirling flasks, water jetting, and air streams, for example.
The mixing energy can be affected by the materials under study. In the MNS
test, wave amplitude is reduced by No. 6 fuel oil and other viscous oils resulting
in less dispersal (Mackay and Szeto, 1981; Mackay and Wells, 1983; Mackay et
al., 1984). Oil-water ratio appears to be at least as important as viscosity and
mixing energy.
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Salinity and temperature are environmental factors that affect the results of
all effectiveness tests. Salinity affects the hydrophilic-lipophilic balance, and
salting-out effects diminish water solubility of ethoxylated surfactants. Lower
temperatures tend to increase viscosity of both oil and dispersant as well as
changing solubility of various components. In some cases the effect of
temperature can be so great that an oil dispersible at 15°C may not be
dispersible at 5°C (Lehtinen and Vesala, 1984; Wells and Harris, 1979).

Sampling and analysis are the last factors to be considered. Because oil
drops resurface, the most reproducible results are obtained by sampling while
mixing is proceeding, or at predetermined times immediately after mixing is
stopped (Wells et al., 1984a). Contamination of surfaces with oil is frequently a
cause for major errors.

Need for Standard Testing Oils

A number of investigators (Canevari, 1985; Mackay et al., 1986; Fingas,
private communication) have expressed the need for a surrogate or standard oil
for dispersant testing, which would improve reproducibility of product testing
and provide international intercalibration of methods and products. Canevari
(1985) recommended that tetradecane be used. However, Mackay et al. (1986)
have shown that long-chain paraffins are a primary inhibitor of effectiveness.
Short-chain alkanes also reduce dispersant effectiveness, but not as
dramatically, and aromatic compounds increase effectiveness. In view of these
findings, a single compound as surrogate oil (e.g., tetradecane) would not be
representative of the dispersion properties of real oils.

A multicomponent mixture containing alkanes and aromatics might be
more representative. In earlier work Mackay and Leinonen (1977) constructed
such a synthetic oil, consisting of 10 components, to test evaporation rate
modeling. Their mixture anticipated chemical and natural dispersion. The
surrogate oil consisted of the normal isomers of butane, hexane, octane, decane,
dodecane, and hexadecane, as well as benzene, toluene, naphthalene,
phenathrene, and an "inert" component.

From 1980 to 1982 the American Petroleum Institute in cooperation with
the U.S. Environmental Protection Agency set aside a number of oils for oil
spill testing. They include Prudhoe Bay and Arabian light crudes and No. 6 and
No. 2 fuel oils. The U.S. EPA has analytical data on all of the stored oils. The
actual samples—19
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55-gal (208-liter) drums of each of six oils—are stored* at EPA's Oil and
Hazardous Materials Simulated Environmental Test Tank (OHMSETT) facility
at Leonardo, New Jersey (Kolde, private communication). At the same time,
Canada's Environmental Protection Service set aside a reference oil
(Environment Canada, 1984; Fingas, private communication). These oils have
been available upon request to investigators in Canada, the United States, and
other countries.

Advantages and Disadvantages of Testing Methods

To be useful, a laboratory test should be fairly easy and quick to perform.
This is satisfied by shake-flask tests (Abbott, 1983), but not by the more
sophisticated tests requiring specialized apparatus and trained operators. On the
other hand, these more complex tests are designed to mimic actual field
conditions more closely.

A test should also be repeatable (within the same laboratory), reproducible
(from one laboratory to another), and precise (variation coefficient of less than
20 percent). This is not always easy to achieve. Most significantly, the test
should show a good correlation with real dispersant operations at sea. Although
serious attempts have been made to mimic sea surface turbulence, so far no test
satisfies this criterion.

For example, the French Institute of Petroleum test, which uses a beating
hoop just under the surface and changes the water continuously, was compared
with the WSL Labofina test, using a variety of oil types and dispersants (Bocard
et al.,, 1984; Gillot and Charlier, 1986). No correlation on the basis of
hydrophile-lipophile balance was observed, but rank order of effectiveness was
often the same for both tests. Two primary differences are continuous washout
of soluble materials in the IFP test, and greater mixing energy of the Labofina
test (500 W/m? versus 1.5 W/m?), although the longer run time of the IFP test (1
to 5 hr) brings total energy input into the same range.

The IFP test process, by its continuous removal of water containing
dispersed oil, tends to simulate at-sea flow conditions while other test processes
use a fixed volume of water. This feature of the IFP process can be a
disadvantage since the test system is more

* Test oil stored at OHMSETT is kept under positive pressure and normal NO,
atmosphere, and stored at the ambient temperature of the facility. Oil is checked for
indications of aging or deterioration before testing (Tennyson, private communication).
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complex to set up and transport. The test has been used in France and Norway,
but few researchers are familiar with the process. In addition, the control of
turbulence generated by the IFP agitation device is significantly affected by the
level of the water surface. As a result, reproducibility of tests between
laboratories is uncertain.

Labofina Test

The WSL Labofina test uses a standard separatory funnel in which the test
fluids are mixed by a mechanical rotator (Martinelli, 1984). It has one major
advantage: it is simple and fast—16 tests per day can be conducted. It is as
reproducible as other tests (variation coefficient of 10 to 14 percent). The
Labofina test shows a general bias toward lower effectiveness ratings for many
oils owing to the relatively high oil-to-water ratio in this test (Daling, 1988).
However, this test tends to give a relatively high efficiency rating for high-
density oils, which do not rise rapidly after agitation has stopped (Daling, 1988).

Byford and Green (1984) report good agreement between the MNS and
Labofina tests, when used to identify optimum surfactant combinations. The
parameter that caused the greatest effect on the Labofina test was the shape of
the conical separatory funnel. Precision of timing was also important: the
stopcock orifice diameter affected results since a narrower orifice lengthened
the time to collect a 50-ml aliquot of dispersed oil for analysis. Oil adhering to
the flask walls can also produce major errors.

The major disadvantages of the Labofina test are that it uses an
unrealistically high oil-water ratio, and mixing does not simulate the turbulence
of an ocean surface. The samples are collected under static conditions, and the
results depend on precisely when the samples are collected after mixing stops.

Mackay-Nadeau-Steelman Test

The MNS test uses a 20-liter closed glass, temperature-controlled tank,
with a stream of air blowing tangentially on the water surface to generate
reproducible waves and turbulence (Mackay and Szeto, 1981; Mackay et al.,
1978, 1984; U.S. EPA, 1984; Wells and Harris, 1979). It reproduces turbulence
that closely simulates actual mixing conditions. In this dynamic measurement,
effectiveness can be assessed as a function of time, and oil film thickness can be
independently controlled. Airflow rate is critical, however, and satisfactory
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waves cannot be generated unless the apparatus is precisely level (Byford and
Green, 1984). Reproducibility is good (variation coefficient of 10 to 15
percent), and six tests can be completed per day by one operator.

The disadvantages of the MNS test are that its mixing energy, while
reproducible, is difficult to quantify, and wave dampening by the materials
under study can affect the results. It also gives anomalous results at 0°C,
because of viscous shearing (Fingas et al., 1987). The airflow rate and direction
must be critically adjusted, the apparatus is complex, and—since it is hand-made
—tends to be expensive.

The MNS and WSL tests were compared in a study involving 13
dispersants and two oil types (Daling, 1986). Low-performance products were
rated similarly by both tests, but the ranking of more effective products was
generally different. The MNS test seems to be more reliable for low-viscosity
oils, while the WSL test gives information for the higher-viscosity range. A
recent comparison of effectiveness for 10 oils using the MNS, Labofina, and
swirling flask methods demonstrated a poor correlation between results (Fingas
etal., 1987).

U.S. Environmental Protection Agency Test

The EPA test uses a 130-liter stainless steel tank,* that, with its larger
water volume, allows lower oil-water ratios (U.S. EPA, 1984). Use of a spray
simulates application in the field from a boat. In this test also, effectiveness can
be measured as a function of time, and samples can be obtained under dynamic
conditions. Reproducibility is good for one operator using a consistent
procedure (variation coefficient of less than 10 percent).

Critical factors include rate of application of dispersant to the oil surface,
height above the surface from which it was poured, exact height of the jet spray
nozzle, and need for care to avoid splashing oil onto the tank walls.
Disadvantages of the test are that mixing energy (from the water jet) is not only
difficult to quantify, it is difficult to reproduce. The test is sensitive to technique
(Payne et al., 1985); some operators produce more reproducible results than
others. High-shear turbulence is generated by the circulation pump,

* One reviewer recommends using a glass test container since it has hydrophilic
properties; use of glass would remove oil adherence problems that are common to
stainless steel containers.
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and this affects results. The apparatus requires a skilled operator, is difficult to
clean, and generates a large volume of contaminated water that must be
disposed of. Only two tests per day are feasible.

Flume or Wave-Tank Tests

Flume or wave-tank tests do the best job of simulating turbulence from
breaking or nonbreaking waves and currents—even in ice-covered waters
(Brown et al., 1987; Delvigne, 1985; To et al., 1987). A flume, with its large
volume, permits low oil-water ratios and greatly reduces wall effects. In a
flume, the resurfacing of dispersed oil droplets can be studied, and droplet size
distributions in the water column can be measured in the course of the test.

The disadvantages of a flume are obvious: it is expensive, complicated,
and not portable. Large volumes of water are required, and the contaminated
water must be heated and disposed of.

Bocard et al. (1984) and Bocard and Castaing (1986), noting the
dissolution processes in at-sea trials, suggested that laboratory tests should
incorporate a flow-through seawater system because closed vessels cannot
duplicate the dilution process that occurs in the field. It would be desirable to
separate the rate of dispersion from the advective loss of dispersed droplets. The
IFP dilution test was designed to do this. Four grams of oil are agitated on the
surface of water in a 4-liter reactor; the water is replaced continuously at 0.5
liter/hr, and the percentage of oil washed out is measured with time (Bardot et
al., 1984; Demarquest et al., 1985).

Delvigne (1985) concluded that one shortcoming of most laboratory tests
is that evaporation, photooxidation, emulsification, and nonhomogeneity of oil
layer thickness cannot be modeled. Therefore, in the Delft flume experiments,
he evaluated the following parameters:

» evaporation (0, 12, and 30 percent) in a pan outside the flume;

» photooxidation by ultraviolet exposure for 0.2 and 10 hr;

» emulsification by premixing the oil and water in laboratory beakers to
a total water content of 70 percent; and

* layer thickness of 0.1, 0.5, and 2.5 mm.

Visual observations during the flume experiments showed that dispersant
droplets barely incorporating oil had moved into the water column after falling
or slowly sinking through the oil layer. The oil layer contracted into small slicks
with open areas (herding) immediately after the dispersant droplets hit the oil
and water surface.
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Evaporation did not seem to affect dispersed oil concentrations with either
naturally or chemically dispersed systems. It appeared, however, that oil droplet
size may have decreased slightly with some evaporation.

Photochemical oxidation increased naturally dispersed oil concentrations,
with no change in the chemically dispersed concentration. In both cases,
however, droplet size distribution shifted to smaller volumes, presumably due to
the formation of surface-active compounds in the oil slick, which lowered the
oil-water interfacial surface tension (Payne and Phillips, 1985).

Emulsification (i.e., premixing the oil and water) decreased dispersed oil
concentration in naturally dispersed experiments with Statfjord crude but had no
effect in the chemically dispersed tests (Delvigne, 1985). Oil droplet size
increased with emulsification in the naturally dispersed slick, but the oil droplet
size did not increase despite emulsification in the case of chemical dispersion.

Layer thickness effects on both dispersed oil concentrations and oil droplet
sizes were minor. Delvigne concluded that his flume experiments showed that
the lack of dispersant effectiveness in field tests cannot be explained completely
by the various parameters manipulated in his study.

Summary

Different laboratory tests give consistent results in discriminating broadly
between high- and low-performance dispersants. Each test has special
advantages and disadvantages; all give reproducible results, although some
mimic field conditions better than others. Each test appears to measure different
physical and chemical phenomena in the sense that the weight assigned to, or
simulation of, processes and effects, such as oil-dispersant mixing, turbulence,
drop size, distribution, and resurfacing tendency, are quite different. It is thus
not surprising that they rank the most effective dispersants differently,
corresponding to different performance criteria.

There is a consensus that it is impossible to simulate, in a laboratory
system measured in tens of centimeters, turbulence characteristics that exist at
the oceanic air-water interface, with its turbulent eddies and breaking waves. It
is clearly necessary to introduce some turbulence in laboratory tests to promote
and maintain dispersion, but an entirely satisfactory method of accomplishing
this has not
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yet been devised. Even sophisticated, large-scale, experimental water tank
systems cannot claim to simulate closely the ocean surface turbulence
(Bouwmeester and Wallace, 1986a; Brown et al., 1987). No attempt is usually
made in laboratory tests to simulate photooxidation. Only in the IFP tests is
diffusive dilution simulated.

A recent evaluation (Anderson et al., 1985) has compared a number of
effectiveness and toxicity tests, and evaluated them. There is no strong
correlation between laboratory and field tests (see Chapter 4). A simple strategy
for screening dispersants is to apply a reliable test such as the rotating flask test
or the MNS test (see CONCAWE, 1986).

NEED FOR RESEARCH

There has been a regrettable lack of input into dispersant research on the
basic interactions of dispersants with oil by professional surfactant scientists,
with the obvious exception of the notable contribution by those who have
formulated the products. Unfortunately, little of the commercially funded
research has appeared in print. Had there been a complimentary program of
research in this area, the state of knowledge could have been greatly advanced.

As a manifestation of the absence of research, no references have been
found to recent papers in the peer-reviewed surfactant literature, for example,
the Journal of Colloid and Interfacial Science or Journal of Dispersion Science
and Technology. A considerable literature exists in journals and texts, such as
that by Eicke and Parfitt (1987), on the behavior of surfactants in hydrocarbon
and water systems. The thrust of most oil spill related studies has apparently
been to determine if existing commercially available products work in the
laboratory and at sea when applied by conventional methods. This would have
been appropriate if it had been found that dispersants work in an efficient,
predictable manner. In reality, the performance is often in doubt (see
Chapter 4). It can be argued that more effort should have been devoted to
determining why dispersants do, or do not, work on different oils under
different application conditions. This research did not occur. As a result, there is
an inadequate understanding of dispersant phenomena.

A program of research is needed to elucidate the mechanisms by which
droplets of dispersant contact an oil film, mix and penetrate into it, how the
surfactant forms various phases with the oil and migrates to the oil-water
interface, and the microscopic process
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by which emulsions actually form. This appears to be a complex transient
process and will be difficult to observe, but a knowledge of these phenomena is
fundamental to determining why dispersants work, and at times why they do not
work. For example, it appears that oil composition (as distinct from physical
properties) affects dispersibility, but the reason for this is not known. It is still
not too late to start a program to fill this lack of understanding.
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3

Toxicological Testing of Dispersants and
Dispersed Oil

This chapter describes what is known about biological—especially
toxicological—effects of dispersants and dispersed oils from laboratory studies;
reviews the evidence on oil-induced damage to organisms and how it is
modified by dispersant use; and notes the applications and limitations of this
knowledge (Figure 3-1). Experience with oil spill dispersants over the years has
resulted in less toxic formulations. However, some questions pertaining to the
effects of dispersants with and without oil remain, and they are addressed
throughout this chapter.

OVERVIEW OF TOXICOLOGICAL TESTING

Toxicity, the potential of a material to cause adverse effects in a living
organism, is a relative measure (see Glossary). Estimates of toxicity depend on
many experimental physicochemical and biological factors. In addition, there
are many different testing methods and variations in the products tested. A
related problem has been the uncertain applicability of toxicity data from one
species in one body of water to another species or area. For example, are
species' sensitivities to dispersed oils in New England waters applicable to
Texan waters? This question, which is of concern to regulators and industry, is
addressed in this chapter.
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Figure 3-1
Factors to consider in the assessment of biological effects of dispersed oil in
marine environments.

The objectives of toxicity testing of dispersants and dispersed oils in the
laboratory are:

* to provide data on relative acute toxicities of effective products to
commonly used test species under standardized conditions so that
dispersant users have a basis for selecting effective and acceptably low
toxicity products;

* to assure that dispersants do not significantly increase the acute and
chronic toxicities of dispersed petroleum hydrocarbons; and

* to determine factors that modify dispersant toxicity, or enhance or
ameliorate oil toxicity under natural conditions.

Different types of toxicity tests can satisfy these objectives. Tests are
chosen to detect potentially harmful products both rapidly and reliably. They
are not intended to be ecologically realistic or to predict effects in the field.

In measuring toxicity effects of oils, exposure comparisons may be made
using the integral of concentration multiplied by time of exposure to 50 percent
mortality LCs, (Anderson et al., 1980); the results of exposure tests are usually
expressed as mg/liter per day or per hour. Since concentration may also be
stated in approximate terms as parts-per-million (ppm) or parts-per-billion
(ppb), and the exposure period as hours or days, some data on dispersed oil
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presented in this chapter will be stated as ppm-hour (ppm-hr) or ppm 1-day or 2-
days. This allows a comparison to be made between different exposures used by
different investigators who use the same analytical techniques. The exposure-
time expression also allows an exposure to be expressed as concentrations
change rapidly in the field. This concept probably holds during time periods
from 1 hr to 4 days for oil and dispersed oil exposures. The use of ppm-hr
assumes that organisms will respond in the same manner to a toxicant if
exposed, for example, to 20 ppm for 1 hr or to 1 ppm for 20 hr. The concept is
approximately valid for some of the data shown in this chapter.

There are obvious limits to this concept. If the time is short and the
concentration high, the organism may be killed immediately. If the time is long
and the concentration correspondingly lower, many organisms can tolerate,
adapt to, or metabolize hydrocarbons and dispersants and survive and recover
without apparent adverse effects. This concept has long been used in radiation
exposures. It was proposed and used by Anderson et al. (1980, 1984), and
McAuliffe (1986, 1987a) used the concept to compare laboratory bioassays that
actually measured the dissolved hydrocarbons in the water-soluble fraction and
chemically dispersed oil exposures with those measured in the field.

Toxicological Testing Methods

Considerable attention has been paid, especially by regulatory agencies, to

* the choice of suitable exposure regimes (static, continuous flow);
* test species;

* acute versus chronic testing;

* influence of modifying factors; and

 standardized testing protocols.

International workshops on these issues have been held by the United
Nations Food and Agriculture Organisation (FAO) and the United Nations
Environmental Programme (UNEP). Work from the United Kingdom has
included Shelton (1969), Perkins (1972), and Beynon and Cowell (1974). Work
from the United States has included Tarzwell (1969, 1970), Zillioux et al.
(1973), and Becker et al. (1973). Canadian work has included Mackay et al.
(1981), Wells (1984), and workshops leading to the Canadian Dispersant
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Guidelines, 2d edition, Environment Canada (1984). FAO has been
represented by White (1976) and UNEP by Thompson (1980 and private
communication).

It is difficult to compare disperant formulations or sensitivities of different
species, unless such work is conducted comprehensively in qualified
laboratories (Doe and Wells, 1978; Wells, 1984; Wilson, private
communication). Furthermore, information obtained using rigorously controlled
and standardized testing protocols is desirable for reliable interpretation of
toxicological information. Major components and trace contaminants should be
known and exposures verified by analyzing the water in which the organisms
are exposed.

Fish, arthropods (usually decapod crustaceans), mollusks (pelecypods),
annelids (polychaetes), and algae have been the favored test species. Some
researchers have also studied sensitive life stages; behavioral, biochemical, and
developmental responses; and multispecies interactions, either acute or chronic.
Testing of current formulations can be acute (i.e., short term), single-species,
lethal, or sublethal; it is usually done in static rather than flowing systems, and
at ambient temperatures. Some testing includes standard samples or reference
toxicants.

Dispersant toxicity thresholds are most often reported as nominal
concentrations—total amount of dispersant or oil divided by the total volume of
water in the experimental chamber—rather than measured concentrations of
materials to which organisms are actually exposed. This can lead to major
errors in some cases. For some water-immiscible formulations at high
concentrations, dispersant in the bioassay chambers can separate into a floating
and dispersed upper-surface layer, several millimeters thick, and a dissolved
subsurface fraction during the tests. For example, BP1100X in static tests
separates like this immediately. Expressing the LCs, or ECsy on the basis of
nominal concentration then gives a higher (and incorrect) value than if the
water-soluble fraction were analyzed and used as the basis. Thus the toxicity of
a water-soluble material may be underestimated. The same problem arises
because of the immiscibility of water and dispersed oil (as discussed later in this
chapter). For some dispersant formulations, this is an important but generally
unrecognized source of error for toxicity estimates.

Dispersant Screening Procedures for Toxicity: Considerations

The qualities of a good laboratory screening test are that it is easy to
perform and control, and it is reliable, reproducible, and
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adequately sensitive. Because its purpose is to determine the relative toxicity of
one dispersant versus other previously tested dispersants, practicality and
known sensitivity are weighed against ecological realism. Screening tests are
usually conducted with a single species, but do not yet attempt to simulate
interactions of two or more species, that is, community responses (Cairns, 1983;
Mount, 1985). Screening tests can include

* various test species and life stages;

* response parameters other than mortality;
e various test materials;

* different exposure modes;

* varying length of exposure; and

* various pass-fail criteria.

Laboratory tests are poor simulations of natural conditions because they
are conducted under standard controlled conditions. Generally, this means
exposing animals in the laboratory to more or less constant concentrations for 2
to 4 days, while in the ocean initial concentrations of dispersants and dispersed
oil would be diluted progressively and generally rapidly.

Because the effectiveness and toxicity of a dispersant may be positively
correlated, screening tests should consider both criteria in sequence (Bratbak et
al., 1982; Doe and Wells, 1978; Mackay and Wells, 1983; Nes and Norland,
1983; Norton et al., 1978; Swedmark et al., 1973). Both criteria have already
been considered together when evaluating dispersants for government agencies
(Anderson et al., 1985; Araujo et al., 1987; Environment Canada, 1984).
Screening tests should accurately evaluate and accommodate the possibly
greater acute toxicity of more effective dispersants.

For improved accuracy and utility of hazard assessments, future screening
toxicity tests should consider the above factors, the physical chemistry of the
dispersant solutions, and the responses of the test organisms during short
exposures.

Dispersant Screening Procedures in Canada, the United
States, and Other Countries

Until 1982, most countries used a combination of dispersant and dispersed
oil tests, oil and dispersed oil tests, or tests with all treatments (Wells, 1982a).
The primary concern was to evaluate the toxicity of oils upon dispersal. Such an
approach was particularly
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supported by the United Kingdom's sea and beach test.* However, the inclusion
of oils in dispersant tests is experimentally complex because it introduces a new
set of variables associated with the oil and is subject to errors in interpretation
because of immiscibility (Wells, 1982a; Wells et al., 1984a,b). Yet most
countries, out of concern about dispersed oil effects and joint toxicity of oil and
dispersant constituents, have included both oil and dispersant in their tests.

Some countries screen dispersants only (e.g., Australia, Canada, several
Asian countries). At least 10 countries employ a toxicity screening test for
dispersants or dispersed oil: Australia, Canada (linked to effectiveness test),
France, Hong Kong (modified U.K. sea test), Japan, Norway (modified U.K.
sea test), Singapore (modified 1970s Canadian test; Environment Canada,
1973), South Africa (modified U.K. sea test), United Kingdom, and the United
States. Brazil (Araujo et al., 1987), Nigeria, the Philippines, and Sweden are
also developing testing approaches (Schalin, 1987). Screening methods and
status are listed in Tables 3-1, 3-2, and 3-3; of particular note are procedures for
Australia, Canada, South Africa, the United Kingdom, and the United States
(Table 3-1; reviewed in detail by Moldan and Chapman, 1983; Thompson,
1985; and Wells, 1982a). A number of other countries are thought to be doing
tests.

The most frequent combination of test materials are dispersant, oil, and
dispersed oil, that is, dispersant and oil mixture (Table 3-3). Most tests use
seawater, and lethality is the usual toxicity response. Many different test species
are used, with little uniformity among countries. Both indigenous and standard
species have been selected, such as local shrimp and Arfemia, and in most
countries local species are used as the standard (rainbow trout, Salmo gairdneri,
in Canada; brown shrimp, Crangon crangon, in the United Kingdom; and
mummichog, Fundulus heteroclitus, in the United States). Most countries have
pass-fail criteria, but they vary. When dispersed oil is tested in the laboratory,
oil composition is variable and differs from place to place, the water-soluble
fraction is normally not separated, and hydrocarbon exposures are normally not
measured. Hence, the same dispersant submitted to different countries for
approval may be subjected to quite different toxicity screening methods and
pass-fail criteria.

* The United Kingdom screens for effectiveness first, and dispersants that pass go
onto the toxicity-testing phase. The work is conducted in two laboratories and is a
phased approach rather than a linked approach.
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TABLE 3-1 Worldwide Survey of Dispersant Toxicity Screening

Geographic

Location Author/Year

Report/Result

United States Battelle Memorial
Institute, 1970

Blacklaw et al., 1971

California State Water
Resources Control
Board, 1971

Becker et al., 1973

McCarthy et al., 1973
U.S. Department
of the Navy, 1973
Exxon Chemical
Company, 1980
Cashion, 1982
Smith and Pavia, 1983
Lindstedt-Siva et al.,
1984
Pavia and Smith, 1984
U.S. Environmental
Protection Agency
(EPA), 1984
API, 1985
Pavia and Onstad, 1985

Canada Abbott, 1972

Environment Canada,
1973

Doe and Harris, 1976

Environment Canada,
1976

Harris and Doe, 1977

Wells, 1982a

Abbott, 1984

Environment Canada,
1984

Harris et al., 1986

Trudel and Ross, 1987

European Nations

Europe Wilson et al., 1978,
1974

Finland Kerminen et al., 1971

France Division Qualite

des Eaux, 1979
Auger and Croquette,
1980
CTGREF, Division
Qualite des Eaux,

Early test procedures developed for
American Petroleum Institute (API)
U.S. Toxicity Test Procedure
Early test procedures developed
for California

Regional U.S. survey for bioassey species
for tests

U.S. EPA standard toxicity tests

U.S. Military Dispersant Specifications

U.S. policies on dispersant use

Draft ASTM Method No.6, dispersed oil

Dispersant use guidelines, California

Use guidelines, ecological considerations,
coast

Use guidelines, California

U.S. revised standard dispersant
toxicity test

API Dispersant Use Guidelines
Use guidelines, California

Ontario guidelines, Ministry of the
Environment

Canadian Dispersant Acceptability
Guidelines

Selection of suitable species for
toxicity tests

Standard Listing of Acceptable

Dispersants, Department of Energy (DOE)

Toxicity methods for screening
dispersants, DOE

Summary /review, toxicity testing
worldwide for regulatory control

Di ion paper, Canadian Dispersant
Acceptability Guidelines

Dispersant Acceptability Guidelines,
2d ed.

Regulatory considerations, acute toxicity
test spp.

Disp t use d

king methods

Review, toxicity tests

Policy on toxicity, fish, early reports
Toxicity protocol

Acceptability list, use guidelines

Toxicity testing protocol

1981
Norway Norwegian Ministry of
Environment, 1980
Westerngaard, 1983
Sweden Lehtinen et al., 1985

Regulati on dispersant
composition and use

Dispersant policy

Study for criteria for guidelines
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Geographic
Location Author/Year Report/Result
United Moore, 1968 Early paper, U.K. dispersal experience
Kingdom in ports
Jeffery and Nichols, List of approved dispersants and
1974 rationale

Blackman et al., 1978
Lloyd, 1980

Norton and Franklin,
1980

Norton, private
communication

Wilson, 1981

Franklin and Lloyd,
1982

Lloyd, private
communication

Wilson, 1984

Other Countries
Australia Henry, 1971

Thompson, 1985

Thompson and
McEnnally, 1985

Linden, 1981

Thompson and Wu,
1981

Japan Ministry of Transpor-
tation, 1974

White, private
communication

Port of Singapore
Authority, 1976

McGibbon, private
communication

Moldan and Chapman,
1983

Bahrain
Hong Kong

Singapore

South Africa

International Agencies

Procedure for U.K. screening, sea and beach
tests

U.K. role of toxicity tests, registration
and notification

Methods, dispersant toxicity, sea and
beach tests

U.K. methods, dispersant toxicology

Toxicity tests, rationale for choice

Toxicity, 25 oil-dispersant mixtures,
sea and beach tests

U.K., MAFF toxicity approach

U.K. policies on dispersant use, risk
analysis

Policy, dispersant use, early report
Program, effect and toxicity of dispersants
Resource atlas for spill countermeasures
Fisheries, use r dati
Toxicity testing/screening methods

Testing standards, toxicity
‘Testing method

Toxicity testing methods
Dispersant testing program

Review, toxicity methods

FAO White, 1976 Course, methods for oils and
dispersants
IPECA Int tional Petrol Stat t of envi tal

Industry Environ-
mental Conservation
Association, 1986

concerns,
fate and effects

IMO/UNEP International Maritime Guidelines, environmental
Organigation, 1982 considerations
Hayward, 1984 Bonn Agreement, toxicity test methods
IMO IMO Organization, 1986 Hong Kong, acceptance list

KEY: ASTM--American Society for Testing and Materials; FAO--Food and Agriculture
Organisation of the United Nations; MAFF--Ministry of Agriculture, Fisheries, and Food;
and UNEP--United Nations Environment Programme.
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The lack of a standardized approach displays a lack of consensus about
screening test objectives. For example:

* The United Kingdom attempts realism in both its sea and beach tests,
one with oil exposure in the water column and one simulating exposure
to a beach application of dispersant, respectively. However, the sea test
ignores the experimental complexity of preparing and controlling the
oil preparation, and the beach test assumes that dispersants will be
used directly on rocky shorelines.

* The U.S. test covers all treatments but simply lists the toxicity data
without interpreting it for use by the on-scene coordinator (OSC).

» Canada's test is linked closely to the effectiveness test through a formal
decision framework, but it only screens the dispersant using a single-
species freshwater fish test.

* The state of Sdo Paulo in Brazil is adopting an approach similar to
Canada's, ultimately screening the dispersant with a valuable
indigenous shrimp.

To date, only Canada and Brazil link effectiveness and toxicity screening
tests in a formal decision-making framework, although the United States is
considering such a linkage based on Anderson et al. (1985). Yet, as pointed out
by Thompson (1985), it is important for all countries to recognize
"contemporary problems arising from the development of effective third-
generation dispersants and more accurate methods for determining the toxicity
of oils" in the design of their toxicity screening tests.

There are significant advantages to screening only the dispersant
formulation, but an international consensus on the key treatments to test has not
yet been reached. A consensus on methods would allow reliable comparisons of
data from one country to another.

TOXICITY OF DISPERSANTS

This section summarizes the aquatic toxicology of dispersant components
and commercially available dispersants. Data are reported for -early
formulations, as well as second- and third-generation dispersants that generally
are less acutely toxic than earlier products.

Toxicity is a relative measure that is influenced by many factors,
particularly concentration, duration of exposure, and type of organism. Most of
these experiments use concentrations and exposure durations that substantially
exceed expected field exposures. Nevertheless, the following factors are
important to understand:
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* the risks of misapplication of dispersants;

» the environmental fate and effects of dispersant materials added to
ocean waters to treat oil spills;

* the range of responses in different species and to different formulations
and to different environments; and

* which components contribute most to toxicity in order to improve
formulations.

Acute Toxicity of Components

Knowledge about the toxicity of the primary components of dispersants
would assist in evaluating dispersant toxicology and the toxicities of dispersed
oils. All surfactants are toxic at high concentrations. Many surfactants have
unique toxicological properties, are usually but not always nonspecific or
physical toxicants, can cause narcosis, and can disrupt membranes physically
and functionally. A number of factors control the toxicity of surfactants to
aquatic organisms, among them, ethoxylate chain length, the presence of esters
versus ethers, and hydrophilic-lipophilic balance (HLB). Rates of uptake and
penetration into an organism's tissues are highly dependent on species (Abel,
1984; Wells, 1974).

Acute toxicity data of some surfactants used in current formulations (circa
early 1980s) are presented in Table 3-4 (Wells et al., 1985). New and more
effective formulations may have different solvents and different combinations
or types of surfactants. Toxicity in Table 3-4 is expressed as a 1- or 2-day ECs,
for two crustaceans, Artemia sp. and Daphnia magna. Results of these
laboratory tests show that the anionic surfactants are generally more toxic than
the nonionic surfactants or esters, toxicities being influenced by alkyl chain
length, degree of dispersion, and HLB.

Studies on surfactants cover a wide range of organisms because of concern
for effects on membranes, reproductive stages, bacteria, behavior (especially
chemoreception), and other subtle sublethal changes in exposed organisms
(Abel, 1974; Moore et al., 1986).

Solvents were the most toxic components of some early dispersants, due to
high concentrations of aromatic hydrocarbons in the petroleum fractions
employed (Nelson-Smith, 1972; Smith, 1968). Several types of solvents are
now used in most formulations (see Chapter 2 and Appendix A), and they are
fax less toxic (Caneveri, 1986). Nagell et al. (1974) and Wells et al. (1985) have
shown toxicities to decrease in the order: aromatic hydrocarbon > saturated
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£

5

f TABLE 3-4 Acute Toxicity of Surfactants From Dispersant Formulations to Two

Q Planktonic Crustaceans, Artemia sp. and Daphnia magna, at 20°C

3 Description Behavior in Water®"
Chemical Family General Description Salt Water  Fresh Water
Anionic surfactant Oxyalkylated (6.5 m) S S
Clz—C13 alcohol

Surfactant salt Sulfate salt of S S

oxyalkylated (3 m) Cj—
C,5 alcohol (60% in
water and ethanol

Sulfosuccinate, anionic Alkyl (Cy) D S

surfactant sulfosuccinate salt, 70%
solution

Amine surfactant Alkyl (Cy3) D D
sulfosuccinate salt, 70%
solution

Anionic surfactant Oxide ester of DDBSA D D
in amine salt

Aromatic surfact Oxyalkylated (9 m) D D
alkyl phenol

Anionic surfactant, salt Sodium xylene S S
sulfonate, 40% in water

Nonionic surfactant Sorbitan monooleate D D

Surfactant ester Oxyalkylated (20 m) S S
sorbitan monooleate

Surfactant ester Oxyalkylated (20 m) D D

sorbitan trioleate

2 These data are expressed as ppm, which is approximate since variability in calculating and
measuring field concentrations and toxicity thresholds used in analyses are much greater than
the difference in the relationship between ppm and mg/liter. Data in Table 3—4 were originally
expressed in mg/liter.

b Behavior in water code: S—soluble, D—dispersible.
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1-Day ECsgs (ppm)© & © 2-Day ECsos(ppm)

Artemia sp. Daphnia sp. Artemia sp. Daphnia sp.

11.3 (nc.) 14.0 (11.1- 8.2(5.6-11.9,1.8) 6.0 (4.0-9.0,2.1)
17.7,1.5)

23.0 (14.4- 23.5(19.5- 13.5 (8.3 6.0 (3.8-9.4,2.2)

36.7,2.1) [13.8%] 28.3,1.5) [14.1] 21.9,2.2) [8.1] [3.6][2.3-5.6]

[8.6-22.0] [11.7-17.0] [5.0-13.2]

14.8 (10.1- 32.0 (21.2- 18.5 (13.2— 21.0 (15.2—

21.6,2.4) [10.4] 48.2,1.6) [22.4] 25.9,2.2) [12.9] 28.9,2.8) [14.7]

[7.1-15.1] [14.8-33.7] [9.2-18.1] [10.6-20.3]

> 1,000 [> 700] 180 (93-350,3.2) n.c. < 39] <56
[126][65-245]

60.0 (49.6— 3.8 (2.0-7.2,6.1) 32.0 (23.4- <1

72.5,1.5) 43.7,2.0)

46.5 (36.1- 20.0 (16.5- 68.0 (45.5— 6.3(4.2-9.5,2.0)

60.0,1.8) 24.2,1.39) 101.7,4.4)

>3,000 [>1,200] 430 (239- > 1,000 [> 400]

773,2.27) [172]

[96-309]
> 1,000 300 (181-498,3.3) > 1,000
> 1,000 220 (100-482,3.9) —
> 1,000 205 (86—487,4.6) —

100-320 [40-
128]

90 (39-209,3.3)
<100
75 (36-157,4.7)

¢ n.c.: Not calculated.

4 Values in parentheses are: (95 percent confidence limits, slope function).

¢ Values in brackets have been adjusted to represent 100 percent of parent surfactant.

SOURCE: Wells et al. 1985.
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hydrocarbons > glycol ethers > alcohols. Third-generation concentrate
dispersants tend to use less toxic solvents, such as glycol ethers.

Acute Toxicity of Formulations

More than 100 studies have been conducted on acute lethal toxicity of
dispersants alone, more than half of them on currently used second-generation
dispersants (Doe and Wells, 1978; Doe et al., 1978; Dye and Frydenborg, 1980;
Nelson-Smith, 1972, 1980, 1985; Pastorak et al., 1985; Sprague et al., 1982;
Wells, 1984). Such an extensive data base of varying quality invites periodic
critical analysis by dispersant, organism type and stage, and method of exposure
before definitive statements can be made about the acute toxicity of any one
formulation. This has been done for Corexit 9527 (Wells, 1984).

Table 3-5 lists toxicity data, expressed as LCsys for a wide variety of
species and dispersants. A wide range of values is reported, including the
following:

* In Wells (1984) 4-day LCsys were 150 to greater than 10,000 ppm.

* Eleven dispersants tested with rainbow trout showed 4-day LCsys of
260 to greater than 10,000 ppm (Doe and Wells, 1978).

* Early EPA data showed 2-day LCsgs for Artemia sp. of 1.2 to 100,000
ppm for 15 products (Dye and Frydenborg, 1980).

* In a study with freshwater phytoplankton and several dispersants,
estimated 2-day LCsys were 1 to 575 ppm (Heldal et al., 1978).

* Studies by Kobayashi (1981) with sea urchin embryonic stages gave
threshold concentrations of 0.32 to 320 ppm.

* A range of 0.1 to 20,000 ppm for a wide range of species and stages
were compiled in Pastorak et al. (1985).

From Table 3-5 it can be seen that the "second-generation" conventional
dispersants, such as BP1100X and Corexit 7664, are generally much less toxic
than earlier formulations (BP1002, early Finasol formulations).

One useful way to present dispersant toxicity data is by testing several
products on one species (Table 3-6). Table 3-6 illustrates that the majority of
products had LCsys and ECsgs greater than 100 ppm to a planktonic crustacean,
that is, a marine copepod.

Some formulations with high toxicities to certain species still exist. Most
research studies have examined only Corexit, BP, and
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Finasol products. A few studies have related dispersant toxicity to its
detailed chemical composition (Ladner and Hagstrom, 1975; Nagell et al.,
1974; Wells et al., 1985). Lethal toxicities of dispersant formulations vary
greatly with product, testing conditions, species, and life history stage (e.g.,
Thorhaug and Marcus [1987a,b] on seagrasses).

TABLE 3-6 Acute Toxicity Threshold Concentrations for Several Dispersants and
Marine Calanoid Copepods (Primarily Pseudocalanus minutus) at 10°C

Concentration Range®, 1-Day®P 4-Day®®

(ppm)

LCs¢°

1-10 DSS DSS, C-9527

10-10? C-9527

10%-10° BP1100WD BP1100WD C-7664

103-104 C-8867, BP1100X, C-8667, C-9550,
C-7664 BP1100X

104 C-9550

ECs¢

1-10 DSS DSS, C-9527

10-10? C-9527 BP1100WD

10>-103 BP1000WD C-8667, C-7664

103-10* C-8667, BP1100X, C-9550, BP1100X
C-7664

> 10* C-9550

2 s Exxon's Corexit; BP is British Petroleum.

Y Dodecyl sodium sulfate (DSS) is the reference toxicant.

¢ Median lethal concentration (LC).

d Median effective (lethality plus incapacitation) concentration (EC).
SOURCE: Wells, 1985.

It is particularly useful to know the differences in toxicities by species for
dispersant products. A single product can have a wide range of acute toxicity.
This is clearly shown with Corexit 9527 (Table 3-7), which has been used in
much recent biological and toxicological research on dispersants and dispersed
oils (Nelson-Smith, 1985; Peakall et al., 1987; Sergy, 1987; Wells, 1984; Wells
et al.,, 1984a). Table 3-7 shows that for some algae, protozoa, fish, copepods,
and mollusks the dispersant is not very toxic—LCj, concentrations are
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above 100 ppm for exposures of 6 hr to 4 days. However, many more
reported toxicity thresholds are below 100 ppm, and some life stages are
extremely sensitive. A 10-mm ECsq for sea urchin sperm is 0.03 to 0.05 ppm,
and is the only laboratory-derived threshold concentration so far that is likely to
be still encountered in the field hours after dispersant use.

Patterns of sensitivity do not readily emerge. The threshold concentrations
for eggs, embryos, and larvae are widely spread, showing ECs, values from
0.0003 to 1,000 ppm. Crustaceans exhibit wide ranges of toxic thresholds.
Freshwater species appear to be less sensitive than marine species.

For Corexit 7664 (Table 3-8), Ladner and Hagstrom's (1975) LCsys show
that there may be increasing sensitivities from crustaceans to mollusks to fish,
although there are exceptions. Seventy-five percent of toxicity thresholds for
this dispersant are above 1,000 ppm. A similar evaluation for BP1100X shows
the greater sensitivity of some crustaceans, and approximately 80 percent of all
reported threshold concentrations for BP1100X are over 1,000 ppm. Table 3-9
compares the three dispersants in terms of the number of tests in each
concentration range. Although there is considerable overlap, Corexit 9527 is
generally more toxic than the other two. Such evaluations (Tables 3-7 to 3-9)
could be usefully compiled for all extant dispersant formulations and local
species of interest as an aid to on-scene coordinators at spill sites (Trudel,
private communication).

Factors Influencing Acute Toxicity

A number of physicochemical and biological factors influence the toxicity
of a dispersant formulation (Wells, 1984). These factors are important to
understand because estimates of toxicity are relative—not absolute—numbers,
and they change depending on environmental conditions and biological
populations being exposed.

Physicochemical Factors

Surfactant molecular structure and ionic state were considered by
Portmann and Connor (1968), Bellan et al. (1969), George (1971), Wildish
(1972), Abel (1974), Nagell et al. (1974), Macek and Krzeminski (1975),
Tokuda (1977a,b), Tokuda and Arasaki (1977), Wilson (1977), Ernst and
Arditti (1980), and Wells et al. (1985).

Solvent type and aromatic content were considered by Shelton (1969),
Nagell et al. (1974), Ladner and Hagstrom (1975), Wilson
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(1976), Tokuda and Arasaki (1977), and Wilson (1977). For example, a
study by Mommaerts-Billiet (1973) found that Finasol with a relatively toxic
aromatic carrier lengthened the lag growth phase of the nanoplankter
Platymonas tetrathele to a greater extent than did the less toxic water-soluble
Finasol. Diminished growth rates were also noted at high concentrations.

TABLE 3-9 Reported Acute Toxicity Thresholds of Some Common Dispersants
Threshold Concentrations (ppm)

Dispersant N >10* 10°-10* 10%-10° 10-10? 1-10 <1
Corexit 9527 24 0 1 6 10 5 3
Corexit 7664 32 7 17 8 0 0 0
BP1100X 26 4 17 5 0 0 0

2N = number of reported data sets, up to 1986.

Parameters affecting the condition of the dispersant in water have been
considered:

* concentration of a dispersant and duration of test (McManus and
Connell, 1972; Wilson, 1976, 1977);

* temperature, salinity, oxygen, and so on (Abel, 1974; Wells et al.,
1982; Wilson, 1977); and

» chemical stability of the dispersant and age of test solution (Wilson,
1977).

Biological Factors

Biological characteristics of the exposed organisms were divided into three
groups: species (phylogeny), life history, and physiology. Sensitivities to
anionic and nonionic surfactants varied widely: 4-day LCs,s ranged from 0.1 to
800 ppm (Abel, 1974; Czyzewska, 1976). Sensitivity to surfactants followed the
general order: crustaceans < bivalve mollusks < teleost fishes (Butler et al.,
1982; Eisler, 1975; Nagell et al., 1974; Ladner and Hagstrom, 1975; McManus
and Connell, 1972; and Swedmark et al., 1971, 1973).

Sensitivity to water-based dispersants fell in the same order as sensitivity
to surfactants—crustaceans < bivalves < fishes; but sensitivity to petroleum-
based dispersant fell in the reverse order—fishes < bivalves < crustaceans
(Ladner and Hagstrom, 1975; Nagell
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et al, 1974; Swedmark et al., 1971, 1973). Other comparisons of fishes,
bivalves, and crustaceans were made by Macek and Krzeminski (1975),
Lonning and Falk-Petersen (1978), and Wells et al. (1982).

Phylogeny

Phylogeny is an important factor. Dispersant ranking tests differ with
phyla (Abel, 1974; Beynon and Cowell, 1974; Boney, 1968; Heldal et al., 1978;
LaRoche et al., 1970; Wilson, 1974). Foliose lichens are more sensitive than
crustose (Cullinane et al., 1975).

Life History Stage

The influence of life history stage varies for different species. Teleost
fishes, despite their great commercial importance, have received only limited
study. For example, fish eggs are often very susceptible to dispersant at time of
fertilization. Developing embryos are less sensitive than fish larvae (Linden,
1974; Wilson, 1976). Sensitivity of both embryos and larvae vary with
dispersant formulation (Linden, 1974; Lonning and Falk-Petersen, 1978). For
some fish larvae, the difference in susceptibility between species is less than the
difference between different ages of a single species (Wilson, 1977).

Young life stages of other organisms, such as echinoid sperm and larvae,
and some species, such as copepods, appear to be particularly sensitive. Larval
resistance of crustaceans increases with age, based on studies with surfactants
only (Czyzewska, 1976). For polychaetes, the most sensitive stages are gravid
animals (Foret, 1975). Other studies considering life history include Portmann
(1969), Bellan et al. (1972), and Abel (1974).

Physiological Factors

Physiological factors include seasonal variation in susceptibiity to
dispersants (Baker and Crapp, 1974; Braaten et al., 1972; Crapp, 1971a,b,c;
Fingerman, 1980; Perkins et al., 1973). Previous exposure and acclimation
makes a difference (Abel, 1974). The transition from yolk sac to feeding is
especially susceptible (Lonning and Falk-Petersen, 1978; Wilson, 1977). Health
and feeding state are also important (McManus and Connell, 1972; Wilson,
1977). Starvation of fish larvae has been found to increase their susceptibility
(Wilson, 1977).
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Of all the many possible factors, five have the primary influence on
toxicity thresholds, by 1 to 3 orders of magnitude when changed: type of
surfactant, type of solvent, water temperature, phylum, and stage of
development (Wells, 1984). Few studies varying these factors have been
conducted in a single laboratory where each variable can be controlled. Wilson's
(1977) study with fish larvae was one; it considered the influences of aromatic
content of the solvents, temperature, salinity, and species. Work with copepods
and brine shrimp (Wells et al., 1982; Wells, unpublished data) has also shown
the influences of temperature and species, toxicity thresholds increasing in
magnitude with declining temperatures.

The influence of these factors becomes apparent when evaluating sets of
data for any one dispersant (see Tables 3-8 and 3-9). Most products produce
wide threshold ranges, even the reportedly "low toxicity" products such as
Corexit 7664. Relatively few products approved for use in several countries fall
into the range of high acute toxicity (4-day LCs less than 10 ppm). Products
that do give such high toxicities to local organisms should be used with caution,
especially in nearshore environments (Tables 3-5 and 3-6).

Additional work on standardizing methods (Wells, 1981; Wells et al.,
1984b) and on studying sublethal effects and their causes should clarify the
major influencing factors, the degree of their influence, and the implications of
such variable responses to the field effects of dispersed oils.

Temperature Influence on Toxicity of Dispersants

A wide range of studies (Ordzie and Garofalo, 1981; Wells, 1984; Wilson
1977) show that dispersants become less toxic with lowering temperatures. This
is most accurately shown by comparing threshold concentrations at the different
temperatures. This relationship holds for Corexit 9257 which is, or has been,
used as a reference dispersant in many studies.

Wells reported 1-day LCsps, median lethal concentrations, showing an
order of magnitude lower toxicity at 15°C (51 to 96 ppm concentration) than at
25°C (greater than 560 ppm concentration) with Artemia sp. and Corexit 9257.
For scallops, Ordzie and Garofalo (1981) found that as temperature increased,
the concentration of Corexit 9527 required to kill 50 percent of the scallops
decreased: 200 ppm at 20°C, 1,800 ppm at 10°C, and 2,500 ppm at 2°C. They
also noted that dispersant concentrations that were not lethal to scallops
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during winter temperature caused greater than 50 percent mortality at summer
temperatures.

The reasons for the higher toxicity at higher temperatures may be a
combination of increased uptake rates of chemicals, greater exposure due to
increased activity of the organisms in the water, and combined factors such as
higher temperatures and lower-oxygen levels. The exact mechanisms for the
higher toxicity have not been elucidated.

In general, the same phenomena occurs with dispersed petroleum oils—
generally higher toxicities at higher temperatures in laboratory exposures
(Bobra and MacKay, 1984). The implications of these studies are that water
temperature has a profound influence on the toxicity of dispersants. There are
significantly higher sensitivities of organisms in warmer waters and in summer
as compared to winter conditions. Individual dispersants should be screened at
the range of expected environmental temperatures and threshold concentrations
reported that could be used by on-site commanders in decisions regarding
dispersant deployment.

Sites and Physiology of Toxic Action

Contact, uptake, internal storage, toxic action, detoxification, and
depuration are all processes by which a marine organism responds to and may
be affected by dispersants. Thus, understanding these processes within exposed
organisms is crucial to understanding why species sensitivities vary, which
sublethal effects are significant, and whether dispersant-oil combinations might
be more harmful than either one by itself. It is also important to know whether
toxicity is temporary or permanent.

Few studies have used well-characterized dispersants or known
constituents, hence much understanding is tentative or based on detergent-
surfactant literature. Early dispersant formulations and anionic and nonionic
surfactants act "often physically and irreversibly, on the respiratory organs and
other tissues of aquatic organisms, and reversibly, depending upon exposure
time, on their nervous systems" (Wells, 1984).

A large number of studies describe the work of early investigators on the
sites and physiology of toxic action of dispersants, much of the work being
conducted at high concentrations in order to investigate the various responses
(Wells, 1984). Some constituents of dispersants appear to cause disruptive
effects to membranes and narcosis of the
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whole organism. No single action is implicated, but rather a total response of
the surface membranes and tissues, particularly gills, to the exposure of surface-
active agent. Behavioral responses include cessation of feeding, slowed
swimming, disorientation, impaired locomotion, and paralysis often leading to
death (if the exposures are high and long enough). For example, fish gills were
damaged under 200 ppm exposures to Oilsperse 43 over 1 to 4 days (McKeown
and March, 1978). Blood enzyme (cathepsin D and acid phosphatase) activities
were increased in shrimp exposed to a high concentration (10 to 100 ppm) of a
nonionic detergent, Solo, for 72 hr, presumably reflecting a change in the
membrane permeability of lysosomal enzymes (Drewa et al., 1977).
Asphyxiation due to the swelling of gill lamellae and changes in membrane
permeability is the principal manifestation of toxicity in fish (Granmo and
Kollberg, 1976). Reduced surface tension may also play a role with HeLa cells
(a specialized cell line used in bioassays) and nonionic surfactants (Ernst and
Arditti, 1980). Certainly, "asphyxiation by surfactants packing at gill surfaces
appears to be one main physical toxic mechanism of surfactants" (Pastorak et
al., 1985), but evidence of the exact mechanisms and the NOEL (no-observable-
effect level) concentrations are not yet conclusive.

Surfactant molecules have both lipophilic and hydrophilic chemical
groups, and surfactants of different HLB characteristics are usually blended in
the solvents to ensure the separation of the oil droplets when dispersed.
Crustacean surfaces and gills, which are largely hydrophobic, tend to be
contacted by low HLB surfactants and hydrocarbons. Fish gills are coated with
mucus and are less hydrophobic. Such differences may help explain the
different sensitivities of crustaceans and fish to water immiscible and water-
miscible dispersants (Nagell et al., 1974). Considering the differences between
the external structure and composition of fish and crustaceans, the influence of
the molting cycle on water uptake and loss in crustaceans, and the way by
which ions and water are regulated or otherwise controlled in many species,
variations in sensitivity are not surprising.

Sublethal Effects

Many studies, performed mostly in the 1970s, have examined sublethal
effects. Sublethal responses such as reproduction, behavior, growth,
metabolism, and respiration usually occur at levels well below lethal thresholds,
and hence are the most sensitive biological
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responses. Normally, although not always, the laboratory exposure durations are
1 to 4 days longer than organisms that would be exposed in most dispersant use
situations in open waters. Further, laboratory exposure concentrations of
reported sublethal effects normally are 1 or 2 orders of magnitude above highest
anticipated concentrations in field use (see Figure 3-2). Organisms from
bacteria to algae and invertebrates to fish exhibited varied biological responses
to dispersants in 50 to 100 sublethal laboratory studies (Wells, unpublished
compilation; Nelson-Smith, 1985). As with acute toxicity, the range of
threshold concentrations is extremely wide, from less than 1 ppm to 10°
(undiluted dispersant) based on exposures from 10 min to 3 weeks (Table 3-10).

Lethal -
Thresholds l i et ]

Sublethal -
Thresholds

Expected Initial
Concentrations In ! most _]
Water Column

10! 100 10! 102 108 10%
Concentration, ppm

Figure 3-2

Comparison of lethal and sublethal threshold concentrations and expected
concentrations in the water column for dispersants, as of 1982. Source:
Adapted from Wells (1984).

Some studies have described effects of dispersant applied directly to
external surfaces or injected into organisms. This work is particularly relevant
to interpreting dispersant effects on intertidal organisms, if dispersants are
applied directly onto shorelines. Limpets dropped off rock surfaces in response
to dispersants (Blackman et al., 1977). However, Fingerman (1980) observed
that the regeneration of killifish caudal fins were unaffected when BP1000X
was injected in amounts of 1:80 by weight for each fish.

The principal studies of sublethal effects of solvents have included
hydrocarbons (such as naphthalene) and mixtures (such as kerosene) that
contain them (Neff, 1979; Nelson-Smith, 1972; NRC, 1985); many responses
have been measured. In contrast, few sublethal studies have been conducted
using other components known to be in dispersant formulations.
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One example is Payne (1982) who showed that fish (Salmo gairdneri),
crabs (Cancer irroratus), and mollusks (Chlamys islandicus) "had the capacity
for enzymatic hydrolysis of the complex fatty acid ester mixtures found as
surfactants in second-generation dispersants."

Laboratory and fieldwork comparing oil with dispersed oil has tended to
replace sublethal toxicity studies of dispersants alone, because it is believed that
organisms under natural conditions would be exposed only briefly to very low
concentrations of dispersant. However, this position requires examination for
various marine habitats and organisms, using recognized hazard assessment
approaches (Cairns et al., 1978).

Hazard Assessment of Dispersant Alone

Effects due to the dispersant solvent and surfactants in the water column
may be surmised only from laboratory studies, as field studies have not
examined this question. A commonly accepted approach for laboratory and
field comparisons and predictions does not yet exist. Exposure in the water
column depends on the concentration-time profile of components as they dilute
and degrade through various processes, such as advection, volatilization,
solubilization, diffusion, bacterial degradation, uptake by organisms, and
detoxification.

Normally, a portion of the dispersant applied to an oil slick misses the oil
and enters the water column directly, particularly if dispersant droplets are large
and slick thickness and distribution varies (Chapters 2 and 5). Dispersant may
also partition from the oil droplets into the water. This effect has been
demonstrated by laboratory toxicity experiments with Corexit 9527 and mineral
oil (Wells et al., 1982), and may be a common phenomenon (Fingas, private
communication).

The above dispersant concentrations that were measured are:

» range of less than 0.2 to 1.0 ppm (McAuliffe et al., 1975);

* 1 to 10 ppm for a short period after application (Canevari and
Lindblom, 1976); and

* up to 13 ppm at various depths and times (Bocard et al., 1984).

Concentrations in the water for uniform mixing to various depths and rates
of application have been calculated:

* 1 to 12 ppm for shallow inshore areas (Griffiths et al., 1981);
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* | ppm for 1,000 sec in top 3 m (Mackay and Wells, 1983); and
* 0.5 to 2.0 ppm in the top 2 m, after an application of 10 to 40 liters/ha
(Mackay, private communication).

McAuliffe et al. (1981) calculated total dispersant exposure under the best
dispersed oil slick to be 3.2 ppm-hr in southern California field tests (see
Chapter 4). This calculation is based on an integration of the dispersed oil
concentrations measured over 12 hr. In addition, it was assumed that the
dispersant, which was sprayed at a concentration of 5 percent that of oil, was
distributed in the water, as were the dispersed oil droplets. The above numbers
are dependent on application rates, depths, sampling, and chemical analysis
methods. The evidence is limited, but at presently recommended application
rates with effective dispersants, concentrations as high as 10 ppm may be
expected initially. In the open ocean, small-scale field tests (see Chapter 4) have
indicated that the concentration of dispersant in water falls to less than 1 ppm
within hours. Hence, even initial concentrations in the water column are below
most, but not all, estimated lethal and sublethal concentrations (Figure 3-2)
derived from '"constant" exposure experiments. These experiments were
conducted for a much longer period (24 to 96 hr). Therefore, the effects on the
field were expected to be much less.

Some effects of dispersants on organisms in the sea may occur,
considering the variety of organisms and biological processes in the upper-
water column, their frequent concentration at oceanic boundaries (surface
microlayers and convergence zones caused by surface currents, winds, and
Langmuir circulation) and nutrient locations, and the demonstrated sensitivity
of some single organisms (particularly reproductive and larval stages).
However, such effects would probably be minor and short-lived due to dilution
of materials and recruitment of organisms from unaffected areas.

In conclusion, major effects (other than on insulation capability of fur and
feathers) should not occur in the near-surface waters due to dispersant alone,
provided properly screened dispersants are used at recommended application
rates.

TOXICITY OF DISPERSED OIL

This section addresses exposure assessment, comparative toxicity, and
joint toxicity. Laboratory work is reviewed later in this chapter; field studies,
which assess both toxicological and ecological
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effects of dispersed oil, are described in Chapter 4. Case histories of spills in
which dispersants were used are reviewed in Appendix B .

The following discussions of marine ecotoxicology of chemically
dispersed oils are based on considerable literature on dispersants, oils, and
dispersed oils (e.g., Allen, 1984; Doe et al., 1978; Nelson-Smith, 1972, 1980,
1985; NRC, 1985; Sprague et al., 1982).

Exposure Assessment

Exposure assessment involves estimating the concentrations of toxicants to
which the organisms will be exposed and the time of exposure. This assessment
is the first step in the process required to estimate potential damage to marine
organisms. Once the exposure to toxic materials is known, it can be combined
with laboratory measures of toxicity to obtain a hazard assessment. Exposure
assessment must take into account the several factors affecting oil
concentration. Untreated oil produces a certain level of exposure to surface or
near-surface organisms; treatment with chemical dispersants modifies this
exposure, moving the oil from the surface slick into the water column as
droplets with a significant lifetime. Chemically dispersed oil thus reaches a
greater volume in which organisms can be affected, but at the same time it is
being diluted so that those effects will be mitigated. Measured concentrations of
oil in water reported at test oil spills (Chapter 4) have frequently been regarded
as representative (McAuliffe et al., 1980, 1981; Nichols and Parker, 1985).
When dispersants are used in confined areas with poor circulation,
concentrations of dispersed oil in the water column will be higher than those
found under open-water, experimental spills. In Chapter 4 recent field
experiments designed to stimulate the latter situation will be discussed.

Factors Affecting Comparative Toxicity

Some of the physicochemical and biological factors influencing toxicity of
dispersed oils and the magnitude of their effects are well known (MacKay and
Wells, 1981; NRC, 1985; Sprague et al., 1982). Key biological factors to
consider with chemically dispersed oil include phylum, life stage, physiological
condition, and habitat. An ideal theoretical structure for understanding the
influence of these factors would allow for

* extrapolation from one species or region to another;
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 evaluation of joint toxicity of dispersant and oil in dispersions prepared
under different circumstances; and

 evaluation of the linkages between dispersant effectiveness and toxicity
of dispersant and dispersed oil.

The current limitations to fundamental understanding of such broad
relationships, due to the limited data base, somewhat restrict the application of
the laboratory-derived and field toxicity data bases and their use in predicting
possible sensitivities of species exposed to dispersed oils under various field
conditions.

Joint Toxicity

Joint toxicity, also referred to as joint action or mixture toxicity, occurs
where two or more chemicals are exerting their effects simultaneously.
Although the terminology is not standardized and is often used ambiguously,
one model of joint toxicity describes the effects of mixtures of chemicals as
additive, more than additive (synergistic), or less than additive (antagonistic)
(Calamari and Alabaster, 1980; Marking, 1985; Rand and Petrocelli, 1985;
Sprague, 1970). The combined effect of dispersant and oil could be a simple
combination of effects each causes separately; but synergistic toxicity, which is
greater than the sum of the two separate exposures, is a possibility that must be
seriously considered.

As discussed earlier, joint toxicity cannot be assessed by a straightforward
comparison of oil toxicity with dispersed oil toxicity. In most experiments using
oil alone, the oil remains primarily at the surface of the experimental tank, and
only a small fraction—the water-soluble fraction (WSF), which is sometimes
called "water-accommodated,” a term including fine droplets as well as truly
dissolved components—dissolves or is dispersed in the water. When dispersant
is added, the limited volume of the experimental system experiences a much
higher concentration of dissolved plus dispersed oil components. Even if the
WSF is compared with the dispersed oil, this situation exists. Thus, based on
such exposures, many early experiments concluded that dispersed oil was much
more toxic than oil alone.

In contrast, laboratory experiments comparing toxicity of the WSF of oil
with the WSF of dispersed oil, generally have found the toxicity of the two
indistinguishable.

This experience in accounting for the WSF suggests that meaningful
evalution of joint toxicity must involve adequate chemical
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analysis of the oil in the water phase to allow comparisons of hydrocarbon
toxicity on the same hydrocarbon scale, whether dispersants are present or not.
This observation also reinforces the need for thorough, comprehensive
experimental design in any experiments examining the toxicity of hydrocarbon
versus hydrocarbon plus dispersant (Wells et al., 1984b).

Questions also arise concerning the most appropriate experimental
procedures for studying dispersed oils, such as constant exposures versus
declining concentrations. Simple, measurable toxicity parameters in individual
organisms are needed to predict effects on population success (i.e., survival of
individuals, reproduction and development, and recruitment).

Dispersant composition influences toxicity directly and also indirectly
because a more effective dispersant mobilizes more oil into the water column
(Mackay and Mascarenhas, 1979; Mackay and Wells, 1983; Nes and Norland,
1983; Wells, 1984; Wells et al., 1984a). This relationship must be considered in
an accurate assessment of joint toxicity.

LABORATORY STUDIES WITH DISPERSED OIL

Since the Torrey Canyon spill in 1967, many studies of the effects of
dispersed oils on marine organisms under laboratory conditions have measured
toxicities and relative toxicities of various oils, oil with dispersants, and
dispersants themselves. This section reviews studies employing dispersed oil or
oil-dispersant mixtures on a wide range of organisms from phytoplankton to fish.

To evaluate hazards to marine organisms caused by dispersant use, the
most important toxicity information needed is the comparison of chemically
dispersed oil (particularly the effects of dispersant at concentrations normally
used) with undispersed or physically dispersed oil, under conditions
approximating those in the field. As discussed previously, the most appropriate
laboratory measurement is the toxicity of the water-soluble fraction of oil or
dispersed oil.

Unfortunately, about two-thirds of the literature published prior to 1987
does not give values for oil concentration in the water phase, but instead uses
the total oil per unit volume, or nominal concentration. Approximately one-third
of the many tests measured the dissolved hydrocarbons that cause immediate
biological toxicity. As noted earlier, in systems where oil or dispersant forms a
separate (floating layer) phase, basing toxicity on nominal concentrations
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leads to unrealistically high LCs, or ECs, values (i.e, underestimates of
toxicity). A major portion of the toxic fraction remains in the floating layer and
does not reach the test organism, resulting in erroneous estimates of exposure
concentrations and toxicities.

If physically dispersed oil (where most of the oil resides in the surface
layer) is compared with chemically dispersed oil (where much of the oil is
accommodated in the water) using nominal concentrations, the chemically
dispersed oil appears to have a higher toxicity. For example, based on studies
using nominal concentrations, it has been hypothesized that under natural field
conditions, toxicity of oil-dispersant mixtures to organisms would be greater
than that of untreated oil (Nelson-Smith, 1972; Swedmark et al., 1973). As will
be shown in the following sections, tests in which water-soluble fractions and
water-accommodated fractions are measured and used as a basis for toxicity
generally show no difference between physically dispersed and chemically
dispersed oil.

As stated above, approximately one-third of the studies, varying with
organism grouping, reviewed for this report measured the water-soluble
fraction. Many studies used much higher concentrations of oil and dispersant
than would likely be found under field conditions, except in highly enclosed
bodies of water where the volume of oil may be large relative to the receiving
waters. Some studies compared the toxicity of dispersed oil to dispersant alone,
but not to oil alone. It is, therefore, difficult to estimate threshold concentrations
accurately from these studies, and hence address the joint toxicity of dispersed
oil.

Swedmark et al. (1973) and Doe and Wells (1978) proposed that the
primary difference between untreated oil and dispersed oil under laboratory
conditions was "that effective dispersants simply make more oil or its many
components available to aquatic organisms," rather than causing greater-than-
additive effects. Norton et al. (1978) likewise correlated the "coarsening
[formation of larger particles] of the dispersion to a reduction in toxicity," that
is, less oil was then available to the organisms.

Bobra et al. (1979) recognized the importance of separating the
contributions of dissolved hydrocarbons, dispersed oil particles, and dispersants
in the laboratory to identify which effect dominates toxicity based on the fate of
materials under different aquatic conditions. This information was then
incorporated into a hazard assessment of dispersed oil. Bobra et al. (1979, 1984)
and Mackay and Wells (1983) have attempted to model these contributions of
dispersant,
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dissolved oil, and particulate oil to acute toxicity at different oil-water ratios
and volumes and at different weathering states, using crustacea as model
organisms and standardized physicochemical and toxicity data for the
remaining input. For example, when a fresh Norman Wells crude oil is
dispersed with Corexit 9527, 85 percent of the toxicity (to Daphnia magna) was
attributed to the dissolved hydrocarbon fraction, 14 percent to the suspended
particles, and less than 1 percent to the dispersant. A similar system, but with
the oil weathered by 42 percent, gave 87 percent of the toxicity in particles, 10
percent in the dissolved fraction, and 2 percent in the dispersant (Bobra and
Mackay, 1984; Bobra et al., 1984). This kind of model is useful for assessing
the source(s) of toxicity in oil dispersions to different organisms over the crucial
time periods after a major spill.

It has been hypothesized that acute toxicity of chemically dispersed oils
falls between that of the whole oil and its water-soluble fraction (Figure 3-3;
Wells, 1985; Mackay and Wells, unpublished data). The exact location of the
toxicity curve for each oil dispersion is determined uniquely by each laboratory
or field spill situation, as well as the chemical components.

Mackay and Wells (1980, 1981, 1983) and Wells et al. (1984a,b) described
the many factors known to influence the toxicity of dispersed oils (compare
with discussion entitled "Factors Influencing Acute Toxicity," earlier in this
chapter). These include

* the stability of the hydrocarbon mixture;
* ratio of dissolved to particulate oil; and
* changes in concentration and composition of oil over exposure time.

Whether toxicity may be synergistically enhanced—that is, organisms will
experience greater effects from hydrocarbons and dispersant surfactants
together than would be predicted from experiments with either alone—is a more
difficult hypothesis to test because it involves eliminating the large effects of
individual components. Only a few investigators have seriously attempted to
investigate this problem. One attempt was a detailed study of fish responses to
dispersant, oil, and dispersed oil that included hydrocarbon measurements in the
water (Wells and Harris, 1980). They concluded that the interaction of
dispersant and oil was additive, and that "with an effective but low-toxicity
dispersant, the acute toxicity of the chemically dispersed oil reflected primarily
the toxicity of the oil-derived hydrocarbons." This study and others discussed
below (e.g., Peakall et al., 1987)
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show that the apparently greater toxicity of chemically dispersed oil is generally
a reflection of exposure, not a reflection of a greater inherent toxicity.
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Figure 3-3

Hypothetical relationship of the toxicity curves for water-soluble fractions
(WSF), chemical dispersions, and physical dispersions of fresh crude oils.
Concentrations are of extractable organics measured by gas chromatography or
fluorescence. Numbers on axes represent approximate values for marine
planktonic crustaceans. Curves would be three-dimensional in practice. This
figure formed part of the overall hypothesis tested in the study on the
relationship between the effectiveness of dispersants and the toxicity of
dispersants and dispersed oils (see Mackay and Wells, 1983). Source: Wells,
1985.

The following discussion is devoted to a detailed survey of the current
literature covering phytoplankton, marine plants, zooplankton, crustaceans, and
other marine organisms. This literature has not been recently reviewed (the last
reviews were by Nelson-Smith, 1973; Sprague et al., 1982; and Pastorak et al.,
1985). More important, a substantial portion of the studies have misinterpreted
the toxicity of the dispersed oil because they used nominal concentrations
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rather than measured ones. Even though their numerical values for threshold
concentrations are incorrect, their observations on type, duration, and recovery
of responses are useful in understanding the toxicity of dispersed oil and have
been noted, where relevant, in the following discussion.

Phytoplankton

Laboratory studies of the toxicity of dispersed oil to phytoplankton are
summarized in Table 3-11. Four of the seven studies (Chan and Chiu, 1985;
Hsaio et al., 1978; Lacaze and Villedon de Naide, 1976; Villedon de Naide,
1979) report that dispersed oil is more toxic than undispersed oil. However,
these studies were incorrectly based on the use of nominal oil concentrations
and are not considered further.

One investigator (Trudel, 1978) analyzed oil concentrations in water by
infrared spectroscopy, and measured response by carbon fixation. His dose-
response relationship was the same in oil and 1:1 oil-dispersant mixtures, and
no change occurred in toxicity of the dispersed oil with the dispersant present.

Another study (Fabregas et al., 1984) measured the water soluble fraction
of weathered crude from the wreck of the tanker Urquiola, and concluded that
the toxicity of the dispersed oil was the same as that of the dispersant (Seaklin
101-NT).

There were other observations as well. An increase in light intensity
increased the toxicity of dispersed Kuwait crude oil to phytoplankton. In the
presence of Corexit 8666, toxicity increased by a factor of 5 in darkness and
increased by a factor of 9 in light (Lacaze and Villedon de Naide, 1976). The
weathered oil mixture, when illuminated and mixed with dispersant (1:1), was
the most toxic. In another study, growth of the marine diatom Skeletonema
costatum, under the influence of dispersed oil, was the same as for oil alone, but
greater than that for dispersant alone (Tokuda, 1979). Both studies
demonstrated similar toxicities of oil and chemically dispersed oil to
phytoplankton.

Macroscopic Algae and Vascular Plants

As with phytoplankton, three of the five papers reviewed on macroscopic
plants (Table 3-11) employ nominal concentrations and conclude, without
convincing evidence, that dispersant-oil mixtures are more toxic than oil alone
(Canning and Billing, 1974; Hsiao et al., 1978; Thelin, 1981).

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

TOXICOLOGICAL TESTING OF DISPERSANTS AND DISPERSED OIL 131

The other two studies (the last two entries in Table 3-11) employed gas
chromatographic analysis of the water-soluble fraction; they consider
seagrasses, which are discussed in Chapter 4.

Zooplankton

This section covers all groupings that have been studied except crustacea,
which are discussed later.

Protozoa

Little work has been conducted with protozoa and dispersed oils. Goldacre
(1968) was the first to describe the narcotic effects of hydrocarbons and some
nonionic dispersants on the cell membrane of amoebae, but no oil-dispersant
mixtures were evaluated.

Rogerson and Berger (1981) determined the toxicity of oil-dispersant
mixtures to ciliates, Tetrahymena pyriformis and Colpidium campylum , on the
basis of growth rate. Corexit 9527 concentrations above 1 ppm (nominal) were
acutely toxic. The protozoa grew better in dispersed oil tests than in oil alone.
This was attributed to the more rapid volatilization of the more toxic, aromatic
fraction of the oil from the dispersed oil mixtures. After oil had weathered, the
dispersant was apparently the primary toxicant.

Polychaetes

Polychaetes are known to be tolerant of oil and are often the first species to
colonize the benthic community after an oil spill (NRC, 1985). The acute
toxicity (1-day LCsys) of Corexit 7664 to Spionid larvae was 889 ppm for the
dispersant and 222 ppm for an Iraq crude oil-dispersant mixture (Latiff, 1969).
Likewise, 48-hr LCss for Corexit 7664 with the polychaete Ophryotrocha were
extremely high: 35,000 ppm for males, 30,000 ppm for females, and 12,000
ppm for larvae (Akesson, 1975). With oil (not described) in a ratio 1:2, the
toxicities became 580, 420, and 420 ppm, respectively. Even though the data
from these experiments were analyzed using nominal concentrations, Akesson
concluded correctly that the oil-dispersant mixture was more toxic than the
dispersant alone.

Mollusca

The only reported study on molluskan plankton deals with the gametes,
embryos, and larvae of two oysters (Crassostrea angulata
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TABLE 3-11 Laboratory Studies of Toxicity of Dispersed Oils to Plants

Method of Analysis  Oil Dispersant
Organisms Nominal Measured Type Type Response
PHYTOPLANKTON x Kuwait crude  Corexit Lethality (?)
8666
Arctic species x Four crudes Corexit Primary production
8666 (7)
Four species x Kuwait crude Nine Photosynthesis
dispersants
Chlorella () 7 BP light BP1100 X Growth, chlorophyll
salina Diesel BL1100WD, a, photosynthesis,
Shell oil respiration
herder
Natural popula- IR Lago Corexit Carbon
tion, Conception Medio 9527 fixation
Bay, Newfoundland crude
Tetraselmis WSF Weathered Seaklin Growth,
suecica Urquiola 101-NT chlorophyll a
crude
MARINE DIATOM
Skeletonema 0il Several Growth
costatum products
MARINE PLANTS
Fucus x (@) Corexit Dissolved oxygen
vesiculosus 7664, uptake
(bladder wrack) BP1100X
Laminaria x Venezuelan Corexit In situ
saccharina; and three 8666 primary
Phyllophora other crudes production
truncata
Fucus serratus x Ekofisk, Corexit Effects
Statfjord 9527 on gygotes
crudes and seedlings
Thalassia GC Prudhoe Corexit Lethality
testudinum Bay 9527 leaf
(seagrass) crude coloration
Thalassia, GC Murban and  Corexit Mortality
Halodule, Louisiana 9527 blade
Syringodium crudes condition

NOTE: Uncertain information is noted by (?).

20 +D>0-oil and dispersant toxicity is greater than for oil alone.
~0+D<0O—oil and dispersant toxicity is less than for oil alone.
SWater-soluble fraction.
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Toxicity Comparison

0+D>02 0+D<O-b- Comments References
x Ilumination, enhanced Lacaze and Villedon
photooxidation de Naide, 1976
x Hsaio et al., 1978
x Villedon de Naide, 1979
0+D>0, 0+D<O, Chan and Chiu, 1985
high low
concen- concen-
tration tration
O0+D=0 Trudel, 1978
0+D=D (growth) Fabregas et al., 1984
0+D=0 0+D>D Tokuda, 1979
x Threshold t Ganning and Billing,
tion>100 ppm 1974
x Hsiao et al., 1978
x i D+Ekofisk> Thelin, 1981
D+Statfjord
x WSFE compared with Baca and Getter, 1984
dispersed oil D+0=D
x WSF of dispersed oil had  Thorhaug et al., 1986;
concentration 10 times Thorhaug and Marcus,
oil alone 1985
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and C. gigas) and the mussel Mytilus galloprovincialis (Renzoni, 1973).
Only very high nominal concentrations of hydrocarbons in water, with and
without dispersants, were toxic, producing responses with the eggs and
embryos. Oil-dispersant mixtures (1 to 1,000 ppm) were toxic to fertilization.
The toxicity of oil and oil-dispersant mixtures at high concentrations were
similar, although the analytical method using nominal concentrations is incorrect.

Echinoderms

A number of studies have been conducted exposing sea urchin eggs,
embryos, and larvae to oil-dispersant mixtures (Falk-Petersen, 1979; Falk-
Petersen and Lonning, 1984; Lonning and Hagstrom, 1975, 1976), but their
conclusions have been brought into question because toxicities were based on
nominal concentrations and the water-soluble fraction of the oil was not
analyzed. Experiments were conducted with Kuwait and Ekofisk crudes, a
range of dispersants, especially Corexit 9527, and a number of sensitive
sublethal embryological responses.

Ichthyoplankton

The high commercial value of fish, combined with the vulnerability of
early life stages to oil, makes the toxicology with ichthyoplankton particularly
important. Unfortunately, only one paper compares the toxicity of the water-
soluble fraction of physically dispersed oil and chemically dispersed oil. That
study found chemically dispersed oil less toxic than oil alone (Borseth et al.,
1986). In other studies, nominal concentrations were used and, as expected,
chemically dispersed oil was reported to be more toxic. Six of these papers are
compared in Table 3-12.

Iran crude oil (1,000 ppm nominal concentration) and Corexit 7664 (100
ppm) produced narcosis or lethality in 1-day-old herring larvae (Kuhnhold,
1972). After 2 days in static laboratory conditions, the physically dispersed oil
had lost its toxicity, but the chemically dispersed oil had retained or increased
its toxicity.

Another early study considered the effects of Russian crude oil and
dispersants on the eggs and larvae of northern pike, Esox lucius (Hakkila and
Niemi, 1973). The study's main finding was a description of the comparative
sensitivities of the life stages to oil dispersions. More than 60 ppm oil plus
dispersant caused some egg
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mortality and 300 ppm caused complete mortality; this is high compared to
other results. Larval tests gave 2-day LCsys of 66 ppm (stage II) and 4.4 ppm
(stage III). The toxicity of the oil-dispersant mixture was greater than the oil,
but the same as the dispersant alone; and was attributed to the dispersant since it
was a nonionic surfactant in an aromatic solvent.

Linden (1975, 1976) studied the effects of Venezuelan crude plus
dispersant (BP1100X, Finasol SC, and Finasol OSR-2) on the ontogenetic
development (i.e., embryonic movement and heart rates, morphology, and
length of larvae) of the Baltic herring, Clupea harengus. Both acute and
sublethal effects of the oil increased 2 to 3 orders of magnitude if the oils were
dispersed by the least toxic dispersant (BP1100X), and 3 to 4 orders of
magnitude with a highly toxic dispersant formulation, such as Finasol SC.

Two studies of oil-dispersant mixtures were conducted by Mori et al.
(1983, 1984). They found that the tolerance of common sea bass eggs is greater
than those of parrotfish and flounder (Mori et al., 1983), and that oil-dispersant
mixtures were more toxic than oil alone for the young of sea bream and
Japanese flounder and the larvae of stone flounder (Mori et al., 1984). The
results of these experiments are questionable because the water-soluble fraction
of the oil was not measured, and toxicities were based on nominal
concentrations.

Borseth et al. (1986) conducted a comparison of in vivo and in situ
exposure of plaice (Pleuronectes platessa) eggs to the water-soluble fraction of
Statfjord A + B crude oil topped at 150°C and mixtures with Finasol OSR-5. To
cause significant mortalities (98 percent) required the full strength WSF of the
oil-dispersant mixture. In contrast, 10 percent mortality occurred with the
maximum WSF concentration for the topped crude. At 1:1 dilutions of both
WSFs, mortalities were equivalent.

In spite of these experimental studies, a dependable generalized hazard
assessment with ichthyoplankton, and therefore to fisheries potential, cannot be
made without considerably more research.

Crustaceans

More work with dispersed oil has been conducted on crustaceans than any
other type of organism, due to their ecological and commercial importance and
the relative ease with which many species can be studied. The sensitivity of
many crustaceans, particularly in young and molting stages, to dissolved and
physically dispersed
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TABLE 3-12 Laboratory Studies of Toxicity of Dispersed Oils on Ichthyoplankton

Organisms

Method of Analysis

Oil Type

Nominal

Measured

Dispersant
Type

Herring (Clupea
harengus, larvae)

Northern pike
(Esox Lucius,

eggs and larvae)

Baltic herring

(Clupea

harengus,
embryos and

larvae)

Spot
(Leiostomus
xanthurus eggs)
Sea bass,
parrotfish,
Japanese
flounder, stone
flounder, sea
bream (eggs)
Cod (Gadus
morhua, eggs
and larvae)
Flounder
(Platichthys
fleus, larvae)
Plaice
(Pleuronectes

patessa, eggs)

X

X

Gravimetricd

Iran crude

Russian crude

Venezuela
crude

Ixtoc I crude

(@)

Ekofisk crude

Statfjord A+B,
crude oil
topped at 150°
C

Corexit 7664

Several

BP1100X,
Finasol SC,
Finasol OSR-2

Corexit 9527
NEOS AB

3000

9 including
Corexit 9527

Finasol OSR-5

NOTE: Uncertain information is noted by (?).
2 0+D>0 = toxicity of oil plus dispersant is greater than oil alone.
® 0+D<O = toxicity of oil plus dispersant is less than oil alone.

¢ WSF = water-soluble fraction.
d Presumed, based on abstract.
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Biological Toxicity Comments References
Response Comparison
(6] o
+D>0*  +D<OP
Herring Lethality, X High Kuhnhold,
(Clupea narcosis concentration 1972
harengus, only 1-day
larvae) larvae
Northern Lethality X O+D=D Hakkila
pike (Esox and Niemi,
Lucius, eggs 1973
and larvae)
Baltic Lethality, X Dispersant Linden,
herring embryonic toxicity 1975, 1976
(Clupea function, contributing
harengus, larval factor
embryos and length
larvae)
Spot Lethality X O+D>D Slade, 1982
(Leiostomus
xanthurus
eggs)
Sea bass, Lethality X Mori et al.,
parrotfish, 1983, 1984
Japanese
flounder,
stone
flounder, sea
bream (eggs)
Cod (Gadus Lethality X O+D>D Falk-
morhua, Petersen
eggs and and
larvae) Lonning,
1984
Flounder
(Platichthys
fleus, larvae)
Plaice Lethality X Undiluted Borseth et
(Pleuronectes WSEF¢ of O al., 1986
patessa, eggs) and O+D
compared; O
+D=0 1:1
dilutions of
WSFs of O
and O+D
compared
(100% WSF)
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hydrocarbons as well as to dispersant formulations has been well
documented (NRC, 1985; Sprague et al., 1982). A number of studies are
compared in Table 3-13, and additional details are given in the text.

Copepoda

Lipid metabolism, swimming behavior, respiration, and survival of the
copepods Acartia sp. and Cyclops sp. were used as indicators of toxicity in the
early work of Gyllenberg and Lundquist (1976). A number of potential
sublethal effects were identified with the dispersal of oil by Finasol OSR-2 and
Finasol SC, but comparisons were not reliable because only nominal
concentrations were used.

Venezia and Fossato (1977) studied the acute and chronic effects of
suspensions of Kuwait crude oil and Corexit 7664 on Harpacticoid copepods,
Tisbe bulbisetosa. They prepared aqueous phases of dispersant and oil (1:5),
which they analyzed by gas chromatography and fluorometry. Noting that the
hydrocarbon concentration in the aqueous phase depends mainly on the amount
of dispersant present, and less on the quantity of oil added, they rejected the
hypothesis of a synergistic effect of hydrocarbons with this dispersant,
assigning the effects to the higher oil concentrations in the oil-dispersant
suspension. Even though the acute toxicity of the separated aqueous (1:5) phase
of the dispersant and oil mixture was 37 ppm (9-day LCs,) and 9 ppm (20-day
LCsg), exposure of the developing eggs and nauplii of the copepods to 39 to 45
ppm (or lower) of this mixture showed no significant effects on numbers of
eggs or nauplii, or percent hatching.

Spooner and Corkett (1974) studied the effects of Kuwait 250°C residue
oil combined with BP1100X on the feeding rate of Calanus helgolandicus
females. Toxicities were similar between oil and dispersed oil. Exposure to 10
ppm total oil (analyzed spectroscopically) plus 2 ppm dispersant for 20 hr
reduced the number of fecal pellets produced, whereas 2 ppm oil and 0.4 ppm
dispersant had no effect. Feeding rates recovered in all treatments. Spooner and
Corkett (1979) found clear effects of oil on four species of copepods at 10 ppm.

Wells et al. (1982) studied the mortality of Calanoid copepods
(predominantly Pseudocalanus minutus with some Acartia hudsonica) in a
white, low-toxicity, paraffinic mineral oil (Marcol 70) with Corexit 9527.
Temporary loss of the toxic components of the dispersant into the oil was
shown by mixing the oil and dispersant together
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at different speeds and testing their aqueous dispersions. When mixing stopped,
the dispersant components, which had been dissolved in the oil or associated
with the interface, eventually partitioned back into the water. The experiment
demonstrated that dispersant could stay in the oil phase and not the water phase
with mixing as done in the laboratory. Therefore, an incorrect conclusion may
have been made about dispersant concentrations in oil-water-dispersant mixture
dilutions in many bioassays, unless the experiments were conducted during
continuous mixing of all materials.

Foy (1982) demonstrated that 96-hr LCsgs for Calanus hyperboreus, when
based on hydrocarbon concentrations measured by fluorescence spectroscopy,
were lower in Prudhoe Bay crude oil-water mixtures than in oil-Corexit 9527
mixtures, that is, 73 (51 to 103) ppm versus 196 (161 to 238) ppm, respectively.
There was no evidence that oil dispersal with the dispersant led to a dispersion
more toxic to copepods. The copepods were quite resistant to the Prudhoe Bay
crude but suffered fouling with oil that may reduce survival in similar exposures
under natural conditions.

Falk-Petersen et al. (1983) studied the effects of oil and dispersants on
plankton. And in 1984, Falk-Petersen and Lonning (1984) summarized their
many studies of the effects of oils and dispersants on embryos and larvae of sea
urchins and fish, and copepods. The main finding of this body of work is that
the fertilization and embrionic development of organisms may be affected by
exposures at quite low concentrations, but this requires confirmation with
chemical analysis. Their studies also demonstrated the changes in toxicity
thresholds with organism and life stages.

Decapoda

Franklin and Lloyd (1986) used the standard U.K. Ministry of Agriculture,
Fisheries, and Food (MAFF) Crangon crangon (brown shrimp) dispersant "sea
test” to examine the relationship between oil droplet size and the acute toxicity
of oil-dispersant mixtures with the use of a Coulter Counter. Toxicity increased
with decreasing droplet size. The authors speculated that with a distribution of
very small droplets, soluble toxic components were more rapidly transferred
into aqueous solution.

Anderson et al. (1980, 1981, 1984, 1987) and Anderson (1986) have
reported on the toxicity of dispersed and undispersed crude
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Table 3-13 Laboratory Studies of Toxicity of Dispersed Oils to Crustacea
Method of Analysis Oil Dispersant
Organisms Nominal Measured Type Type Response
COPEPODA
Tisbe GC, Kuwait crude  Corexit 7664 Lethality,
bulbisetosa fluor. reproduction
development
Calanus Spect. Kuwait 250 BP1100X Feeding
helgolandicus degree residue
C. hyperboreus Fluor. Prudhoe Corexit 9527 Lethality
Bay crude
Pseudocalanus x Marcol 70 Corexit Lethality
minutus, refined 9527
Acartia sp. mineral oil
Acartia sp., x Venezuelan Finasol SC, Survival, lipid
Cyclops sp. crude Finasol OSR-2  metabolism,
respiration,
swimming
behavior
Field-caught sp., x Ekofisk Corexit 9527, Lethality
Metridia sp., crude Finasol OSR-5,
Calanus Finasol OSR-7
finmarchicus
DECAPODA
Crangon crangon X Iraq Corexit 7664 Lethality,
(shrimp) crude behavior
C. crangon x 25 oils BP1100X, Lethality
Corexit 9527,
and others
C._crangon Noramium Reference
DASO toxicant
Pandalus danae IR, Prudhoe Corexit 9527 Lethality
(shrimp) GC Bay crude
Homarus GC South Corexit 9527 Lethality,
americanus Louisiana respiration,
larvae crude other sublethal
Paragrapsus x Gravi-  Kuwait BP/AB Lethality
quadridentatus metric light
Palaemon x BAL 150 BP1100WD, Enzyme
serratus crude BP1100X, respiration
(shrimp) Finasols,
others
Carcinus x Forties BP1100WD Cardiac action,
maenas crude oxygen uptake
(shore crab) perfusion indic
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Toxicity Comparison

0+D>02 O+D<0h Comments

References

x
O0+D=0
0+D=0

x

x

x

x

x x
O+D=0
O0+D=0
0+D>0

nominal;
0+D<O
analyzed

x

0+D=0

Only aqueous phase of
oil and dispersed oil
tested

Toxicity due to
dispersant

0Oil4+OSR-2<OSR-2,
Oil+SC>SC

0+D>0,
Finasols>Corexit

0+D>D

Dispersant type modifies
availability of oil
fractions

WSF preparation shaken,
not stirred; synergistic
effect unlikely

Venezia and Fossato,
1977

Spooner and Corkett,
1974, 1979
Foy, 1982

Wells et al., 1982

Gyllenberg and
Lundquist, 1976

Falk-Petersen et al.,
1983

Latiff, 1969

Franklin and Lloyd,
1982, 1986

Bardot and Castaing,
1987

Anderson et al., 1980,
1981, 1084, 1987;
Anderson, 1986

Capugzzo and Lancaster,
1982

Ahsanullah et al., 1982

Papineau, 1983;
Papineau and LeGal,
1983; Papineau and
Cheze, 1984

Depledge, 1984
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oil to the decapod shrimp Pandalus danae. Toxicity indexes (ppm-hr) were
measured for physically dispersed and chemically dispersed oil, under constant
and diluting exposures. All four were similar. Toxicity indexes for Prudhoe Bay
and light Arabian crude were also similar.

Organisms Method of Analysis Oil Type  Dispersant ~ Response
Nominal  Measured Type
OTHER
CRUSTACEA
Artemia sp. X Tunisian Finasol Lethality,
(shrimp larvae) crude OSR-2 respiration
rate
Artemia sp. (larvae)  x Fluor., Lago Corexit Lethality
GC Medio 9527
crude
Onisimus affinis Fluor. Pembina,  Corexit Metabolism,
(arctic amphipod) Norman 8666 respiration
Wells,
Atkinson
Pt.
Anonyx nugax, Fluor. Prudhoe Corexit Lethality
Boeckosimus Bay 9527
edwardsi

Gammarus setosus
(arctic amphipods)

Gnorimosphaeroma Fluor. Prudhoe Corexit Lethality,

oregonensis Bay 9527 physiology

(estuarine isopod) behavior

Mysidopsis bahia IR, GC Prudhoe Several Lethality
Bay

KEY: Fluor. = fluorescence; GC = gas chromatography; IR = Infrared; Spect. =
spectroscopy.

2 0+D>0 = toxicity of oil plus dispersant is greater than oil alone.

b 0+D<O = toxicity of oil plus dispersant is less than oil alone.

¢ WSF = water-soluble fraction.

Anderson et al. (1987) pointed out that toxicity indexes correlated with the
presence of mono- and di-aromatics in the chemically dispersed oil and in the
water-soluble fraction of physically dispersed oil. Toxicity was summarized as
the lower limits at which effects would be observed: 48 ppm-hr for total
hydrocarbons, 3 ppm-hr for aromatics. If aromatic compounds were removed,
neither the WSF nor the dispersed oil were toxic.

Papineau (1983), Papineau and LeGal (1983), and Papineau and
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Cheze (1984) studied sublethal effects of dispersants, oil, and oil dispersions on
the gills of the shrimp Palaemon serratus. Inhibition of the gill sodium-
potassium-magnesium-ATPase enzyme system and a change in its kinetic
properties were caused by exposure to low oil concentrations, and these changes
were suggested as a way of estimating "safe" concentrations. Effects on gill
structure included cellular damage, membrane deterioration, and interference
with blood circulation. No conclusions can be drawn about the comparative
effects of oil and oil dispersants since only nominal concentrations were
reported.

Depledge (1984) measured the changes in cardiac activity, oxygen uptake,
and perfusion indices in the shore crab Carcinus maenas after exposures to
sublethal concentrations of Forties crude water-soluble fraction. A 20 percent
dilution of this WSF, BP1100WD
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(10 percent solution), and mixtures (1:1) were tested. All treatments caused
increases in cardiac activity and oxygen consumption and disruption of feeding
behavior, but effects were reversible. Conclusions on comparative effects of oil
and dispersed oil can only be considered as tentative because of the use of
nominal concentrations.

Ahsanullah et al. (1982) described the acute lethal responses of the crab
Paragrapsus quadridentatus to Kuwait light crude, an Australian dispersant
(BP/AB), and an oil-dispersant mixture. Based on oil concentrations measured
by hexane extraction, 4-day LCsys were 63 to 70 and 69 to 106 ppm for the oil
and oil-dispersant mixture, indicating no significant difference in acute toxicity.

Capuzzo and Lancaster (1982) studied the physiological effects of
physically dispersed and chemically dispersed Southern Louisiana crude oil and
ingestion of an oil-contaminated food source on larvae of lobsters, Homarus
americanus. No enhanced toxicity was observed due to the presence of
dispersant, but the sublethal effects occurred at concentrations expected in the
water column during the first hours or days of a major spill. Larvae were
exposed to dispersions in a continuous-flow system at 20°C for 4 days.
Physically dispersed oil had droplet sizes of 20 to 50 mm (0.25 ppm) and
chemically dispersed oil (Corexit 9527) had sizes of 10 to 20 mm (0.025 ppm).
Concentrations were unusually low for this type of study and designed to
resemble the exposure expected in the water column during the first days after a
major spill. Survival of larvae was the same in all treatments (i.e., oil, oil plus
dispersant, and controls). Exposure reduced metabolism, as shown by lowered
respiration rates and reduced ratios of oxygen consumed to ammonia and
nitrogen excreted. This was interpreted to be a result of increased dependence
on protein catabolism, inhibited lipid utilization, and delayed molting. Larvae
did not accumulate oil droplets in their digestive tracts, but those exposed to oil
and dispersed oil had reduced metabolism during the exposure. Lobsters
exposed to oil-contaminated food also showed reduced respiration.

Other Crustaceans

Percy (1977) reported on the effects of sublethal exposures to dispersed
oils on the respiratory metabolism of an arctic marine amphipod, Onisimus
(Boekisimus) affinis. The relative magnitude of the change in respiration rate
was less in oil-dispersant mixtures
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than in oil alone, but in both cases, reversal of respiratory depression was
influenced by oil type. Low concentrations (13 to 21 ppm initial measured
concentration) significantly depressed respiration rates, whereas increased
hydrocarbon concentrations (268 to 800 ppm initial measured concentration)
reversed depression, and respiration rates reached and even exceeded the
controls (Wells and Percy, 1985).

Duval et al. (1980, 1982) studied the lethal and sublethal physiological and
behavioral effects of physically and chemically (Corexit 9527) dispersed oil on
the estuarine isopod Gnorimosphaeroma oregonensis under computerized flow-
through exposure to the water-soluble fraction. The extent of responses was
greater in oil-dispersant mixtures, even at lower total oil concentrations. The
organisms recovered in clean water. Corexit itself had a low toxicity (no
mortality in 4 days at 1,000 ppm). The 48-hr LC50 for oil dispersant was 32
(13-78 c.1.*) ppm, compared to 70 (24-203 c.1.) ppm for physically dispersed
oil, suggesting slightly more toxicity in the chemically dispersed oil. The
toxicity curves are linear but nonparallel, suggesting that the mode of toxic
action might be different in the two dispersion types. The sublethal studies
(Duval et al., 1982) showed that oil alone gave patterns of sublethal responses
as G. oregonensis similar to oil plus dispersant: respiration rates, carbon
assimilation rates and efficiencies, naphthalene uptake, behavior (coordinated
motor ability), molting, and reproduction (frequency of mating).

Mackay and Mascarenhas (1979), Bobra et al. (1979), and Mackay and
Wells (1983) discussed the need to develop a mathematical analytical
framework for expressing individual and combined toxicities of dispersant
constituents and dispersed oil. A formula was developed to examine data for
Daphnia sp., Artemia sp., and copepods (Abernethy et al., 1986; Bobra et al.,
1984). This work will result in a computerized joint toxicity model for the
mixture that takes into account dispersant, dispersant components, water-
soluble fraction of the oil, specific hydrocarbons, and oil droplets or particles
(Bobra et al., 1987; Wells, 1985; Mackay, private communication).

Mackay and Wells (1980, 1981) reported the effects of oil dispersions,
water-soluble fractions, Corexit 9527, and chemically dispersed oil on Artemia
nauplii in static exposures at 20°C. In the chemical dispersion, most of the oil
was in particle (droplet) form, the stability of the dispersion was greater, and the
water-soluble oil fraction

* Range of 95 percent confidence limits.
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was more concentrated (shown by gas chromatography). At the toxic threshold
for the dispersion, the dispersant itself was at its lethal threshold (2-day LCsqs
were 24 to 45 ppm; Wells and Mackay, unpublished data). Oil physically
dispersed, settled, and diluted produced few effects in Artemia at 100 percent
dispersion: 2-day LCsos were greater than 41 to 65 ppm, based on
concentrations of water-accommodated oil (by fluorescence and gas
chromatography) at time zero hour. Chemically dispersed oil, prepared in a
similar manner (18 to 24 percent dispersion), was similarly toxic: 2-day LCsqys
were 82 to 120 ppm oil (plus 37 to 55 ppm dispersant, since the dispersant-oil
ratio was 1:2.5).

In another experiment with dispersed fresh and weathered Lago Medio
crude and Artemia (Mackay and Wells, 1980, 1981), 50 percent mortalities
were reached within 3 days in dispersions of 2.9 to 7.6 ppm (measured by
fluorescence) or 1.0 to 2.1 ppm (gas chromatography). There were few
differences between fresh and weathered dispersions. Acute toxicities decreased
as the dispersant-oil ratio decreased from 1:10 to 1:50, confirming that the
dispersant could contribute to acute toxicity.

Mollusks

Pelecypod and gastropod mollusks, with many species in the littoral and
shallow sublittoral zones, are particularly susceptible to oiling. At least nine
laboratory studies (Table 3-14) show the ranges of species, oils, and dispersants
and responses evaluated in studies to determine if dispersants change oil or oil
component toxicity. With bivalves, studies with measured concentrations
showed equivalent toxicities or lowered toxicities between the dispersed oil and
the oil (or its WSF) alone. Studies with nominal concentrations showed greater
toxicities for the mixtures, but such conclusions are suspect because exposures
were unknown for all compared treatments. Physiological, behavioral, and
recovery experiments predominated with the bivalve research and illustrate
differential sensitivities and often the capacity to recover from exposures.

For gastropods (Table 3-14), all studies used nominal concentrations, thus
invalidating conclusions about the comparative effects of dispersed oils to oil
alone, but showed that respiratory and behavioral responses were quite sensitive
to oil or dispersant exposures.

In summary, laboratory research on mollusks shows that high
concentrations of dispersed oils can be toxic, but that little defensible
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evidence (with measured concentrations) exists to suggest higher toxicities of
oils and their components in the presence of dispersants.

Comparison of Laboratory Studies and Field Studies with
Measured Hydrocarbons

This section reviews and compares laboratory bioassays that measured
dissolved hydrocarbons (C; to Cyy) in the water-soluble fraction from untreated
and chemically dispersed crude oils with those measured in the field, and it also
compares the C; to C;, hydrocarbon fraction bioassays or behavioral studies of
untreated crude oil with dispersed oil bioassays using the same organisms.

Oil toxicity to organisms is thought to result principally from hydrocarbons
that dissolve into water from crude oils or refined products (NRC, 1985). A
large number of laboratory bioassays have been conducted with the WSF
obtained by equilibrating oil and water, but many have not measured these
dissolved hydrocarbons. Table 3-15 summarizes exposures to untreated oil and
chemically treated oil of several fish and a crustacean, expressed as ppm-hr, and
lists the salient laboratory studies that measured dissolved or added
hydrocarbon components to determine their effect on fish. This table shows the
96-hr LCs, values and the exposures (in ppm-hr) required to cause 50 percent
mortality among several Alaskan species. Most of the species survived in the
maximum possible concentration of dissolved hydrocarbons from Cook Inlet
crude oil; a condition that never occurs in marine spills.

The largest number of studies with various species that measured aromatic
or total dissolved hydrocarbons in exposure waters was reviewed by McAuliffe
(1986, 1987a). The most extensive studies were conducted by Rice et al. (1979,
1981), using subarctic species in southern Alaska.

Rice et al. (1981) also determined the 96-hr LC50 for the larvae of five
marine species to total aromatic hydrocarbons in the ballast water treatment
effluent at Port Valdez, Alaska. The relative proportions of the dissolved
aromatic hydrocarbons in the effluent discharge were very similar to those
measured for water equilibrated with Cook Inlet and Prudhoe Bay crude oils.
As for the studies reported in Table 3-15, saturate hydrocarbons present in the
ballast water effluent were not measured.

McAuliffe et al. (1981) compared exposures with those found in the best
chemically dispersed oil plumes of the 1979 California
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TABLE 3-14 Laboratory Studies of Toxicity of Dispersed Oils to Mollusks

Method of Analysis Oil Dispersant
Organisms omin: easured Type Type Response
BIVALVES
Brachidontes x Arabian Corexit 7664 Mortality,
variablis, crude respiratory
Donax_trunculus rates
Mya truncata, x Venezuelan Corexit 9527 Metabolism
Serripes Lago Medio (0:D=10:1) scope-for-
groenlandicus crude growth (enzymes),
hydrocarbon
uptake
Serripes x Venezuelan Corexit 9527 Behavioral effects
groenlandicus Lago Medio (0:D=10:1) (wide range of
crude responses)
Arctic clams
(Mya truncata, x Veneguelan Corexit 9527 Scope-for-
Astarte (uv, Lago Medio growth
borealis) fluor.) crude (physiology)
Bay scallop x Kuwait Corexit 9527 Predator-prey
(Argopecten crude relationships,
irradians) e.g., predator
discrimination
Mussel x Hydrocarbons Three (Atlantic- Lethality
(Mytilus (toluene, Pacific,
galloprovincialis) n-hexane) Corexit 9527,
Corexit 7664)
GASTROPODS
Patella x Wide range of Corexit 9527, Lethality
vulgata crudes and others
refined oils
Patella x North Sea BP1100X, Histopathology
vulgata crude BP1100WD of gill
(WSF) epithelium
Littorina x Bunker C Corexit 8666 Behavior
littorea (crawling);
respiration

(oxygen uptake)

KEY: Fluor. = fluorescence; HC = hydrocarbon; MAFF = Ministry of Agricul , Fisheries, and
Food; SFG = scope-for-growth; UV = ultraviolet; WSF = water-soluble fraction.

204D>0 = toxicity of oil plus dispersant is greater than oil alone.
=0+D<O0 = toxicity of oil plus dispersant is less than oil alone.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

TOXICOLOGICAL TESTING OF DISPERSANTS AND DISPERSED OIL 149

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Toxicity Comparison

0+D>0% 04D <0h Comments References

0+D>0 Respiration rates declined Avolizgi and
in all treatments Nuwayhid, 1974
0+D=0 Sensitivity varied with
species
0+D=0 Flow-through exposure, followed Englehardt et al., 1985
by recovery period; concen-
trations: 0.5-500 ppm-18 hr;
engyme function altered,
SFG decreased, HC accumulated,
then lost
O+D=0 Dose-response relationship Englehardt et al., 1985
clear; many responses
reversible

x Comparison was WSF vs. O+D Hutcheson and
mixture (10:1); reduced SFG at Harris, 1982
0.4-2.1 mg/liter; Mya did not
recover over 14 days

x Dispersant and mixture had Ordzie and
similar lethal toxicity curves; Garofalo, 1981
dispersant and mixture affected
rRi e A A

L R4l
susceptibility lower in winter
x Very-high-exposure Ogelsel, 1983
concentrations (100 mg/liter
to 10%)

x Test was MAFF beach toxicity Franklin and Lloyd,
test 1982

Comparison of O vs. O+D was not Nuwayhid et al., 1980

made; both WSFs and dispersants
caused damage to surface micro-
villi, cilia, and epithelial
cell structure

x Disp t was idered Hargrave and
responsible for decreased Newcombe, 1973
behavior and respiration rates
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tests, and with exposures measured under untreated Prudhoe Bay crude oil
slicks. The total of C; to C, dissolved hydrocarbons under untreated slicks
were reported to be 1 ppm or less (McAuliffe et al., 1981). In later publications
McAuliffe (1986, 1987a) quoted an average integrated exposure of 0.002 ppm-
hr, as listed in Table 3-15.

In other field observations, including those at oil spills, concentrations
were as much as 100 times higher (Howarth, 1987; NRC, 1985).

On the other hand, the relatively unpolluted area of Georges Bank was
sampled at 20 stations four times during 1977 (Farrington and Boehm, 1987).
The concentration of dissolved hydrocarbons in the water column ranged as
follows:

* February—14 to 60 pg/liter (ppb);

* May—1 to 25 pg/liter (ppb);

* August—Iess than 1 to 5 pg/liter (ppb); and
* November—Iless than 0.2 to 2 pg/liter (ppb).

The February values were high because of the Argo Merchant oil spill in
December 1976 and January 1977. Over a 24-hr period, these data give
exposures of 0.005 to 1.4 ppm-hr. If only the latter part of the year is
considered, the range is 0.005 to 0.12.

Under the best dispersed oil plumes of the 1979 California tests
(McAuliffe et al., 1981), the dissolved hydrocarbon concentration was taken to
be 150 ppb for the first 30 min (although samples as high as 54 ppm were
reported from 1 m depth 15 min after spraying, more typical samples were 1
ppm) and because the concentration decreased as a result of evaporation and
dilution, the integrated exposure over 24 hr is listed in Table 3-15 as 0.06 ppm-
hr. Nevissi et al. (1987) and McAuliffe (1987a) determined the exposures to
dissolved hydrocarbons required to cause 50 percent mortality of chum salmon
fry with untreated and chemically dispersed Prudhoe Bay crude oil. The total C;
to C;( hydrocarbon content of the water was measured 8 times during the 24-hr
exposures.

University of Washington researchers (Brannon et al., 1986; Nakatani et
al., 1983, 1985) measured the effects of untreated and chemically dispersed
Prudhoe Bay crude oil on the homing of adult chinook salmon (Oncorhyncus
tshawytscha) in fresh water, adult coho salmon (O. kisutch) in seawater, and the
amounts of these oils to cause mortality of adult coho salmon. Waters were
monitored from 4 to 6 times during the 1- and 4-hr exposures, and the results
expressed as ppm-hr dissolved hydrocarbons.
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At Battelle Pacific Northwest Laboratories, Pearson (1985) studied the
effect of Prudhoe Bay crude oil and chemically dispersed oil on Pacific herring
egg fertilization, hatching, and larval abnormalities using a flow-through
system. Anderson et al. (1987) of Battelle measured acute toxicity of the WSF
and chemically dispersed Prudhoe Bay crude oil to coonstripe shrimp (Pandalus
danae) , Pacific herring (Clupea harengus pallasi), and sand lance (Ammodytes
hexapterus). Constant concentrations of oil were selected using a flow-through
system and determining the time (from 12 to 96 hr) to 50 percent mortality.
Dissolved hydrocarbons were monitored. These bioassays showed little
difference in toxicity between total C; to C;y hydrocarbons from Prudhoe Bay
crude oil and dispersed oil. The one exception is the 4 ppm-hr exposure from
the WSF of untreated oil that caused half kill of coonstripe shrimp larvae, which
is not clearly accounted for. Otherwise, the toxicities, based on the C; to Cq
hydrocarbon fraction, were about the same from untreated and chemically
dispersed oil. Dissolved hydrocarbons were monitored in both Battelle studies
referenced in Table 3-15.

The WSF of physically and chemically dispersed oil to Artemia nauplii
with Lago Medio crude oil and Corexit 9527 was compared by Mackay and
Wells (1980, 1981). The toxicities were similar. Physical dispersion was a little
more toxic than chemical dispersion. Greater toxicity to the dissolved
hydrocarbon fraction from untreated oil than from chemically dispersed oil was
also observed by Foy (1982). The opposite was observed by Duval et al. (1980,
1982) for the isopod G. oregonensis using a crude oil (Table 3-15).

Other studies that measured the dissolved hydrocarbons or added pure
hydrocarbon components individually include Morrow et al. (1975), who
studied young coho salmon and individual hydrocarbons, and Struhsaker et al.
(1974), who tested benzene and the eggs and larvae of Pacific herring and
northern anchovy in 24-hr exposures. These additional studies generally showed
less toxicity than found by Rice and coworkers.

Table 3-15 supports the following observations:

* The field exposures in the water column for both untreated and
chemically dispersed oils generally are much lower than exposures
required to cause mortality or behavioral effects on a large number of
species and life stages.

* The dissolved hydrocarbons from the WSF of untreated oil and
chemically dispersed oil produced similar organism mortalities.
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Dispersed oil was about twice as toxic to chum salmon fry compared
with dissolved hydrocarbons from untreated oil.

* Coonstripe shrimp, sand lance, and Pacific herring larvae were about
the same sensitivity. Arfemia nauplii and an isopod were also affected
to about the same degree by dissolved hydrocarbons from dispersed oil.

Summary

The laboratory studies summarized above, comparing lethal and sublethal
toxicities of dispersed oil to various organisms, demonstrate the wide range of
responses that may occur when dispersants have been used to treat oil, and the
many factors influencing the responses.

In general, the results fall into three categories:

1. those employing nominal concentrations (total oil per unit volume),
which find that dispersed oil is more toxic; many (nearly 30
percent) of the tests (usually the earlier ones) fall into this category.
Test results stemming from use of this technique are in error, and
much data are of little use.

2. those analyzing for the water-soluble fraction, which find no
difference in toxicity between physically and chemically dispersed
oil; and

3. those comparing dispersant to dispersed oil toxicity that find
dispersed oil to be more toxic when a relatively nontoxic dispersant
is used, and find dispersant alone to be more toxic when a toxic
formulation is used.

When the WSF of the oil has been analyzed, there is seldom evidence for
synergism (i.e., greater than additive toxicity) between oil and dispersant
components, validating the general conclusion that oil is as acutely toxic as
dispersed oil.

These laboratory studies also demonstrate some of the difficulties of
accurately controlling the exposure of organisms to complex organic mixtures
in small tank systems. Such experimental approaches have been used because
they are suitable for specific test organisms, and because they offer some
control over experimental variables. It is recognized that such approaches do
not simulate field conditions. To date, laboratory studies have been most
valuable in exploring the types of responses and the duration of effects under
"high exposure" conditions, and offering guidance to the design and conduct of
field studies on dispersed oils.
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MICROBIAL DEGRADATION

A potentially important factor for planning dispersant use is whether it will
significantly enhance or retard degradation—particularly microbial degradation
—of spilled oil. The ultimate fate of spilled petroleum depends primarily on the
ability of microorganisms to use spilled hydrocarbons as sources of carbon and
energy (NRC, 1985).

All marine waters appear to contain mixed natural microbial populations
with the genetic ability to grow on petroleum hydrocarbons. However, ocean
waters that have continuous oil inputs, as from seeps or discharges from
populated areas, are likely to have greater numbers and types of oil-degrading
microorganisms. Biodegradation begins after evaporative losses have ceased
and continues for a week to a year. Evidence suggests that chemical or
mechanical dispersion in the water shortens the time period during which
microbial degradation assists oil removal.

Biodegradation appears to be limited primarily to paraffinic and aromatic
fractions, although studies by Rontani et al. (1986) have shown some
degradation of asphaltenes. To date there is no evidence of biodegradation of
polar fractions, or nitrogen-, sulfur-, and oxygen-containing compounds
(Westlake, 1982).

Dispersants applied effectively increase the rate and possibly the extent of
biodegradation by

 creating more oil surface area;

* reducing the tendency of oil to form tar balls or mousse (Gunkel and
Gassman, 1980; Daling and Brandvik, 1988); and

* enabling dispersed oil droplets to remain in the water column instead
of beaching or sedimenting (Gilfillan et al., 1985).

They may also diminish biodegradation rates by

* adding new bacterial substrate (the dispersant) that microbes might
preferentially attack over the oil; or

* increasing concentrations of dispersed oil and dispersant in the water
column, which may have temporary toxic or inhibitory effects on the
natural microbial populations.

Creation of new surface area is the most important factor relating to
biodegradation. Because chemical dispersion of oil increases surface-to-volume
ratios of the oil, and because degradation occurs at the oil-water interface, the
use of dispersants should enhance the environmental conditions required for
suitable microbial growth.
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Ideally, key questions relating to possible differences in the rate and extent
of degradation of chemically dispersed and nondispersed oil should be
addressed by direct field comparisons. However, these comparisons are
extremely difficult to accomplish (Green et al., 1982). As a result, knowledge of
dispersed oil degradation is limited mainly to laboratory studies, pond and
mesocosm studies, and information on physical and chemical changes that are
known to occur mainly when dispersants act on spilled oil.

Laboratory Studies

Laboratory studies are useful for observing such important phenomena as
mechanisms of degradation; changes over time of type and numbers of
oleoclasts—petroleum-degrading bacteria (Atlas, 1985; Lee et al.,, 1985);
relative degradability of various petroleum components; biodegradability of
various commercial dispersants; effects of nutrient supplements; and
enhancement or retardation of degradation rates with dispersant use. Laboratory
studies, including innoculations of field collections, have shown that
degradation rates can be enhanced or inhibited when dispersed oil is added to
culture vessels. For example:

e Traxler and Bhattacharya (1978) found that chemical dispersants
significantly enhanced bacterial degradation of petroleum hydrocarbons.

e Traxler et al. (1983) found that dispersed oil was more effectively
metabolized by hydrocarbon-utilizing microorganisms than either
untreated oil or dispersant alone.

*  Mulkins-Phillips and Stewart (1974) found only slightly enhanced
degradation upon dispersion.

¢ Bunch and Harland (1976) found no difference between untreated oil
and dispersed oil.

e Gatellier et al. (1973) found either enhancement or inhibition
depending on the dispersant used.

» Zeeck et al. (1984), using 900 ppm (an extremely high concentration)
of dispersants, inhibited bacterial growth or decreased glucose uptake
rates.

These widely varying and even apparently conflicting results are not
conflicting, however, given differences in laboratory techniques, exposure
concentrations and durations, nutrient availability in the culture, temperature,
and dispersants and oils tested. Generally, the
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experiments showing inhibition used dispersant concentrations that exceeded
the range found in field tests.

The biodegradable nature of some commonly used dispersants has been
reported from several laboratory studies (Cretney et al., 1981; Gunkel, 1974;
Traxler and Bhattacharya, 1978). Because some dispersants are preferentially
utilized over the oil as the carbon source, some experiments have shown initial
oil degradation rates in the laboratory to be inhibited by the addition of
dispersants (Bunch et al., 1983; Foght and Westlake, 1982; Foght et al., 1983;
Mulkins-Phillips and Stewart, 1974). Griffiths et al. (1981) reported decreased
uptake of labeled glucose that appeared to be dependent on dispersant
concentration. These dispersant-oil concentrations were higher than would
usually be observed in situ, although Griffiths et al. (1981) reported one
experiment that showed a 10 percent decrease observed at 1 ppm. Generally,
inhibition has not been important in pond or mesocosm studies.

The extent to which laboratory studies of biodegradation rate and extent
can be extrapolated to the marine environment is severely limited. Major
problems include the confining conditions of test vessels and the need to add
nutrient supplements. Hydrocarbon degradation rates from laboratory
experiments have been several orders of magnitude higher than in situ rates.
Conversely, toxic or inhibitory effects are likely to be magnified in the
laboratory because the dispersant and dispersed oil mixtures in the test vessels
are not able to dilute as they would in nature.

Mesoscale Studies

Pond and mesoscale experiments are seen by many researchers as a way to
increase substantially the realism of oil-dispersant experiments. They suffer
some of the same shortcomings as laboratory studies (e.g., a limited water
volume), but to a lesser extent. Key results of several experiments are
summarized below. They consistently show enhanced oil degradation rates of
dispersed oil over undispersed oil (see Chapter 4).

In CEPEX bag experiments reported by Cretney et al. (1981) and Green et
al. (1982), biodegradation was greatly increased in the dispersed oil bag.
Microbial oxidation of the n-alkane component of the oil was completed within
15 days, arate at least an order of
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magnitude higher than for undispersed oil (Green et al., 1982). Furthermore,
only 0.1 percent of the dispersed oil reached the sediment during these 15 days,
and it was in an advanced state of bacterial decomposition. At the surface slick
in the CEPEX experiments, microbial degradation had not begun by the end of
the 15 days.

In Seafluxes enclosure studies of dispersant and dispersed oil-stimulated
bacterial production, Lee et al. (1985) observed increased glucose uptake rates
in enclosures with dispersant and dispersed oil. Biodegradation was more
important than abiotic processes in the removal of low volatility n-alkanes of
dispersed oil in the Seafluxes enclosure.

In freshwater pond experiments, alkane degradation rates of test oils were
substantially increased in dispersed oil ponds versus undispersed oil ponds
(Dutka and Kwan, 1984; Dutka et al., 1980; Green et al., 1982; Scott et al.,
1984). Heterotrophic bacterial counts increased tenfold in oil-dispersant ponds
versus oil-only ponds. Also, substantially less oil was found in the sediments of
the pond treated with dispersants than in the oil-only ponds after 1 year (Scott et
al., 1984).

In seawater pond experiments, Marty et al. (1979) compared dispersed and
nondispersed oil in 20-m? (24 x 103 liters) basins filled with lagoon seawater.
Four months after the first treatment, dispersed slicks were no longer visible,
while the untreated reference slick did not appear significantly different.
Nutrients were not added to the lagoon seawater. Dispersant concentrations
were 13 to 130 ppm, significantly higher than manufacturers found in field
tests, even immediately after dispersion.

In dispersant-only tests, oil-degrading bacteria increased by 4 to 100 times
those in the seawater only (Marty et al., 1979). Although bacterial populations
doubled in the oil-only basin after 14 hr of contact, in the dispersant-treated
ponds a doubling was not evident until the fifth day of treatment. Despite the
delay, microbial populations and extent of degradation were significantly
enhanced in the dispersant tanks after 4 months.

Microbial Field Studies

Bunch (1987) studied the effects of chemically dispersed crude oil on
bacterial numbers and microheterotrophic activity in the water column and
sediments of selected bays at the BIOS experiment site, Cape Hatt, Northwest
Territories, from 1980 to 1983. In the release
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of dispersed oil in 1981, there was a transient decrease in Vmax (maximum
velocity) of glutamic acid uptake in water samples. Bacterial numbers were
unaffected.

In vitro experiments with water samples demonstrated that a combination of
petroleum and dispersant, or dispersant alone, reduced the Vmax of glutamic
acid uptake to a greater extent than petroleum alone.

In addition, total organic carbon and bacterial numbers temporarily
increased in the sediments impacted by dispersed oils, recovering to normal
(control) values by the second year. Effects on the water column were
considered inconsequential or marginally deleterious, while effects on the
sediment were indirect, long-term, and likely of marginal significance to
microheterotrophic activity.

Summary

Some laboratory studies and all mesocosm studies have shown increased
oil biodegradation rates when dispersants are used. Temporary inhibition of
biodegradation with dispersed oil also has been observed in the laboratory, but
appears to occur only at dispersed oil concentrations higher than would occur in
the field. Data from pond and mesocosm studies strongly indicate that effective
use of dispersants would enhance the biodegradation rate of spilled oil. With
limited field data (Bunch et al., 1983, 1985) available, and because
biodegradation may be slow or incomplete under some field conditions, this
conclusion requires additional verification by field studies.

The primary objectives of dispersant use are to enhance dilution effects, to
get oil off the water surface, and to prevent stranding of oil. Hence, any rate
enhancement of biodegradation probably should be viewed simply as a
secondary benefit to the primary objectives.

Finally, on the question of whether dispersants enhance the extent of
biodegradation, available information suggests that refractory compounds
would remain undegraded regardless of the addition of dispersants (Lee and
Levy, 1986). One aspect of this question that has not been quantified is the
extent to which dispersants prevent tar ball formation. Prevention of tar balls
and large mousse accumulations possibly could be an important advantage of
chemically dispersing oil, because tar balls, especially large ones, trap
biodegradable hydrocarbons, and mousse accumulations do not break up before
stranding and eventually become buried in intertidal and shallow subtidal
sediments (Jordan and Payne, 1980; NRC, 1985).
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SEABIRDS AND MARINE MAMMALS

Despite concerns of coastal resource managers and oil spill response teams
about the effects of oil spills on seabirds and marine mammals, far more
research has been conducted on the effects of oil and dispersed oil on intertidal
and subtidal invertebrates, plants, and fish. Because of high susceptibility to
damage and high visibility when oiled, however, much recent public policy
consideration has been given to seabirds and marine mammals. Unfortunately,
many of the critical questions regarding damage to marine mammals and
seabirds by oil and possible mitigation by dispersants have not yet been
addressed.

There are two primary effects of oil on seabirds and marine mammals
(Leighton et al., 1985; NRC, 1985):

1. toxic effects resulting from direct ingestion of oil from the water, or
indirectly from grooming or preening; and

2. effects on the water-repellency of feathers or fur needed for thermal
insulation.

Research on toxic effects of ingestion is reviewed below.

Seabirds

The few studies of direct toxicity of oil and dispersants to seabirds
(Table 3-16; Peakall et al., 1987) show that dispersant and crude oil reduce
hatching success and lower resistance to infection to about the same extent, and
sometimes less than, oil alone. Studies have been primarily on avian
reproduction and physiology. The effects of oil alone on embryos and early
development are well known, and the effects of oil-dispersant mixtures have
been studied at various stages of the reproductive cycle. Generally, crude oil
and Corexit 9527 mixtures and crude oil alone are similarly toxic to bird eggs,
based on nominal concentrations.

Work with other species, such as mallard ducks and herring gulls
(Table 3-16), also shows a wide range of sensitivities, particularly with duck
eggs. For example, Albers (1979) tested Prudhoe Bay crude oil, Corexit 9527,
and mixtures (5:1 and 30:1) on the hatchability of mallard eggs (Anas
platyrhynchos) over 6 to 23 days. All produced diminished hatchability at the
20-ul dose level per egg (external surface). The oil, dispersant, and 5:1 mixture
had similar effects, but the 30:1 mixture was significantly less toxic. At reduced
dosage, only the Corexit mixture caused significant effects.
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The results of coating experiments are important to note, particularly for
breeding birds, which may transfer dispersant and oil back to their nests. For
example, a field study with Leach's storm petrels (Butler et al., 1988) showed
no effects of internal dosing with Prudhoe Bay crude oil or mixtures with
Corexit 9527 (10:1), but the highest dose of externally applied dispersant-oil
mixture (1.5 ml per bird) significantly increased the percentage of brooding
birds deserting the nesting burrow. No significant effects were seen with oil
alone. Hatching success was decreased to the same extent with both oil and
dispersant-oil treatment.

A mathematical model for the exposure of diving and surface-feeding
seabirds to surface oil and dispersed subsurface oil (Peakall et al., 1987) led to
the conclusion that the exposure resulted from the surface slick, and that "a
highly effective dispersant significantly reduces oil exposure for both types."

The literature review by Peakall et al. (1987) on dispersed oil effects on
seabirds concluded that the hazard of chemically dispersed oil to seabirds
depended primarily on differing exposures under naturally and chemically
dispersing conditions. Their evaluation of the toxicology, based on sublethal
responses at the biochemical and physiological level, showed similar responses
to oil components, with and without dispersants.

Other studies have examined the toxicity of dispersed oils to seabirds;
these include Butler et al. (1979, 1982, 1987), Albers (1980), Lambert and
Peakall (1981), Miller et al. (1981, 1982), Peakall and Miller (1981), Butler and
Peakall (1982), Trudel (1984), and Ekker and Jenssen (1986). Collectively these
studies, including those by Peakall et al., show the range of responses of birds
to oil and dispersed oils, the similarity in responses to oil and dispersed oils, and
the obvious need to reduce surface oiling for bird protection.

There are also occasional concerns regarding the direct effects of the
dispersants themselves on seabirds, both on adults and on eggs and young at the
nest. These effects, although perhaps fewer than those produced by oil itself,
include direct accidental spraying of birds with dispersants (from aircraft) and
the potential increased risk of oiling to seabirds from slicks that have spread
after dispersant application.

The seabird-dispersant issue, following from the above summary, seems to
be one of exposure to the dispersant and the dispersed oil, rather than one of
enhanced toxicity of the oil as perceived until recently.

Copyright © National Academy of Sciences. All rights reserved.
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Marine Mammals

Effects of oil spills on marine mammals include physical fouling, thermal
and compensatory imbalance due to oil coatings, uptake, storage and depuration
of hydrocarbons, changes in enzymatic activity in the skin, interferences with
swimming, occasional mortalities, eye irritation and lesions, and oiling of
young (Engelhardt, 1985).

Reviews by Geraci and St. Aubin (1980), Smiley (1982), Engelhardt
(1983, 1985), and NRC (1985) describe the effects of oiling on the fur of
sensitive marine mammals (sea otters), based on laboratory and mesocosm
toxicology experiments and observations of oiled animals in the field. More
than a twofold increase in thermal conductance (over baseline), and therefore a
50 percent reduction in insulating capacity, has been reported for polar bears
(Hurst and Oritsland, 1982), sea otter pups and fur seals (Kooyman et al., 1977),
live adult sea otters (Costa and Kooyman, 1982), and sea otter pelts (Hubbs
Marine Research Institute, 1986; Kooyman et al., 1977).

Dispersants have been used experimentally like "shampoos" to remove
crude oil from marine mammal fur, but such attempts removed natural skin oils
along with the crude oil, thus destroying the fur's water-repellency (Williams,
1978). Surface-active agents, such as those used in dispersants, can increase the
wettability of fur or feathers, which in turn allows cold water to penetrate and
increase the thermal conductance of the pelt. This is particularly dangerous to
animals that are buoyed or insulated by their fur or feathers. In the case of the
sea otter, unless grooming can quickly repair the damage, cold water leaks
through the fur and against the skin, causing fatal chilling. If the animal grooms
excessively, however, it can scratch away large amounts of underfur, further
complicating the restoration of body insulation (McEwan et al., 1974).

Direct toxicity is also a potential problem. Polar bears died from toxic
effects of oil ingested during grooming (Engelhardt, 1981) as did river otters
examined after an oil spill at Sullom Voe, Shetland Islands (Richardson, 1979).

To date, only Hubbs Marine Research Institute (1986) has addressed
chemically dispersed oil effects. The critical work by the American Society for
Testing and Materials (ASTM, 1987) reviews the literature on oil damage and
other human disturbances to marine mammals, but cites none regarding the
effects of dispersed oil.

Attempts to remove oil or dispersed oil from sea otter pelts showed that
any residue of oil or dispersant left on the fur, even if the fur was dry, permitted
water to penetrate into the fur upon
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immersion (Hubbs Marine Research Institute, 1986). This confirmed the earlier
studies of the damaging effects of increased wettability of sea otter fur after
contact with crude oils, detergents, and dispersants (Costa and Kooyman, 1982).

Research on thermal responses was conducted by rubbing fresh oil or 5-
day weathered Santa Barbara crude oil on adult California sea otter pelts
(Hubbs Marine Research Institute, 1986). Fresh oil alone, or with Corexit,
easily penetrated the fur, which quickly saturated upon immersion in water.
Thermal conductance was more than twice as high as in untreated control pelts.
There was no difference in conductance between fresh crude alone or with oil
combined with the dispersant. Based on such sparse information, oil dispersant
chemicals may not reduce the physical threat of spilled oil to some fur-insulated
sea mammals.

Smiley (1982) stated that

Nonetheless, dispersion of large oil slicks is probably a useful countermeasure
tool, assuming that both the floating oil and the applied chemical are
effectively diffused into the water column. The risks of direct fouling and of
inhalation toxicity when swimming at the sea surface would be reduced,
especially in cold icy situations where natural weathering and evaporation of
oil slicks is slow.

In addition, the ASTM (1987) concluded that

Use of chemical dispersants and mechanical methods is recommended to
prevent these habitats from being contaminated or to reduce contamination. . . .
Because sea otters and polar bears are very sensitive to oil contamination,
dispersant use is recommended even if application must occur near or in a
habitat used by these animals.

However, available data do not seem to support this recommendation, and
Smiley's conclusion assumes complete dispersion and disappearance of surface
oil after dispersant application, which may not occur.

In view of the enormous public interest in, and concern for, the fate of
seabirds and marine mammals, it is surprising that so little research with
dispersants has been done with these animals, and that the conclusions on the
use of dispersants for protecting these animals can only be tentative. Clearly,
there is a great need for more laboratory and field studies, particularly in order
to determine whether the use of dispersants will lessen the adherence and
impact of oil on the fur of marine mammals and the feathers of birds. Thus far
the data only appear to indicate that there is no difference between the effects of
oil with dispersants or alone.
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4

Intermediate-Scale Experiments and Field
Studies of Dispersants Applied to Oil Spills

Because the magnitude, type, and duration of effects on aquatic organisms
and ecosystems caused by oil spills depend directly on exposure to toxic
components of the oil, the effects of oil are expected to be less if the spill is
rapidly diluted by chemical dispersion. A number of experiments at scales
larger than normal laboratory size (mesoscale) as well as field studies at sea
have been conducted to determine the physical dispersion and the subsurface
concentrations of oil components. They and their associated biological effects
are reviewed in this chapter.

PHYSICAL AND CHEMICAL STUDIES

Although laboratory tests can rank various dispersant formulations as to
their relative effectiveness and can be used to investigate the effects of
parameters, such as temperature, water salinity, and oil viscosity, the real test of
dispersant effectiveness is a full-sized spill in a test at sea. However, rigorous
sea tests are expensive and difficult to conduct, and results have often been
disappointing.

An absolute measure of effectiveness in the field would require that a very
large set of water samples be taken, covering the entire water mass within
which the oil might become dispersed, as well as an accurate measurement of
the amount of oil that evaporates from the slick under the field conditions. Very
few experiments have

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

Using Qil Spill Dispersants on the Sea

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

TATE-SCALE EXPERIMENTS AND FIELD STUDIES OF DISPERSANTS 166
APPLIED TO OIL SPILLS

attempted this approach, but it is these that provide the most direct evidence of
dispersal of oil at sea (Brown et al., 1987).

Some studies have been set up to obtain typical water samples from
beneath a dispersant-treated or untreated slick, so as to assess whether the
concentrations of o0il components exceeded potentially toxic levels. The
emphasis of others is to see if dispersants ranked better or poorer by laboratory
test would perform in the same order on a larger scale.

As will be discussed in Chapter 5, much thought has been given to remote
monitoring systems, but there is as yet no standard method for determining
effectiveness outside the laboratory. As a result, dispersant operations at spills
of opportunity have provided only a limited and ambiguous set of effectiveness
data. The compilations of Nichols and Parker (1985) or Fingas (1985) if taken
uncritically could be rather discouraging. In many cases, dispersal was observed
but could have been due to natural processes—adequate control spills without
chemical dispersant were unavailable. In other tests, different observers at the
same site reached different conclusions about how much of the slick had been
dispersed. The reported effectiveness at any but the most carefully planned field
trials is extremely dependent on the types of observations or samples, the
location of the observers or sampling devices, and the dispersant application
technique.

Intermediate-Scale (Mesoscale) Studies

Some studies intermediate in size between laboratory and field (microcosm
and mesocosm)—although not without limitations—can provide useful
information with greater control and at less expense than a full field study
(Adams and Giddings, 1982). An example is the Controlled Ecosystem
Pollution Experiment (CEPEX) in British Columbia, Canada. Two 13-m deep
CEPEX plastic* enclosures moored at Saanich Inlet were treated with 3 liters of
oil (Green et al., 1982). In one system, Corexit 9527 was added, producing a
stable emulsion with average droplet size about 1 pum or less (measured by
underwater photomicroscopy).

* Typical experiments are conducted using plastic (usually polyethylene) enclosures in
an open-water area. In one study (Laake et al., 1984), the function of Ekofisk crude oil
suffering different fates was measured using tritium tracers. Only 0.0037 percent of the
oil was adsorbed in the plastic walls.
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In contrast to expectations, evaporation was inhibited in the dispersed
system, which required 10 to 15 days to lose volatiles, whereas the undispersed
slick lost volatiles in 1 to 2 days. After 7 and 27 days, the amount of oil
reaching the sediment increased by about a factor of 10 in the enclosure where
dispersant had been used. However, the dispersed oil was more rapidly
biodegraded, by a factor of 10, with alkanes essentially oxidized in 15 days, so
that in each case only about 0.1 percent of the oil remaining in the water column
eventually was found in the sediment (Green et al., 1982).

To test effects of dispersants in a littoral ecosystem simulating the shallow
rocky Baltic Archipelago, Linden et al. (1985, 1987) used six pools, 8 m3 each,
with a flow-through seawater system. Two pools were exposed to 20 ppm
(average initial nominal concentration) North Sea Forties crude oil, two were
exposed to 20 ppm oil with Corexit 9550 added, and two served as controls.
The differences in biological effects between treatments were attributed to
dispersed oil remaining in the water column longer, without adhering to
particles or organisms or settling to the bottom. Because seawater flowed
continuously through the systems, the dispersed oil was more rapidly washed
out.

In a trial using intertidal enclosures, Farke et al. (1985a,b) oiled sand by
contaminating inflowing seawater on 12 successive rising tides with
ultrasonically dispersed Arabian light crude oil, Finasol OSR-5 dispersant, and
an oil-dispersant mixture (ratio O:D of 10:1). With or without dispersant,
average oil concentration in the water (sampled at high tide) was about 10 ppm,
and core samples showed that less than 5 percent of the oil penetrated the
deeper sediment. Maximum concentration of oil in the top 2 cm of sediment
was 560 ppm in both the oil-dispersant experiment and oil-only experiments.
After contamination was stopped, the oil concentration returned to baseline
values within 4 to 6 weeks.

Although the Farke et al. (1985a,b) study using premixed dispersant and
oil does not fully simulate the impact of oil dispersed at sea coming in on the
tide, it is closer to that ideal than other intertidal studies in which dispersant was
applied after a beach was oiled. In the latter studies, dispersant increased the
degree of oil penetration. It is clear from this example that dispersed oil is more
easily washed out of an enclosed system than untreated oil, and there appears to
be evidence that dispersed oil adheres less to particles and sediment than
untreated oil (see Chapter 2).

Copyright © National Academy of Sciences. All rights reserved.
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Recent examples of mesoscale studies of physicochemical characteristics
of dispersed oils include those at the Esso Resource wave basin in Canada
(Brown et al., 1987; To et al., 1987). These studies show that the dispersed oil
plume often is highly irregular in shape and nonuniform in concentration. This
nonuniformity can lead to serious errors when attempting to estimate dispersant
efficiency by analyzing chemical samples from the water column. Further, these
mesoscale experiments reemphasize the need to apply dispersants preferentially
to the thicker portion of the slick in order to achieve good overall efficiency.

American Petroleum Institute Research Spills

Open-ocean tests sponsored by the American Petroleum Institute in 1978
and 1979 evaluated several factors bearing on dispersant performance and fate:
oil type, sea state, and dispersant type and dosage. The studies compared the
fates of untreated and chemically treated oil and measured total hydrocarbons in
water under slicks (McAuliffe et al., 1980, 1981).

In four spills conducted off New Jersey, 11.7 bbl of Murban and LaRosa
crude oil were sprayed with dispersant by helicopter. Murban crude oil changed
rapidly when dispersant was immediately applied. A distinct whitish-brown
subsurface plume appeared quickly. Over several hours, this plume grew in area
and diminished in color and visibility as the dispersed oil diluted. Rough mass-
balance calculations, supported by visual and photographic observations,
indicated that Murban crude oil was almost completely dispersed (McAuliffe et
al., 1980).

The highest total oil concentration measured under the low-viscosity
Murban (39° API gravity) crude oil was 18 ppm at 1 m at 23 min after
dispersion, decreasing to less than 1 ppm at 6 m after 1 hr. The highest
dissolved hydrocarbon concentrations—40 to 50 ppb—occurred in the samples
with the highest total oil concentrations. After 110 min the highest hydrocarbon
(C; to Cy) concentrations were 2 ppb at 1 m.

When dispersant was sprayed on the fresh La Rosa (24° API gravity) crude
oil, no sudden change was apparent. However, in time this oil became a thin
sheen, as contrasted with the thick, black, asphaltic appearance of the thicker oil
in the downwind, leading edge portion of undispersed oil. About half the slick
was estimated to have been dispersed. The highest total oil concentrations
measured in the
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dispersed oil plume were 2 to 3 ppm from the surface through 3 m at 23 min
after spraying. These concentrations also existed after an hour, and thereafter
decreased. The highest dissolved hydrocarbon concentrations were 14 ppb at 47
min, and 9 ppb after 94 min.

The two slicks that were allowed to weather for 2 hr before dispersant
spraying showed low concentrations of oil in the water. This was probably due
to the greater area of the slick and the fact that most of the oil was in the
downwind portion of the slick. Since the overall slick was uniformly sprayed,
the thick portion where most of the oil resided may have been undertreated.
Weathering also would have increased oil viscosities, thereby decreasing
dispersant effectiveness. These effects were clearly demonstrated during the
1979 API studies off southern California.

In the September 1979 API studies off the coast of southern California
(McAuliffe et al., 1981), nine separate 10-or 20-bbl releases of 0.90 specific
gravity (26.6° API gravity) Prudhoe Bay (Alaskan North Slope) crude oil took
place over 2 days. These tests were unusual in the large number of water
samples taken (900), which allowed contours of subsurface concentrations to be
obtained and a more accurate mass-balance made. The slick areas of the 20-bbl
oil discharges were 2 to 3 ha (5 to 7 acres) at the start of aerial spraying, 10 to
30 min after release, but increased during the 30-min multipass spraying. The
average slick thickness was 0.1 to 0.2 mm initially, but decreased as the slick
area increased.

The most effectively dispersed 20-bbl slick was sprayed with dispersant
concentrate from a DC-4 aircraft; the results of this test are discussed in detail
here. Figure 4-1 shows that the oil concentrations for the first sampling run
under the remaining slick and through the dispersed oil plume (five stations
were placed along the length of the slick and two across it). The highest
dispersed oil concentrations occurred at Station 2 (center of the downwind
thicker part of the slick) with an average of 41 ppm at 1 m and 10 ppm at 3 m.
A mass-balance was estimated (by layers) by calculating the water volume (as
the slick length multiplied by two-thirds of the width) multiplied by the average
oil concentration of the seven stations. The chemical analyses were on a weight
basis. Correcting for the specific gravity (0.90) changes the amount of oil
discharged from 20 bbl to 18 bbl on a weight basis. It was further assumed that
by the time of spraying, 15 percent of the oil had evaporated. Thus the amount
of oil in the slick that was sprayed was estimated to be 15.3 bbl. The amount of
oil measured in the water column at the various depths (totaled in
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Figure 4-1) was 11.2 bbl, or about 66 percent. Therefore, two-thirds of the oil in
the slick (after evaporation) was dispersed, and one-third remained on the
surface. Only 0.8 percent of naturally dispersed oil was found under untreated
(control) slicks during single sampling runs immediately after the control slicks
were released. The highest amounts of naturally dispersed oil generally are
found under fresh oil slicks.
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Figure 4-1

Concentrations (ppm) of oil in water under a 20-bbl crude oil slick that was
sprayed immediately with dispersant by DC-4 aircraft, September 26, 1979;
first sample run.

Percentage of slick dispersed in water is based on the estimated amount of oil
in the slick, not the amount of oil discharged. Source: McAuliffe et al., 1981.
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Figure 4-2

Concentrations (ppm) of oil in water under a 20-bbl crude oil slick that was
sprayed immediately by DC-4 aircraft, September 26, 1979 (day 1); second
sample run. Source: McAuliffe et al., 1981.

Figure 4-2 shows the results of a second sampling run through the slick
about an hour after spraying. During this time, the slick had elongated as the
remaining wind-driven surface slick separated from the dispersed oil plume.
The highest concentration, found at 1 m at Station 2 after 15 min (Figure 4-1),
occurred from 0 to 6 m at Station 4 after 54 min. The dispersed oil had diluted
by mixing downward. The mass-balance calculation at that time provided an
estimate of about 89 percent of the unevaporated oil dispersed.

A third sample run was started 3 hr after spraying, as a transect
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from under the separated teardrop-shaped slick back to the drogue that was
following the dispersed oil plume in the water (Figure 4-3). The distance was
about 2 km. Samples taken at the drogue had concentrations of 1 to 2 ppm
through 6 m and 0.5 ppm at 9 m. These concentrations represent the further
dilution of the dispersed oil with time.
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Surface Sllck
Figure 4-3

Concentrations (ppm) of oil in water under a 20-bbl crude oil slick that was
sprayed immediately by DC-4 aircraft, September 26, 1979 (day 1); third
sample run through small downwind slick and then near drogue where
dispersion occurred. Source: McAuliffe et al., 1981.

The results of these very elaborate field studies produced some of the few
quantitative mass-balances on dispersed oil that have ever been obtained.
Although a large number of samples were collected, there can still be errors in
the calculated amounts of dispersed oil.*

* An independent check of dispersant effectiveness can be made based only on the
observed concentrations in the water. An average 0.1-mm-thick slick, if completely
dispersed and uniformly mixed in 1 m of water, would produce a concentration of 100
ppm, 33 ppm in 3 m, and 17 ppm in 6 m. The sample stations, with the higher
concentrations shown in Figures 4-1 and 4-2, approach these values if the oil measured
at greater depths is added back to the shallower depths. The measured concentrations
would be even closer to the theoretical concentrations if they were corrected for volume
of oil to weight of oil, percentage of evaporation, and an estimateof the amount of slick
remaining.
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Table 4-1 summarizes the effectiveness of dispersant sprayed on seven
slicks and the estimated percentage of oil naturally dispersed under the two
control slicks. Table 4-1 shows the effectiveness of aircraft versus boat
spraying, a comparison of two different dispersants applied in the same manner,
and immediate spraying versus a 2-hr delay. Aerial spraying of the fresh oil
slick was more effective than boat spraying (60 and 78 percent versus 62
percent with less dispersant aerially applied). The reduced effectiveness of boat
application may be due principally to mixing the dispersant concentrate with
seawater (with an induction system to 2 percent concentration) before spraying.
Dispersant H (Corexit 9527) was 5 to 6 times more effective than dispersant J
(unidentified) (62 versus 11 percent) in boat spraying of just the thick oil part of
the fresh slick. (Laboratory testing with both fresh and weathered Prudhoe Bay
crude oil showed about this same difference.) Oil that was on the water for 2 hr
prior to spraying was not as effectively dispersed, probably due to increased
viscosity from greater loss of volatile hydrocarbons by evaporation. Boat
spraying the entire slick uniformly was very ineffective compared with spraying
just the portion of the slick that contained most of the oil. Too little dispersant
was sprayed on the thick areas, too much on the thin ones. This difference in
effectiveness is in accord with the basic concept that the dispersant should be
sprayed where most of the oil exists. Table 4-1 also shows that generally the
higher the rate of dispersant application, the greater the amount of oil dispersed.

Another API-sponsored study of dispersed versus untreated oil was
conducted at Long Cove, Searsport, Maine. The results are presented later in
this chapter.

Protecmar

The French Protecmar program's studies emphasized middle-scale field
tests with two boats because such tests are more realistic than laboratory tests
and less expensive than full-scale offshore tests (Bocard et al., 1981, 1984,
1987; Desmarquest et al., 1985). In one test, 45.5 bbl of light fuel oil was
treated with undiluted Dispolene 325 sprayed from an airplane. About half the
oil was dispersed within 4 hr, the thicker areas slowly disappeared after 7 hours,
and only a scattered sheen remained after 20 hr.

In a similar experiment with light fuel oil in the Mediterranean Sea, several
dispersants were sprayed from aircraft and boats (Bo
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card and Gatellier, 1981). For both chemical and natural dispersion, infrared
analysis of water samples detected 0.1 to 0.5 ppm concentrations of oil.
Subsurface concentrations obtained in some of the Protecmar tests are
summarized in Table 4-2. Several general conclusions were derived from the

Protecmar tests:

TABLE 4-1 Effectiveness of Dispersant Treatments During the 1979 Southern

California Studies

Treatment Estimated Percentage Percentage of Slick
Percentage of Dispersant Dispersed in Water
Applied®

Sprayed immediately by 4.9 78 + 16°

plane, day 1, dispersant H

Sprayed immediately by 3.6 60 + 3.5

plane, day 2, dispersant H

Sprayed after two hours 4.0 45

by plane, day 1,

dispersant H

Thick oil part of slick 8.7 62

sprayed immediately by

boat, dispersant H

Thick oil part of slick 8.4 11

sprayed immediately by

boat, dispersant J

Entire slick sprayed 1.5 8

immediately by boat,

dispersant H

Entire slick sprayed after 1.5 5

two hours by boat,

dispersant H

Untreated oil 0.8 +0.4¢

2 Estimated percentage of
dispersant applied to
thicker part of oil slick,
estimated to contain 90
percent of the oil.

b The mean of the first
two sampling runs
through the immediately
aerial sprayed slicks: day
1 first sample run, 66
percent; second sample
run, 89 percent.

¢ The mean of one run
through each of the two
untreated control slicks.

e The trend of dispersant effectiveness observed was similar to the
United Kingdom's standard test (Labofina/Warren Spring Laboratory),
but with more viscous oils, different dispersants can hardly be

distinguished.

e The French standard test (also a version of Labofina) does not account
exactly for the variation in dispersant efficiency with oil viscosity.
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* The results of the IFP dilution test (Chapter 2) agree with those
obtained at sea when mixing is applied to the treated oil slick. Ranking
of dispersants for a given oil viscosity is the same as in the field test
(Desmarquest et al., 1985)

TABLE 4-2 Subsurface Oil Concentrations After Dispersant Application in the
Protecmar Studies (Maximum Significant Values in ppm)

Im 2m/2.5m
Trial tl tz t3 tl t2 t3
Protecmar 1 2 1
Protecmar 2 1 1
Protecmar 3
Slick A 1 60 5 1 3 3
Slick B 4 3 3 5
Protecmar 4
Sprayed by Canadair 17 4 4 1 Traces  Traces
CL215
All other slicks 7 4 4 3 Traces  Traces
Protecmar 5 3 Traces 3 Traces
Protecmar 6
Helicopter 1 2 (1 hr 30 min) Traces  Traces
Ship 4 2

NOTE: The columns t;, t, and t; are sampling times corresponding respectively, to 0 to 30 min,
3 to 3 hr 30 min, and 6 to 7 hr after dispersant application.
SOURCE: Bocard et al., 1987.

North Temperate and Arctic Tests

A number of field trials have been conducted to test effects of dispersants
in north temperate coastal and arctic habitats. In 1978, in three experiments at
Victoria, British Columbia, oil was spilled in a semiprotected coastal area and
restrained with a boom (Green et al., 1982). Ten percent Corexit 9527 was
applied by ship using the Warren Spring Laboratory system. Fluorometric
monitoring of water samples showed as much as 75 percent dispersal. The
highest oil concentration was 1 ppm, which decreased to background levels
(Iess than 0.05 ppm) within 5 hr, in agreement with the field tests cited above.
Previous tests in CEPEX enclosures showed that microbial oxidation of
dispersed Canadian North Slope oil occurred at least 10 times faster than
undispersed oil, and this may have been a factor in the rapid disappearance of
the oil (Green et al., 1982). The results
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of the Royal Roads tests were consistent with an earlier test on Kuwait crude
(Cormack and Nichols, 1977), but other tests using the WSL application system
produced less objective results because of inadequate observations from aircraft
(Smith and Holliday, 1979).

A 1981 field trial held off St. John's, Newfoundland was among the first to
employ both remote sensing and a real-time computer simulation model (Gill
and Ross, 1982; Intera Environmental Consultants, 1982). Aerial photographs
clearly indicated rapid formation of an oil-in-water emulsion immediately
following application of Corexit 9527. The waterborne cloud was visible from
the air for 3 hr.

Field tests of the effectiveness of Corexit 9527, Corexit 9550, and
BPMA700 were conducted near Halifax, Nova Scotia in 1983 (Canadian
Offshore Aerial Applications Task Force [COAATF], 1986; Gill et al., 1985;
Intera Environmental Technologies, 1984; Swiss and Gill, 1984). An acoustic
monitoring system for verifying water column oil concentrations was tested,
along with oil spill tracking models to predict the movement of slicks during the
trial. Water samples analyzed by fluorescence and radiotracer techniques
showed that 2 to 40 percent of the oil was dispersed, but because there were
differing sea states for the various tests, the dispersant products were not ranked
for effectiveness.

To better understand oil spills in an arctic environment, 16 small-scale
tests with Tarsiut crude oil were conducted in Mackenzie Bay, Canada in 1984
(Dickinson et al, 1985). The dispersant BPMA700 was determined
qualitatively to be the most effective; Corexit 9527 was also effective, but took
longer to disperse the oil; Corexit 9550 caused oil resurfacing and was not
recommended for arctic conditions. This study demonstrated that chemical
dispersal of Tarsiut crude oil in Beaufort Sea waters is feasible and it suggested
improvements in the spray application system.

More extensive arctic tests were held in the Beaufort Sea near
Tuktoyaktuk, Northwest Territories in August 1986. Four slicks, each
containing 2.5 bbl of aged (by aeration) Alberta sweet mixed blend, were laid
down by tugboat as follows (Oil Spill Intelligence Report, 1986¢c; Swiss et al.,
1987a; Jones, private communication):

* treated with a single application of BP Enersperse 700;

* treated with multiple applications of BP Enersperse 700;
¢ treated with Exxon CRX-8; and

* untreated—served as control.

In the untreated slick, thick and thin portions of the spill were
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visually easy to distinguish (Jones, private communication). After spraying
there was an obvious plume of dispersed oil in the water, and little of the thick
oil was left. Wherever dispersant was sprayed a sheen was visible that in some
cases covered 10 times the area of the original spill. An observer noted that the
thick oil consisted of pea-sized droplets that from time to time rapidly expanded
into a larger sheen (Swiss et al., 1987b).

Preliminary conclusions from this study are that Alberta sweet mixed
blend crude can be dispersed at 6°C, and that multiple spraying operations using
helicopters are feasible. However, a single application at a dispersant-oil ratio
of 1:10 appears to be as effective as the "multihit" technique, provided
observations are made over several hours. Although the two dispersants
appeared initially to have different effects, the amount of oil dispersed after
several hours was the same for both (Swiss et al., 1987a).

In addition to the field studies discussed above, a series of experimental
spills were conducted on northern Baffin Island, Northwest Territories. These
studies, which were primarily conducted for biological observations, comprised
the Baffin Island Oil Spill Project, which is described later in this chapter.

In an early test, Cormack and Nichols (1977) measured the following
concentrations of chemically dispersed Ekofisk crude oil at a depth of 1 m:

* 16 to 48 ppm within the first 2 min;
* 5to 18 ppm after 5-10 min; and
* 1 to 2 ppm after 1 hr 40 min.

Lichtenthaler and Daling (1983) reported on seven 13-bbl research spills
conducted with topped (initial boiling point 150°C) Statfjord crude oil in May
and July 1982. One release at each test time was a control (untreated), and the
remainder were sprayed by boat with 200 liters (53 gal) each of three different
dispersants diluted to 10 percent concentration by seawater. Forty water
samples were collected under each dispersed slick at 1, 2.5, 5, and 9 m. The
maximum subsurface oil concentration was 10 ppm at 1 m with dispersant B.

The authors suggested that the concentrations and effectiveness were
reduced because the oil was released over 7 to 12 min, resulting in several
thicker oil patches spread over wider areas of the slicks. The southern
California studies (McAuliffe et al., 1981) released the oil in 3 min, and the
slick was quite uniform initially, with
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the thicker oil located in the downwind portion. In addition, no air surveillance
was available in the North Sea tests, and since a spray boat was used, preferred
spraying of the thick oil patches was impossible. Lichtenthaler and Daling
(1983) indicated that these difficulties resulted in the low dispersant
effectiveness observed:

 dispersant A, 6 to 19 percent;
* dispersant B, 17 to 22 percent;
* dispersant C, 2 percent; and

* controls, 0.7 to 2.6 percent.

The dispersant ranking was consistent with laboratory tests conducted by
Mackay and Szeto (1981).

In the summer of 1983, Delvigne (1985) studied nine 13-bbl spills of
Statfjord crude oil and a light fuel oil in the North Sea. Five of the slicks were
controls, one was crude oil premixed with dispersant Finasol OSR-5 (used for
all tests), and the remainder were aerially sprayed after being on the water for 1
hr. A single surface measurement indicated that the slicks were hit by dispersant
that should have resulted in dispersant-oil ratios of 1:10 to 1:30 in the thick part
of the slick. Measurements from a towed fluorometer at depths of 3 and 7 m, as
well as 800 water samples analyzed by infrared spectrophotometry, surprisingly
indicated that dispersion was not greatly increased by dispersant spraying.
Lower than expected concentrations of dispersed oil were measured at 3 and 7
m from the Statfjord oil-dispersant mixture (after 30 min to 1 hr 45 min, 3 m
values for three samples shown were 0.14 to 3 ppm; 7 m concentrations were
0.1 to 0.3 ppm). These concentrations were somewhat higher than the aerially
sprayed slicks.

Delvigne attributed the ineffectiveness to poor mixing of the sprayed
dispersant with the oil layer. He suggested that the dispersant droplets
penetrated through the slick or washed away from the oil layer before
penetration. However, the low concentrations found from the dispersant-oil
premix suggest that the dispersant used was not very effective with this oil, or
that the sampling did not find the highest oil slick concentrations. The values
contrast markedly with those of Lichtenthaler and Daling (1985) reported
below. Thirty minutes after release of the oil-dispersant premix these
investigators found concentrations to exceed 100 ppm through 3 m, 12 ppm at 5
m, and 3 ppm at 10 m.

Lichtenthaler and Daling (1985) conducted additional studies in the North
Sea in June 1984 using a simulated fuel oil produced from
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Statfjord crude oil (8 parts of gas oil, 250° to 350°C; 1 part heavy gas oil, 330°
to 400°C; and 1 part residue, greater than 380°C). The already sprayed slicks
were sampled 30 to 50 min later. The highest oil concentrations in water were
25 to 40 ppm at a depth less than 2 m. Under two untreated slicks,
corresponding concentrations were less than 5 ppm, a mean of 8 samples from 2
m was 0.22 ppm. The dispersed and untreated oil concentrations are in general
agreement with the 1979 API southern California field studies (McAuliffe et al.,
1981).

The long-term effects on surface oil, 1 to 2 days after treatment with
dispersant, could be important in evaluating the effectiveness of dispersants in
sea tests. In both the Protecmar tests and in the Norwegian North Sea trials,
Lichtenthaler and Daling (1985) reported that dispersants tend to act as de-
emulsifiers when weathered (water-oil emulsified) surface oil is treated at low
dosages. A small amount of dispersant apparently enhances the "natural"
dispersion process by breaking down the water-in-oil emulsions and releasing
for further spreading.

The mass-balance calculations made in sea trials (typically 0.5 to 2 hr after
treatment) only take into account the short-term effects of dispersants, which
often have resulted in uncertain conclusions (see Table 4-3).

Summary of Physical and Chemical Field Test Results

The tests discussed in the preceding four sections are summarized in
Tables 4-3 and 4-4. Many pieces of quantitative information, such as oil
viscosity and oil-dispersant ratio, were estimated by Nichols and Parker (1985).
Effectiveness, defined as the fraction of oil removed from the water surface, is
obtained by integrating the water-column distribution as well as allowing for
evaporation from the slick. Numerical effectiveness values are given in
Table 4-3 only if the authors of the cited papers gave such values. Fingas (1985)
and Nichols and Parker (1985) have estimated quantitative effectiveness values
from water-column concentrations; neither of these papers gives the
methodology.

One particular study (McAuliffe et al., 1981), in which unusually complete
distributions of petroleum hydrocarbons in the water column were measured,
gives the clearest indication that chemical dispersion is more effective than
natural dispersion in relatively calm seas; that dispersant treatment by air is
superior in most cases to

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

Using Qil Spill Dispersants on the Sea

180

ALE EXPERIMENTS AND FIELD STUDIES OF DISPERSANTS

TATE-

APPLIED TO OIL SPILLS

"uonngule Joj UOISISA SAllejIoyINe 8y} se uoneolgnd siy} Jo uoisiaA juld ay) 8sn ases|d pauasul A|jejuspiooe usaq aaey Aew siolis olydelbodA) swos pue ‘pauiejal
aQ jouued ‘Janamoy ‘Buiewo) oyoads-buiasadAy Jayjo pue ‘sojAis Buipeay ‘syealq pJom ‘syibus| aull ‘{jeuibuo ay) 0} anly ale syealq abed ‘sa|l buiasadAy jeuiblio
a8y} wolj Jou ‘yooq Jaded [eulbLo 8y} wouy pajeald safi X Wody pasodwoosals usaq sey yiom [eulblio 8y} Jo uonejussaidal [e)bip mau siyl @ 4dd SIY} Inoqy

214 02 18993V 001 -1 1:¢ < oueld gIZ7I0 S 26 dudlodsiq ¢'9 g€ ong 3y81]
© FU¥ 2PUV 03 z-1 ug < ousd gIg70  § 7§ sudlodsiq 9’9 s€ 1ony JuBy
Iy 0g d93j¢ dqILIA -1 VN (1013u02) suoN g'9 9¢ 1on3 4y3vy
0'8L 8-Z g1°0t sueld $0-a Dued H 9'T Iy g paseyjeep  Aeg loypnid

Apgerpawrwuy
029 $-2 Flags jeog H%t9T jeel] ogg  Aeg eoypnig

Apgerpawult
009 £-2 g9z eued ¥d-a ouod H 7' Jeol], 5g¢  Aeg soypnig
(18414 8-Z e1°9e sueld y0-a DUOd H 9'T a4 g pasayjespyy  Aeg soyprug

(389 816T) Ajpgerpauuuy
o8t $-2 10z sued ¥0-a oU0d | 28 jeal], ogg  Aeg ooypnig

(qep w Appgeipawury
0TI §-Z SUIT seogd do0d) £ %3 9'T yeal], 598 Aeg eoypnig

Jaem

0’ -2 whL9 jsog Jes UL H %2 9'T Iy g paeyeapy  Leg soypnig

J9em A[29e1Ipawiy
0’8 £-2 ghL9 jeoq Jes Ul H %2 9'T jed], S9¢ Aeg soypnig
1861 o'r -7 VN (1o13u0d) suoN 9'1 98 Aegdeoypnig
T8 3 AMVIN 9’0 £-2 VN (1033u00) suoN 9'1 Aeg soypnig

Appjerpawuuat
08 1 TIT < 123dod1PH 1396 31%230D LT 1eal], 08 ©s0y ©]

Apdgerpowrwul
001 1 TIr < ae3dodtp 1786 31X310D L'1 ey, o9 ueqny
0861 (2)eArpoepd 1 19 193dodteH 1386 NX2100 4'T Iy g paIsyjes esoy e
12 32 APNVIN oM ‘[ensiA 1 T8 < 123dodtey 4296 3X310D L'T 1Y g palayjee i | usqIniA
(&) £-2 1:02 dys ISM (2) P Jremny

4161 Jojem
‘S[OYDIN puE YorUWIO) (&) 1 1:02 diys TSM es Ul 40T §°0  IY g pardyjea | HsyoRy
§30UIIPY 98equedred ey ongey POYPRPI (w (389) adAg, 110
889UIAIONH eag juestedsiq  uonedyddy a.:.qmu< A3180081A
%1 1o juesiadsiqg

s[BIL], 889UBA130a))Y juesiadsi(] Jo Arewwng ¢-y ATAVL

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

Using Qil Spill Dispersants on the Sea

ALE EXPERIMENTS AND FIELD STUDIES OF DISPERSANTS 181

TE-
APPLIED TO OIL SPILLS

I

9861 ‘I9aed pue
S[OYDIN 4£q pajonb
‘86T ‘aulialag

9861 ‘19)1ed pue
S[OY2IN 4£q pajonb
‘28861 ‘yorwaon

§86T I9)ied pue
S[OY2IN Aq pajonb
‘g861 ‘Buleq

pue JIa[eyjuajydry

9861 ‘1ojred
pue s[oydIN
2861 “Ie 32 usaan
S861 ‘toyred
pue s[oydIN
4q pajonb ‘ggeT
'l 99 paedsog

ay zad %z

ay zad gz

14 12d %001

ay aad Y%z

ay zod 7

ay 1od Yz

ay aed %z

ay aed %z
Piagaiailis
inq adepns

woly paAOWal {10

x4
144
61
Mh T
79
X,
mw. [4
590
794
poasiadsip

A[snoraqo
pue Apsey,

FC2e 10pIp

ay sod %z

8T
8T

€T

-2

(A
T:08-01

1:02

1:0€-01
T:0€-0T

|t
VN

1:9°21
T:81
T4
T:01

T:01

1

T

g <

1:08-0T
sueidary
suedary
paxjwaag
auedary
sue[dary

yeasary

diys
diys
diyg
dys
dyg
1236
diys Tsm
L2396
diys Tsm

1296
diys TSM

sueld 12710

9-YSO loseury g
9-¥SO [oseul] 7
QuUopN z
9-YSO loseury g
9-YSO [oseury g
9-USO [oveury z
UON Z
SUON 7
BUON g

L2396 31x210D 07
®UON 07

J938Mm j[es

uy 'auo) %01 30
I23eM g[es

ut "ouop %01 30
J93em j[es

ug "duo) %01 20
Ja3em jjes

ut *3ue) %01 2°0
J23eM g[es

ut "duo) %01 20
QUON 20

SUON Z'0

X910 %01 20
¥X8I0D %01 ¥°0

X210) %0T 2'0

12Ys 9'9

1y
Paaatea M 04T
ysa1g 0T
yseag L1
ysa1g 41
yseg L1
paiayjea g
patayjea p
ysa1g L1
paiayjes g\
S04

0L

§0Z

14

piofyresg
paofjresg
121y 3y81y
piofjyess
[ NG
profjess
plofyjesg
11y Jy3iy
plofyjesg

Y31 uelqery
Y381 ueqeay
plofjresg
pofjierg
profjresg
pofyresg
piofyresg
piofyresg
plofyresg
ado[g y3zoN
ado(g YjIoN

ado[g yjroN

[°ng 3y3ry

"uonngule Joj UOISISA SAllejIoyINe 8y} se uoneolgnd siy} Jo uoisiaA juld ay) 8sn ases|d pauasul A|jejuspiooe usaq aaey Aew siolis olydelbodA) swos pue ‘pauiejal
aQ jouued ‘Janamoy ‘Buiewo) oyoads-buiasadAy Jayjo pue ‘sojAis Buipeay ‘syealq pJom ‘syibus| aull ‘{jeuibuo ay) 0} anly ale syealq abed ‘sa|l buiasadAy jeuiblio
a8y} wolj Jou ‘yooq Jaded [eulbLo 8y} wouy pajeald safi X Wody pasodwoosals usaq sey yiom [eulblio 8y} Jo uonejussaidal [e)bip mau siyl @ 4dd SIY} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

Using Qil Spill Dispersants on the Sea

182

ALE EXPERIMENTS AND FIELD STUDIES OF DISPERSANTS

TATE-

APPLIED TO OIL SPILLS

*(9861) 9RIed

pue s[oYdIN pue Q&ad seBur g Aq pejr aanjesayy| uo paseqg STOUNOS
*(9861) Iedaed pus S[OYIIN Aq pajewieg,

“ureqIedUN BT UOTgRULIOJUL=~(})

{A1o0jeroqer] Bulidg uaire M --TSM ‘193eM j[es--MS {u0qIed0IpAY--} {23813UedU0D~-"dUOY 'PUI[F PIXIN 122M§ BIRQ[V--HINSY ‘AUN

s[ely 9 s[ety X
JeWINaj0xd Youdx gy &Omnc.— 1 [oso1% nmm—.mm S 98 OEO—OAG:H 8 > ysaxy Oov 110 [enyg
30 suoljeAtasqo %05-01 1 Aeads diyg § gg dusfodsi( 87 > ysa1q OF 1o ong
paystiqndun %0$-0T1 1 sdodtje  § 9§ dudjodel 87 ysaxg ob 1o eng
pue gg61 ‘seBuly %01 > 1 QUoN g Ysaag ov 1o pPng
& 1:09 sueidary 4296 31x210) 01 09 > piofyress
z 1:88 xqueag 2296 31x210D ZT ysedg 71 piofyyess
z T:08 suerdary 1336 31%310D 01 ay g-1 ‘218-28 pIofpess

g
1 auoN 01 parayjea |y 009 plofysess
9861 ‘Bulieq 1 1:8L sue[dary 1396 31x010D 0T 14 g-g 09 > paofjiess
pue I8[eyIuLIYRLT 1 ouON 0T  aY -7 'L1£-621 paofyress

’ %1
L€'V T BUON 9°Z potouIes M £ < dNSY

%81

)

T9-$'6 82 T:01 1e3dodtiey 60 VIN dH 9T pardyjes | L < 12044

+%ST
> 1 JUON ¢'Z vu._oﬁuuB L < dnsY

+%ST

3

9'0%-8'ST T T:01 193dodieH 2296 31%x210D 9°7 PaIdYeds | L < dNSY

(poy3suwt adogost m&ﬁ
*8A 9OUdISAION]) B $'2-9'0 1 QuoN 9'Z paidyjes | L < NSV

Aousdyye Jo a8uel) ST
9861 “1¢ 9 111D 8'¢-T T 1:02 193dod1PH L2736 3ca10) 9°F pardyjes | L < dNSY
820UAIAPY afejuadted ajesg oney POy (L (359) odAl 110

8E9UAINIYITY eag juesiadsiq  uopesrddy 2:5m:< A3180081A
' 03 110 juesaadsiq

"uonngule Joj UOISISA SAllejIoyINe 8y} se uoneolgnd siy} Jo uoisiaA juld ay) 8sn ases|d pauasul A|jejuspiooe usaq aaey Aew siolis olydelbodA) swos pue ‘pauiejal
aQ jouued ‘Janamoy ‘Buiewo) oyoads-buiasadAy Jayjo pue ‘sojAis Buipeay ‘syealq pJom ‘syibus| aull ‘{jeuibuo ay) 0} anly ale syealq abed ‘sa|l buiasadAy jeuiblio
a8y} wolj Jou ‘yooq Jaded [eulbLo 8y} wouy pajeald safi X Wody pasodwoosals usaq sey yiom [eulblio 8y} Jo uonejussaidal [e)bip mau siyl @ 4dd SIY} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

Using Qil Spill Dispersants on the Sea

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

TATE-SCALE EXPERIMENTS AND FIELD STUDIES OF DISPERSANTS 183
APPLIED TO OIL SPILLS

dispersant treatment by boat; that weathered oil is not dispersed as
effectively as fresh oil; and that a dispersant (J) that performed poorly in
laboratory tests also performed poorly in the field. These results are supported
by other quantitative studies (Gill et al., 1985; Lichtenthaler and Daling, 1983,
1985).

It must be emphasized that absolute measurement of dispersant
effectiveness or quantitative assessment of application technique was not the
primary goal of most of these studies—they wanted to find out if laboratory
tests comparing a series of dispersant formulations could predict the order of
performance in the field, or whether toxic concentrations of petroleum
components would be found beneath chemically dispersed slicks. Both
questions have been partially answered: laboratory tests can usually predict
which dispersant will be more effective; concentrations of toxic petroleum
hydrocarbons under oil slicks dispersed at sea are generally low compared to
toxicity levels for most organisms (see Chapter 3). The biologically oriented
tests, designed to test this last conclusion directly, are described in the next
section.

BIOLOGICALLY ORIENTED MESOCOSM AND FIELD
STUDIES

This section discusses mesocosm and small-scale field studies of algal,
microbial, and planktonic populations and describes arctic studies. Some
mesoscale studies in temperate and tropical shallow subtidal areas are also
described.

Three significant long-term field studies provide the bulk of this section:
the Baffin Island Oil Spill study of an arctic environment; the Long Cove,
Maine, study of a shallow north temperate environment; and the Panama study
of a tropical mangrove environment. (These and related investigations are
reviewed below and results are summarized in Table 4-6 at the end of this
chapter.)

Algal, Zooplankton, and Microbial Populations

Algae, zooplankton that graze on them, and bacteria that mediate recycling
processes comprise the base of the marine food web and are of concern in the
event of an oil spill. A number of field studies have examined the effects of oil
and dispersants on these organisms. The effects of Ekofisk crude oil and
Corexit 9527 dispersant on flagellate communities were examined using in situ
marine mesocosms, 1 m in diameter by 20-m deep (Throndsen, 1982). Changes
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Trial Dispersant Remote Use References
Location Sampling Sensing
Sensors
Britain, Kromekote — — Cormack and
North Sea cards Nichols, 1977
United — Color Documentation McAuliffe et
States, New photographs al., 1980
Jersey
Canada, — Photo Documentation Green et al.,
Victoria 1982
United — Color Documentation Smith et al.,
States, photographs 1979
Long Beach
United Pans Color Documentation McAuliffe et
States Long photographs al., 1981
Beach and video
France — IR Slick area Bocard and
Toulon Gatellier,
(Protecmar 1982
1&3)
Canada, St. Kromekote IR, UV Slick area Gill and
John's cards surface tension Ross, 1982
Laser Documentation
fluorosensor,
photo
Norway, — — — Lichtenhaler
North Sea and Daling,
1983
Britain, Kromekote IR Documentation Cormack,
North Sea cards 1983b
France, — IR Documentation Bocard, 1985
Toulon
(Protecmar
4&5)
Holland, Sorbent IR, UV Slick area Delvigne,
North Sea paper 1983
GC
analysis of
recovered

oil
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in species composition resulted from the addition of 500 ml (32 ppm if
uniformly mixed) of oil, which appeared to promote growth of populations of
amoebae. No change in flagellate diversity occurred. Adding 100-ml Corexit
9527, resulting in a concentration of 6.4 ppm, altered the community structure
substantially, resulting in a shift in dominance to colorless flagellates and
coccoid chlorophycae, and reduced abundance overall.

Water Sampling Surface Sampling
Trial Location =~ Methodology =~ Depths  Analysis Method  Use
(m)

Canada, Pumping to 1,2,5, Fluorometer Sorbent  Thickness
Halifax bottles and 10 (direct) GC,

instrument IR,

fluorometer,

Radioactive counting

tagging (bottles)

(tritiated

octadecane)

Acoustic

spectrometry
Norway, Pumping to 05,1, GC Sorbent  Thickness
North Sea bottles and 2,3 (bottles),

instrument (5,10) turbidimeter

(direct)

Canada, Pumping to 04 GC Sorbent  Oil
Beaufort Sea bottles remaining
Norway, In situ Most — — —
Haltenbanken fluorometer

and

turbidimeter
Canada, In situ 1 —_ —_ —_
Beautort Sea fluorometer

KEY: FTIR-Fourier transform infrared spectroscopy; GC—gas chromatography; IR—
infrared spectroscopy; SLAR-side-looking airborne radar; and UV-ultraviolet.

In the system simulating the Baltic Archipelago (Linden et al., 1985,
1987), oil plus dispersant was added to one tank, beginning at 20 ppm oil
(nominal concentration), and oil alone (nominally 20 ppm) was added to
another beginning at 1 ppm. Both tanks were diluted to background levels by
the fourth day, and resulting total exposure in the dispersed oil tank was
approximately 80 ppm-hr. Acute effects were observed on numbers of
heterotrophic bacteria, on abundance of zooplankton, and on community
metabolism, but long-term effects, such as decreased abundance and shifts in
diversity, of untreated oil
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on zooplankton and community metabolism were greater.

Seawater tanks of the University of Rhode Island's Marine Ecosystem
Research Laboratory (MERL) were used to examine microbial responses to
Kuwait crude oil alone or dispersed by Corexit 9527. Neither led to a larger
bacterial population in seawater, but did lead to slightly more hydrocarbon
utilizers being present, except at low temperatures (Traxler et al., 1983; Wilson,
1980). Biodegradation potentials were of the magnitude of nanograms per hour.
The effect of oil or dispersed oil on hydrocarbon turnover rates was small.
Compared to laboratory experiments, hydrocarbon turnover rates were lower in
the MERL experiments, and apparently were inhibited because of decreased
wall effects and larger water volumes. Despite this result, which was also
observed in some laboratory studies (Chapter 3), both Wilson (1980) and
Traxler et al. (1983) concluded that using dispersants increases exposure of the
microorganisms to the bulk oil and that "in the right circumstances, chemical
dispersion of oil

Trial Location Dispersant Remote Use References
Sampling Sensing
Sensors
Canada, Filter paper =~ IR, UV SLAR  Slick area Swiss and
Halifax experimental Gill, 1984
Norway, — IR, UV SLAR  Slick area Lichtenthaler
North Sea and Daling,
1985
Canada, — — — Dickinson et
Beaufort Sea al., 1985
Norway, — IR, UV Slick area Sorstrom,
Haltenbanken microwave and plume 1986
photography movement
Canada, — IR, UV Slick area, Swiss et al.,
Beautort Sea photography effectiveness 1987a, b
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does enhance the overall oil biodegradation potential" (Traxler et al., 1983).

Mesocosms consisting of plastic bags 1 to 30 m? in volume, suspended in
seawater and containing a natural population of plankton, were used to
investigate the effects of oil and chemically dispersed oil on phytoplankton
communities in shallow water (Scholten and Kuiper, 1987). Oil (60 to 1,000
ppb approximate concentrations) diminished primary productivity per unit of
chlorophyll, but caused elevated biomass. This effect was attributed to reduced
grazing because of mortality of copepods and planktonic bivalves. After an oil
spill, a rapid succession from a diatom-dominated to a microflagellate-
dominated community occurred, apparently due to exhaustion of silicate.
Dispersant generally aggravated the effects. The limited volume of the plastic
bag communities retained a higher concentration of dissolved hydrocarbons
(compare to studies in Chapter 3, "Laboratory Studies With Dispersed Oil").

The mesocosm studies have shown that effects of dispersants and
dispersed oil can generally be attributed to increased immediate exposures of
plankton (including microbes) to hydrocarbons after oil is dispersed throughout
the water (see Chapter 3, "Laboratory Studies With Dispersed Oil" and
"Microbial Degradation"). The observed effects are increased by longer
exposure time, but some mesocosm studies showed oil concentrations
decreasing only as the result of weathering and evaporation. Such experiments
are more representative of isolated water bodies, for example the freshwater
ponds examined by Scott and Glooschenko (1984). In open-ocean waters,
dispersed oil would normally be diluted before such long exposures to high
concentrations could be experienced.

In general, dispersed oil supported increased microbial growth, especially
on plant and algal surfaces, and changed the composition of phytoplankton
populations. Zooplankton and sometimes phytoplankton were reduced in
abundance as well. It is significant that zooplankton were contaminated with oil
droplets in the oil-only treatment but not in the dispersed-oil treatment (Linden
et al.,, 1987). This condition probably reflects rapid loss washout of the
dispersion or possibly adhesion of untreated oil to the zooplankton, but not the
inability of zooplankters to graze the smaller dispersed oil particles.

BIOS Arctic Studies

A major study in the Arctic, the Baffin Island Oil Spill Project, is an
excellent example of a large-scale field project with good con
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trols, and a longer time-scale for monitoring effects. Begun in 1980, it consisted
of 4 years of multidisciplinary studies of bays off Ragged Channel, in Canada's
Northwest Territories (Figure 4-4). The area is pristine. Before the experimental
spills it contained low concentrations of biogenic hydrocarbons, and very low
amounts (less than 1 ppb) of polycyclic aromatic hydrocarbons, polycyclic
aromatic nitrogen compounds, and polycyclic saturated hydrocarbons,
presumably from anthropogenic sources (Boehm et al., 1981).*
The four bays monitored during the BIOS studies were labeled:

* bay 7, a control;

* bay 9, treated with an underwater release of 94 bbl of oil plus dispersant;
* bay 10, an untreated control adjacent to bays 9 and 11; and

* bay 11, which received an untreated oil slick.

Bay 11 received 94 bbl of a partly weathered (by oxygen bubbling) Lago
Medio crude oil released onto the surface waters over 6 hr beginning at high
tide. Onshore winds produced an even coating of oil across the intertidal zone.
Immediately after the release, samples revealed that more than 44 of the 94 bbl
of oil were present in the oiled intertidal zone. The untreated-oil caused no
immediate effects on subtidal benthic organisms, but intertidal amphipods and
some larval fish were affected by physical coating (Blackall and Sergy, 1983b;
Cross et al., 1983). Fluorometer profiles found oil concentrations of 0.01 to 2.8
ppm in the top 1 m of water. Such low subsurface concentrations are consistent
with the field studies described earlier.

In bay 9, which received oil plus dispersant, 94 bbl of oil were premixed
with 9.4 bbl of Corexit 9527. One part oil-dispersant mixture was diluted with 5
parts seawater and discharged subtidally via a line placed on the seafloor
extending 320 m perpendicular to the shore, over 6 hr beginning at high tide.
Overall, the floor of the bay was exposed to approximately 50 ppm of dispersed
oil; the highest concentrations were 167 ppm representing a maximum exposure
of 300 to 500 ppm-hr (see Chapter 3). Pre- and postspill sediment samples were
collected daily, weekly, and yearly from transects along

* References for the BIOS studies include Blackall and Sergy (1981, 1983a,b), Sergy
(1985), Boehm et al. (1985), more than 30 reports issued by Environment Canada, and a
special 1987 issue of the journal Arctic, Vol. 40, Supplement 1, edited by G. Sergy.
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the 3- and 7-m depth contours. A few samples were collected from 10-m deep
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Figure 4-4
Baffin Island Oil Spill Project test sites.

The dispersed oil plume moved throughout Ragged Channel (Boehm,
1983). One control area, bay 10, adjacent to the two treated bays, was exposed
by currents to dispersed oil from the treated areas. Concentrations at the
seafloor were about 5 ppm, one-tenth the exposure in bay 9 (Blackall and
Sergy, 1983a,b). Oil was found in bay 9 (dispersed oil) and bay 10 (adjacent
control) sediments after 1 to 2 days, and in all four bays after 2 to 3 weeks.
Petroleum hydrocarbons in bay 9 sediments reached a peak of 5 ppm, 2 weeks
after the
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dispersed oil release. Bay 7, the distant control, had concentrations similar to
bay 10 and slightly lower than bay 11. Less than 1 percent of the dispersed oil
released in bay 9 ended up in its own sediments.
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Macrobenthic organisms were stressed by dispersed oil in bays 9 and 10.
Dissolved hydrocarbons—such as hexane, benzene, toluene, and xylene—as
high as 9 ppm appear to have caused narcosis (Boehm and Fiest, 1982; Neff and
Anderson, 1981). Benthic sediment dwellers, such as clams and polychaetes,
surfaced in various conditions of weakness and incapacitation. Elevated
concentrations of volatile hydrocarbons in the water column were still measured
the day after the spill, but by the second day they were at background levels of
30 to 50 ppb (Boehm et al., 1985, 1987).

Within 1 to 2 weeks, surfaced polychaetes and bivalves reburied
themselves and the numbers of sea urchins, previously reduced, were near
prespill levels (Cross and Thomson, 1982). Systematic monitoring of benthic
populations demonstrated that exposure to dispersed oil did not cause large-
scale mortality of benthic animals. After 1 year, there were no statistically
significant differences in benthic community composition between bay 9
(dispersed oil) and the control
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bays (Blackall and Sergy, 1983b). Thus, effects from dispersed oil on benthic
organisms only occurred over the short term.

TABLE 4-5 Hydrocarbons in Sediment Samples (ug/g dry weighta,b) Taken at
"Tissue Plot" Stations at 7 m Water Depth

Time Period  Distant Dispersed Oil Adjusted Untreated Oil
Control (Bay 9) Control (Bay (Bay 11)
(Bay 7) 10°)

Prespill, 0.47 0.18 0.33 0.51

(1981) (0.26, 0.85) (0.05, 0.73) (0.17, 0.64) (0.19, 1.4)

1-3 Days 0.69 2.0 0.88 0.18

postspill (0.49, 0.97) (1.4,2.8) 0.52, 1.5) (0.07, 0.47)

2-3 Weeks 0.93 7.8 1.6 1.0

postspill (0.58, 1.5) (4.3, 14) (0.74, 3.7) 0.54,1.9)

1 Year later 1.2 2.2 1.7 5.3

(1982) (0.93, 1.5) (1.4,3.3) (1.3,2.1) 2.4,11.4)

2 Years later 3.2 7.6 — 13

(1983) (1.1,9.1) (5.7, 10) (9.8, 16)

2 Determined by ultraviolet/fluorescence analysis.

b Concentrations presented as geometric means with lower and upper 95 percent confidence
limits shown in parentheses.

¢ Bay 10, located between bays 9 and 11, received about 10 percent of the dispersed oil received
by bay 9.

SOURCE: Boehm et al., 1987.

Table 4-5 summarizes the combined mean concentrations of petroleum
hydrocarbons in sediment samples for the prespill survey, 1- to 3-day postspill
samples, 2- to 3-week samples, and yearly averages for 1982 and 1983
(typically 40 to 50 for each bay). The greater persistence in the untreated oil bay
is evident and contrasts with the light initial levels in the sediments where oil
was chemically dispersed.

After 1 year, petroleum concentrations in almost all water samples were
low, less than 0.1 ppb. Exceptions (about 3 ppb) were found in samples from
under visible oil sheens emanating from the untreated beached oil in the
intertidal region of bay 11 (Boehm, 1983).

In the control (bays 7 and 10) and dispersed oil (bay 9) sediments,
hydrocarbon content was only slightly higher than prespill levels, although
some bay 9 samples showed relatively undegraded oil, and

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

Using Qil Spill Dispersants on the Sea

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

TATE-SCALE EXPERIMENTS AND FIELD STUDIES OF DISPERSANTS 193
APPLIED TO OIL SPILLS

more aromatics (on an absolute basis) were found in one subtidal sample than
were found in the previous year. The increased oil in bays 7 and 9 sediments in
1982 and 1983 may have traveled from bay 11, where the untreated oil was
applied.

Subtidal sediments in bay 11 (untreated oil), however, had increased to an
average of 10 ppm, with values as high as 66 ppm observed (Boehm et al.,
1984). The oil had a patchy distribution, perhaps from subtidal movement of
oiled sediment particles. After 1 year more than 31 bbl of the original 94 bbl of
oil remained as a source for continued subtidal contamination (Blackall and
Sergy, 1983b).

Chemical analysis of the tissue of five species of benthic animals in bays 9
and 10 revealed that they accumulated and depurated significant concentrations
of oil the first year after the spill. As an example, concentrations of up to 700
ppb, or pg/liter (dry weight), were attained within 2 days, 2-week postspill body
burdens were declining, and after 1 year they were down to 1 to 5 pg/liter.

Increased hydrocarbon content of the subtidal organisms in bay 11
appeared to reflect the increased oil content of the sediments (Cross et al., 1984;
Sergy, 1985).

Although the initial impact of dispersed oil was more severe (a subsurface
discharge of premixed oil-dispersant mixture certainly introduced more toxic
aromatics to the water column than would a surface slick), the persistence of
dispersed oil in subtidal sediments was much less (at background level after 1
year) than at the untreated oil site.

Temperate Shallow Subtidal and Intertidal Habitats

Studies of temperate subtidal habitats, like the mesocosm studies of
microbes and plankton above, indicate that oil concentration and length of
exposure to oil constituents appear to be the controlling factors, not whether the
oil is dispersed.

Wells and Keizer (1975) tested the effects of oil and oil plus Oilsperse 43
on sea urchin (Strongylocentrotus droebachiensis) populations exposed to
samples of water from two shore-based mesocosms (8,000 liters). After 30
days, no mortality was caused by 4-day exposures to water from the mesocosm
treated with oil alone, at 40 ppb total extractable organics (by fluorescence).
Because of the higher concentration in the dispersed oil mesocosm (250 ppm
oil, up to 125 ppm dispersant), greater than 50 percent mortality resulted. Oil
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plus dispersant was also observed to reduce mobility of the urchins, as
measured by the percentage climbing the walls of the test tanks. Such oil and
dispersant concentrations could be reached in inshore applications of dispersant
to actual oil spills, but would be unlikely to remain so high for a month (Gordon
et al., 1976).

In these tests, 50 percent of dispersed oil and 24 percent of undispersed oil
was lost by day 22 from the mesocosm. The dispersant itself was well above the
acute lethal threshold for urchins (125 ppm), and was considered to be the
major cause of mortality.

Mortality, larval settling, spawning, and octopus predation on littleneck
clams (Protothaca staminea) were examined in small outdoor tanks and in field
quadrats (0.5 m?) using Trans-Mountain Western crude oil and Corexit 9527, at
1,000 ppm oil plus 100 ppm dispersant in seawater (Hartwick et al., 1979,
1982). Seven liters of this mixture were poured onto the field plots daily for 5
days. The stock mixture in the tank was allowed to weather naturally outdoors
during this period so that each successive application was with a more
weathered oil. This experimental design may simulate a usually high and
repeated exposure of an intertidal environment to dispersed oil, as might occur
in an estuary where a large spill was dispersed but not diluted rapidly by water
circulation (Hartwick et al., 1979, 1982).

Reduced siphon activity was apparent on the first day, significant mortality
occurred with the dispersed oil after 4 days, but mixing the dispersant with fresh
water prior to use reduced mortality. No mortality occurred after 10 days with
oil alone. Settlement of larval clams was lowest at highest concentrations of oil
plus dispersant (1,000 ppm oil plus 100 ppm dispersants). Octopus predation
was substantially reduced when clams were tainted with oil (Hartwick et al.,
1979, 1982).

The impact of oil and oil plus Finasol OSR-5 on the benthos in a 13-m2
intertidal mesocosm test in West Germany showed that oil-degrading bacterial
populations were stimulated by the treatments, particularly by dispersed oil
(Farke and Guenther, 1984; Farke et al., 1985a,b). The metabolic activity of
benthic diatoms was initially stimulated. Macrofauna populations were
undiminished. Feeding activity of clams (Mya), cockles (Cerastoderma), and
polychaetes (Arenicola) was initially reduced with dispersed oil, and to a
greater degree by oil alone. No penetration of oil into the sediments was
observed either with or without dispersant. No toxic effects of dispersed oil
were noted.

The effects of oil on blue mussels (Mytilus edulis) were studied
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in a mesoscale experiment simulating the Baltic Archipelago (Linden et al.,
1985, 1987). In the dispersed oil tank, oil concentration in the mussels increased
more rapidly than in the mussels exposed to oil only. However, by the end of
the experiment, the dispersed-oil mussels had added about twice as much shell
length as the oil-only mussels, while controls had added three times as much.
Mussels exposed to oil plus dispersant exhibited reduced byssal thread
production and spawning activity for the first 4 days, but recovered by day 12.
With exposure to oil alone, spawning was still abnormal after 12 days (Carr and
Linden, 1984).

In 3-month studies in large-scale, flow-through exposure tanks of sublethal
responses of invertebrates (i.e., lobsters, scallops, clams, mussels) to nominal 50
ppm light Arabian crude, with and without Corexit 9527, maximum measured
concentrations were 1.0 to 2.2 ppm for 6 hr for oil alone, and 12.7 to 19.4 ppm
for 6 hr for oil plus dispersant. No mortalities occurred, however, clams (Mya
sp.) exhibited some reversible changes and reduced shell adductor muscle (Carr
et al., 1985, 1986). Other transient sublethal effects were observed in both oil
and oil-dispersant treatments. For example, mud snails tried to avoid oil alone
and were narcotized in oil-dispersant treatments. Hydrocarbon concentrations
were initially elevated in sediments and mussel tissues in the dispersant-treated
tanks, with alkylated dibenzothiophenes present in tissue after 21 days. It was
not determined from these results whether chemically dispersing the oil was
more or less detrimental to the animals than physical dispersion alone (Carr et
al., 1986).

When dispersed oil is rapidly removed by water movement, recovery of a
habitat can in some cases be more rapid if dispersant is used. In areas with poor
circulation, on the other hand, using dispersants can increase the exposure of
organisms and habitats to oil, and actually increase damage.

Intertidal Communities

Although the primary focus of this report is the effectiveness of dispersants
in open marine areas, a number of valuable intertidal studies have been
conducted. They are noted here for the additional understanding they shed on
the overall impact of dispersed oil compared with untreated oil.

Eelgrass (Zostera noltii) cover decreased when oil alone, dispersant alone,
and oil plus dispersant were applied (Baker et al., 1984).
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The sand and mud flat experiments showed rapid dispersion of both oil and
dispersed oil, with little effect on the meiofauna. However, dispersant led to
greater retention of oil in the upper sediment layers, and reduced abundance of
the tube worm Arenicola sp. (Rowland et al., 1981).

Biological effects of North Sea crude oil and BP1100WD were studied by
Crothers (1983). The experiment simulates a situation in which dispersed oil
washes ashore. Oil was sprayed onto 2-m? plots during ebb tide, and dispersant
was sprayed on the flood tide. Shores covered with seaweed (Fucus spp.) were
unaffected, and recovery was rapid. As above, limpets and small periwinkles
were most affected in the short term, while barnacles showed long-term effects.
Of all treatments, oil plus dispersant was most harmful, oil alone had moderate
effect, and dispersant alone was not toxic compared with controls.

Dispersants SD LTX and BP1100WD applied to Maui D-sand petroleum
condensates* on rocky intertidal plots in New Zealand produced varied results
among species for dispersant and weathered versus fresh condensate (Power,
1983). In some cases, dispersant use reduced mortality of barnacles and
bivalves exposed to condensate, while in other cases, mortality increased.

A major study in the United Kingdom compared effects of oil and
dispersants for a variety of intertidal rocky shore, salt marsh, sea-grass, sand,
and mud flat habitats. Experimental plots were treated with oil, dispersants
(BP1100WD, BP1100X, Corexit 8667, and Corexit 7664), oil plus dispersant,
premixed oil plus dispersant, and no treatment (control) (Baker, 1976; Baker et
al., 1984; Rowland et al., 1981). Major effects were confined to limpets and
periwinkles, which were reduced in population numbers for several months.

Salt Marshes

The dispersant BP1100WD was ineffective in cleaning an oiled salt marsh
in the United Kingdom (Baker et al., 1984). Long-term (1 to 2 years) reduction
in Spartina anglica density and short-term loss of Salicornia spp. was noted
with both oil and dispersed oil. Salicornia recovered after 2 years. In contrast,
in Louisiana, Spartina salt marsh recovered much more rapidly (Smith et al.,
1984). Short-term effects on meiofauna were observed, but by 5 to 10 weeks after

* These New Zealand condensates have a high API gravity, low specific gravity.
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oiling there were no significant differences between the test plots and the
controls.

Although dispersant applied directly to Louisiana salt marsh plants prior to
oiling caused reduced biomass by the end of the growing season (Delaune et al.,
1984), little evidence of oil or dispersant-caused mortality among the meiofauna
was found. The general conclusion was that the Louisiana salt marsh exhibited
a low sensitivity to oiling.

Application of weathered Nigerian crude, fuel oil, and mousse to salt
marsh, and treatment with a new Type III dispersant (BP Enersperse 1037),
showed that total hydrocarbon concentrations in the sediment were less for
dispersant-treated oils (Little and Scales, 1987a,b). Dispersant-treated oils were
more damaging in the short term, but less destabilizing to the marsh in the long
term.

Studies of an Atlantic Coast salt marsh exposed to weathered crude oil and
Corexit 9527 provided additional information on the extent of damage and
recovery of affected marsh vegetation in three vegetation zones (Lane et al.,
1987). Sensitivities of marsh zones ranged from midmarsh (high) to high marsh
(low). Both the midmarsh and creek-edge vegetation communities were most
sensitive to the oil plus dispersant applications based on a range of
morphological, growth, and plant stress parameters; oil alone had the least
impact, and dispersant effects were similar to dispersed oil.

Intertidal Areas

Artificial intertidal mudflats were treated with Forties crude oil and Finasol
OSR-5 dispersant, and monitored for 10 months (Dekker and van Moorsel,
1987). Dispersant plus oil had more severe short-term effects than oil alone:
high mortality in cockles (Cerastodermaedule ), clams (Macoma balthica), and
polychaetes (Arenicola marina). In both treated areas, C. edule was more
vulnerable to frost than in the control areas.

Some of these results, which apparently contradict the results of the BIOS
and Long Cove studies, are characteristic of dispersant applied directly to oiled
shoreline sediments. This is distinct from the situation in which oil dispersed
offshore is washed ashore by tides and currents. In the latter case, there is
considerably less long-term biological impact than would be observed with
untreated oil.

In summary, some experiments reveal more damage to organisms when
dispersants are used directly on rocky shores, and some reveal
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less damage. However, there seems to be no strong, general ecological
documentation either for or against dispersant use in these areas.

Dispersant use directly on oiled intertidal and subtidal environments,
ranging from mud flats to marshes and seagrass beds, may facilitate the
penetration of oil into the sediments and thereby increase ecological damage
without decreasing the time necessary for recovery.

Further discussions, including seagrass beds and the recent
recommendations of the American Society for Testing and Materials regarding
application of dispersants to seagrass habitats, are covered in a later section.

Temperate Shallow Subtidal Studies: Long Cove and Sequim
Bay

A controlled field study involving oil dispersal in a large volume of
shallow water is not easy to plan and conduct especially in temperate areas,
such as in the United States, where it is difficult to obtain permits to discharge
oil for research studies. However, in 1981, such a field study was conducted in
Long Cove, Searsport, Maine, comparing the fates and effects of two 6-bbl
spills of Murban crude oil, one dispersed and one untreated (Gilfillan et al.,
1983, 1984, 1985, 1986). The study was designed to simulate frequent small
spills that occur in nearshore Maine waters.

Three shallow (3.5 m) areas were boomed off for the study. In one area,
250 gal of untreated Murban crude oil were released on an ebbing tide. In a
second area, 250 gal of crude mixed in an oil-dispersant ratio of 10:1 with 25
gal of Corexit 9527 were released at high-water slack tide and mixed with gates
towed by small boats. A third area served as a control, as did samples taken in
the two test areas before the oil was released.

The spill of untreated oil, released 1 hr after high tide, coated and adhered
to the tidal flat as the tide receded. After two tidal cycles, oil was cleaned from
the beach using conventional methods. The spill of crude oil mixed with
dispersant was released over the intertidal zone at high tide in a separate section
of the cove. The treated oil quickly dispersed as very fine droplets in a light-
brown cloud, even under the quiescent (slack tide) conditions. Concentrations
of 15 to 20 ppm of dispersed oil (exposure 20 to 30 ppm-hr) were measured 10
cm from the bottom, conforming to the range expected. Water samples taken
near the surface and near the bottom showed that chemically
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dispersed oil lost lower molecular weight hydrocarbons (below n-Cis) as the
droplets mixed downward (Page et al., 1983, 1984, 1985).

Following the discharge, significant amounts of Murban crude oil were
found in sediments exposed to untreated oil, mostly in the upper intertidal zone,
but not in sediments exposed to the cloud of dispersed oil (Gilfillan et al., 1983,
1984). Differences between treatments were mostly within one standard
deviation (Gilfillan et al., 1986).

Hydrocarbons were found in clams and mussels collected from the
untreated-oil site 1 week after the spill, but were absent or near the level of
detection in the same species collected from the dispersed oil site (Gilfillan et
al., 1984; Page et al., 1983, 1984). In clams and mussels from the untreated oil
site, two enzyme systems were markedly elevated after the spill: glucose-6-
phosphate dehydrogenase (sugar metabolism) and aspartate amino transferase
(protein metabolism). In contrast, the activities of those enzymes at the
dispersed oil site were similar to those at the control site (Gilfillan et al., 1984,
1985).

Effects on infaunal communities mirrored the chemical results. At the
untreated-oil site some species were reduced in number or eliminated, and there
were blooms of opportunistic polychaetes, changes in community structure that
are consistent with observations at accidental oil spills. There was no evidence
of adverse effects on infaunal community structure from exposure to dispersed
oil, but there was clear evidence that exposure to untreated oil adversely
affected community structure (Gilfillan et al., 1983, 1984, 1985).

The more severe and long-lasting effects from the untreated oil in the Long
Cove study were attributed to greater persistence of oil in intertidal sediments.
Dispersed oil, which adheres less to sediments (Harris and Wells, 1979; Little et
al., 1980) and is more easily washed from the water column by tidal currents,
offered less exposure than untreated oil.

As in the BIOS studies, untreated oil that was stranded on the shore at
Long Cove released hydrocarbons slowly, contaminating the subtidal region
over a longer time than in the area where the oil had been dispersed. Both the
BIOS and Long Cove studies concluded that biological effects attributable to
dispersed oil were fewer and more brief. In contrast, significantly reduced
diversity and increased dominance by opportunistic species occurred where the
spilled oil was not dispersed.

Anderson et al. (1985) studied the fate and effects of Prudhoe
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Bay crude, alone and with Corexit 9527, in the intertidal zone of Sequim Bay,
Washington. The sediments were placed on trays and oiled in various ways
(thorough mixing, layering) and clams were introduced into them. The
sediments were placed in the field for 1 to 6 months. The premixing of sand and
oil with dispersant exposed the clams to greater concentrations for a longer time
than in a typical dispersed oil situation (i.e., Long Cove and BIOS). The
dispersant did not affect oil retention time or penetration depth in the sediment.
Dispersant presence was correlated with more oil uptake by Macoma.
Exposures in the field for 1 to 4 months produced equivalent effects in oil and
dispersed oil groups (i.e., deaths, contamination, amino acid loss). Macoma was
more sensitive than Protothaca although Protothaca's growth was reduced by
dispersed oil in the surface sediments. Fate of the oil components was the same
in both treatments. This study (Anderson et al., 1985) was the last of several
examining the fate and ecophysiological effects of dispersed oils on intertidal
mollusks.

Fish

Although fish are one of the primary reasons for deciding whether to
employ dispersants to treat oil spills, there are only a few reliable studies that
compare the effects of dispersed oil with untreated oil. Laboratory studies on
fish eggs and larvae (ichthyoplankton) and on adult fish were surveyed in
Chapter 3. In this section, a combined laboratory-field study of salmon homing
comes as close to a field study of effects on fish as is currently available.

Salmon have been studied because of their highly developed chemical
sense, which might be disturbed by low concentrations of petroleum
hydrocarbons (see Chapter 3). The effects of untreated and chemically
dispersed Prudhoe Bay crude oil on the homing of salmon were measured in
two experiments (Brannon et al., 1986; Nakatani et al., 1983, 1985; Nevissi et
al,, 1987). In the first study, 24 adult chinook salmon (Oncorhyncus
tshawytscha) were caught in a freshwater pond, anesthetized, tagged, and
divided among four tanks (Nakatani et al., 1983):

* an untreated control group;

* atank with untreated Prudhoe Bay crude oil as a 0.5 mm thick slick;

* a tank containing 105 ppm of chemically dispersed crude oil (10:1 oil
to dispersant); and
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* atank containing 10.5 ppm of freshwater chemical dispersant.

After a 1-hr exposure, the salmon were removed from the exposure tanks,
held overnight in a raceway, trucked 9 km downstream, and released. Of the
215 fish released, 154 (72 percent) returned to the pond where they were
caught. There was no significant difference in the percentage of return among
the four groups, nor in the time it took the fish to return.

Tests with coho salmon (O. kisutch) produced similar results. The methods
used were the same, except that seawater was used instead of fresh water in
holding and exposure tanks, and the tanks were outdoors, not indoors. Again,
there was no statistically significant difference in the percentage of returns or
time to return.

Nakatani et al. (1985) concluded that, as for fresh water, there was no
reason to believe short-term exposure to Prudhoe Bay crude oil had any
deleterious effect on homing success. A lower mean percentage return for coho
salmon was attributed to an extensive gillnet fishery near their release point
(Nakatani et al., 1985).

However, oil avoidance was observed in these studies. Before the
untreated oil was added to the exposure tank, the salmon swam throughout the
tank. After oil was added, the fish swam to the bottom of the tank and remained
there during the 1-hr exposure.

Chemical senses are considered essential to homing in salmon, but these
studies concluded that the olfactory systems were not impaired enough from a 1-
hr exposure to interfere with homing. Histopathological analysis of the
olfactory organs of the salmon showed no anomalies. Thus, while adult salmon
might avoid oil (Weber et al., 1981), forced brief exposure to whole Prudhoe
Bay crude oil or chemically dispersed oil at high concentrations did not prevent
or delay homing.

Tropical Shallow Intertidal and Subtidal Habitats

Seagrasses

The potential impact of dispersing an oil spill over a shallow area with a
seagrass-based benthic community is of considerable concern in tropical areas.
Such areas are highly diverse and productive, hence inherently valuable.
Because dispersal of an oil slick introduces higher concentrations of toxic
hydrocarbons into the water column in the short term, but tends to decrease the
residence time of oil in the long run, it is important to compare chemically
dispersed oil
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with physically dispersed (untreated) oil on a common basis. As with laboratory
studies, when effect threshold was based on total oil per unit volume (nominal
concentration), chemically dispersed oil apparently had a greater impact; when
effect threshold was based on actual water-accommodated hydrocarbons, there
was generally little difference in the toxicity of chemically and physically
dispersed oils. In this section, both laboratory and field studies with seagrasses
are reviewed.

Baca and Getter (1984) found similar toxicity of Prudhoe Bay crude and
chemically dispersed oil to the seagrass Thalassia testudinum, using
hydrocarbon concentrations measured by gas chromatography. The dispersant
(Corexit 9527) had similar acute toxicity to the dispersed oil, but caused more
leaf discoloration at sublethal and LCs doses.

Thorhaug and Marcus (1985, 1987a,b) and Thorhaug et al. (1986) studied
the effects of a range of concentrations of dispersed oils (Murban and Louisiana
crudes, and seven dispersants) on three major Caribbean and Gulf of Mexico
species of subtropical and tropical seagrasses grown in 100-liter, aerated
seawater aquaria (Table 4-6). The mortality percentage of the three grasses,
exposed for 100 hr to 75 ml of Louisiana crude oil in the aquarium
(approximately 750 ppm nominal concentration) and 75 ml of dispersant (as
instructed for that dispersant), was measured. In the aquaria containing
chemically dispersed oil, the measured concentration of total water-
accommodated hydrocarbons was 429 to 634 ppm; in the untreated oil aquaria
the corresponding concentration was 5.6 to 10.4 ppm (Thorhaug et al., 1986).
Therefore it is not surprising that chemically dispersed oil showed a greater
negative effect on species survival and growth than oil alone.

In other studies, exposures were measured by gas chromatography and
toxicity was measured as health, that is, browning, yellowing, and spotting of
young blades (Thorhaug and Marcus, 1985; Thorhaug et al, 1986). Growth rates
were reduced only at extremely high exposures: when the three grasses were
exposed for 100 hr to 750 ppm (nominal concentration), Thalassia was more
resistant than Syringodium filiforme and Halodule wrightii. Effects were
observed after 100 hr at 1,250 ppm. Response varied by species, but effects
were generally greater when dispersants were present. Mortality followed the
same order of sensitivities as growth.

At a dosage level of 1 part (150 ppm) dispersant, 10 parts oil
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(1,500 ppm), and 10,000 parts water, no significant mortality occurred
(Thorhaug and Marcus, 1987a,b).

TABLE 4-6 Mortality Percentage of Seagrasses Caused by Louisiana Crude Oil and
Dispersants

Dispersant * Thalassia Halodule Syringodium
Finasol OSR-7 0 7 7

Jansolv-60 10 41 12

Cold Clean 500 16 21 18

Corexit 9550 22 58 63

Corexit 9527 26 76 84

OFC D-609 35 73 86

Conoco K(K) 65 97 98

2 All treatments contained oil and dispersant.
SOURCE: Thorhaug and Marcus, 1987a,b.

The American Society for Testing and Materials (1987) has reviewed the
literature to 1985 on the effects of oil and dispersants on seagrasses, and
recommends the following use guidelines:

* If there is a possibility that an oil slick will strand on intertidal portions
of seagrass beds, dispersant use would be most effective while an oil
slick is still offshore to prevent the oil from impacting the grass bed.

» Dispersant-use decisions to treat oil already over a seagrass bed should
ultimately take into account the depth of the seagrass bed and the
potential for dilution of the dispersed oil.

e The use of dispersants over shallow submerged seagrass beds is
generally not recommended, but should weigh the potential impact to
the seagrass beds against impacts that might occur from allowing the
oil to come ashore.

* Dispersant use should be considered to treat oil over seagreass beds in
water deeper than 10 m if the alternative is to allow the oil to impact
other sensitive habitats onshore.

* Dispersant use is not recommended in shallow lagoons or areas of
restricted flushing rates.

Related field and ecological studies of the effects of oil and dispersed oil
on salt marshes were discussed earlier.
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Coral Reefs

Admired throughout the world for their beauty and biological productivity
and diversity, coral reefs are generally considered a habitat worth protecting
from oil spill damage. As with seagrass communities, there is concern that
dispersal of an oil slick in shallow water near or above a coral reef might cause
greater damage than the untreated oil, because of the higher concentrations of
hydrocarbons introduced into the water column.

Legore et al. (1983) studied the effects of untreated light Arabian crude oil
and chemically dispersed oil (20:1 Corexit 9527) on corals that were submerged
1 m at low tide. The individual plots (2 by 2 m) were boomed with the skirts
(3.5 m) extending to the bottom, even at high tide. The initial nominal oil
concentrations for the 24-hr exposures were that of a slick 0.25-mm thick. Thus,
the dispersed oil concentration (including dissolved hydrocarbons) would have
been 250 ppm if mixed uniformly. The slick remained on the surface except for
oil that may have adhered to the walls of the boom. In 5-day experiments, oil
equivalent to a 0.1-mm thick slick was added initially and the same amount
added on days two, four, and five.

One-day treated corals showed normal appearance and tolerated the short
exposures. Following 5-day exposure, coral recovered more slowly from
seasonal bleaching. There was also some long-term reduction in growth for both
oil treatments. The exposures used are high and were produced by restricting
water flow by the boom skirts.

A study to simulate the effects of an oil spill moving over a coral reef with
and without the use of dispersants was done at Bermuda (Cook and Knap, 1983;
Dodge et al., 1984, 1985a,b; Knap, 1987; Knap et al., 1983, 1985; Wyers, 1985;
Wyers et al., 1986). Corals were exposed both in the laboratory and on the reef
to Arabian light crude dispersed with 1:20 Corexit 9527 or with 1:10
BP1100WD. Some corals were taken to the laboratory and then returned to their
home on the reef for recovery studies; some were actually oiled on the reef
using an enclosure. Exposures were at levels of 11 to 23 ppm for periods of 6 to
24 hr and were similar for oil alone and dispersed oil. There were no significant
differences between the oil and dispersed oil treatments in tissue rupture,
contraction or swelling, mesenterial filament extrusion, or pigmentation loss.
Most of the observed stress occurred during dosing. Recovery began 24 hr after
oiling and was complete in less than a week.

One of the few apparently synergistic effects was reduced photosynthesis
of the zooxanthellae (symbiotic algae) within the coral
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resulting from an 8-hr exposure to 19 ppm dispersed oil and inhibited synthesis
of lipids, particularly wax esters and triglycerides (Cook and Knap, 1983). Oil
or dispersant alone had no such effect. Carbon fixation was restored within 5 hr
after exposure ceased, and lipid synthesis returned to normal within 5 to 24 hr.
The smaller droplets in the chemically dispersed oil did not adhere to the corals
in contrast to the physically dispersed oil droplets, some of which were found
on coral a few weeks after exposure to 20 to 50 ppm oil alone.

In summary, when corals were exposed to oil and dispersed oil under field
conditions, exposure to hydrocarbons was greater in dispersant-treated plots
than in untreated oiled plots. However, no effects were observed on growth of
corals exposed either to oil or to dispersed oil for 24 hr and measured 1 year
after the exposure. Corals exposed for 5 days to the oil or dispersed oil showed
reduced growth in comparison to the controls. "Exposure to dispersed oil also
appeared to delay recovery of corals under stress by cold temperatures" (ASTM,
1987, based on Birkeland et al., 1976 and Fucik et al., 1984).

As with other organisms and habitats, the primary factor is exposure to the
water-soluble fraction of the oil. When toxicities are based on such analytical
measurements, there are no major differences between physically and
chemically dispersed oil. Knap et al. (1985) concluded that "in the long term,
Diploria strigosa appears relatively tolerant to brief exposures to crude oil
chemically dispersed in the water column." however, these experiments were
limited to only one coral species, and other reef organisms, such as crustaceans,
echinoderms, and other invertebrates, are known for their sensitivity to both
chemically and physically dispersed oil. Therefore protection of the entire reef
community, perhaps by dispersal of the oil offshore, is a priority.

The American Society for Testing and Materials has published a standard
guide for the use of chemical dispersants in the vicinity of coral reefs (ASTM,
1987). It recommends the following:

* Whenever an oil spill occurs in the general vicinity of a coral reef, the
use of dispersants should be considered to prevent floating oil from
reaching the reef.

* Dispersant-use decisions to treat oil already over a reef should take into
account the type of oil and location on the reef.

e Coral reefs with emergent portions are high-priority habitats for
protection during oil spills.
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* The use of dispersants over shallow submergent reefs is generally not
recommended, but the potential impacts to the reef against impacts that
might occur from allowing the oil to come ashore should be weighed.

* Dispersant use should be considered to treat oil over reefs in water
depths greater than 10 m if the alternative is to allow the oil to impact
other sensitive habitats on shore.

» Dispersant use is not recommended to treat oil already in reef habitats
having low-water exchange rates (e.g., lagoons and atolls) if
mechanical cleanup methods are possible.

Mangroves

Mangroves grow along tropical and subtropical shorelines. As intertidal
forests, they are important protectors of shorelines from storms and currents,
they provide habitat and nursery areas for many organisms, some of which are
commercially important, such as lobsters, prawns, shellfish, and finfish (Teas,
1979), and they contribute to the overall productivity of tropical marine
environments. Their importance as nursery areas and nutrient sources cannot be
overstated.

Experiments on mangroves are relevant to how the organic fraction of
sediment and suspended particulate matter interacts with oil and dispersed oil
(Getter and Ballou, 1985; Getter et al., 1985). A mangrove study begun in 1978
in Panama, indicated that exposure of a mature red mangrove forest to oil and
dispersant resulted in many of the effects observed in the laboratory and at other
spill sites: changes in growth, respiration, transpiration, and uptake of
petroleum hydrocarbons (API, 1987). These effects were reduced at the site
treated with oil and dispersant compared to the site treated with oil alone
(Getter and Ballou, 1985; Getter et al., 1985).

In the Panama study two similar mangrove sites were selected and
boomed, and mangrove trees, seagrasses, and associated biota were surveyed.
One site received 380 liters (2.4 bbl) of Prudhoe Bay crude oil, and the other
site received the same quantity of oil mixed with 19 liters (5 gal) of Corexit
9527. This oil-dispersant mixture was formulated to simulate oil dispersing on
the water within or immediately adjacent to the mangrove forest. Thus, the
dispersed oil concentrations in the water were presumably higher than if the oil
had been dispersed before reaching the mangroves.
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Oil premixed with dispersant did not readily adhere to sediments or algal
mats; it lightly coated prop roots and was evenly distributed on the forest floor
within two tidal cycles. The dispersed oil was mostly removed from surface
sediments and algal mats within 1 week, after which only a noticeable sheen
remained. Similar results were obtained in the BIOS and Long Cove studies.
The three studies should be distinguished from those that treated oiled intertidal
sediment directly with dispersant.

Although less oil was retained in the mangrove peat or organic sediments
when dispersant was used, the proportion of aromatic compounds retained was
greater. Dispersed oil was taken up much more rapidly by mangrove seedlings,
but it did less long-term harm because tidal flushing rapidly removed the
dispersed oil from the surfaces of the sediments and algal mats. However, some
undispersed oil accumulated on the wrack at the high-tide swash line.

Untreated oil formed a slick over the enclosed area and eventually was
pushed well into the mangrove forest by waves and rising tides, and was
retained there, contaminating substrate, prop roots, beach wrack, intertidal algal
mats, crab burrows, and depressions in the forest floor. Sediments and prop
roots at the outer edge of the forest were cleaned of heavy oil contamination
after several tidal cycles, but interior areas remained heavily oiled after 1 week.
Heavily oiled wrack was evident throughout the site, especially at the high-tide
swash line.

Inspection of the sites 120 days later confirmed these observations. Where
untreated oil contacted the mangrove site, 60 to 70 percent of the plants were
dead or defoliated. Where the equal volume of chemically dispersed oil came
ashore, there was no evidence of oil and very little damage (5 percent
defoliation). This is one of the more dramatic examples of how chemical
dispersal of oil can diminish the impact compared to untreated oil (Getter and
Ballou, 1985).

In Malaysia, another study involving mangrove trees, using oil and Corexit
9527, gave variable results between oil versus oil plus dispersant (Hoi-Chaw,
1986; Hoi-Chaw and Meow-Chan, 1985; Lai and Feng, 1985). Treatments were
most toxic to seedlings. Most trials showed either no difference or that oil alone
was more toxic than dispersed oil. Mortality was found to be related to surface
deposition and uptake. The largest accumulation of oil components occurred in
leaf tissue (Lai and Feng, 1984, 1985).

In experiments to find how to save mangroves that were already
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oiled, Teas et al. (1987) treated mangrove trees with oil and after 1 day washed
them with high-pressure seawater or with a nonionic water-based dispersant.
Oil killed many of the trees (within 30 months) whether or not they were spray-
washed the next day.

To simulate the case in which the mangrove forest was impacted by oil
dispersed offshore, some plots received oil plus glycol ether-based dispersant.
These plots did not show significantly more deaths than untreated control plots.
The results of this study imply that it is not possible to save trees already oiled
by washing them with dispersant, but that if the oil is dispersed offshore, the
trees can be protected.

In summary, mangroves can be protected from oil damage by dispersing
the oil offshore, but if the untreated oil comes into the forest it can cause serious
harm that may require 20 years or more for mature tree regrowth.

SUMMARY

Boehm (1985) in summarizing the BIOS studies concluded, in agreement
with Mackay and Hossain (1982), that chemical dispersion reduced the affinity
of oil for solid particles as long as the dispersant-oil micellar association
persisted. Further, dispersal reduces the probability of an oil mass coming
ashore, and often reduces the long-term impact of that which does reach the
shore or intertidal zone. This is borne out by most of the field studies reviewed
above (Table 4-7).

Dispersants never increased sorption of oil to sediments and in a few
experiments decreased sorption of oil to organisms. The distinction must be
made between dispersed oil coming ashore, which generally did not penetrate
sediment, and dispersant applied to an oiled intertidal sediment, where treated
oil usually penetrated more deeply than the untreated oil.

In subtidal areas, use of dispersants may increase toxicity to benthic fauna
and plants, at least in the short term, but may reduce long-term effects of oil. In
some intertidal areas, such as mud flats, dispersed oil coming in with the tide
had little or no effect, while untreated oil caused longer-term effects (e.g., Long
Cove, Searsport, Maine study). Once oil has penetrated salt marshes, the best
approach is to leave it alone. Dispersant applications in a marsh show little
benefit, as is the case with oil stranding on a beach.

Benthic organisms respond differently to oil over the short versus
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the long term. Dispersed oil may occur in sufficient concentrations to
cause immediate mortality for various groups, including commercially
important shellfish. Reproduction and feeding behavior may also be negatively
affected. Bioaccumulation and tainting occur to a greater extent in the short
term in filter feeders when dispersants are used, since concentrations in the
water are elevated. Over the long term, more bioaccumulation of oil occurs in
deposit feeders when dispersants are not used.

In general, it appears that intertidal and subtidal macroalgae (seaweeds)
can be damaged by heavy oiling as measured in laboratory studies but are often
not damaged in field oiling situations. Dispersant use would not increase
damage and, based on one study in the United Kingdom (Crothers, 1983), might
decrease it. Experimental observations and results are scarce and often
contradictory; in some field experiments, dispersed oil had no effects on
fucoids, whereas in other exposures, red algae suffered tissue damage and
inhibited growth when chronically exposed to dispersed crude oil. Only first-
generation dispersants have been shown to cause major effects on seaweeds on
shorelines.

Effects on vascular plants vary depending on species and habitat type. For
subtidal seagrasses and vegetation in salt marshes, dispersant use directly on
vegetation or in shallow waters with low circulation may increase the harmful
effects of oil because of increased hydrocarbon concentration in subsurface
waters and subsequent absorption by plants. Dispersants are not especially
effective in preventing damage to oil-covered plants in low-energy salt marsh
environments.

Tropical mangroves may be protected if the oil is dispersed before an
untreated slick strands within the mangrove forest. This is especially true for
mature mangroves. Short-term toxicity to individual organisms within the
mangrove ecosystem may be higher, but community recovery is enhanced by
the oil being dispersed prior to entry.

On coral reefs the use of dispersants, if it is able to reduce exposure to oil,
will benefit the reef in the long run even though there may be short-term
deleterious effects on photosynthesis of symbiotic algae within the coral and on
other reef organisms.

Use of dispersants does not appear to affect homing of salmon.
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5

How Dispersants Are Used: Techniques,
Logistics, Monitoring, and Application
Strategies

DESIGN OF DISPERSANT APPLICATION SYSTEMS

Application systems are designed to meet, within practical limits, the
following basic criteria that were discussed in Chapter 2:

» The dispersant must be sprayed on the oil.

e The dispersant must mix with the oil and move to the oil-water
interface.

* The dispersant must attain the proper concentration at the oil-water
interface, ideally causing maximum reduction of interfacial tension.

» Sufficient energy must be supplied from natural or artificial sources to
disperse the slick into droplets.

How these four goals are accomplished in practice is the subject of this
chapter.

Another factor that influences the application of dispersants is the surface
area of the spill. Most oils spilled on water attain an average thickness of 0.1
mm or less within a few hours. Therefore, the surface area that must be sprayed
to control the spill is approximately proportional to the volume of the oil spill.

Spray Systems

Systems must be able to apply dispersant uniformly to the slick; ideally the
droplets will be small enough to descend to the oil surface
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at a relatively low velocity without penetrating through the oil into the water
below, yet large enough that they will not be carried away by the wind
(Smedley, 1981). Thus, the primary objective in designing a spray apparatus is
to achieve relatively uniform application without undue wind drift losses. Oil
thickness or other factors do not influence the design of the apparatus (Exxon
Chemical Company, 1985). Application rate per unit area is usually varied by
changing pump rate, boat or aircraft speed, or number of spray nozzles, or by
repeat application (Belore, 1985; Chau et al., 1986). A new approach uses an air
jet—called a "dispersant spraying gun"—which is capable of treating a 0.1- to
0.2-mm-thick oil slick from a distance of 30 m (Barbouteau et al., 1987).

Spray systems can be mounted on a boat, a fixed-wing aircraft, or a
helicopter. They usually consist of spray nozzles mounted on a manifold (the
spray boom), a reservoir for the dispersant, pumps, meters, valves, and other
controls (API Task Force, 1986; Exxon Chemical Company, 1985; Lindblom,
1979).

Small-scale applications on offshore structures, along shorelines, and near
piers and bulkheads can rely on hand spraying. Typical equipment ranges from
a 5-gal (19-liter) portable tank with spray wand (ITOPF, 1982) to gasoline or
electric pumps with reel-mounted hoses and sprayers.

Spray Droplet Size

Droplet size strongly influences dispersant effectiveness, but it is not easily
controlled. Several studies have shown that if droplet size is larger than the oil
film thickness, the dispersant tends to penetrate the film without mixing and is
diluted by the water. If larger droplets predominate, effectiveness is diminished
(Gill and Ross, 1980; Smedley, 1981).

Gill and Ross (1980) argue that the advantage of spraying a larger-sized
droplet, which improves the probability of hitting the target, outweighs other
considerations in successfully applying dispersant via aerial spraying. Little
quantitative data exist on how droplet size distribution affects the dispersant
fraction that actually reaches and interacts with oil on the water surface.
Although exact droplet size can be measured in the laboratory by
electromechanical methods, spray patterns from aircraft are normally studied
over land, using Kromekote cards to preserve the droplet pattern (used in the
API 1979 southern California field trials; McAuliffe et al., 1981).
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Smedley (1981) found reduced effectiveness with larger droplet sizes,
although not as much as would be expected based on film penetration.
Penetration is dependent on oil viscosity: higher viscosity requires greater
kinetic energy for the falling droplet to penetrate the slick. Smedley also
pointed out that given the same droplet size distribution, dispersants tend to be
less effective on thinner slicks, possibly because there is greater penetration. He
found, however, that all droplets smaller than 400 pm in diameter have about
the same effectiveness. This is similar to the typical range of slick thicknesses,
20 to 200 pm (Chapter 2). There is some evidence that hydrophobic dispersant
droplets that penetrate a film are not lost; they resurface on the underside of the
film and hence are particularly effective (McAuliffe, private communication).

Airborne test data show that 100-um droplets are not effectively deposited
from aircraft because of windage loss, whereas 500-um droplets are effectively
deposited (Figures 5-1 and 5-2; Smedley, 1981). Therefore 350 to 500 um
appears to be a reasonable size range. This range is produced naturally with
more viscous formulations under typical air shear and is practical, since the
droplets will hit the target and not drift away on the wind (Lindblom and
Cashion, 1983). In any event, only limited control over droplet size is possible.
Fine droplets can easily be achieved in the air, but windage loss defines the
lower usable droplet size. The upper size is controlled within limits by aircraft
speed, pump capacity, and nozzle size, but large drops are broken up by air
turbulence (Hornstein, 1973).

Distance between drops also plays an important role in determining
efficiency. To achieve good coverage (i.e., acceptably small drop-to-drop
distances) requires a droplet diameter smaller than 700 pm (Smedley, 1981).
For an oil film 0.02 to 0.2 mm thick, generally acceptable for dispersant
application (Exxon Chemical Company, 1985), a dosage between 20 and 70
liters/ha (2 and 7 gal/acre) is recommended.

Mechanical system design factors that strongly affect droplet size
distribution are nozzle orifice diameter, number of nozzles, fluid pumping rate,
and aircraft air speed (Lindblom and Cashion, 1983). These factors affect the
shear acting on the fluid as it passes through the nozzle and enters the air stream
behind the aircraft. Mechanical shear at the nozzle outlet, under laminar flow,
varies inversely with the cube of the orifice diameter:

Shear rate (sec’!) = 8V/d = 1.7 x 10°Q/d°,
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where V = linear velocity of fluid at the orifice in mm/sec, Q = flow rate in
liters/min (or 3.785 x gal/min), and d = orifice diameter in mm.
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Figure 5-1

Droplet (500 microns) deposition with a crosswind. Source: Smedley, 1981.

Orifice, flow rate, and the number of nozzles used are chosen to keep the
mechanical shear below 10,000 sec! (Exxon Chemical Company, 1985).
Fortunately, the range of droplet sizes naturally produced with more viscous
formulations under typical air shear is in the range recommended above, 350 to
500 pm (Lindblom and Cashion, 1983).

An even stronger effect results from air shear, which increases with aircraft
speed or decreasing fluid exit velocity from each nozzle:

Fluid exit velocity (m/sec) = 21 L/nd?,

where L = total system flow in liters/min, n = number of nozzles,

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

mﬂvm

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

he Sea

Rj%g kRE USED: TECHNIQUES, LOGISTICS, MONITORING, AND 219
APPLICATION STRATEGIES

and d = inside diameter of nozzle (mm). Subtracting the fluid exit velocity from
the air speed of the aircraft (also in m/sec) yields the differential velocity.
Differential velocity is the single most important factor affecting droplet-size
distribution and therefore depositional efficiency. Extensive testing by API and
the Exxon Chemical Company has shown that depositional efficiency drops off
markedly if differential velocity is more than about 64 m/sec (Lindblom, 1987;
Smedley, 1981). Anything that causes a decrease in median droplet size, such as
a decrease in dispersant viscosity, increase in differential velocity, or increase in
nozzle shear, will decrease depositional efficiency and accuracy.

CENTER LINE OF FLIGHT PATH
“"ﬂ'-'#ﬂ:'- “—— ELEVATION OF MRCRAFT, a6 m ASIVE GROUND
ED”--
|

wd
Q
o
&
2 15 -
5
o —_—
E CROSSWIND OF £33 mys
E‘ [18.5 mgph MEASLRED AT 10 m ABOVE GROUND
Y10 -
= ]
0 |
[
5 |
| WO VORTER EFFECT FULL WORTEX EFFECT
I ‘" i 100 MICADM
05 — 150 MICROMN DROPLETS -
:  (3.2% DEPOSIT AT CACPLETS
105 SECONDS s
Ch..,_‘_.
.,-"/ = T ""'" -
/ OF YOLUME DEPOSIT
AT 105 SECOMNDS
|:| e — - i
[¥] 100 200 d00 400 500 &00 700
DOWHWIND DISTANCE FROM RELEASE POINT (METERS)
Figure 5-2

Droplet (100 microns) deposition with a crosswind. Source: Smedley, 1981.

For a given pump rate, a decrease in the number of nozzles increases
mechanical shear but decreases differential velocity. However,
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since the air shear determines ultimate (deposited) droplet size distribution, it is
only necessary that the nozzle orifice be large enough that it will not produce
very small droplets. Extremely high pressure drop through the nozzle, which
increases flow rate and thus shear rate at the nozzle, should be avoided. Spray-
boom pressures on aircraft-mounted systems rarely exceed 2.7 atm (Lindblom
and Cashion, 1983).

The preceding effects have been assumed to be independent of aircraft
type (Meyers, private communication). Vortex fields, however, may vary from
aircraft to aircraft and are known to have a substantial effect (Smedley, 1981).

Dispersant Type

Four physical properties of a dispersant formulation affect droplet size
during aerial dispersant spraying (Lindblom and Cashion, 1983):

* Viscosity is by far the most important.

» Volatility is not likely to be important for any concentrate dispersant
formulations, but can be significant for hydrocarbon-based
formulations.

* Density has an essentially negligible effect, except when droplets
penetrate the slick.

* Surface tension has a small effect on droplet size, but is of minimal
concern for aerial spraying of dispersant.

As the viscosity of sprayed fluid decreases, the median diameter of the
droplet distribution also decreases and can become very small, producing a mist
or fog that drifts far from the target, which can lower depositional efficiency to
less than 50 percent (Figures 5-1, 5-2, and 5-3).

On the basis of viscosity at 60°F, dispersants can be grouped into three
classes (Lindblom and Cashion, 1983):

* Five to twenty-five centistokes, typical of most hydrocarbon-based
products, generally is not recommended for aerial application.

» Thirty to sixty centistokes including hydrocarbon-based products with
high surfactant concentration as well as less-active formulations in
other solvents, can be effectively sprayed from helicopters or small
airplanes.

* Higher than 60 cSt, including concentrates with high surfactant
content, can be applied using all types and speed of aircraft.
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Comparison of various droplet-size models, volume mean diameter versus
dynamic viscosity. Weiss and Worsham presented two possible equations to
correlate available data, as noted by (I) and (II). Source: Lindblom and
Cashion, 1983.

In most cases, glycol ether- or water-based dispersants are used at sea, but
hydrocarbon-based dispersants appear (from laboratory tests) to be more
effective on mousse and highly viscous oil (Chapter 2). Undiluted chemicals
require a lower flow rate, and nozzles must be properly chosen and sized
accordingly (Becker and Lindblom, 1983).

Dosage Control

Dosages recommended by manufacturers are determined by experience
and limited in range by viscosity and other properties of the formulation as well
as the application system itself. Dosages can also be based on laboratory
determinations of optimum dispersant-oil ratios; 1:20 is typical (Cormack,
1983c, and private communication). This calculation requires an assumption of
slick thickness to convert observed area to oil volume. Typically a thickness of
0.1 mm
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is chosen, equivalent to 940 liters/ha (approximately 100 gal/acre) of oil. A
dispersant-oil ratio of 1:20 would then require application of 50 liters/ha (5 gal/
acre) of dispersant, in agreement with the 20 to 70 liters/ha (2 to 7 gal/acre)
guideline quoted above. Since oil slicks are far from uniform in thickness, a
constant dose per unit area will produce a correspondingly nonuniform
dispersant-oil ratio. Unfortunately, there is no practical way to vary application
rate to achieve a constant dispersant-oil ratio.

Another reason dosage is regulated by area sprayed is that the amount of
oil being treated is usually not accurately known (Hornstein, 1973). At the time
of spraying, the amount of oil the dispersant contacts depends on slick
thickness, which is only approximately known, and on the accuracy with which
the slick is hit by the spray. Deliberately aiming for the thickest part of the spill,
for example, near a wrecked tanker or a blowout, has been recommended as an
efficient strategy (Mackay, private communication). Injecting dispersant
directly into a blowing well through a previously installed port below the
wellhead has been proposed, and some field tests have been encouraging
(Audunson et al., 1987; Kolnes, 1986).

Recent tests of depositional accuracy were made using Kromekote cards to
obtain total amount deposited per unit area and the percentage of total fluid
pumped that reached the target (Lindblom, 1987). Data from these tests indicate
that 45 to 90 percent depositional efficiency can be expected (most of the data
were in the 65 to 85 percent range), with spray altitude on the order of 15 m and
differential velocity (air-speed minus exit velocity of fluid from spray nozzle)
of 64 m/sec (210 ft/sec) or less.

Boats

Workboats, barges, fireboats, and tugboats have been adapted to spray
dispersants, but the use of surface vessels is complicated by slow speed and
vessel motion caused by sea conditions. Only relatively small spills (less than
1,000 bbl) can be treated by boats, even with a nearby chemical reloading point.
For example, a boat operating at 5 kn, spraying a 12-m (40-ft) swath can only
treat about 1.3 km? (0.5 sq mi) in 12 hr. If slick thickness averages 0.1 mm, the
boat could treat about 830 bbl per day assuming that the boat has dispersant
storage and fuel capacity to operate the entire day without having to interrupt
spraying operations (API Task Force, 1986; Belore, 1985; Chau et al., 1986;
McAuliffe, 1986). Use of multiple craft or vessels
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with greater swath widths increases treatment area proportionately (Table 5-1).

TABLE 5-1 Amount of Oil Spray Boats Could Disperse in 10-hr

Spray Width Amount Dispersed®
System Meters Feet Meters’ Barrels
One boat 5 16 56 350
One boat 10 23 111 8700
One boat 80 100 333 2,100

2 Calculation based on boat traveling at 6 kn, an average slick thickness of 0.1 mm, and 100
percent efficiency.

Many improvements have been made since the early Warren Spring
Laboratory work (Chapter 1) in the design of dispersant spraying equipment for
boats. Examples include spray booms that do not require overhead rigging, low-
drift nozzles, electric-start pumps, and flow meters (Frank Ayles & Associates,
1983, 1984).

Most systems now use water-compatible concentrate dispersants diluted
with seawater during application. A seawater pump allows the dispersant to be
added to the water stream where it is mixed with the water and applied through
the nozzles of a spray boom mounted as far forward as possible. This is done to
avoid the bow wave, which may push oil out of reach of the spray at typical
boat speeds of 2 to 10 kn (Exxon Chemical Company, 1985). High-pressure
water jets have been tested in the laboratory as a means of improving dispersant
effectiveness by applying mixing energy to the dispersant and water system. In
the laboratory, at a dispersant-oil ratio of 1:100, 80 to 100 percent of the slick
was dispersed at the equivalent of low boat speeds (e.g., 2 kn), compared to 10
percent using the Warren Spring breaker-board system (Belore, 1987).

If the dispersant is to be added from a positive displacement metering
pump, only the minimum flow rate of water necessary to fill and maintain
pressure in the spray system is used, thus keeping water dilution to a minimum.

Booms should be rigged with multiple nozzles arranged to produce a fan-
shaped spray pattern, with sufficient pressure to maintain this pattern until it
reaches the water level. The required pressure depends on the distance between
the nozzles and the water. The spray pattern should be flat and perpendicular to
the direction the boat is
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traveling, and the spray should strike the water in droplets like fine rain. The
fan-shaped sprays from adjacent nozzles should overlap just above the oil-water
surface and the inboard spray strike the hull just above the water line (API Task
Force, 1986; Exxon Chemical Company, 1985; Lindblom, 1979; Lindblom and
Barker, 1978; Spraying Systems Co., 1984, 1985). Cone-shaped spray patterns
are less efficient because they concentrate the dispersant unevenly along the
edges rather than in the middle (Spraying Systems Co., 1984, 1985).

In a properly designed system, the effect of wind on the spray pattern,
spray-boom location relative to the bow wave and distance above water, vessel
speed, nozzle design, pump rate, and pressure are considered (Exxon Chemical
Company, 1985). However, even with a properly designed system, there are
disadvantages to using water as the carrier for the dispersant. Field tests with
boats have indicated much lower effectiveness rates with diluted dispersants
when compared to neat applications (McAuliffe et al., 1981). In heavy seas,
application becomes progressively less effective due to pitch and roll, which
alters the spray pattern on the water (Cormack, private communication).
Direction of spraying operations from the boat deck is limited by poor visibility.

In an emergency, water-dilutable (glycol ether-based but not hydrocarbon-
based) dispersant concentrate can be educated into a boat's firefighting system,
but dosage control and distribution is difficult (Exxon Chemical Company,
1985). Education of dispersant depends on the flow rate of the water stream.
The fire system normally provides much more water than is required so its flow
must be reduced by valve control or by providing a "bleed" in the stream. For
either of these procedures, flow calibration is required.

Aircraft

Aircraft can be equipped with chemical tanks, pumps capable of spraying
20 to 100 liters/ha (2 to 10 gal/acre), digital readout flow meters, spraybooms
(generally airfoil in shape attached to the aircraft), and nozzles. Unless the
dispersant viscosity is higher than approximately 60 cSt, aircraft speed should
not exceed 100 kn (185 km/hr or 115 mph). At faster than about 100 kn, spray
nozzle tips are not necessary because the wind shear at the nozzles is sufficient
to break the stream into small droplets, and the droplet size tends to be less than
350 pm if the dispersant viscosity is less than 60 cSt. The spray-boom altitude
should not be over 9 m (30 ft) for helicopters
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and small aircraft, although the pilots of larger aircraft prefer to fly at 15 m (50
ft) or higher (Lindblom and Cashion, 1983). Table 5-2 shows the dispersant
spray capabilities of various aircraft.

TABLE 5-2 Dispersant Spray Capabilities of Various Aircraft

Tank Volume Amount Dispersed per Flight*
Aircraft Meters’  Barrels  Meters Barrels
Various helicopters 04-23  25-15 846 50-290
Agriculture spray planes
Piper Pawnee, Cessna 0.4-1.1 2.5-73 8-22 50-140
Agtruck, and Ayres Thrush
Turbo Thrush 1.5-2.6  9.5-16 30-52 190-330
DC-3, Fokker F-27, and 3.045 19-28 60-90 380-570
Canadair CL-215
Four-engine aircraft (DC-4, 5.7-11 36-72 115-230 730-1,400
DC-6)
Hercules C-130, ADDS 21 13 420 2,600
System

2 Assumes dispersant-oil ratio is 1:20 and 100 percent efficiency of dispersion.
SOURCE: Adapted from McAuliffe (1987b).

Small airplanes used in agricultural spraying generally have very small
load capacity, often less than 380 liters (100 gal), although some newer planes
have 1,500- to 2,300-liter (400- to 600-gal) tanks, as shown in Table 5-2. For
dispersant spraying, agricultural spray aircraft need to be fitted with adequate
pumps, meters, and aft-facing nozzles. Most pumps and nozzles used for
agricultural spraying produce too fine a spray, although the airplanes may be
quickly converted if the correct equipment is included in a contingency plan.

Small aircraft are best used for rapid response to small spills and test
applications while larger equipment is being readied and brought to the spill
site. Large two- and four-engine airplanes (i.e., DC-3, DC-4, DC-6, CL-215,
and C-130) are most useful for large spills because of their greater range,
capacity, speed, and potential for great areal coverage (Lindblom and Barker,
1978).

The Airborne Dispersant Delivery System (ADDS, also known as
ADDSPACK) unit developed for the Lockheed C-130 is the only spray system
currently available that does not require permanent
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installation of wing-mounted booms or other integral parts. It can be used with
almost any available C-130 that has a rear cargo door that can be opened to
horizontal in flight. Liquid capacity is 20,800 liters (5,500 gal), and the boom
width is 12.5 m. Spray rates from 0.4 to 90 liters/ha (0.04 to 9.6 gal/acre) can be
achieved; typical coverage is 30 ha/min (74 acres/min) at 130 to 150 kn. This
system has been tested extensively over land and water and was used effectively
during a recent major spill incident (Oil Spill Intelligence Report, 1986a). Like
all other systems, it must be well maintained and carefully operated (Fingas,
1986; Lindblom, 1987; Lindblom and Cashion, 1983).

Logistics are not trivial for aircraft deployment. Even though ADDS
systems are on standby in Florida (agreement between Biegert Aviation and the
Clean Caribbean Cooperative), Singapore (Oil Spill Intelligence Report,
1987a), and in England (Oil Spill Intelligence Report, 1986b), an aircraft must
be found to carry the system at the time of a spill. In general, civilian aircraft
must be relied upon.

Helicopters

Helicopters are limited by the volume of dispersant they can carry and
their relatively short range over water. Integral (airframe-attached) spray
systems require a specially equipped helicopter. Suspended bucket units are the
most versatile (see Figure 5-4). Most of them have a capacity of under 1,100
liters (300 gal) (Cormack, 1983c), although the French "Sokaf" bucket has a
capacity of 3,000 liters (794 gal) (Bocard et al., 1987).

The most important advantages of helicopters are maneuver-ability and
convenience—they do not need a nearby airport. They can also be cost-effective
for small spills, especially where offshore platforms provide staging areas and
landing sites, although local ordinances that prohibit helicopters from carrying
sling loads across highways may pose potential problems in some areas. These
situations necessitate transporting spray equipment by truck to a place where it
can be picked up at the shore (Clean Seas, Inc., 1981; Onstad, private
communication).

Hydrofoils and Hovercraft

Hydrofoils and hovercraft have been suggested as potential vessels for
dispersant application because of their speed and intense
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agitation of nearby water (Flaherty, private communication). Tests using
hydrofoils suggest the following advantages (Vacca-Torelli et al., 1987):

Figure 5-4

Rotortech Spray Bucket and booms; capacity approximately 100 gal used
during Beaufort Sea Trials by Environment Canada. Photograph by Colin
Jones (committee).

* High speed permits the hydrofoil to be on the scene in less than half the
time of conventional boats. Furthermore, at higher speeds, hydrofoils
do not have a bow wave, which breaks up the oil slick ahead of
standard vessels traveling faster than 10 kn.

* The hydrofoil has greater stability for its speed than other waterborne
craft.

* Very long spray booms can be used since the hydrofoil is less
susceptible to wave motion. Because of the elevation of the craft,
however, it may be difficult to position nozzles close enough to the
water and the spray would be susceptible to wind-induced drift.

At one time, dispersant spraying gear was carried aboard the Canadian
Coast Guard's cargo-carrying hovercraft Voyageur as a possible response to oil
well blowouts, but it was never used (Gill,
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1978). The Warren Spring Laboratory has employed sidewall hovercraft on an
experimental basis, but they are more vulnerable to rough seas than most
workboats (Nichols, private communication). Another problem specific to
hovercraft is that spray is blown away from the craft by the propulsion system's
strong air currents (Jones, private communication). It also appears that
turbulence caused by the hovercraft may reduce the dispersant contact time
enough to lessen effectiveness.

Boats Versus Aircraft

Boats, aircraft, and helicopters all have a role to play in the proper
application of dispersants. For applying dispersant to large spills in the open
ocean, large aircraft appear to be the only practical means. This is indicated by
Table 5-2, which shows the area typically covered by an oil spill as a function
of the size of the spill. For some small spills, for example, less than 38,000
liters (10,000 gal), the most practical and cost-effective method of dispersant
application is a helicopter with a spray bucket. Boats can spray dispersants on
small spills, but their effectiveness may be diminished by limited range and
coverage area, weather and sea state (spray-boom length is limited by vessel
roll), and the difficulty of determining where to spray. Spotter aircraft generally
should be used to direct aircraft and boat spraying operations.

The necessity (in most boat-mounted systems) to spray with diluted
dispersant generally diminishes the overall effectiveness of the dispersant. In
some situations, however, such as a spill caused by a shipwreck where there is
an ongoing salvage operation, boats will not only be available but may be best
suited to spray close to the wreck. This may also be true for oil well platforms
where a minor spill occurs.

Calibration

Both boat and aircraft application systems require calibration to provide
proper dosage control, allow optimum dosage, vary dosage as conditions
change, and provide accurate documentation. Dosage from boat-mounted
systems is determined by swath width, boat speed, and water or chemical pump
rates (Exxon Chemical Company, 1985). Published pump curves, tables of
nozzle output versus pressure, eductor percentage settings, and even calculated
swaths
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provide only general guidance, not true calibration. Manufacturers of spray
units generally do not provide the necessary calibration (Lindblom, private
communication). Water can be used to calibrate units designed for diluted
dispersants and for aerial application systems (Exxon Chemical Company, 1985).

For calibration of eductors and chemical metering pumps, the dispersant to
be used should be employed if possible. It is especially important that eductors
be properly cleaned and maintained and frequently recalibrated (Onstad and
Lindblom, 1987). Calibration of commercial equipment at U.S. EPA's Oil and
Hazardous Materials Simulated Environmental Test Tank (OHMSETT) facility
showed that flow rates among nozzles varied significantly, some as a result of
plugged or defective internal parts. The flow meter integral to the system was
also inaccurate. Calibration procedures and development of operating charts are
described by Onstad and Lindblom (1987).

The results of calibration tests should be made available to equipment
operators and response coordinators in easy-to-use form, such as tables, charts,
and curves. This format allows for rapid actions in dosage control that do not
depend on numerical calculations or interpolations (Onstad and Lindblom, 1987).

System evaluation should be conducted under realistic operating
conditions and data recorded during the tests so that a basis for calibrating and
adjusting the system can be formulated. Field trials can help quantify the effects
of pumping rates, swath width, and speed (Shum and Nash, 1987).
Recommended eductor settings and pump curves, or calculated swath widths,
provide a starting point for calibration, but do not substitute for field tests.

Aerial swath width can be estimated as the width of the spray boom at 9-m
(30-ft) altitude, or 1.2 to 1.5 times the distance between terminal nozzles for an
aircraft operating into the wind at 15 m (50 ft) (Exxon Chemical Company,
1985; Lindblom, 1987; Lindblom and Barker, 1978). Crosswind swaths can
only be estimated roughly by guidance aircraft.

MONITORING EFFECTIVENESS OF DISPERSANTS

Directly monitoring the fraction of oil removed from the surface and
dispersed in the water is the best method of determining effectiveness if it can
be done reliably. This concept of effectiveness, equivalent to obtaining a mass
balance on the amount of oil dispersed in the water column, has given good
estimates in a few elaborate field
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tests; but it is complicated, requires set-up time, and is not practical in real
spills. However, the concentrations of dispersed oil in the water are also
relevant to assessing potential toxicity.

Water sampling programs have been useful for scientific purposes and
have been proposed as a regulatory requirement by local agencies; for example,
in California (API Task Force, 1986; Boehm and Fiest, 1982; McAuliffe et al.,
1980, 1981). But water sampling programs are expensive and of limited value
unless carefully planned and executed. Even when the protocols, mechanisms,
and equipment for such a program are set up beforehand, as in research field
tests, the logistics of getting the appropriate people and equipment to the scene
and carrying out the program satisfactorily are difficult (Meyers and Onstad,
1986).

Distribution of oil in the water column during oil spill experiments off the
coast of Norway in June 1985 was determined by use of instruments that
detected light scattering by oil droplets in water and the ultraviolet fluorescence
of dissolved oil components (Genders, 1986). Fluorescence in water is the sum
of natural fluorescent materials as well as oil. Backgrounds in the North and
Baltic seas varied from 0.5 to 10 ppb and occasionally up to 50 ppb. Attempts
have been made to separate backgrounds by using different excitation and
reception wavelengths. Background is usually a factor of at least 10 less than
the signal in the case of significant oil pollution (Hundahl and Jojerslev, 1986).

Remote Sensing

Other real-time monitoring methods that might lead to practical measures
of effectiveness have been proposed. Ideally a spill-detection and monitoring
system should be able to

* provide continuous, day and night, all weather, wide area, real-time
surveillance;

» detect any oil spill that occurs in the marine environment both on and
below the surface;

¢ confirm that the detected substance is in fact oil;

* map the areal extent of the spill;

* obtain the thickness distribution and quantify the amount of oil spilled;

* identify the source and type of pollutant being discharged;

» provide precise navigation information for spill source location and for
positioning vessels;

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

Using Qil Spill Dispersants on the Sea

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

[QTTE ARE USED: TECHNIQUES, LOGISTICS, MONITORING, AND 231
APPLICATION STRATEGIES

» provide objective data on dispersant effectiveness and on the presence
and behavior of threatened organisms (especially birds and mammals)
in the area; and

* document all collected data.

Since no one sensor can do all these things, a multisensor system is
required. A good sensor will detect oil, identify it as oil, and determine the oil
type (Garrett et al., 1986; Intera Environmental Consultants, 1984; Moniteq,
1985). Multispectral devices and active laser fluorosensors are now used for
more sophisticated detection systems. The laser fluorosensor is an active device
that gives basic oil type and operates in any weather, day or night (Hoge and
Swift, 1980).

Aircraft provide adequate spatial coverage and can be dispatched to a spill
with all the necessary systems operative. They are often the platform of choice
for monitoring (Fast, 1985).

Aerial or remote sensing has a distinct advantage over shipboard
observations because of the rapid and extensive coverage possible. Oil can be
detected from surface vessels by a variety of methods (e.g., visible color,
fluorescence, and radar), but the limited area visible from a boat makes these
techniques less than ideal.

Visual and Near-Visible Observation

Reflection, absorption, and scattering from water with and without spilled
oil, and the ability of oil to affect the interference and polarization of reflected
light allow visual and near-visible observation of oil. During experiments in the
North Sea, for example, observers aboard aircraft noted that 1 day after
treatment a chemically dispersed slick had disappeared, but an untreated control
slick was still clearly visible (Lichtenthaler and Daling, 1985). Videotaping is
one simple, inexpensive, and available technique that can be used from
airplanes or boats to document the extent and configuration of a spill. It can also
record how oil responds to dispersants, the effects of wind, waves, and currents,
and the presence and behavior of birds, marine mammals, and other organisms.
Using a polarizing filter to enhance the reflectance differences, even thin oil
films can sometimes be observed (Burns and Herz, 1976).

The primary drawback of videotape, like visual or photographic
observation, is dependence on natural lighting. Sunlight reflecting off
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water can reveal the shape of very thin slicks, but lack of contrast between oil
and water on overcast days greatly reduces the effectiveness of visual
observations.

Although there are many examples of qualitative observations, obtaining
ground (or sea) truth to calibrate a quantitative measurement system is a
difficult challenge. One day after the 1986 Beaufort Sea tests, various observers
could not agree about how much surface area was covered by the thick portions
of the slick. The two observers who were in aircraft estimated 20 percent of the
slick was thick oil, but the observer on the water estimated 80 percent. In
addition, observers on the water saw numerous oil particles or flakes, or small
tar balls, detail that could not be discerned in the remote-sensing imagery
(Fingas and Jones, private communications).

Under relatively calm conditions, experimental slicks tend to spread more
extensively when treated with dispersant than do untreated controls
(Lichtenthaler and Daling 1985; Sergy, 1985). Because of spreading, herding,
and the irregular shape and thickness of a large slick, it is difficult to tell
visually how much of the oil has been removed from the surface, and, therefore,
it is not always possible to determine effectiveness accurately by this method
(Cormack et al., 1986/87; Fingas, 1985).

Infrared Sensing

Because oil absorbs and retains more heat (from solar infrared radiation)
than does water, it is possible with the use of infrared-sensing devices to detect
oil on the water surface by means of temperature differences. Sensitivity is
greatest when the oil is warmer (in sunlight, early afternoon); but when the oil
cools to water temperature (in the evening or morning), sensitivity may drop to
ZEero.

High-resolution devices, including television-type cameras, are now
available that detect the thicker parts of oil slicks. The successful use of infrared
image intensifiers for night vision in combat suggests that night flights might
track a slick with infrared monitors in darkness or low visibility, which would
allow response forces to position themselves for the next day's activities. Such a
procedure was tested at night and detected oil at the natural oil seeps of the
Santa Barbara Channel (Onstad, private communication). However, the 1986
Beaufort Sea tests, using a different camera, cast doubt on the value of night
flights in tracking slicks (Jones, private communication).
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The most commonly used sensors are infrared plus ultraviolet. Remote-
sensing airplanes are used in Canada, France, the Netherlands, Norway,
Sweden, the United Kingdom, and the United States (Cormack et al., 1987;
Fast, 1987; McColl et al., 1987; Lavache, private communication). The ideal
system is portable from plane to plane, fitting into window openings, screens, or
camera hatches (Fingas, private communication).

Microwave Sensors

Both microwave emissivity and reflectance vary with oil spill presence.
Dual-channel-imaging microwave radiometers have mapped oil spills thicker
than 100 pm (Hollinger and Menella, 1973). Active microwave sensors have
been used successfully, especially in Europe (Croswell et al., 1983; Loostrom,
1986/87).

Radar

Side-looking airborne radar (SLAR) is used as a means of detecting oil
slicks at sea. SLAR can operate through a cloud cover and outline the slick, but
cannot distinguish a thick slick from a thin sheen. It is a key element in remote-
sensing packages used to detect oil spills in the Netherlands, Norway, Sweden,
the United Kingdom, and the United States (Cormack et al., 1987; Fast, 1987;
Schriel, 1987; White et al., 1979; McAuliffe, private communication).

Detection of slicks by SLAR depends on damping of capillary waves by
the floating oil. Reliable detection depends on a variety of factors such as the
size of the slick and environmental conditions, but slicks have been detected at
distances up to 20 km (Cormack et al., 1987). In the context of monitoring
dispersant effectiveness, it may be that the primary use of SLAR would be the
important job of locating a slick rather than measuring the subsequent
disappearance of the oil from the water surface when treated by dispersants.

Summary of Monitoring Techniques

The best method of surveying appears to be from an aircraft using SLAR
for initial mapping, followed by infrared line scans to determine relative slick
thickness and ultraviolet line scans to produce a picture that can be correlated
with visual observation (Fast, 1985, 1987). With such data, aircraft can direct
spraying units to the
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correct portion of the slicks (Cormack et al., 1986/87; Fingas, private
communication).

Remote-sensing information on very thin slicks has produced evidence for
the enhanced spread of dispersant-treated oils (Cormack, et al., 1986/87;
Lichtenthaler and Daling, 1985; Cormack, private communication). Remote
sensing is partially successful in experimental situations, and appears to be at
the stage of commercialization of the needed measurement devices. Equipment
has been developed for the U.S. Coast Guard (Kim and Hickman, 1975), the
Swedish Coast Guard (Fast, 1985), the Canadian Environmental Protection
Service (Intera Environmental Consultants, 1984), and the British government
(Nichols and Cormack, private communications). This equipment can measure
from aircraft some of the parameters necessary to determine slick thickness and
configuration, but it is very expensive compared to other response equipment
and considerable development is required before remote sensing becomes
routine. One or more backup systems have been suggested because there are
many opportunities for sensitive instruments to malfunction (Fingas, private
communication).

Regulatory Requirement

The U.S. National Contingency Plan does not require or regulate
documentation of cleanup, and subjective visual evaluation is normally
sufficient. The Region IX contingency plan (Pavia and Smith, 1984) requires
documentation, as do some local policies, but does not specify detailed
methodology. Canadian regulations imply that effectiveness of cleanup should
be monitored, but no techniques are specified (Fingas, private communication).

STRATEGY OF DISPERSANT APPLICATIONS

Development of contingency plans for spill response requires a great deal
of thought in advance of any incident. The necessary equipment, personnel, and
chemical dispersant must be available to go to work immediately, whenever the
need arises. Contingency planning strategy should consider different spill sizes,
weather conditions, and all available control measures (see Chapter 6).

Since timely application is essential for success, it is necessary that all
personnel involved in decisions be educated in the scientific and technical
information and be briefed on their role and the consequences of failure to act
promptly or decisively. It would also be
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desirable for them to have participated in field trials, spraying real dispersants
on real oil.

Dispersibility of Oil

Dispersibility of the oil is the logical place to start in the planning process.
Many important characteristics of an oil from a known source can be obtained
from existing data. Laboratory or field testing of dispersant on a sample of the
spilled oil can give even more information, but it is difficult and time
consuming to obtain an adequate oil sample from an actual slick. An exception
would be if the source were known ahead of time, as with a production rig or a
port where a well-defined type of oil is handled. Spraying a portion of the slick
is probably the best method of determining effectiveness (Smith and Pavia,
1983; Stacey, 1983).

Spill Size and Configuration

Spill size and configuration must be known for effective dispersant
application. Generally, the goal of dispersant use is to protect sensitive marine
areas or coastline by controlling the most threatening portions of the slick. This
can be done by treating portions of the slick, such as its leading edge or selected
windrows of oil. The portions of the slick most effectively treated with
dispersant are about 0.02- to 0.2-mm thick (Exxon Chemical Company, 1985).

The state of California Contingency Plans require clear evidence of a
leading edge (an unusual configuration for a large spill) and threat to marine
mammals or shoreline before permission for dispersant application can be
granted. By the time a clear threat can be demonstrated, however, it may be too
late to apply dispersant.

The Exxon Chemical Company (1985) suggests that boat spraying
operations generally proceed from the spill's outside edge and work gradually
toward the center, so that the slick is not disrupted by the boat's wake. However,
most of the oil volume is in a relatively small thick portion, while the outlying
portions consist of thinner sheen layers. Circling from the outside in results in
much of the dispersant being sprayed on the sheen, rather than on the bulk of
the oil.

Belore (1985) and Chau and Mackay (1985) have suggested repeated
application of dispersant to thicker portions of the slick. This has been verified
in field tests (Lichtenthaler and Daling, 1985; McAuliffe et al., 1981).
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Lindblom, Meyers, and Onstad (private communications) recommend that
small spills generally be treated through their thickest part and large ones
treated across a leading edge threatening shorelines or environmentally
sensitive areas. They recommend that sheen be allowed to disperse naturally.
Often the thick areas consist of a number of separate patches or windrows, and
must be identified and located by aerial reconnaissance. Visual observations
must be interpreted cautiously (as discussed earlier)—after treatment, oil can
spread more thinly over a larger area and the slick may appear to be about the
same size as before, even though much of the oil has been dispersed.

Large spills cannot be treated in their entirety, but dispersants can be used
tactically under favorable conditions to protect sensitive shoreline areas. Even
without dispersant application, the concentrations of oil in a relatively self-
contained body of water can remain high for months after a spill. For example,
2 months after the Argo Merchant spill on Georges Bank in December 1976 the
dissolved hydrocarbon levels were as high as 14 to 60 pg/liter; and 1 to 25 pg/
liter 5 months afterward. The "normal" unpolluted level for that area appears to
be 5 pg/liter (Farrington and Bochum, 1987). Would the use of dispersants have
increased or decreased the amount of hydrocarbons retained in the water
column? That question cannot be answered without a great deal of additional
knowledge about water circulation, exchange with the open ocean, and
sedimentation and resuspension rates in that area.

Aerial Spraying Strategy

When flying directly into the wind, the effective swath width is roughly
1.2 to 1.5 times the overall length of the spray boom. Crosswind application,
which is common in agricultural spraying, may be useful when very large spills
are treated by large aircraft with high-volume pumps (Smedley, 1981). This
technique gives a much greater swath width than upwind spraying but has a
potential drawback for smaller spills—unacceptable and off-target dispersant
drift. For crosswind application, increased pump rate and nozzle adjustment are
necessary to allow for a wider swath.

Other Strategies

It is logical to be prepared, especially for small operational spills, that is,
on offshore exploration or production platforms, or loading
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platforms. Here oil and dispersant can be pretested. This is a condition for
"maximum effectiveness."

During the Chevron Main Pass Block 41 Platform C spill, a water spray
system consisting of a large number of fire monitors mounted on a barge (used
for fire control), applied dispersant on the blowing wells and on the oil slick in
the immediate vicinity of the platform (McAuliffe et al., 1975). The same type
of system was also used at other platform blowouts. The barge was kept upwind
to prevent the spray from covering the barge and to produce the most effective
downwind coverage of the platform and surrounding water.

During the early stages of an offshore continuous discharge, the oil can be
treated initially, at least during daylight hours, by aircraft and boat spraying. Oil
that is released during the night and moves as a slick away from the platform
can be sprayed the next day. This technique may be sufficient to control smaller
oil releases, but it may not control large spills.

An offshore platform blowout, either at the surface or subsea, provides a
special opportunity for developing techniques to apply chemical dispersants
(Audunson et al., 1987). There is time to assemble a spray system at the source
of the oil release, and the platform or surrounding support vessels allow for 24-
hr operation of spraying.

Applying dispersant near the oil discharge point has the added advantage
of spraying fresh oil and generally thicker oil, thereby more efficiently using the
chemical dispersant and better controlling the slick. As discussed in other
sections of this report, chemical dispersion becomes more difficult when the oil
has weathered and as the slick thins and breaks into patches and particles.

One proposal is to add dispersant or emulsion inhibitor to the cargo of a
tanker before the oil is released to the water (Gordon and Milgram, 1986; Ross
et al., 1985). This approach does not seem practical—it would require enormous
amounts of dispersants, could affect the chemistry of oil refining and
combustion, and the dispersant would have to be mixed with the oil before it
was loaded in tankers.

Command and Control

An aircraft, given a cloud base of more than 60 m (200 ft) and an
indication of where to look, will usually be able to find oil floating on the water.
A boat or ship with dispersant spray equipment may find
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some oil, but has little hope of locating major patches in the area without spotter
aircraft. Radio contact between aerial spotters and spraying boats is therefore
essential (API Task Force, 1986; ITOPF, 1982; McAuliffe et al., 1981).

Spotter aircraft are also necessary when aerial spraying is conducted. The
spraying aircraft flies adjacent tracks and turns the spray on and off in order to
hit the slick without wasting chemical on open water. This requires coordination
between spotter and spray units (ITOPF, 1982). The potential use of remote
sensing by spotter aircraft as discussed earlier can possibly assist in locating the
thicker portions of the slick and provide an indication of effectiveness of the
dispersant.

Weather

Wind and waves not only affect the physicochemical processes of
dispersion, they also affect spraying operations. High winds may blow
dispersant spray off target. Heavy seas, however, can be advantageous since
breaking waves more rapidly disperse the oil (Bouwmeester and Wallace,
1986a; Raj and Griffith, 1979). Fog and low clouds cause the most difficulty
because they obscure visibility and can stop aircraft operations. Application
techniques in adverse weather conditions are included in some contingency
plans. (EPA Regions IX and X plans allow consideration of dispersant
application when mechanical means are impossible.)
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6

Technical Basis of Decision Making

This chapter considers the scientific and technical information reviewed in
the previous chapters and uses that information to recommend what to do when
an oil spill occurs.

FINDINGS FROM PREVIOUS CHAPTERS

The preceding chapters have shown the following:

Recent chemical formulations can effectively disperse an oil that
spreads on water if the oil viscosity is lower than approximately 2,000
cSt. Dispersion becomes progressively more difficult with increasing
viscosity until, at viscosities higher than around 10,000 cSt, little oil is
dispersed.

For small, medium, and most large spills, dispersed oil concentrations
in open waters tend to decrease rapidly owing to tidal currents and
other transport processes.

Very large spills, such as Ixtoc I, may introduce such a large,
continuous flow of oil that normal, open-sea current cannot provide
rapid dispersal. However, for most spills, unless water circulation is
limited, organism exposure to dispersed oil is likely to be low
compared with the exposures required to cause behavioral changes or
mortalities.

The principal benefit of oil spill control by chemical dispersion or
mechanical recovery is the prevention of oil from stranding
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on shore, entering sensitive shoreline habitats, or entering sensitive
areas such as seabird colonies or sea otter locations. Serious adverse
biological effects from untreated oil have been documented on seabirds
(if present) at many spills, and by oil that concentrates on shores.

* Dispersants are most effective when applied early. Oil becomes
progressively less dispersible with time as its viscosity increases by
loss of volatile hydrocarbons and by formation of water-in-oil
emulsions (for a number of oils). Thus, the decision to use dispersants
should be made as rapidly as possible after a spill occurs, preferably
within the first few hours.

» Spilled oils generally attain an average slick thickness of 0.1 mm or
less in an hour or two, and this thickness appears to be relatively
independent of spill size for those oils that spread on water. However,
it should be noted that the distribution of oil on water is usually not
uniform, and there may be some areas within the slick that are
significantly thinner or thicker than 0.1 mm.

* As water temperature decreases, oil viscosities increase. Thus, oils that
spread in tropical or temperate climates are less able to spread at arctic
water temperatures. Lower temperatures may also cause additional oils
to be solid or semisolid because the temperature is below their pour
point. Some oils have pour points in excess of the highest likely
ambient temperatures; little spreading occurs when they spill.

* The dispersant spray must hit the thicker part of the slick. Aerial or
boat spraying usually requires direction by spotter aircraft.

* Dissolved hydrocarbons in the water column after dispersion of an oil
slick are largely limited to areas close to the spill source, because most
of the volatile and soluble hydrocarbons in the oil evaporate rapidly
from the slick before dispersion. Hydrocarbons dissolved in the water
also evaporate into the atmosphere and are diluted rapidly in the water
column. These dissolved hydrocarbons (many of which are aromatic)
appear to produce the most immediate biological toxicity.

TECHNICAL QUESTIONS

A number of technical questions must be answered when considering
dispersant use as an oil spill countermeasure. These questions are discussed in
this section.
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Response Options

Whether a countermeasure is needed or whether the spill will be dissipated
by natural forces before it can impact a sensitive resource must be determined.
Natural dissipation can be expected if the seas are rough, the oil is thinly spread
on the water surface, the spill is not threatening a shore or sensitive area, or the
volume of oil spilled is small.

Alternative countermeasures, their availability, and determination of their
ability to remove more or less oil than dispersants are further considerations. It
should be noted that mechanical containment and recovery are generally
ineffective if the oil layer is relatively thin (less than about 0.05 mm), or if the
sea is moderately rough, typically sea state 4 or greater.

Environmental Considerations

The use of a chemical dispersant may not be appropriate on all portions of
a spill. While laboratory and mesoscale tests have shown that the acute
biological effect of dispersed oil is no worse than of untreated oil per unit of oil,
there are species and habitats, such as benthic organisms and mollusks, that may
suffer greater damage than that caused by untreated oil. However, several
nearshore studies (Chapter 4) have shown that dispersal of oil offshore reduces
its impact on intertidal and benthic communities.

The problem of anticipating environmental damage is tied to an assessment
of natural populations and habitats that could be threatened by an oil spill. This
environmental assessment should be done and the results incorporated into
scenarios for areas of concern as a component of the prespill information base
supporting the decision-making process. Since inaction in undertaking spill
treatment may cause the greatest environmental harm, the environmental
assessment data and information base should be sufficient, and operational
scenarios that include this information should be understood and accepted as
part of prespill planning. The desirable objective in the decision-making process
is to be able to focus on operational details, such as the location of aircraft and
boats relative to the spill, at the time of an accidental spill.

Other Factors That Affect Decision Making

Spill size is important because the area covered by the slick may be so
great that it overwhelms mechanical response capabilities and
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possibly even dispersant spray capabilities. Thus, making logical decisions
concerning oil spill control requires evaluation of the capabilities of available
methods. For purposes of this discussion, an average slick thickness of 0.1 mm
is used.

Method capabilities are limited also by operating conditions, which imply
that operations should be carefully monitored during a spill. Monitoring,
control, and evaluation usually can best be done from the air by spotter aircraft.
Thus, operations, whether by skimmers, spray boats, or spray aircraft, are
limited to daylight and adequate flying conditions. Night operations are seldom
possible, except possibly for spray barges (and boats) and skimmers operating
at the source of a continuous spill.

Skimmers with 100 percent efficiency encountering a 0.1-mm-thick slick
at 1 kn, with sweep widths of 10 m (3.3 ft) and 100 m (33 ft), would collect,
respectively, 116 bbl, and 1,160 bbl of oil in a 10-hr day. Thus, it would take all
day for one skimmer with a 10-m sweep width to collect about 100 bbl of oil
unless it can operate in areas where the oil thickness is greater than 0.1 mm. A
large oceangoing skimmer system with a 100-m encounter width (heavy
seaboom, three ships, and collection barge) might handle a 1,000-bbl spill in a
day under ideal conditions. If the oil has a high viscosity, and has not been
spread by wind and waves, skimmers may have greater collection potential.
Skimming systems are also limited by wind, currents, and sea state. It should be
noted that the percentage of oil recovered at accidental spills has been low,
particularly with large spills.

Spray boats, moving through a slick at 6 kn with spray widths of 5 to 10 m
(16 to 33 ft) and operating with 100 percent efficiency (although this is
unlikely), might disperse, respectively, 350 to 700 bbl of oil over 10 hr.
Although a spray boat can operate in sea states where skimming systems are
ineffective, larger waves reduce its efficiency. The boat may have to decrease
speed, and the outboard nozzles may dip into the water. Larger boats roll less
and can carry large amounts of dispersant. Spray planes have the advantage of
spraying dispersant rapidly, but may have the disadvantage of not carrying large
amounts of dispersant. They also are capable of rapid response, and of response
to more remote areas (perhaps the only response). Small planes and helicopters
have limited range from a support base. A large plane flying at 140 kn with a
spray swath width of 100 m could cover 28.5 km? in 1 hr. Thus, the capacity of
the spray tanks, not the slick area, is the controlling factor. Ideally,
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a C-130 (Hercules) aircraft with ADDS, which has a 130-bbl tank that can spray
2,600 bbl of oil with a dispersant-oil ratio of 1:20 on each flight, could make six
to eight flights per day depending on the distance from base to slick.

The above analysis for spray boats and aircraft has assumed 100 percent
dispersion of the slick. Generally, that is not the case. Higher dispersant
application rates might be required, and correspondingly larger spray
capabilities required for oils that are not so readily dispersible. Because water-
in-oil emulsion formation hinders or prevents effective chemical dispersion, to
be effective, oil slicks should be sprayed before the oil incorporates water. In
practice if control of the entire slick is not possible, spraying should be directed
to the slick closest to shore or a sensitive resource.

Weather Conditions

In general, oil is dispersed more readily when the sea is rough than when it
is calm. Mackay (1986) suggests that chemical dispersion may be less effective
at wind speeds under about 7 m/sec, although this is not a precise threshold nor
is its value firmly established. This does not mean that dispersants should not be
applied, but they are likely to be less effective. Conversely, if the seas are very
rough (sea state 5 or higher), treatment may not be necessary because wind and
wave action might be adequate to remove the spilled oil from the water surface
quickly and application may not be practical under rough conditions. However,
two other factors should be considered in rough seas:

1. The spill will move relatively quickly (rapid advection) at high
wind speeds, so time available for response may be less.

2. Some of the naturally dispersed oil may resurface as the weather
moderates and the seas subside.

ADVANCE PLANNING

Although some of the information needed for decision making will only be
available at the time of the spill, much can be obtained well in advance and
incorporated into an advance plan for oil spill control. The following
information would be desirable for dispersant use, but much of it applies to
other control methods as well:
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* potential sources of crude oils and products that may be spilled—type
of oils produced in or transported through the area of interest, volumes
involved, routes traveled (tankers and pipelines), and locations of oil
production platforms;

* environmentally sensitive resources that might be impacted by spilled
oil—relative sensitivities, local priorities for protection, and relative
importance, that is, to the resource management agencies;

* available dispersants and storage locations—dispersant properties and
performance with oils of concern, and appropriate application rates;

* available equipment—type and location, with proper calibration for
dispersants to be used, and availability of adequately trained operators;
and

* monitoring—available means to monitor dispersant application and
their effectiveness, other appropriate measurements or observations,
needed instruments, and trained operators.

Additional site-specific data are also needed, such as spill location, volume
and type of oil, and local meteorological and hydrographic information. Finally,
one more component is needed in order to prepare for dispersant use: a well-
conceived system for making the dispersant-use decision, and acceptance of this
system by the regulatory agencies that are involved.

DECISION SCHEMES

The use of the technical information discussed above may be illustrated by
decision-making diagrams, accompanied by extensive footnotes and text.
Examples are shown in Figures 6-1 to 6-4. They are similar in some ways, but
each was developed for a different purpose and each emphasizes different
aspects of spill response. (It should be noted that these decision diagrams are
used for illustrative purposes and do not by themselves comprise complete
decision-making tools.)

The decision-making diagrams shown have been selected from those that
are in use primarily in the United States. However, they are similar to diagrams
that have been published elsewhere, e.g., by the International Maritime
Organization (1982) and the International Petroleum Industry Environmental
Conservation Association (1980).

These diagrams have been proposed for use by spill response coordinators
at the time of a spill, but it appears likely that such use
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will only be effective if the spill response coordinator has experience with their
use, for example, through training sessions in advance of a spill. This is because
dispersant-use decisions should be made promptly; any delays can result in
serious loss of dispersant effectiveness. Thus, those who provide and assemble
the background data should be trained in its use, and regulatory decision makers
should also be trained so that they will understand the decisions made and the
need for speedy action. Ideally, the decision to use dispersants should be made
prior to a spill.

U.S. EPA Oil Spill Response Decision Tree

The U.S. EPA procedure, programmed for use on personal computers, is
one of the more detailed and complete decision-making procedures available
(Flaherty et al., 1987). At each node in the decision diagram the user may
request an explanation of the factors involved in each option. Help menus
include information on mechanical containment and recovery, observation
techniques and needs, and conditions that would lead to a decision to let natural
processes cleanup the spill. Consideration is given to the effectiveness of
different countermeasures, weather conditions, spill site, oil type, and other
factors.

Although it is not shown in Figure 6-1, the text of the program explains
that simultaneous use of more than one countermeasure may be appropriate.
Little or no guidance is given on evaluating the environmental trade-offs that
usually must be made between untreated versus dispersed oil.

The most time-consuming component of a dispersant-use decision is the
question of environmental damage: Will dispersant use result in more or less
damage than nonuse? This question should preferably be addressed prior to any
spill, when decisions should be made about the locations and the conditions
under which dispersant use should be considered or when their use would be
inappropriate.

API Decision Diagram

The API decision diagram is one of the less complex. It is based on the
concept that spraying the oil slick will have little or no adverse biological
effects based on a comparison of field hydrocarbon exposures with laboratory
bioassays and behavioral studies. It also brings in spill size as it relates to the
spill control capabilities of skimmers, spray boats, and spray aircraft.
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Figure 6-2 is an oil spill control diagram that outlines the realistically
available options. If the estimated spill volume is less than 1,000 bbl, a choice
can be made between mechanical recovery and dispersant spraying. This choice
depends on availability of mechanical equipment and suitability of winds,
waves, currents, and response time; or availability of spray planes and
dispersibility of the oil (Figure 6-2, lower left). If neither option is available, the
shoreline or sensitive habitats can be cleaned using appropriate methods, such
as those suggested by API (1985), or the oil can be left to weather naturally.

Spills much over 1,000 bbl per day have little possibility of being
controlled by mechanical means unless conditions are ideal (waves less than 1.3
m and surface currents less than 1 km) and a large amount of equipment is
available. Dispersant application by large aircraft spraying systems would
appear to be the only serious control possibility for large oil spills (Figure 6-2,
lower right). Because it is unlikely that there will be sufficient mechanical
equipment available to control larger oil spills, equipment that is available
should be used to collect or divert spilled oil as it approaches critical locations.

Mechanical equipment can be used effectively on spills of oils that have
pour points above the ambient temperature, are highly viscous, do not spread, or
have formed a viscous mousse. If the oils have not spread, mechanical recovery
devices have less area to cover.

Health hazards must be considered. Mechanical cleanup and spray boat
personnel must be protected from volatile hydrocarbons when operating in an
oil slick downwind near, for example, a well blowout. Special precautions must
be taken if the oil and associated gas contain hydrogen sulfide (H2S).
Operations also must be outside the zone in which gas and air forms an
explosive mixture.

SLR Dispersant Decision-Making Workbook

The objective of this decision-making method is solely to indicate whether
or not dispersant use is environmentally appropriate. The S. L. Ross (SLR)
workbook (Figure 6-3) gives methods for characterizing, on a numerical basis,
the environmental impacts on populations that may be at risk from either
dispersed or untreated oil (Trudel and Ross, 1987). Using these computed
values, methodical and objective decisions can be made regarding the
advisability of dispersant use or nonuse from an environmental perspective.
Other
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aspects of spill response (i.e., mechanical recovery and natural removal)
are deliberately not considered, because they are considered to be separate parts
of the oil spill countermeasures problem. No guidance is given on dispersant
application rates, effects of weather conditions, spill size, or oil condition.

State of Alaska Dispersant-Use Guidelines

The State of Alaska's guidelines are illustrated in Figure 6-4. The user
must assemble a significant amount of information prior to making a dispersant-
use decision, including a comparison of the effects of dispersed oil and
untreated oil on populations at risk (Regional Response Team Working Group,
1986). However, this system gives no guidance as to how to make the
comparison and appears to assume a fairly high level of expertise by the user.
Accompanying the decision tree are maps and text showing zones in which
dispersants

* may be used with approval by the federal on-scene coordinator (OSC);

* may be used only with concurrence of the EPA and the state plus
consultation with the Regional Response Team; or

* may not be used.

Federal Region IX (California) has dispersant-use guidelines that are
similar in many ways to those of the State of Alaska, except that maps have not
been prepared in California showing areas where the OSC may approve
dispersant use unilaterally. It may be noted that the Region IX guidelines have
been used on two occasions to reach decisions favorable to dispersant use—in
1984 at the Puerto Rican spill (Zawadzki et al., 1987) and at the 1987 M/V
PacBaroness spill (Oil Spill Intelligence Report, 1987b,c). However, it should
also be noted that on both occasions it took more than 24 hr to come to this
decision (Onstad, private communication).

The objective of this method is solely to indicate, from a regulatory
perspective, whether dispersant use is or is not appropriate to consider. Note
that the OSC must notify the U.S. EPA and the State of Alaska as soon as
possible if he or she authorizes dispersant use. The zones are defined by
bathymetry and currents, biological parameters, nearshore human activities, and
time required to respond. The zones were defined by a subcommittee of the
Alaska Regional Response Team. The zones were not evaluated by procedures
such as those in the SLR workbook. In the event that dispersant use may
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be authorized, no guidance is given as to application rates or effects of
conditions such as weather, spill size, and oil condition.
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TREATMENT OPTIONS
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DISPERSION DISPERSION
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IDENTIFY IDENTIFY
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RESOURCES RESOURCES
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IMPORTANCE IMPORTANCE .,
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(a) Relative importance of sensitive resources is determined by the
affected regulatory agencies in terms of “High," "Medium," and Low";
the determination is based on local priorities.

(b) Quantitative impact on resources is calculated using environmentally
based algorithms; these algorithms yield a quantitative estimate of
the degree of impact on each resource in terms of "Major," "Moderate,"
“Slight,” or "Negligible.”

(c) The dispersant use decision is based on a comparison of the impacts on
affected resources by the spilled oil if chemically dispersed versus the
impacts (usually on a different set of affected resources) by the
untreated oil.

Figure 6-3
SLR decision-making method. Source: Trudel et al., 1983.

Comparison of Decision-Making Diagrams

The four decision-making diagrams shown in Figures 6-1 through 6-4 are
compared in Table 6-1. From the comparison, it appears that
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Dispersant Use Decision Matrix. (The Following Questions
Must be Answered Before Deciding to Use Dispersants.)

OIL MOVING ONSHORE OR
INTO CRITICAL AREA
YES NO
1S MECHANICAL CONTROL AND 1S ACTION REQUIRED
RECOVERY FEASIBLE? e YES OR DESIRED?
& o}
YES MONITOR MOVEMENTS
IMPLEMENT
| No
ARE CONTROL/RECOVERY
ACTIONS ADEQUATE?

YES NO, OR PARTIALLY

CAN OIL TYPE AND CONDITION BE
CHEMICALLY DISPERSED?

IS A DISPERSION NO
OPERATION POSSIBLE? — TREAT ONSHORE

& YES

CONTINUE ACTIONS

WILL ENVIRONMENTAL IMPACTS ASSOCIATED
WITH CHEMICAL DISPERSION BE LESS THAN
THOSE OCCURRING WITHOUT CHEMICAL
DISPERSION?

YES NO

REQUEST APPROVAL FOR TREAT ONSHORE
USE OF DISPERSANTS

USING ATTACHED

PROCEDURES

NOTE: Immediate threat to life PREEMPTS the
necessity to use this matrix..

Figure 6-4
State of Alaska dispersant use decision matrix. Source: Regional Response
Team Working Group, 1986.
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the U.S. EPA Oil Spill Response Decision Tree (Figure 6-1) is more
complete and detailed than the others. It was developed as an overall tool to
guide response to an oil spill. As reported by Flaherty et al. (1987), a user can
reach a decision within a few minutes, providing the data are available. The
speed of use of this process results in part from its having been programmed for
a personal computer, which makes it particularly suited for training purposes.

TABLE 6-1 Comparison of Decision-Making Diagrams

EPA, API, SLR, Alaska,
Factor Figure 6-1 Figure 6-2 Figure 6-3  Figure 6-4
Surveillance 1 2 2
Personnel hazards 1
Danger to sensitive 1 1 1 1
areas
Is natural removal 1 2 2
appropriate?
Is oil thick enough to 1 2 1
be a concern?
Spill size 2 1 1 1
Is mechanical recovery 1 2 1
feasible?
Is mechanical recovery 1 2 1
effective?
Is the oil dispersible? 1 1 1
Are dispersant resources 1 1 2
available and effective?
Need to obtain approval 1 2 1
Are environmental impacts 1 1 1
of dispersed oil less
than those of untreated oil?
Is dispersant use effective? 1 2 2
Application rates 1

KEY: 1 = Primary consideration or guidance is given; 2 = Included only
indirectly or by inference.

The API decision diagram (Figure 6-2) emphasizes the need for dispersant
use as the only really feasible means of responding to spills that exceed the
capabilities of available booms and skimmers. In many cases mechanical
cleanup capabilities may be only on the order of 1,000 bbl per day. Figure 6-2
points out the serious limitations to mechanical containment and recovery for
extremely large spills (over 1,000 bbl per day). The concepts embodied in the
API
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decision diagram could be effectively incorporated into the EPA computer
program, which would be especially useful for training response personnel.

The SLR decision-making method (Figure 6-3) addresses almost
exclusively the question of biological trade-offs. It is relatively unique in its
approach to comparing the environmental (biological) effects of dispersed oil
with the those of untreated oil. This methodology appears to be needed in order
to make the judgments called for both in the U.S. EPA computerized Oil Spill
Response Decision Tree and the Alaska decision matrix, which is designed as a
means of regulating and controlling dispersant use.
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7

Conclusions and Recommendations

The major conclusions and recommendations provided below stem from
the findings discussed in Chapters 2 through 6. General conclusions and
recommendations are followed by those for physics and chemistry, biological
effects, ecological effects, birds and mammals, and techniques, logistics, and
contingency planning. Supporting text is cross-referenced in parentheses
following each conclusion.

GENERAL CONCLUSIONS

Use of chemical dispersants can be an effective spill response and control
method, especially to minimize environmental damage, but the application
technique is critical to the success of dispersant use.

Dispersants have been shown, in laboratory tests, to be effective; that is,
dispersants can remove oil from the water surface (pp. 70-79). In a few
carefully planned and monitored field tests, high effectiveness has been
documented (p. 174). At other field tests (pp. 179—187) and at accidental spills
(p. 317), reported effectiveness has been low—perhaps because application
technique was inadequate, the oil was not dispersible, the methods of measuring
effectiveness were inadequate, or untested remote-sensing methods were used.
Inconclusive visual results have occurred when different observers looking at
the same dispersant treatment have provided widely differing estimates of
effectiveness (p. 232).
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RECOMMENDATION: Use of dispersants as a first response option to oil
spills should be considered along with mechanical cleanup. Implementation of
this recommendation must consider spill size, logistical and contingency
planning, equipment and dispersant performance and availability, appropriate
regulations, and personnel training.

Prompt response with dispersants is essential because the dispersibility of
oil decreases rapidly with weathering of oil components by evaporation (pp. 47—
49, 54), which may occur in the first few hours, and photooxidation, which may
occur over several days (p. 49).

RECOMMENDATIONS: Regulations and contingency planning must make
provision for the associated decision-making process and the need for rapid
response.

Prior approval to field-test a dispersant immediately after a spill, to establish
dispersability when it is in doubt, should be included in contingency plans.

The principal biological benefits or objectives of chemically dispersing oil
effectively are to:

» prevent stranding of oil in intertidal zones (pp. 193-198);

* reduce hazards of discharged oil to marine birds (p. 162) and mammals
(p. 164);

* enhance degradation of oil components (p. 155); and

* reduce chronic impact on some habitats, such as mangroves (p. 206),
because of the shorter persistence of oil.

Biological concerns focus on the possible expansion of the surface area of
slicks (p. 57) treated by dispersants and the effect of this expanded slick on
marine mammals and seabirds (pp. 162, 164), the effect of dispersed oil on
marine life in the water column near the sea surface (p. 188), and the effect of
oil dispersed offshore that may reach coastal marine habitats and communities.

Laboratory bioassays at measured concentrations show that the toxic
effects per unit of dispersed oil are usually the same for chemically dispersed
oil as those for physically dispersed oil (pp. 130-155). Acute biological effects
are expected to be slight in most open-sea applications because the dispersed oil
mixes into a relatively large volume of water, resulting in concentrations and
times of exposures that are low compared to those showing effects in laboratory
studies.
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Hence the overall ecological impact of oil will likely be reduced by
dispersion.

In shallow water with poor circulation, and in protected bays and inlets, the
acute biological effects on some organisms and habitats from high
concentrations of dispersed oil may be greater than the effects of untreated oils
(pp- 208-214).

RECOMMENDATION: Additional ecological assessments at sites where water
is shallow and circulation is well defined are needed to clarify the differences
in effects between dispersed and untreated oil.

PHYSICS AND CHEMISTRY
Oil dispersibility depends on:

* physical properties of the spilled oil, such as viscosity which increases
at lower temperatures and with time of weathering (pp. 54-57);

* the structure of the slick, such as nonuniform oil thickness (pp. 36—41)
and water-in-oil emulsion (mousse) formation (p. 49);

* oil composition, including the relative concentrations of hydrocarbons
and the concentrations of natural surfactants and asphaltenes (pp. 51—
54);

* dispersant formulation (pp. 31-35); and

e actual dosage rate, which in turn depends on the equipment and
technique used to apply the dispersant, wind, dispersant droplet size
distribution, and rate of application.

The spreading and distribution of oil on the water surface depends on
complex surface circulation patterns as well as properties of the oil, wind and
sea conditions, and distribution and thickness of the original spill (pp. 38-47).
These circulation-related phenomena have been observed qualitatively, but
predictive theories are not yet dependable (pp. 63—-69).

The size distribution of oil droplets dispersed in the water column affects
the stability of a dispersion. The smaller the droplets, the more stable the
dispersion (p. 58).

Partial resurfacing of dispersed oil, after agitation ceases, occurs under
laboratory conditions. There is disagreement about its occurrence in practical
situations because little quantitative field evidence exists. Resurfacing of
dispersed oil may be less likely than that of
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untreated oil because of the smaller droplet size resulting from the use of
dispersants (pp. 59, 65).

Chemically dispersed oil appears to adhere less to suspended particulate
matter (pp. 62, 167), biological materials (pp. 188, 199, 207), and shorelines
(pp- 208-214) than does untreated oil.

Application of what is well known about the physical properties and
molecular action of surfactants to the problem of dispersing oil requires further
experimentation and technical experience to guide development in formulating
and applying dispersants.

RECOMMENDATIONS: The following topics for experimental research
should be supported:

* interaction of oil and dispersed oil with suspended particulate matter,
sediments, plankton, and benthic organisms;

* resurfacing, spreading, and photooxidation of dispersed oil;

* oil-water interaction phenomena, such as the formation of mousse, and
the influences that surfactants have on this process;

* analysis of how turbulent diffusion, surface circulation, and wave
motion affect distribution of dispersed oil as functions of depth, time,
and volume of spilled and treated oil. These analyses will advance
understanding about the concentration of oils in the water column
under various dispersion conditions; and

* scientific research concerning the mechanisms by which droplets of
dispersant contact an oil film, mix and penetrate into it, how their
surfactants interact with the oil and migrate to the oil-water interface,
and the microscopic processes by which emulsions actually form.

BIOLOGICAL EFFECTS

Toxicity of Dispersants

The acute lethal toxicity of most dispersants currently considered for use in
the United States and Canada (pp. 100-123) is low compared to the constituents
and fractions of crude oils and refined products (pp. 123—130). This conclusion
is based primarily on laboratory tests. Although the most effective dispersants
tend to be more toxic, lower concentrations of these are required (p. 85).

Water temperature has a profound influence on the toxicity of dispersants;
there are significantly higher sensitivities of organisms in
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warmer waters or in summer as compared to winter (pp. 116—117). Screening
tests for a dispersant should account for the expected seawater temperature range.

A wide range of sublethal responses, usually at high exposures, has been
observed (pp. 118-122). The sublethal effects of dispersants at realistic
concentrations are only partially understood. It is unlikely, based on
concentrations of dispersants that would result from spraying in marine waters
at common rates, that dispersants would contribute significantly to lethal or
sublethal toxicities (pp. 122—123). Direct application of dispersants to seabirds
or marine mammals is not recommended because dispersants may diminish
their water-repellancy and would thus be an exception to this conclusion (pp.
160-164).

RECOMMENDATIONS: Biological research and toxicity screening in the
laboratory should use exposure conditions more closely reflecting dispersant
use and probable dilution in the water column.

New products should be screened for short-term toxicity using standard
methods that would consider the physicochemical characteristics of the
dispersant solutions and lethal and sublethal responses of test organisms. In
addition, such standards, if they were international, would permit reliable
comparisons of data among nations.

Knowledge of the chemical composition of formulations is necessary for
making responsible decisions about the use of oil spill dispersants (pp. 97-100).
The chemical compositions are indicative of toxicity and surfactant properties.

RECOMMENDATION: Information on dispersant chemical structures and
Sformulations should be made readily available to researchers. This
information is particularly important to studies concerning toxicological and
ecological effects of dispersants and dispersed oils. *

* Some committee members expressed the view that much of the information about
dispersant composition is proprietary, but a knowledge of the general type of compound,
as would be obtained from the patent literature, would be sufficient for toxicological
assessments. Other members felt that the detailed structure of the major and minor
components is essential to achieve a biochemical understanding of toxic effects.
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Toxicity of Dispersed Oils

Many earlier laboratory studies of the joint toxicity of oil and dispersants
erroneously concluded that dispersed oils were more toxic than oil alone. These
tests used nominal concentration (weight of oil per unit volume of water in the
experimental system) that incorrectly included the untreated oil floating on the
water surface as well as the oil fraction in the water column to which the
organisms were exposed. The amount of oil in the water includes dispersed and
dissolved oil, as well as oil that adheres to particulates. The fraction of the oil in
the water was higher when dispersants were used. A proper comparison of the
effects of chemically treated and untreated oil must be made using only the
measured oil fraction in the water, exposing test organisms to the same actual
concentration of oil in both cases (pp. 126—-128).

Based on laboratory studies, acute lethal toxicity of chemically dispersed
oils resides not in the dispersant but primarily in the oil droplets (for some
species) and the low molecular weight and dissolved, aromatic, and aliphatic
fractions of the oil (for most species).

Acute toxicity of chemically dispersed oils is generally similar to that of
the portion of oil in the water column alone (p. 154).

Different species and life stages show sensitivity to chemically dispersed
oils at exposures varying by 3 to 4 orders of magnitude (pp. 130-154).

Laboratory tests of the toxicology of dispersed oil should cover the ranges
of exposures that would be expected in the field, but there is no commonly
accepted technique for comparing laboratory bioassay data with field exposure
data. One approach is to express exposure as an integral of concentration over
time based on a "toxicity index" concept that concentration and time of
exposure are of equal importance in short hydrocarbon exposures.

Several studies have shown that chemically dispersed oil does not adhere
as much as untreated oil to some organisms or habitats (e.g., mangrove trees,
pp. 206-208).

Greater adverse effects have sometimes been observed from a few
untreated oil droplets than from many chemically dispersed oil droplets (e.g.,
abnormal larvae from exposed herring eggs, pp. 136—137, 153).

RECOMMENDATIONS: Methods for comparing laboratory and field
exposures should be developed based on sound physiological, toxicological,
and physicochemical principles.
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Additional research should be conducted, or observations made, to compare
the effects of untreated oil adhesion to organisms as compared with effects
from chemically dispersed oil. Particular emphasis should be placed on
organisms that reside at or near the sea surface.

Biodegradation

The biodegradation of dispersant components has been demonstrated in the
laboratory and in mesocosm experiments (pp. 155-158).

Some laboratory studies and all mesocosm studies have shown that the rate
of biodegradation of dispersed oil is equal to or greater than that of undispersed
oil (p. 159).

RECOMMENDATION: Further field studies of biodegradation rates of
dispersed oils and hydrocarbon components should be undertaken, together
with studies of critical factors controlling biodegradation in the field.

ECOLOGICAL EFFECTS

Exposure of communities of organisms and their habitats to oil, dispersant,
and dispersed oil depends on many factors, including (pp. 186-214):

» amount of oil dispersed;

» amount of dispersant used and effectiveness of dispersion;

* volume of water available for dispersal;

* exchange of water through turbulence and vertical and horizontal
transport, such as local currents, tides, convergences, and upwellings;
and

» distribution and abundance of affected organisms; for example,
exposure is higher in restricted bays and estuaries than in open-ocean
situations.

The best strategy for protecting sensitive inshore habitats (i.e., littoral and
shallow subtidal, polar to tropical) is to prevent undispersed oil from contacting
them. Dispersion of oil before it reaches these habitats may keep them from
becoming oiled, or may reduce the persistence of oil that contacts them. Thus
offshore chemical dispersal may be the best technique for reducing overall,
particularly chronic, impact of the oil in those habitats.
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Acute effects of chemically dispersed oils on organisms and habitats vary.

* Organisms near the water surface are exposed to higher concentrations
of undispersed oil than are organisms in the water column, but
organisms in the water column, particularly in the upper layers, will
experience greater short-term exposure to oil components if the oil is
dispersed (pp. 60, 168—172). Benthic organisms, such as mollusks,
may also be exposed to higher concentrations of dispersed oils,
resulting in short-term bioaccumulation. However, long-term harmful
effects may be reduced by chemically dispersing oil rather than not
treating the spill (pp. 192, 199).

* In a habitat with restricted water exchange, the acute effects of
dispersed oil on some organisms or marine plants may be greater than
that of oil alone. However, mangroves (pp. 206-208) and some other
intertidal habitats, such as north-temperate mudflats, are less damaged
by dispersed oil and can recover faster. Therefore, if a slick is treated
before it enters these areas, the community recovers faster.

* Intertidal areas on rocky coasts, sand and mud flats, and salt marshes
can be protected if the oil is dispersed offshore, but do not benefit from
dispersant application after the oil reaches shore. Once oil has
penetrated a salt marsh, it is best left alone (pp. 193-198).

* Studies of the persistence of hydrocarbon fractions in a range of
habitats, with and without dispersants, show that reduction of chronic
exposure is a key to reducing biological damage (pp. 209-213).

* Toxic effects of untreated oil on fish have been reported in some
shallow-water environments, but the effects of dispersed oil have not
been studied (pp. 134-137, 150-154, 200-201).

* In offshore open water, concentrations of dispersed oil will be much
lower than in shallower waters, or in waters with poor circulation, and
the resulting impacts will be correspondingly less (pp. 168—172).

* No measurable effects of dispersed or untreated oil on commercial
fisheries and their supporting food webs have yet been found.
however, such effects, if they occur, would be difficult to detect and
measure effectively because of the mobility of most fish and many
invertebrates, the natural variability of their populations, and the
effects of overfishing on stocks.

RECOMMENDATIONS: Additional ecological studies under controlled or
established water circulation in shallow en
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vironments should be conducted to define the conditions under which
dispersant use can be environmentally safe.

Long-term studies of the recovery of selected ecosystems exposed to oil are
desirable, including continued studies of those sites where the impact of oil
and dispersed oil has been compared already.

BIRDS AND MAMMALS

Adverse effects of oil, dispersants, and dispersed oil have been shown in
laboratory tests on seabirds and on mammals (otter, polar bear, and fur seal
pelts) and from limited field tests and observations, such as (pp. 160-164):

* reduced water-repellancy of fur and feathers (critical for thermal
insulation);

* reduced hatchability of eggs; and

» physiological and biochemical effects.

These laboratory results are consistent with field observations for untreated
oil, but may not appropriately represent exposures to dispersants and dispersed
oil in the field. However, over a short period, residual sheen from dispersed oil
slicks may cover a greater area than untreated oil, and more birds rather than
fewer may be oiled; this effect may possibly offset some biological benefits
resulting from dispersant use.

Theoretical considerations indicate that the exposure of birds and
mammals to dispersed oil in the water column may be less damaging than
exposure to untreated floating oil (p. 162). No definitive field studies, in which
birds and mammals were exposed to dispersed oil, have been carried out.

Concern about the effects of dispersants on birds and marine mammals
centers on a question of the extent of exposure rather than on enhanced toxicity
of the oil.

RECOMMENDATIONS: Laboratory studies should be undertaken using
realistic exposure conditions (e.g., initial concentration of dispersed oil of 10
to 20 ppm, decreasing with time) to assess the ability of fur and feathers to
maintain the water-repellancy critical for thermal insulation under dispersed
oil exposure conditions comparable to those expected in the field.
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Laboratory tests, under exposure conditions similar to those expected in the
field, should be conducted of the hatchability of seabird eggs that have come
into contact with dispersed oil and untreated oil.

The possible effects of ingested oil from exposure of birds and sea mammals to
dispersed and untreated oil should be observed when possible (e.g., after an
accidental spill).

TECHNIQUES, LOGISTICS, AND CONTINGENCY PLANNING

Logistical constraints in some situations may dictate that dispersant use (if
a dispersant can be accurately applied) will be the preferred spill response,
compared to the use of mechanical methods. Distance to the spill, time required
to mobilize equipment, the size of the spill, and the roughness of the seas are
major factors that influence the use of dispersants (pp. 241-243).

Oil spills of all sizes can be treated by the use of undiluted dispersant,
which is usually applied by various techniques:

* Major spills (greater than 2,500 bbl) encompass large areas and require
rapid treatment response; the only technique that may be capable of
countering these spills is to spray from helicopters or large aircraft (pp.
224-226).

* Moderate or small spills can be countered by spraying from boats, but
this technique is less efficient on spills greater than 1,000 bbl because
of logistical limitations (pp. 222-224).

Dispersant droplet size produced by aerial spray systems can be controlled
only within limits determined by nozzle design and the effects of air currents
produced by aircraft motion. For boat systems, nozzle selection and flow rate
determine droplet size (pp. 216-220).

There is, as yet, no practical means of varying the application rate of
dispersants to achieve a constant dispersant-oil ratio in treating a spill (pp. 218—
219).

Operators of aircraft or boats spraying dispersant need guidance to locate
the oil and apply dispersant accurately. This guidance is normally provided by
spotter aircraft (pp. 237-238). Remote-sensing methods are being developed,
but they are still difficult to interpret (pp. 230-233).

For documentation and evaluation of effectiveness, photography, including
videotape, is useful but must be interpreted cautiously
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because of the influence of available sunlight and sea-state conditions on the
detection of oil or dispersed oil (pp. 231-232).

In contingency planning, as well as in its implementation, the primary
questions to be answered in deciding whether to use dispersants are:

* Is the oil dispersable (pp. 50-57)?
» Can dispersant be effectively applied to the oil slick (pp. 215-228)?
» Will the use of dispersants reduce environmental damage (pp. 208-214)?

Contingency planning is fundamental to the effective use of dispersants for
the following reasons:

* Equipment is specialized and availability must be assured (pp. 241-
243).

» Calibration of the spraying system is essential (pp. 228-2209).

* Training is needed on all aspects of dispersant use.

* Response must be fast because weathering decreases effectiveness (pp.
54-57, 244-253).

RECOMMENDATIONS: More reliable remote-sensing equipment and easily
interpreted processing systems need to be developed.

More accurate monitoring and documentation of dispersant effectiveness, on
spills of various sizes and under environmental conditions covered by
contingency plans, are encouraged.

Detailed contingency planning for the use of dispersants should include:

* past experience in applying dispersants and evaluating their
effectiveness;

* hazard evaluation for sensitive species, populations, communities, and
habitats;

* familiarity with available dispersant chemicals;

* training and practice in decision making,; and

* training of observers to monitor dispersant application and results.
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Appendix A

Dispersant Products Information

TABLE A-1 Product Schedule of the Environmental Protection Agency's National
Contingency Plan, July 1987

Bulletin Dispersant Product Dispersant Previous
Number Name Manufacturer Acceptance Date
1 BP1100X BP Detergents Ltd. 10/20/77
(hydrocarbon Pumpherston Works
solvent based) Livingston, West
Lothian
Scotland EH53 OLQ

Tel: 0506 31111
Telex: 72278
(John R. Nicol)
2 Cold Clean 500 Essex Fire and 10/7/77
(water based) Safety Co.
P.O. Box 87709
Houston, TX 77287
(713) 641-3616
(Virginia A.
Watters)
3 Conco Dispersant Continential 4/25/78
K (concentrate) Chemical Co.
270 Clifton Blvd.
Clinton, NJ
07011-3686
(202) 472-5000
(P. D. Turits)
4 Corexit 7664 Exxon Chemical 11/1/78
(water based) Co.
8230 Stedman Street
Houston, TX 77029
(713) 670-1702
(Don Jacques)
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Bulletin Previous Dispersant Dispersant Acceptance Date
Number Product Name Manufacturer
5 Corexit 8667 Exxon Chemical Co. 11/1/78
(hydrocarbon 8230 Stedman Street
solvent based) Houston, TX 77029
(713) 670-1702
(Don Jacques)
6 Corexit 9527 Exxon Chemical Co.  3/10/78
(hydrocarbon 8230 Stedman Street
solvent based) Houston, TX 77029
(713) 670-1702
(Don Jacques)
7 EC. O ATALN ASPRA, Inc. 11/13/70
"TOL AT7 (water 4401-23rd Avenue
based) West
Seattle, WA 98199
(206) 284-9838
(A. L Janofsky)
8 Finasol OSR-7 American Petrofina, 5/21/80
(water-based Inc.
concentrate) P.O. Box 2159
Dallas, TX 75221
(214) 750-2640
(Jerry W. Johnson)
9 Gold Crew Ara Chem, Inc. 8/31/77
Dispersant (water- P.O. Box 5031
based concentrate) San Diego, CA
92105-0001
(619) 286-4131
(Rita Jimenez
McNeely)
10 Magnotox (water- Magnus Maritec 7/1/81
based concentrate) Int'l., Inc.
150 Roosevelt Place
P.O. Box 150
Palisades Park, NJ
07650
(201) 592-0700
(Andreas C. Ladjias)
11 OFC D-609 Chem Link 8/20/79
(concentrate) Petroleum, Inc.
P.O. Box 370
Sand Springs, OK
74063
(918) 245-2224
(Glenn D. Fielder)
12 Oil Spill Eliminator Petrocon Marine 5/21/80
N/T No. 4 and Chemical Corp.
(hydrocarbon 243-44th Street

solvent based)

Brooklyn, NY 11232
(212) 499-3111
(Frank B. Sidoti)
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Bulletin
Number

Previous Dispersant
Product Name

Dispersant
Manufacturer

Acceptance Date

13

14

15

16

17*
18

19

20

OSD/LT Oil Spill
Dispersant
(concentrate)

Petro-Green ADP-7

Petromend,
MP-900-W (water-
based concentrate)

Proform-Pollution
Control Agent
(water-based
concentrate)

Slik-A-Way (water-
based)

Dispersant 11
(concentrate)

Topsall No. 30 (oil
and petroleum
cleaning agent)

Drew Chemical
Corp.

1 Drew Chemical
Plaza

P.O. Box 157
Boonton, NJ 07005
(202) 263-7817
(Rochelle Galiber
Asbell)
Petro-Green, Inc.
3952 Candlenut
Lane

P.O. Box 814665
Dallas, TX 75381
(214) 484-7336
(Arnold Paddock)
Petromend, Inc.
P.O. Box 47532
8300 Sovereign Row
Dallas, TX 75247
(214) 630-1330
(Alan Cohn)
Proform Products
Corp.

220 California
Avenue

Suite 100

Palo Alto, CA 94306
(415) 321-5207
(Rudolf Kruska)

MI-DEE Products,
Inc.

5253 Springdale
Avenue
Pleasanton, CA
94566

(415) 846-8166
(Paul Spellman)
Dubois Chemicals
1100 Dubois Tower
Cincinnati, OH
45202

(513) 762-6894
(W. N. Grawe)
Stutton North Corp.
P.O. Box 724
Mandeville, LA
70448

(504) 626-3900
(Sid Studin)

5/11/79

9/30/84

9/30/84

5/9/79

10/5/78

10/16/84

1/7/85
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Previous
Bulletin Dispersant Dispersant Acceptance
Number  Product Name Manufacturer Date
21 Corexit 9550 Exxon Chemical Co. 5/22/85
(hydrocarbon 8230 Stedman Street
solvent based) Houston, TX 77029
(713) 670-1702
(Don Jacques)
22 Jansolv-60 Sunshine Technology Corp.  7/9/85
Dispersant 2475 Albany Avenue
(principally water- West Hartford, CT 06117
based with some (203 232-9227
solvent) (Stephan Kaufmann)
23 Ruffnek Malter International Corp. 7/16/85
(oil and petroleum 80 First Street
cleaning agent) Gretna, LA 70053
(504) 362-3232
(Laboratory)
24 NEOS AB 3000 NEOS Company Limited 4/22/85
(hydrocarbon 8th Floor, Kanden Building
solvent based) 2-1, Kano-cho 6-chome
Chuo-ku, Kobe 650, Japan
(078) 331-9381
(S. Miyoshi)
25 Crudex Environmental Security, Inc. 6/4/86
(organic surfactant 352 Abbeyville Road .
based) Lancaster, PA 17603
(717) 392-1251
(Jay Greene)
26 Bio Solve Metra Chem Corp. 12/22/86
(water based) 792 Hartford Pike
Shrewsbury, MA 01545
(617) 845-1198
(Mario J. Genduso)
27 NK-3 GFC Chemical Co. 2/19/87
(water based) P.O. Box 80537
Lafayette, LA 70598-0537
(318) 234-8262
(Joe Winkler)
28 Enersperse 700 BP Detergents Ltd. 7/27/87

(solvent based)

Drumshoreland Road
Pumpherston Works
Livingston, West Lothian
Scotland EH53 OLQ
(011-44-5016) 31111
(David Kerr)
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Bulletin Previous Dispersant Acceptance Date
Number Dispersant Manufacturer
Product Name
29 Slickgone NS DASIC International 2/22/88
(solvent based) Ltd.
Winchester Hill-
Romsey
Hampshire S041 7YD
England, U.K.
(0794) 512419
(John L. Belk)
30 Mare Clean 505 Mitsubishi 2/23/88
(solvent based) International Corp.
International
Specialty
Chemicals
Department
520 Madison Avenue
New York, NY 10022
(212) 605-2533
(K. Komatsu [FER])

2 Sea Master NS-555, bulletin number 17, is no longer manufactured and has been removed
from the U.S. EPA Product Schedule.

TABLE A-2 List of Dispersants Approved by the Environmental Protection Service
of Canada, February 1987

Product Name Manufacturer

Corexit 9527 Exxon/Esso Chemical

Corexit 9550 Exxon/Esso Chemical

Corexit CRX-8 Exxon/Esso Chemical

Drew Oil Dispersant LT Drew Chemical

Enersperse 1100X British Petroleum/PetroCan chemicals
Enersperse 700 British Petroleum/PetroCan Chemicals
Gamelin 2000 Gamelin Chemical

Oilsperse 43 Diachem Industries

SlickGone LTS Dasic International

SOURCE: Eco/Log Week, February 6, 1987.
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TABLE A-3 Composition of Some Currently Produced Oil Spill Dispersantsa

Base Product Composition

Hydrocarbon® based ~ BP1100X (British Fatty acid ester (15 wt%)
Petroleum)
Hydrocarbon solvent (84%)
(Aromatics in solvent < 3%)
Additives (1%)
Oxyalkylated surfactant in
nonaromatic hydrocarbon
solvent
Amber liquid, mild odor
Corexit 9550 Mixture of surfactant ester in
mixed oxygenated and
nonaromatic hydrocarbon
solvents; contains glycol
ethers
Amber liquid
Nonionic polyhydric alcohol
ester of fatty acid + 20%
isopropyl alcohol
Ester surfactants in mixed
oxygenated solvents
Light-amber liquid, slight
alcohol odor
Corexit 9527 Glycols
Yellow liquid, unique odor
Surfactants have infrared
spectra identical to those in
BP1100X Amber-colored
clear liquid with odor

Corexit 8667 (Exxon)

Water based® Corexit 7664

Concentrated BP1100D

2 Chemical composition terminology is that of the manufacturer.

b Water-immiscible, can be used on high-viscosity crude and residual oils, weathered crudes,
waxy crudes, and water-in-oil emulsions.

¢ Can be used on light-distillate fuels and low-viscosity crude and product.

4 Can be used on all types of oil.

SOURCE: Wells, 1984.
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T o)« Ethoxylated octyl phosphate
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T 3 . ology, Dec. 78
< .0 USSR
x 22 Institute US. 4,197,197 Diester of an ethoxylated alcohol
°oF for Ocean- April 80 and phosphoric acid (R = 7 to
=22 ology, 12 carbons, EO = 4 to 6)
T2 ; USSR
cC o= PCUK Fr. 2,394,602 Mono and diesters of an alcohol
e . Jan. 79 ethoxylate and phosphoric acid
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Assignee Patent Number Active Ingredients Solvent
Cosden Tech. U.S. 469,603 Sorbitan monooleate
(Finasol) Sept. 84
Ethoxylated
sorbitan monooleate
Sodium
diethylhexyl
sulfosuccinate
Exxon U.S. 4,502,962 Sorbitan monooleate Hydrocarbon
March 85
(19767

Ethoxylated
sorbitan monooleate
Ethoxylated
sorbitan trioleate
Sodium ditridecyl
sulfosuccinate of
fatty acids and aryl,
alky., alkyl-ether, or
alkyl-aryl sulfate/
sulfonate; e.g., Na
lauryl sulfate, alkyl
benzene sulfonates

Butanol (m.w. 90—
250) aryl

KEY': ICI-Imperial Chemical Industries, United Kingdom; BP—British Petroleum,
United Kingdom; [FP-Institute Francaise du Petrole, France; and PCUK-Produits

Chemique Ugine Kuhlman, France.

2Chemical composition terminology is that of the manufacturer.
SOURCES: Wells, 1984; Canevari, private communication.
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Appendix B

Case Studies

Although experience gained in treating large marine oil spills from tanker
accidents should give additional insight into the factors governing dispersant
effectiveness, the few documented cases are disappointing. Field studies of
accidental major oil spills where dispersants were used generally provide
incomplete or equivocal information because less than half of the spilled oil was
sprayed and the studies usually did not distinguish between exposure to
dispersed oil and undispersed oil. Nevertheless, at least two studies following
major spills focused on waters where oil was dispersed: the Main Pass Block 41
Platform C and Ixtoc I spills in the Gulf of Mexico. Other spills that were
studied, including the Amoco Cadiz (Spooner, 1978), the Urquiola (Gundlach et
al., 1978), and the Florida (Sanders et al., 1981), offer little useful data with
which to evaluate the ecological effects of dispersant use. Only a brief review of
relevant facts are included here.

Torrey Canyon, 1967

The effects of the massive use of dispersants to cleanup the large oil spill
resulting from the Torrey Canyon accident were studied by Smith (1968) and
Southward and Southward (1978), among others.
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Ten thousand tons* (about 75,000 bbl) of first-generation toxic dispersants
were applied to 14,000 tons (about 105,000 bbl) crude oil stranded on rocky
coastline in Cornwall, England. The oil alone was not very toxic, although some
mortality of limpets and barnacles occurred. Use of dispersants, however,
caused extensive mortalities of animals and algae, proportional to dispersant
dose. The widely reported "rapid" recovery of shorelines following the spill was
largely not true: recolonization of affected areas followed a natural succession
pattern, but at a slower rate. Recovery was slowest where exposure to oil and
dispersant was highest and 10 years later was still not complete in some areas.
Herbivores were affected more than plants, and some community structures
were altered.

The major problem may not have been the dispersants themselves, but the
way in which they were used. Clearly, their major purpose was aesthetic, not
ecological. The objective was to remove visible oil from shorelines, without
regard for ecological consequences.

The results from the Torrey Canyon spill are a major reason for concern
about the toxicity of dispersants. The surfactants were in aromatic hydrocarbon
solvents, which are fairly effective in dispersing oil, but are highly toxic to
marine and shore organisms when sprayed in high concentrations directly on
beaches. Biological surveys showed that heavy excessive mortalities resulted
where these early formulations were used in large quantities. In fact, oil
contamination alone resulted in fewer adverse biological effects on shore areas
than where the dispersants were used.

Main Pass Block 41, Platform C, 1972

Gulf of Mexico, Main Pass Block 41, Platform C, located about 11 mi east
of the Mississippi River Delta in 39 ft of water, discharged about 65,000 bbl of
crude oil over 3 weeks in March 1970. During that time, about 2,000 bbl of two
chemical dispersants were sprayed in diluted form by fire monitors from a
barge. The dilute dispersant was applied to the platform and immediate
surrounding waters to keep the steel structure water-wet, both for safety of
personnel working on the platform and to keep the structure from melting if the
oil and gas reignited. No attempt was purposely made to treat all of the slick
with spray boats or aircraft.

* Maritime spills are reported in long tons (2,240 1b = 7.5 bbl of oil).
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It was estimated that 25 to 30 percent of the oil evaporated in the first 24
hr, 10 to 20 percent was recovered from the water surface, less than 1 percent
dissolved, and less than 1 percent was identified in sediments within a 5-mi
radius of the platform. Some oil was emulsified, observed as a "widening
creamy-yellow near-surface plume as it moved with the water from the
platform," which became too diffused to observe from about 1 mi away
(McAuliffe et al., 1975).

Over 3 days when the oil was estimated to be spilling at a rate of 1,500 bbl/
day, water samples were collected near the platform and from the dispersed oil
plume until it could no longer be seen (McAuliffe et al., 1975). The highest oil
concentration in a sample of the plume closest to the platform was 60 mg/liter.
One mile away, oil concentration decreased to 1 mg/liter. Estimates of oil
dispersed ranged between 4 and 66 percent.

Neither the untreated oil nor the dispersed oil appear to have had adverse
effects on marine life (spilled oil did not strand). Over 550 species of benthic
organisms were identified in 233 samples from that region. The numbers of
species and individuals organisms showed lower values in some samples near
the platform. However, seasonal variations, bottom sediment type, and other
environmental parameters, including Mississippi River discharges, made it
impossible to determine whether these locations had been affected by the
spilled oil.

There was no correlation between number of species, number of
individuals, or other biological parameters and the hydrocarbon content of the
sediments for samples within a 10-mi radius of the platform. This lack of
correlation suggests lack of significant effect of oil on benthic organisms, which
would have been most likely to be affected. Extensive trawl samples showed no
alteration in the annual life cycle of commercially important shrimp, blue crabs
were observed throughout the area, and the number of fish species was
comparable to a prior survey.

Eleni V, 1978

The Eleni V carried a heavy fuel oil with viscosity 5,000 cSt at 20°C.
Colliding with the Roseline off the southeast coast of England in 1978, she
released 7,500 tons (56,000 bbl) of oil. A total of 900 tons (6,800 bbl) of
dispersant concentrate BP1100D and 10 percent Dasic LTD were applied by 22
vessels over 3 weeks, but because of
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high viscosity they were ineffective, and virtually all the oil washed ashore
(Nichols and Parker, 1985).

Hasbah 6, 1978

The Hasbah 6 well blowout off northern Saudi Arabia released 14,000 tons
(105,000 bbl) of heavy crude oil, which was treated with dispersant by boat and
helicopter. Calm seas, the high viscosity of weathered crude making up the
slick, and inadequate preparation for such a large spill diminished the
effectiveness of the effort (Kornberg et al., 1981; Oil Spill Intelligence Report,
1980).

Ixtoc I, 1979-1980

The Ixtoc I well blowout occurred in the southern Gulf of Mexico in June
1979, spilling an estimated 30,000 bbl/day between June and December. Over
these 6 months, spray booms 25-ft long on each aircraft wing, with 228 nozzle
bodies, pumped 400 gal/min per pump. Some aircraft were equipped with two
such systems, thus doubling the maximum rate available (Lindblom et al., 1981).

Observers saw results within several hours, and by the following day no oil
was visible in the treated area. This included oil that had drifted 500 mi and had
been on the water for 4 to 6 months before spraying (Lindblom et al., 1981).
Dispersal of oil at 4 to 6 months was visually confirmed by the air crews on
return trips (Lindblom et al., 1981).

Slicks on very calm water to which dispersants were applied were usually
dispersed by overnight storms. A small amount of oil was stranded north of
Tampico, Mexico while aerial operations were confined to the southern Gulf.
After redeployment of aircraft along the shoreline to the U.S. border, no oil
came ashore in Mexico until hurricane Henri arrived in late September and
grounded the airplanes. At that time oil stranded on the western Yucatan
shoreline, but lagoons were protected from oiling by the rapid outflow of fresh
water from heavy rains (Lindblom et al., 1981).

Field evaluation by the Gulf Universities Research Consortium (Linton
and Koons, 1983) indicated that dispersant "effectively dispersed the Ixtoc I
crude from the surface into the upper 3 m of the water column." Limited
biological studies during and following the spill did not reveal adverse effects.
For example, shrimp landings in subsequent years were unchanged or greater
than previous yearly catch statistics.
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Betelguese, 1979

The 1979 spill of 7,000 bbl of mixed Arabian crude from the tanker
Betelgeuse in Bantry Bay, southwest Ireland was probably the first significant
oil spill in Europe for which dispersants were applied from aircraft in
preference to vessels (Nichols and White, 1979). Thirty-five metric tons (260
bbl) of BP1100WD was believed to have protected shorelines successfully with
an application rate of 2 to 3 gal/acre (19 to 28 liter/ha) (Nichols and Parker,
1985; Nichols and White, 1979). On the other hand, winds up to Beaufort force
4 were present and much of the effective dispersal may have been due to wind
turbulence.

Puerto Rican, 1984

In 1984, after an explosion and fire, the tanker Puerto Rican broke in two,
spilling 25,000 to 35,000 bbl of refined petroleum products, mostly lubricating
oils, in the Point Reyes-Farallon Island Marine Sanctuary, 25 mi west of San
Francisco Bay. Within 10 hr the Regional Response Team, acting under the
State of California Contingency Plan, granted final approval for dispersant use
based on an apparent threat to marine mammals (Herz, 1986; Herz and Kopec,
1985). Dispersant application was delayed 4 to 5 hr, however, because wind and
wave conditions prevented a sampling vessel from reaching the scene (the
Regional Contingency Plan required samples).

An airplane sprayed about 2,500 gal (60 bbl) of Corexit 9527 on about half
of the spill. Dispersion estimates by aerial observers ranged from none to 20 to
30 percent. During 2 to 3 weeks, oil skimmers collected 1,500 bbl of oil-water
emulsion (50 percent), accounting for only 2 to 3 percent of the amount spilled.
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Appendix C

Conversion Factors

Acres x  0.4047 =  Hectares

Acres X 4.047x 1073 = Square Kilometers
Barrels x 420 = Gallons (U.S.)
Barrels x 350 = Gallons (Imperial)
Cubic Feet x 2832x102 = Cubic Meters

Feet X 0.3048 =  Meters

Gallons (U.S.) x  0.833 = Gallons (Imperial)
Gallons (U.S.) x  3.785 = Liters

Gallons (U.S.)/Acre X 9.353 = Liters/Hectare
Hectares x 2471 = Acres

Kilometers x  0.6214 =  Miles (Statute)
Kilometers x  0.5396 =  Miles (Nautical)
Kilometers/hour x  0.5396 = Knots

Knots X 1.852 = Kilometers/Hour
Knots X 1.151 = Statute Miles/Hour
Knots x  0.515 = Meters/Second
Liters x  0.264 = Gallons (U.S.)
Liters/Hectare x 01 =  Cubic Meters/Square Kilometer
Meters x  3.281 =  Feet

Miles (Nautical) x  6.076x 103 =  Peet

Miles (Nautical) X 1.852 =  Kilometers

Miles (Nautical) X 1.1516 =  Miles (Statute)
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Glossary and Acronyms

ABS. Alkyl benzene sulfonate.

Acute. Having a sudden onset, lasting a short time, of a stimulus severe enough to
induce a response rapidly. Can be used to define either the exposure or the
response to an exposure (effect). The duration of an acute aquatic toxicity
test is generally 4 days or less and mortality is the response measured.

AMOP. Arctic Marine Oilspill Program.
BIOS. Baffin Island Oil Spill Project.

Chronic.  Involving a stimulus that is lingering; often signifies periods from several
weeks to years, depending on the reproductive life cycle of the aquatic
species. Can be used to define either the exposure or the response to an
exposure (effect). Chronic exposure typically induces a biological reponse
of relatively slow progress and long continuance.

CMC. Critical micelle concentration.

CON- Conservation of Clean Air and Water in Europe.

CAWE.

DOOSIM. Dispersion of Oil on Sea Simulation (model).

ECs. Median effective concentration; the concentration of material in water to

which test organisms are exposed that is estimated to be effective in
producing some sublethal response in 50 percent of the test organisms
(Rand and Petrocelli, 1985). See also, LCs,.
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FAO. Food and Agriculture Organisation of the United Nations.

HLB. Hydrophile-lipophile balance.

IFP. Institut Francaise du Petrol (French Institute of Petroleum).

ITOPF. International Tanker Owners Pollution Federation.

IKU. Continental Shelf Institute, Trondheim, Norway.

LAB. Linear alkyl benzenes.

LAS. Linear alkylbenzene sulfonates.

LCs,. Median lethal concentration; the concentration of material in water to

which test organisms are exposed that is estimated to be lethal to 50 percent
of the test organisms (Rand and Petrocelli, 1985). See also ECs,.

Lethal. Causing death by direct action. Death of aquatic organisms is the cessation
of all visible signs of biological activity.
MNS. Mackay-Nadeau-Steelman test.

Mousse. Water in oil emulsion.
NOEL. No-observable-effect level.
OHMSETT. Oil and Hazardous Materials Simulated Environmental Test Tank (U.S.

EPA).
OSC. On-scene coordinator.
SPM. Suspended particulate matter.

Sublethal. Below the concentration that directly causes death. Exposure to sublethal
concentrations of a material may produce less obvious effects on behavior,
biochemical or physiological functions, and histology of organisms.

Toxicity.  The inherent potential of the capacity of a material to cause adverse effects
in a living organism (Rand and Petrocelli, 1985). It is usually expressed as
an effect concentration (ECsg, LCs) at a specific time, or as an effect time
(ETs5o, LTs) at a specific concentration. Effect concentrations (e.g., 4-day
LCsps) in this review are expressed as parts per million (ppm) or parts per
billion (ppb), the units are used interchangeably with mg/liter and pg/liter,
respectively, minor differences in exact concentrations notwithstanding.

Toxicity A concentration above which some effect or response will be produced and
Threshold below which it will not.

Concentra-

tion.

UNEP. United Nations Environment Programme.
VMD. Volume mean diameter.

WSF. Water-soluble fraction.

WSL. Warren Spring Laboratory.
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Alkanes, 36, 73, 158
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subtidal and intertidal habitats, 188-193,
199, 200
Benthos and sediments, 8

in decision schema, 241

oil/dispersant mixtures and, 27, 62-63,

subtidal and intertidal, 188-193

190-193, 196, 199, 206-207, 208,
214 241, 260-261

surfactant absorption, 36, 196

see also Crustaceans;

Seagrasses
Betelgeuse, 321
Bioassays

ppm-hr concept, 60-61

toxicity testing, 83, 84, 118, 122-155, 255
Biodegradation

of dispersants, 36

dispersants used to aid, 20-21, 155-159,

255

field studies, 158-159

laboratory studies, 156-157, 260

mesocosm studies, 157-158, 187-188,

260

of oil, 17, 18, 27, 42, 62
Biological effects, 255, 257-260

field and mesocosm studies, 186-208

models, 63

shorelines, 21, 22, 27

see also Ecological effects;

Marine organisms;

Plants (vegetation);

general;

Toxicity, specific organisms
Birds, 2, 5, 7, 27, 160-162, 261-262
Boats, see Ships and boats
Booms, 15, 19, 20, 223, 227, 236
BP dispersants, 21, 57, 62, 113, 114,

120-121, 135, 138, 176, 196
Brazil, 96
Bubble barriers, 15-16

Toxicity,

C

Calibration issues, 228-229, 244, 263
Canada, 1, 74
Controlled Ecosystem Pollution Experi-
ment (CEPEX), 157-158, 166,
175-176
development of dispersant use, 22-23,
227,233,313
models of dispersion, 66

regulatory issues, 234
toxicological testing, 83-84, 96, 257
Caribbean Sea, 202
Case studies, 24, 317-321
Chemical processes and effects, 256-257
composition of dispersants, 29-36
composition of oils, 51-54
photochemical, 17, 25, 27, 42, 49, 69,
717,78,79
salinity, 25, 29-30, 73
see also Mousse formation/dispersion;
Toxicity, general;
Toxicity, specific organisms
Chevron
Main Pass Block 41, 2, 37,237, 317-318
Chronic toxic exposure, 82, 255
Cleanup methods (non-chemical), see
Treatment methods (non-chemical)
Coastal zones, 4
aesthetic and ecological damage, 7, 27
beach tests for dispersant toxicity, 96
economic damage, 7-9
littoral and sublittoral habitats, 22, 146,
167
mechanical cleanup methods, shore-
lines, 16-17, 18, 20
recreation resources, 7-8, 18, 20
salt marshes, 4, 196-197, 214
subtidal and intertidal habitats, 4, 27,
160, 167, 193-208, 214, 241, 255, 261
Coast Guard
skimmers and barriers, 16d
statistics on spill sources, 10, 12, 14
Command and control, 237-238
Computer science
decision tree (EPA), 245, 246, 250,
252-253
real time, 63, 176
Continental Shelf Institute (Norway), 66
Contingency planning, 234-235, 255,
263-264
Controlled Ecosystem Pollution Experi-
ment, 157-158, 166, 175-176
Copepoda, 107, 138-139, 140
Coral reefs, 4, 204-206, 214
Corexit dispersants, 57, 60, 62, 108-109,
111-112, 114, 116, 120-121, 122,
128,134, 144, 145, 153, 160-162,
163, 167, 176, 183, 187, 189, 194, 198
Critical micelle concentration, 31
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Crustaceans, toxic exposures, 97, 98-99,
101-103, 129, 135, 138-146
see also Shellfish
Currents (marine), 59, 260
advection, 41, 42-46, 65
Gull Stream, 43
laboratory tests, 77
mechanical cleanup and, 14, 16, 19
shear forces, 3, 39, 76-77
see also Turbulence

D

Decapoda, 139, 140, 142-144
Decision making bases, 6, 239-253
computer decision tree (EPA), 245, 246,
250, 252-253
contingency planning, 234-235, 255,
263-264
schemata, 244-253
Diffusive processes
laboratory studies, 5
in models, 65, 67-68, 69
turbulent, 41, 46-47, 58
Dispersion of Oil on Sea Simulation, 68-69
Dosage controls, 221-222, 228-229
Drinking water, 8
Droplets
dispersants, 72, 122, 216-220
laboratory tests, 71, 72, 77
in models, 63, 67, 68
nozzle flow and, 217-220, 223-224, 263
slick dynamics, 5, 28, 32, 42, 50, 51, 56,
58-59, 220
sediments and, 62-63

E

Echinoderms, 104-106, 134
Ecological effects, 5, 6-7, 244, 256,
260-262
dispersants, rationale for use, 19
littoral and sublittoral habitats, 22, 146,
167
models of, 63
subtidal and intertidal habitats, 4, 27,
160, 167, 193-208, 214, 214, 255, 261
see also Coastal zones;
Marine organisms;
Toxicity, general;
Toxicity, specific organisms
Economic factors, 7-9

coastal areas, 7-9
mechanical cleanup costs, 8
Effectiveness factors, 26, 50-51, 264
definition, 24-26
field studies, 168-186, 188-200, 235
laboratory studies, 70-79
mesocosm studies, 166-168
models, 67
monitoring, 229-234, 242, 244
oil type/dispersant matching, 34-35,
51-54,72
second- and third-generation disper-
sants, 22
standards for, 166
techniques, specific, 215-244
toxicity vs, 27, 85, 96, 128
visual and near-visible techniques,
231-232
Eleni V, 319-320
Emulsions, see Mousse formation/
dispersion
Environmental Protection Agency, 38
chemical formulations for dispersants,
34,309-313
decision tree and regulations, 245, 246,
250, 252-253
laboratory tests, 72, 73-74, 76-77
spill source data, 10
toxicity tests, 100
Equipment, 23
booms, 15, 19, 20, 223, 227, 236
bubble barriers, 15-16
calibration issues, 228-229, 244, 263
hovercraft and hydrofoils, 226-228
infrared sensing, 37, 184-185, 232-233
mechanical cleanup, 8, 12, 13, 14-17,
18, 127, 247, 254-255
microwave sensing, 233
nozzle flow, 217-220, 223-224, 236, 263
radar, 233
remote sensing, 37,45, 166, 176,
184-185, 230-234, 263, 264
satellites, 43
skimmers and barriers, 16
spray systems, 215-219
ultraviolet sensing, 37, 184-185, 223
see also Aerial techniques and aircraft;
Ships and boats
Europe, 22
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Evaporative processes, 17, 61
dispersed oil, 61
laboratory tests, 77, 78
models, 63
volatile hydrocarbons loss from slicks,
9,47-49, 167
Exxon, 22, 219, 235

F

Field studies, 5, 209-213
American Petroleum Institute, 22, 38,
73,168-173, 219, 245, 248, 252
Amoco Cadiz, 38
Baffin Island Oil Spill Project (BIOS),
4,23, 188-193, 158-159, 177, 186,
188-193, 197, 199, 200, 207, 208
biological, 183-208, 260
chemical and physical, 179-186
dispersants applied to spills, 2, 4, 24-25,
60, 165-214
evaporative loss of hydrocarbons, 48
vs laboratory studies, 26, 39, 147-154
microbial degradation, 158-159
model validation, 69
north temperate and arctic tests,
175-179, 188-201
Protecmar study, 173-175
toxicity, lab vs field studies, 147-154
see also Oil spills, specific
Finasol dispersants, 107, 167, 181
Fire use and hazards, 9, 17
Fish and fisheries, 5, 7, 200-201
dispersants and, 19-20, 36
dispersed vs untreated oil, effects,
200-201
littoral and sublittoral habitats, 22, 146,
167
toxicity, 100, 101-109, 111-113,
130-154, 214, 261
Fluid dynamics, see Nozzle flow;
Slick dynamics
Flume tests, 77-78
Food and Agriculture Organisation of the
United Nations, 83, 84
Forests, see Mangroves
France, 23, 75, 233
French Institute of Petroleum (IFP),
74-75,77

Protecmar study, 173-175, 179
Frick's Law, 39, 46

G

Gulf of Mexico
Ixtoc I, 2, 10, 16, 24, 39-41, 44, 57, 320
16, 24, 39-41, 44, 57, 320
seagrasses, 202
Gulf Stream, 43

H

Halifax trials, 38

Halten Bank experiment, 45

Hasbah 6, 23, 37, 320

Health hazards, spray crews, 9, 247

Helicopters, 216, 226, 242-243

History of dispersant use, 21-23, 31-34

Houghton, 21

Hovercraft, 226-228

Hubbs Marine Research Institute, 163-164

Hydrophile-lipophile balance (HLB),
29-30, 31-32,35,72,74,97, 118

Hydrofoils, 226-228

Hydrologic particulates, see Suspended
particulate matter

I

Ichthyoplankton, 134-135, 136-137
Infrared sensing, 37, 184-185, 232-233
Institut Francaise du Petrol, see French
Institute of Petroleum (IFP)
Interface tension, see Surface and inter-
face dynamics
International cooperation, 23
American Petroleum Institute, 22, 38,
73,168-173, 219, 245, 248, 252
Canada/U.S. research, 22
dispersant guidelines, 22, 88
standard testing guidelines, 73-74, 258
Intertidal habitats, see Subtidal and inter-
tidal habitats
Ixtoc I, 2, 10, 24, 39-41, 44, 57, 320
mechanical cleanup, 16
model of, 40-41

L

Labofina test, 52, 56-57, 71, 74, 75-76, 174
Laboratory studies, 2, 20, 70-79, 126-155
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bioassays, 60-61, 83, 84, 118, 126-155,
255
biodegradation, 20, 156-157, 260
dosages for dispersants, 221-222,
228-229
vs field studies, 26, 39, 147-155, 259
fish toxicity effects, 200-201
flume tests, 77-78
interfacial tension, 31, 70
Labofina test, 52, 56-57, 71, 74, 75-76,
174
model validation, 69, 70
suspended particulates, 62
surfactant effectiveness, 22
temperature effects on droplets, 59
toxicity, 70, 79, 84-85, 97, 122-123,
125, 126-155, 259, 261-262
Linear alkyl benzenes (LAB), 36
Linear alkylbenzene sulfonates (LAS), 36
Long Cove, 4, 186, 197, 198-199

M

Mackay-Nadeau-Steelman (MNS) test,
70,71, 72,75-76, 79
Maine, 4
Main Pass Block 41, 2, 37,237, 317-318
Malaysia, 207
Mangroves, 4, 206-208, 214, 261
Marine Ecosystem Research Laboratory,
187-188
Marine mammals, 3, 5, 27, 160, 163-164,
261-262
Marine organisms
subtidal and intertidal habitats, 4, 27,
160, 167, 193-209, 214, 241, 255, 261
toxicity effects, laboratory studies,
129-155, 186-206
see also individual classes and species
Mathematical models, see Models
Mechanical cleanup, 8, 247, 254-255
booms, 15, 19, 20, 223, 227, 236
methods and limitations, 12, 13, 14-16
of shorelines, 16-17, 18
skimmers, 16, 242
toxicity effects, chemical cleanup vs, 127
Mesocosm studies, 20
biodegradation, 157-158, 187-188
toxicity, 166-168, 193-195, 209-213

Meteorology, see Weather factors
Microbial degradation, see Biodegradation
Microorganisms, 187-188
Microwave sensing, 233
Models

advection, 44, 46, 63, 65, 68-69

decision-making schemata, 244-253

Dispersion of Oil on Sea Simulation,

68-69

droplet formation, 63, 67

oil fate and dispersion, 63-69

real time, 63, 176

slick herding, 57-58

slick resurfacing, 65, 68, 69

slick spreading, 38-39

toxicity, 145, 162

validation, 69, 70

weathering, 48, 64
Mollusks, 131, 134, 146-147, 148
Mousse processes, 243, 256

dispersion, 51, 53-54, 57

formation, 40-41, 49-50,

laboratory tests, 77, 78, 80

in models, 63

N

Naphthenic acids, 53

National Contingency Plan, 234, 309-313

National Contingency Product Schedule,

34, 309-313

Netherlands, 23, 233

North Sea, 16, 179

Norway, 23, 35, 37,75, 179, 230, 233

Nozzle flow, 217-220, 223-224, 236, 263
air and water jets, 15-16

(0]

Ocean circulation
and dispersion processes, 2, 41-47, 239,
256, 260
laboratory studies, 5
see also Advection;
Currents;
Slick dynamics, Turbulence;
Wave processes (marine)
Offshore oil and gas operations, 10, 237
see also Oil spills, specific
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Oil and Hazardous Materials Simulated
Environmental Test Tank, 74
Oil Spill Response Decision Tree, 245,
246, 250, 252-253
Oil spills, specific
Amoco Cadiz, 38
Argo Merchant, 152, 236
Betelgeuse, 321
case studies, 24, 317-321
Eleni V, 319-320
Hasbah 6,23, 37, 320
Ixtoc I, 2, 10, 16, 24, 39-41, 44, 57, 320
Main Pass Block 41 C, 2, 37, 237,
317-318
Puerto Rican, 321
Torrey Canyon Spill, 2,7, 21, 22, 23,
317-318
Urquiloa, 130

P

Panama, 4, 206
Paraffins, 53, 73
Particulates
natural oil removal, 17
oil interaction with, 5,41, 62-63, 128,
206, 208
Patents, 32, 34, 258, 315-316
Photochemical processes, 17,25,27,42,
49, 69
laboratory tests, 77, 78, 79
Phytoplankton, 130
Physical process and effects, 36-50,
256-257
advection, 41, 42-46, 65
diffusive processes, 5, 41, 46-47, 58, 65,
67-68, 69
dispersant mixtures, 50-63
models, 63-69
surface and interface dynamics, 31, 33,
40, 50-51, 70, 220
see also Slick dynamics
tar balls, 20-21, 46
temperature effects, 17, 25, 34, 35, 48,
56,59, 67, 68,73, 116-117, 240
turbulence, 5, 25, 28,41, 46-47, 58-59,
71, 74-79, 260
viscosity, 3, 25, 34, 38, 53, 54, 220
see also Evaporative processes;
Ocean circulation;
Weather factors;
Weathering

Plankton, 97, 98-99
ichthyoplankton, 134-135, 136-137
phytoplankton, 130
zooplankton, 131, 134-135, 187-188
Plants (vegetation)
mangroves, 4, 206-208, 214, 261
seagrasses, 4, 195-196, 201-204, 214
vascular plants, 130-131, 214
Polar regions
Arctic Marine Oilspill Program, 23
field tests, 175-179, 186
see also Baffin Island Oil Spill Project
(BIOS)
fire as cleanup method, 17
subtidal and intertidal habitats, 4,
193-198
Polychaetes, 131
Protecmar study, 173-175, 179
Protozoa, 131
Puerto Rican, 321

R

Radar, 233
Real time, 63, 176
Recreation areas, 7-8, 18, 20
Reefs, 4, 204-206, 214
Regulations, 234
decision-making guides, 244-253, 255
toxicity testing policies and procedures,
87-95
Remote sensing, 37, 43, 45, 166, 176,
184-185, 230-234, 263, 264
Research
case studies, 24, 317-321
committee recommendations, 5, 79-80,
79-80, 254-264
dispersant screening procedures by coun-
try and organization, 85-96
see also Field studies;
Laboratory studies;
Mesocosm studies
Ross, S. L., 247, 249, 252,253

S

Safety hazards, 9
Salinity, 25
hydrophile-lipophile balance (HLB),
29-30, 31-32, 35,72, 74,97, 118
laboratory tests, 73
Salt marshes, 4, 196-197, 214
Satellites, 43

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/736.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

333

Saudi Arabia, Hasbah 6 spill, 23, 37, 320
Seabirds, see Birds
Seagrasses, 4, 195-196, 201-204, 214
Sediments, see Benthos and sediments;
Particulates
Sequim Bay, 200
Shake-flask tests, 70, 74, 79
Shallow-water environments, 22, 255,
261-262
see also Subtidal and intertidal habitats
Shellfish, 8, 194-195, 199, 214
Ships and boats, 2-3, 222-224, 228-229
hovercraft and hydrofoils, 226-228
oil spill sources, 9-11
skimmers, 16, 242

spray systems, 23, 50, 216, 242, 243, 263

tankers, 9-11, 38
see also Mechanical cleanup
Shorelines, see Coastal zones
Skimmers, 16, 242
Slick dynamics, 57-59
advection, 41, 42-46, 65
chemical properties of oil, 51-53
dispersed slick oil concentration, 60-61
droplet factors, 5, 28, 42, 50, 51, 56,
58-59, 65,71, 72,217, 220
evaporative processes, 9, 17, 47-49, 61,
63,77,78, 167
field tests, 168-186
herding, 57-58
laboratory tests, 70-79
mechanical cleanup and, 15
mesocosm tests, 166-168
spreading, 38-41, 42
subsurface processes, 43, 47, 60-61
tar balls, 20-21, 46
thickness, 28, 36-38, 65, 67,72,75,717,
78,216, 221-222, 230, 240, 256
turbulence, 28, 41, 46-47
Solvents
fate in aqueous environment, 36
hydrocarbon-based, 56
in surfactants, 34
toxicity, 97
Sources of spills, 9-11, 244
see also Oil spills, specific
Spray systems, 215-229
aerial, 216, 217, 233-234

boat-mounted, 23, 50, 216, 242, 243, 263

crews, toxic hazards, 9, 247
wave processes and, 25, 238
Standards
effectiveness, 166
international guidelines, 22, 258
testing oils and dispersants, 73-74, 84
toxicity testing, 27, 83, 87-95, 116, 258
Stoke's Law, 67
Sublethal toxic exposures, 3, 7, 116, 117,
118, 143, 162, 195, 257-258
by chemical type, 120-121
Subtidal and intertidal habitats, 4, 27, 160,
167, 193-209, 214, 241, 255, 261
Surface and interface dynamics, 40, 220
critical micelle concentration, 31
laboratory studies, 70
surfactant orientation, 33, 50-51
see also Droplets;
Slick dynamics
Suspended particulate matter, see Particu-
lates
Sweden, 23, 233

T

Tankers, 9-11, 38
Tar balls, 20-21, 46
Temperate zones
field tests, 175-179, 186
subtidal and intertidal habitats, 4,
193-200
Temperature effects, 25, 34, 35, 56, 59,
73,240
evaporative processes, 9, 17, 47-49, 61,
63,77,78, 167
fire as cleanup method, 17
in models, 67, 68
toxicity, 116-117, 257
Tetradecane, 73
Tidal waters, see Subtidal and intertidal
habitats
Time factors, 54-57, 240, 247, 255
dispersed oil concentration, 60-61, 71
laboratory tests, 75, 76, 114
see also Weathering
Torrey Canyon Spill, 2,7, 21, 22, 23,
317-318
Toxicity
acute exposure, 82, 97-117, 255, 257
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bioassays, 60-61, 83, 84, 118, 126-155,
255

chronic exposure, 82, 255

cleanup crews, effects on, 9, 247

dispersants, 5, 22, 24, 26-27, 84-123,
96-164, 257-258

dispersed oil, 5, 22, 24, 26-27, 123-164,
258-259, 261-262

dosage controls, 221-222, 228-229

effectiveness vs, 27, 85, 96, 128

exposure assessment, 124, 128-129, 259

field tests, 147-155, 259

hydrocarbon components, 47-49

joint toxicity, 125-126

laboratory tests, 70, 79, 122-123, 125,
126-155, 200-201, 258, 259, 262

levels and effects of toxicity by marine
species and/or oil/dispersant type,
100, 101-109, 111-113, 130-154

mesocosm studies, 166-168, 193-195,
209-213

physiology, 117-118, 259

sublethal exposures, 3, 7, 116, 117, 118,
120-121, 143, 162, 195, 257-258

testing, 81-164

temperature influences, 116

weathering and, 128, 146

Toxicity, specific organisms

algae, 130-131, 187-188, 204-205, 207,
214

copepoda, 107, 138-139, 140

coral, 4, 204-206, 214

crustaceans, 97, 98-99, 101-103, 128,
135, 138-146

decapoda, 139, 140, 142-144

echinoderms, 104-106, 134

fish, 5, 7, 19-20, 22, 36, 100-109,
111-113, 130-154

mangroves, 206-208, 214

marine mammals, 163-164, 261

mollusks, 131, 134, 146-147, 148

plankton, 97, 98-99, 130, 131, 134-135,
136-137, 187-188

protozoa, 131

seabirds, 2, 5,7, 27, 160-162, 261-262

seagrasses, 4, 195-196, 201-204, 214

shellfish, 8, 194-195, 199, 214

Tropical zones

field tests, 186, 201-202
mangroves, 4, 206-208, 214
seagrasses, 4, 195-196, 201-204, 214
subtidal and intertidal habitats, 4, 209
Treatment methods (non-chemical), 13-18
burning, 17
gelling, 17-18
mechanical, 8, 12, 13, 14-16, 127, 247
natural dispersion, 17, 18, 241, 243
shoreline, 16-17
sinking, 17
Turbulence, 25, 260
laboratory studies, 5, 71-79
slick dynamics, 28, 41, 46-47, 58-59, 69

U

Ultraviolet sensing, 37, 184-185, 223

United Kingdom, 22, 23, 83, 86, 96, 174,
196, 233

United Nations Environmental Pro-
gramme, 83, 84

University of Rhode Island, 187-188

University of Toronto, 66

Urquiloa, 130

v

Vascular plants, 130-131, 214
Videotapes, 231-232, 263
Viscosity
laboratory experiments, 72, 174-175
oil dispersion effects, 3, 25, 38, 54-56,
180-182, 217, 220, 240
solvents and, 34
temperature effects, 59
of various oils, 53
Volatile hydrocarbons, 220
evaporative loss from slicks, 9, 25,
47-49, 167

W

War, 10
Warren Spring Laboratory (WSL),
175-176, 223, 228
Labofina test, 52, 56-57, 71, 74, 75-76
Water jets, 15-16
Wave processes (marine)
laboratory studies, 5, 72, 75, 77-78
mechanical cleanup and, 14, 16, 19
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model of, 65-66
slick dynamics, 28, 42, 243
spraying and, 25, 238
Wave tank tests, 77-78
Weather factors, 238, 43
advection, 41, 42-46, 65
aerial cleanup, 19
wind, 14, 16, 19, 48, 51, 68, 69, 224,
229, 236, 238
see also Polar regions;
Temperate zones;
Tropical zones
Weathering, 169, 173, 264
dispersed oil, 25, 44, 61
evaporative, 47-49, 61
in models, 64, 69
toxicity and, 128, 130, 146
viscosity of oil and, 3, 54-55
Weibull function, 67
Well blowouts, 39
see also, Oil spills, specific
Wetlands, see Salt marshes
West Germany, 194
Wind
aerial cleanup, 19, 224, 229, 236
dispersant mixture effectiveness, 51
evaporative loss of hydrocarbons, 48
mechanical cleanup and, 14, 16
models, 68, 69
spray pattern effects, 224
Wildlife, 5
see also Birds;
Marine mammals;
Marine organisms

Z
Zooplankton, 131, 134-135, 187-188
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