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SUMMARY

Whether the result of an oil well blowout, vessel collision or grounding, leaking pipeline, or
other incident at sea, each marine oil spill will present unique circumstances and challenges. The
oil type and properties, location, time of year, duration of spill, water depth, environmental
conditions, affected biomes, potential human community impact, and available resources may
vary significantly. Also, each spill may be governed by policy guidelines, such as those set forth
in the National Response Plan, Regional Response Plans, or Area Contingency Plans. To respond
effectively to the specific conditions presented during an oil spill, spill responders have used a
variety of response options—including mechanical recovery of oil using skimmers and booms, in
situ burning of oil, monitored natural attenuation of oil', and dispersion of oil by chemical
dispersants. Because each response method has advantages and disadvantages, it is important to
understand specific scenarios where a net benefit may be achieved by using a particular tool or
combination of tools.

Typically, oil spill response tools are used to reduce the amount of floating oil at the surface,
through direct removal (skimmers), in situ burns, or dispersion into the water column. Floating
oil may pose health risks for people (especially spill responders), as well as for seabirds and air-
breathing marine species, such as sea turtles and marine mammals. Also, winds may drive
floating oil ashore into vulnerable habitats such as salt marshes where oil cannot be removed
without causing additional damage. The primary objective of dispersant use is to reduce the
amount of floating oil by promoting the formation of small droplets that remain or become
entrained in the water column, where they are subjected to greater dissolution and dilution.
Under conditions conducive to microbial growth (e.g., the presence of oxygen, adequate
nutrients, and sufficient microbial seed population), the small droplets formed by dispersants
may also biodegrade more rapidly.

This report builds on two previous National Research Council (NRC) reports on dispersant use
(NRC, 1989; 2005) to provide a current understanding of the state of science and to inform
future marine oil spill response operations. The response to the 2010 Deepwater Horizon (DWH)
spill included an unprecedented use of dispersants via both surface application and subsea
injection. The magnitude of the spill stimulated interest and funding for research on oil spill
response, and dispersant use in particular. This report considers and synthesizes much of that
work, as well as other literature, to address the Statement of Task (see Chapter 1). Further, the
focus of this report is on marine oil spill scenarios for which dispersants would be considered a
potential response option. In the United States, that is limited to areas beyond 3 nautical miles
from shore and in depths greater than 10 m. Although the focus of this report is spills occurring
off the coast of the United States, the expectation is that the report will have broad application
internationally.

! Monitored natural attenuation refers to tracking the environmental processes that breakdown oil, including
biodegradation.
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2 The Use of Dispersants in Marine Oil Spill Response

OIL SPILL RESPONSE DECISION-MAKING

Human life is the first priority in marine oil spill response, hence the Federal On-Scene
Coordinator and Area Contingency Plans place top priority on decisions affecting human health
and safety. After human safety, the next priority is development of a response strategy that most
effectively reduces environmental consequences, offers the greatest protection, or promotes the
fastest recovery.

Determining whether the use of dispersants is appropriate for a given oil spill scenario requires
decision-making tools for assessing the relative benefits of the various response options. These
tools incorporate available information to estimate the likely fate and transport of oil and
dispersant components and assess the effects associated with human and environmental exposure
to oil and dispersant components.

A number of approaches, collectively known as Net Environmental Benefit Analysis (NEBA),
help decision-makers select the response option(s) most likely to minimize the net environmental
impacts of oil spills. NEBA must account for the variable nature of oil spills and a broad range of
natural resources that could be impacted. This requires flexibility to allow for “real-time”
alignment with changing field conditions.

Three tools are commonly used to support the NEBA approach for oil spills:

e Consensus Ecological Risk Assessment (CERA): uses a detailed, semi-quantitative risk-
ranking square to perform comparative analyses of response methods;

e Spill Impact Mitigation Assessment (SIMA): similar to CERA, but utilizes a single score
for extent of exposure and duration of recovery and adds a weighting factor for resource
values based on local priorities established through a stakeholder consensus-building
process; and

e Comparative Risk Assessment (CRA): uses an integrated model to simulate the fates and
effects of a spill scenario and employs a weighting function to represent the relative
exposure, susceptibility, and importance of resources.

Each process involves a structured approach used by the response community and stakeholders
to compare the impact mitigation potential of the available response options.

All three decision-making tools (CERA, SIMA, and CRA) have value for supporting
contingency plan development, strategic planning during the initial stages of a spill response, or
tactically during the active phase of a response. Because a CRA relies on an integrated model
adapted for a particular spill scenario, it takes considerable time before results are available,
hence it typically has more value for contingency planning. An integrated model consists of
various submodels that simulate the transport, degradation, mitigation efforts, and ultimate fate
of the hydrocarbon, and in some cases may even use this information to estimate the effects on
important components of the local biota. With further development, the NEBA process also
could be used to estimate human health and socioeconomic impacts. Because CRAs evaluate the
relative risks and benefits of various response options, there is greater tolerance for uncertainties
in the modeling. Importantly, each tool can be used to engage stakeholders, an essential element
for providing input on local or regional priorities, expanding awareness, and building confidence
and trust in the decision-making process.

Recommendation: Decision-makers should further evaluate surface and subsea spill
scenarios using NEBA tools (i.e., CERA, SIMA or CRA) to better define the range of
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conditions (e.g., oil type, sea state, depth, location, resources at risk) where dispersant use
may be an appropriate and/or a feasible response option for reducing floating oil.

Although CERA and SIMA can be adapted for situations in which limited information is
available to inform the analysis, all tools used in the NEBA process rely to some extent on the
ability to estimate a series of processes that influence where the oil goes and how oil composition
changes over time (fate and transport), and the effects of oil on species throughout the affected
ecosystem (aquatic toxicology and biological effects). The report is organized to first address the
state of the science related to fate and transport followed by aquatic toxicology and biological
effects. It then covers the human health considerations that are critical concerns for decision-
makers. Based on this information, the report discusses the trade-offs associated with dispersant
use versus other response options under various spill conditions, and explains how these trade-
offs are weighed using the NEBA approaches described above.

FATE AND TRANSPORT OF DISPERSANTS AND OIL
Fate and Transport of Dispersants

Modern dispersant products (e.g., Dasic Slickgone NS, Finasol® OSR 52, Corexit® EC9500A)
are a mixture of solvents and surface active agents (surfactants) with different physicochemical
properties and therefore potential fates in the environment. Once released into the aquatic
environment, dispersants are subject to rapid dilution, dissolution, biodegradation, and
photodegradation processes. Consequently, there is just a brief time window in which ocean
biota might encounter the full dispersant formulation. When a dispersant is introduced at depth
by subsea injection, dispersant components will differentially dilute and dissolve, with some
being retained at depth (e.g., in intrusion layers and sequestered in sediments). In this situation,
deep-water? biota could be exposed to dilute concentrations of the more persistent and water-
soluble dispersant components, such as the anionic surfactant di (2-ethyhexyl) sodium
sulfosuccinate (DOSS).

In laboratory experiments, dispersant components (including the solvents and surfactants)
degrade rapidly, within hours to days. In field conditions, the few studies on the effects of
dilution on dispersant fate and transport have shown that concentrations of dispersants reach a
maximum of 5-13 ppm after surface applications and generally decrease to less than 1 ppm
within minutes to hours.

Research examining the long-term fate of dispersant constituents indicates that only trace
amounts of DOSS persist, even after the large volumes of dispersants used in the DWH spill.
This indicates that dilution, dissolution, biodegradation, and photodegradation likely acted in that
case to limit the long-term exposure of aquatic species to dispersant components.

Fate and Transport of Untreated and Chemically Dispersed Qil

Many types of oils, including crude oil and refined products, may be released into the marine
environment, at which point their composition begins to change. The oil type or chemical

2 The Committee recognizes there are varying definitions for the terms “deep water” or “deep-water,” which largely
depend on the context of their use; however, for the purposes of this report, the Committee generally considers
“deep water” to be greater than 500 meters.
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composition determines the long-term behavior of oil as modified by processes such as
evaporation, aerosolization, photochemical oxidation, dissolution, biodegradation, aggregation,
and adhesion. Key determinants of physical behavior include the molecular weight distribution
of hydrocarbons, the abundance of other elements (e.g., N, S and O), and the relative abundance
of saturates, aromatics, resins, and asphaltenes. The oil’s chemical composition also influences
the action of dispersants; lighter oils are more dispersible while dispersants may have limited
effectiveness on high viscosity oils.

Subsurface Transport

In a deep-water blowout, release of gas bubbles and oil droplets creates a buoyant, multiphase
plume. As the plume rises, gas bubbles and soluble oil components dissolve into the entrained
seawater, decreasing the buoyancy of the plume. A lateral intrusion layer forms, enriched in
hydrocarbons, where the dissolved components and microdroplets® encounter currents and the
ambient density stratification of the water column (Figure S.1).

Surface Transport

On the sea surface, oil slicks become dispersed through the action of breaking waves. This
occurs naturally, but can be amplified by application of dispersants. The small droplets formed
by dispersion become entrained below the surface by waves, turbulence, and Langmuir
circulation.

Droplet Size

Oil droplet size is a primary determinant of both subsurface and surface oil transport; hence
understanding the dynamics associated with droplet formation, size distribution, and transport is
foundational for improving studies of oil fate, including the effects of dispersants. Dispersants
lower the interfacial tension of oil, thereby promoting the formation of small droplets and
microdroplets. With regard to surface oil, droplets form when turbulence drives oil beneath the
surface. The depth of penetration and the resurfacing time depend in part on the droplet size. In a
deep-water release, droplets form at the source and rise through the water column as a function
of their size. Oil type and the densities of the oil and surrounding seawater will influence rise
velocity, but generally, larger droplets have greater buoyancy and hence rise more quickly than
smaller droplets.

Because of their slower rise rate, smaller oil droplets will lose more soluble components before
surfacing and thus release fewer volatiles to the atmosphere. Smaller oil droplets may also be
transported further from the source and surface over a broader area, potentially reducing
atmospheric concentrations of volatiles.This has implications for oil spill response, because
inhalation of volatile organic compounds (VOCs) is a major health concern for responders
working in the area of the spill. Further, under favorable conditions, small droplets may enable
greater biodegradation to occur because of the increased surface area and longer residence in the

3 The Committee recognizes that the term “microdroplets” is loosely defined, but most typically, this report
considers the term to mean droplets that are approximately 70 microns or less.
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Figure S.1 Summary of the important components (bold font) of an oil spill and the processes (normal font) that
affect them. Dispersants may exert an influence on all processes shown, except for jetting, wind, current, and
Langmuir circulation. Surface gravity waves are not explicitly shown for the sake of clarity. SOURCE: Modified
from Hazen et al.(2016).

water column. In the case of microdroplets, insufficient buoyancy prevents surfacing and they
become trapped at depth with the soluble oil components. The purpose of using dispersants is to
enhance the formation of these small oil droplets and thereby increase dissolution and
biodegradation while decreasing exposure.

Droplet Models and Experiments

Models of droplet formation and transport have been developed to improve predictions of the
fate of spilled oil and effects of dispersants. Experiments and models can provide insight on
droplet formation and distribution. For example, models can explore different spill scenarios by
varying parameters such as oil properties, flow rate, depth, or the dispersant to oil ratio.
Experiments can test how well models perform at different scales and can examine the effects of
various oil types, proportions of methane, dispersant formulations, and dispersant to oil ratios.
The combination of experiments and models provides a powerful tool for understanding factors
that determine droplet size and behavior, as well as the sensitivity of a system to certain
parameters and processes.
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For any particular spill, unforeseen factors may impact droplet size and complicate
reconstruction of the actual conditions. Field trials and actual spills (spills of opportunity) could
help reveal processes that influence oil fate and transport beyond those incorporated into current
models and laboratory experiments.

Since the DWH spill, models have been developed to better represent the processes determining
droplet size and transport for both surface and subsurface spills. However, sources of uncertainty
remain, including processes such as tip streaming, pressure gradients, and out-gassing.
Therefore, additional modeling and field-scale experimentation will be required for more
accurate predictions of oil fate and transport. Because it can be difficult to obtain permits for
experimental field studies, a spill of opportunity is another option for obtaining the observations
necessary to improve models. A spill of opportunity involves being prepared and coordinated in
advance, so that should a spill occur, scientists are in a position to collect samples and data. Any
field-scale study will be inherently restricted because of logistical challenges and open
boundaries. Thus, it would be highly desirable to develop a large-scale laboratory facility with
the ability to include high ambient pressure and observation of droplets as they evolve over time.

AQUATIC TOXICOLOGY AND BIOLOGICAL EFFECTS

Oil can present an immediate hazard to ocean life, both at the surface and below. At the surface,
oil can harm animals such as seabirds, turtles, and marine mammals through physical smothering
from direct contact, ingestion, inhalation, and aspiration of oil. Dispersants have been used in
part to reduce the hazards of surface oil, both at the offshore site of the spill and through wind-
driven transport to nearshore habitats. However, the action of dispersants in a surface spill
increases the amount of oil in the water column, both as dissolved oil constituents and as small
droplets, where fish and other species may be exposed through absorption or ingestion.

Concerns over the substantial use of dispersants during the DWH spill triggered an expansion of
research on the toxicity of oil, dispersed oil, and dispersants. Toxicity studies have been
conducted by exposing biota to various oil and oil/dispersant mixtures under laboratory
conditions. In most experiments, the conditions in the laboratory are not designed to be
analogous to conditions in the field. Instead, the experiments are designed to identify threshold
concentrations for a variety of marine species to evaluate potential effects of dispersant use on
water column species.

However, the results of laboratory studies have been equivocal, at least in part due to a lack of
consistency in the preparation of media, exposure procedures, and chemical analyses, despite
earlier recommendations to employ standardized toxicity testing protocols (NRC, 2005). This
lack of consistency has reduced the ability to compare results across studies and develop a
comprehensive picture of the toxicity of oil and dispersants. As described below, the committee
suggests an approach for using results from many studies to develop a coherent analysis of the
toxicity of dispersants and chemically-dispersed oil.

Dispersant Only Toxicity

Modern dispersants (e.g., Corexit® 9500, Finasol® OSR52, and Dasic Slickgone) have been
formulated with less-toxic chemical constituents, employing ingredients found in common
consumer products such as cleaners and cosmetics. However, lack of full disclosure of
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substances comprising the dispersant formulations following use in the DWH spill contributed to
public concern about toxicity, although the Centers for Disease Control released the statement
that the “ingredients [of Corexit® 9500A and Corexit® 9527A] are not considered to cause
chemical sensitization; the dispersants contain proven, biodegradable and low toxicity
surfactants.”

Toxicity is a function of both concentration and exposure duration. Based on operational
dispersant application rates at the surface, the highest dispersant-only concentrations (i.e., from a
non-continuous dispersant application) are expected to range between 3 and 10 mg/L in the first
minutes to several hours. Species sensitivity analysis, based on toxicity tests of dispersant alone,
yielded an HC5° at 65.8 mg/L when field conditions were simulated with a spiked flow-through
test (~2.5 hr half-life). Hence, under field conditions with possible exposures of a few hours, the
dispersant concentration would be roughly ten-fold lower than the level that would be toxic to
the most sensitive 5% of tested species. As underscored in the previous NRC reports, the concern
with dispersant use is whether dispersed oil is more toxic than untreated oil, not the toxicity of
current dispersant formulations.

Dispersed Oil Toxicity

To determine the relative toxicity of dispersed oil, many laboratory studies have compared
solutions of oil equilibrated with seawater to oil and dispersant mixtures equilibrated with
seawater. Toxicity testing protocols consist of three main elements: media preparation, exposure,
and chemical characterization. Preparing a dose of oil (media preparation) is not as simple as
preparing a dose of a single miscible compound, because oil components vary in solubility and
partition into both the oil and aqueous phases. Two different methods have typically been used
for preparing a range of concentrations: variable loading and variable dilution.

Variable Loading

In this approach, a water-accommodated fraction (WAF, aqueous phase separated from the oil
after mixing) is prepared for each concentration of oil to be tested, for example 100 mg oil/L.
When a dispersant is included, a chemically-enhanced water-accommodated fraction (CEWAF)
is produced at the same oil concentration. Both WAFs and CEWAFs contain microdroplets, but
CEWAFs contain a higher concentration of microdroplets for the same initial loading of oil.
WAF and CEWAF have the same dissolved oil concentration because at equilibrium the
dissolved concentration depends on the oil:water ratio, not the amount of oil present in
microdroplets. An analysis using available variable loading toxicity tests comparing CEWAFs to
WAFs shows that the higher concentration of microdroplets in the CEWAF does not increase
toxicity until the oil loading is above approximately 100 mg oil/L. Hence, variable loading
experiments indicate that at or below approximately 100 mg/L, dispersed oil is no more toxic
than untreated oil. Above approximately 100 mg oil/L the increase in toxicity with dispersants is
due to increased generation of oil microdroplets.

4CDC, 2010.

5 Acute HCS5 refers to the concentration at which 5% of the tested species have their LC50 (concentration lethal to
half of the test population for a 96 hr exposure). At this or lower concentrations 95% of the species have an LCsg
above the HCS5. Note that toxicity is greater when the LC50 or HCS is lower.
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Variable Dilution

An alternative approach, commonly applied in oil toxicity tests, uses a single stock solution
prepared at a high oil loading that is serially diluted to create a set of decreasing concentrations.
However, there is a fundamental problem with this test design. When the WAF or CEWAF is
diluted, the concentration of the dissolved oil components decreases and is no longer in
equilibrium with the oil in the microdroplets. This causes further dissolution of oil components
from the microdroplets until the solution reaches equilibrium. However, the dissolved
concentration will be higher than predicted by the proportion of the dilution. Because dispersants
create more microdroplets, the dissolved concentration in the CEWAF dilutions will be higher
than in the equivalent WAF dilutions. This mismatch in the dissolved oil concentrations and
composition can be corrected by direct measurement of the dissolved oil concentration in each
dilution. However, without correction for the actual dissolved oil concentrations, a direct
comparison of WAF and CEWAF toxicity will not produce meaningful results.

Recommendation: Funding agencies, research consortia, and other sponsoring groups
should require that research teams use standardized toxicity testing methods, such as those
developed by the Chemical Response to Oil Spills Ecological Effects Research Forum
program (CROSERF), and analytical chemistry protocols to fully characterize
hydrocarbon composition and concentrations in the exposure media. For testing the effect
of dispersant, the variable loading test design is recommended.

Effect of Exposure Time

The duration of the exposure is another determinant of toxicity.® The typical progressive
decrease in LC50 for tests of the 24 hr, 48 hr, and 96 hr duration indicates that toxicity increases
with longer exposure times. In addition to acute mortality, sublethal effects affecting early life
stages and adults can reduce fitness and species abundance. Acute and chronic tests typically
employ different endpoints: mortality for the acute tests, and growth and reproduction or other
endpoints for chronic tests. The lower toxicity thresholds for acute and chronic effects arise from
both longer exposure time and the difference in endpoints. Nevertheless, this wide variation
needs to be considered when evaluating oil toxicity.

Phototoxicity

Another consideration for assessing the use of dispersants is phototoxicity. Exposure to sunlight
enhances the toxicity of certain polyaromatic hydrocarbons (PAHs) absorbed by the organism.
The result is a 10- to 100fold increase in toxicity for these photoactive PAHs. Hence, a reduction
in the amount of oil at the surface with dispersant use would lower the potential aquatic toxicity
of the oil. Exposure to sunlight also increases the rate of photodegradation which can affect the

6 “Acute” exposures refer typically to exposures of 96 hrs or less. “Chronic” exposures are longer and, in some
cases, span multigenerations of the organism. LC50 refers to “lethal concentration” causing 50% mortality of the
tested organisms. The term “acute test” denotes a short duration test with mortality as the endpoint. A “chronic test”
is a longer duration test usually with sub lethal endpoints although chronic mortality is also observed in these tests.
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resulting toxicity by producing new compounds. Both these effects need to be considered when
assessing the effect of exposure to sunlight. Typically short-duration toxicity tests do not
consider phototoxic effects.

Determining Effects of Dispersant Use

To compare the toxic effects of untreated and chemically-dispersed oil on marine life, it is
necessary to evaluate the following four factors:

1. Concentration exceeding known acute or chronic toxicity thresholds for the specific
oil;

2. Duration of exposure above toxic thresholds;

3. Spatial and temporal distribution of marine life; and,

4. Species sensitivity to oil exposure above the acute or chronic toxicity thresholds.

In addition it is necessary to quantify the toxicity of mixture of the dissolved hydrocarbons of
crude oil that result during as oil spill. The necessary parameter is the toxic unit: TU = ratio of
the dissolved aqueous concentration of the compound to the toxic concentration, either LC50

or HCS of that compound. It has been shown that the toxicity of a mixture of the dissolved
hydrocarbons can be estimated by adding the TUs of each component. If the sum of the TUs > 1,
the mixture will exhibit the toxicity of the level of the LC50 or HC5 used to define the TU.
Because toxic units are based on the composition of the mixture, it is possible to compare the
toxicity of various mixtures of PAHs from different source oils and from mixtures that results
from the differential solubility of oil constituents in seawater. Because PAHs vary widely in
toxicity, the toxic unit provides a more accurate measure than the more commonly reported total
PAHs, which represents the sum of the PAH concentrations without the LC50 or HCS
normalization.

Recommendation: The use of toxic units should be integrated into revised oil toxicity
testing standards, evaluation criteria for models, and response option risk analysis. This
represents a paradigm shift away from developing toxicity tests that attempt to reproduce
field exposure conditions and towards developing a consistent means of using toxicity
metrics such as HCS and LC50 for toxicity models used with fate and transport models to
compare the exposure and toxicity of various response options, including dispersants.

HUMAN HEALTH CONSIDERATIONS

Human health and safety represent the first priority in oil spill response decision-making.
Surprisingly, significant research effort on the direct human health impacts of oil spills is
relatively recent, beginning with the Exxon Valdez and Sea Empress oil spills, and expanding
after the Prestige oil spill in 2002. The potential health effects of dispersant use during oil spills
were not subject to epidemiological investigation until the DWH spill in 2010.

The key questions with regard to human health are whether dispersant use alters the health risk
imposed by an oil spill by (1) dispersant use directly causing adverse effects, (2) effects of
dispersant and oil mixtures, or (3) indirect effect of dispersant use changing the extent or
duration of the spill.
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During oil spill response, primary exposure pathways of concern are inhalational and dermal
exposure of response workers. Direct effects on response workers can be mitigated through a
proper worker health and safety program that focuses on personal protective equipment and
monitoring. Community health concerns arising from exposure to oiled shorelines, and
socioeconomic effects, such as disruption of commercial and subsistence fisheries, and concerns
over contaminated seafood also need to be considered as a factor in oil spill response.

Human Exposure and Toxicity of Oil

With regard to human exposure to crude oil, the primary oil constituents of concern are the
VOCs (benzene, toluene, ethylbenzene, and xylene [BTEX]) and PAHs. The carcinogenicity of
benzene and PAHs, particularly benzo(a)pyrene, are well characterized. Dispersants may affect
exposure to these oil constituents by altering their fate, transport, and biodegradation. Far less is
known about the potential toxicity of weathered crude oil, which has much lower concentrations
of the lower molecular weight components of concern, but it is reasonable to consider that it
should be lower than fresh oil.

In addition to exposure to VOCs at the response site, VOCs released during an oil spill can
contribute to the formation of secondary air pollutants, such as ozone, which could lead to
inhalational exposure downwind from the spill location. In a deep-water blowout, subsea use of
dispersants could reduce the potential for inhalational exposure by increasing the dissolution of
VOC:s during the slower transit of dispersed oil droplets to the surface.

Dermal exposure to oil constituents has been shown to cause skin irritation and skin cancer
(USEPA, 2017). At present, there is insufficient evidence to determine if dispersant use increases
the transdermal absorption of crude oil components.

Although responders could be exposed to oil and/or dispersants through accidents or improper
use of protective gear, broader community exposure to dispersants or dispersant/oil mixtures is
much less likely because dispersant use is limited to offshore spills. Possible routes of exposure
include ingestion, inhalation, and dermal contact. Exposure via ingestion could occur through
consumption of seafood contaminated with PAHs or dispersant components during or after an oil
spill. Protocols for closing and reopening fisheries during and after an oil spill are designed to
protect public health from this exposure route.

If a response tool, such as dispersants, shortens the intensity and duration of response activities,
and proper health and safety measures are in place, exposure risk would be lower, particularly
for responders. This factor merits inclusion as part of the tradeoff considerations with regard to
decisions on dispersant use.

Assessment of Exposure to Workers and Community Members

To date, exposure assessment during oil spills has been hampered by the lack of protocol
development and hence unknown baselines for the constituents of oil and dispersants. To
improve assessments of exposure, a standardized, analytical chemistry protocol will be needed to
monitor the levels of dispersant components and dispersant-oil mixtures in environmental media
and biota in advance of the next spill.
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Epidemiological Studies

Two studies of DWH spill responders have attempted to disentangle the direct effects of
dispersants from other worker health risks. While these studies noted similar adverse effects
associated with dispersant exposures, both have limitations in their ability to validate exposure to
dispersants based on self-reporting of workers.

Investigators from the National Institute of Environmental Health Sciences and collaborative
programs attempted to assess the impact of exposure to dispersants based on respiratory, dermal,
and eye irritation symptoms previously reported as part of an extensive health study of DWH
response workers. The second study consisted of a cross-sectional evaluation of 4,855 Coast
Guard personnel involved in the DWH response.

In both of these epidemiological studies, limitations in the exposure assessment for dispersants
affect the strength of the conclusions. The delayed initiation of the studies and the lack of a
dispersant/dispersed oil biomarker necessitated reliance on self-reporting, making it difficult to
accurately estimate exposures and hence the effects of dispersant/dispersed oil versus untreated
oil.

Indirect Human Health Effects

Often, the adverse health effects noted in studies of communities near an oil spill, including the
DWH, have been associated with psychosocial and economic impacts rather than toxicity
associated with direct exposure to chemicals. Communities at particular risk are those that
already have relatively poor health and a past history of environmental injustice, which
characterizes many of the communities affected by the DWH disaster. Health impacts in both
workers and community members likely are at least partly dependent on the duration of the oil
spill recovery period. If dispersants shorten this duration, presumably overall impacts on worker
and community health would lessen. A spill can also lead to prolonged closure of fisheries,
causing secondary effects on community psychological and socioeconomic well-being.

Recommendation: Selection of biomarkers to improve human exposure assessment should
consider the toxicity of dispersant and oil components and degradation products (produced
by both biological and photo-degradation), persistence in the environment, and
bioaccumulation potentials. Biomarkers and analytical protocols should be established for
each dispersant formulation listed on the US EPA National Contingency Plan Product
Schedule.

Recommendation: In advance of the next significant oil spill, the reporting requirements
for details of injury and illness reporting for worker health and safety should be improved,
with a clear focus on whether workers were exposed to dispersant. To that end, publication
and ready availability of well-defined DWH worker health and safety statistics is needed.
Exposure assessment and toxicological evaluation should recognize that response workers
may not be from a healthy worker population and may not know how to minimize
exposure.
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SELECTION OF RESPONSE OPTIONS

Making the best decision possible during an oil spill requires balanced consideration of the
potential consequences of the spill under a natural recovery scenario versus the consequences
associated with each response strategy. It can be difficult to make trade-off decisions during an
on-going spill based on field data, because observations may be limited. Efforts to ensure human
safety, contain the oil, and minimize environmental damage take priority over monitoring and
scientific studies. Pre-spill planning and scenario development prior to a spill provide the
knowledge base on which decisions can be made during a spill event, as long as human health
considerations are included in the NEBA tools as discussed above.

The primary response options considered in this report include surface dispersant operations,
subsea dispersant injection, at-sea mechanical recovery, controlled (in situ) burning,
biostimulation, and monitored natural attenuation. Typically, a response strategy will require a
combination of response methods to adapt to constraints presented by the oil type, physical
environment, weather, and health and safety considerations. The advantages and limitations of
various response options have been described in detail elsewhere, including previous NRC
reports, hence this discussion focuses on dispersants.

Surface Dispersant Operations

Dispersants can be applied to surface oil from vessels or aircraft. Aerial application allows for a
high coverage rate and for treatment of large volumes of oil. Potential advantages include
reduction of VOC:s at the surface, no requirements for storing recovered oil, low manpower
requirements, enhanced biodegradation, and application to a wide variety of spill situations. A
disadvantage is the limited time-frame for dispersant application; there is a relatively short
“window of opportunity” for treating the spilled oil before it weathers and may become too
viscous. Also, aerial dispersant operations are limited to favorable weather conditions, daylight
hours, and sufficient turbulence (from waves) to mix the dispersant into the oil, although the
operational window for use is expected to be broader than for mechanical containment and
recovery techniques. Surface dispersant use requires specialized equipment and expertise, as well
as special approvals and meeting regulatory requirements.

Subsea Dispersant Injection

A notable advantage of subsea injection is the increased efficiency in treating large volumes of
oil, thus requiring less dispersant compared to surface applications. At depth, dispersed oil will
be subject to greater loss of soluble components and increased dispersion than surface
application. Further, subsea injection operations can take place continuously, while surface
application is limited to daylight hours and favorable wind and sea state conditions. Subsea
injection requires less manpower than other response options and may reduce the VOCs at the
surface.

As with other response options, there are potential limitations and tradeoffs associated with
subsea dispersant injection. Like surface application, subsea dispersant injection requires special
approvals, is subject to regulatory requirements, and requires specialized equipment and
expertise. It is more difficult to monitor dispersant effectiveness in the subsea than at the surface.
Further, by entraining oil within the water column, it may have greater impacts on marine biota
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present in the water column. Also, less is known about the long-term effects of subsea dispersant
injection.

COMPARATIVE STUDIES OF RESPONSE METHODS

A limited number of comparative studies have evaluated the effectiveness, benefits, and
limitations of various response methods. This report highlights five comparative studies.

The first, Tropical Investigations in Coastal Systems (TROPICS), established three shallow-
water study sites from 1983 to 2015 in Panama to evaluate the impacts of untreated and
dispersed oil relative to a control site. The purpose of the TROPICS study was to evaluate the
relative health of the ecosystem at each site. In the first 10 years, the plot exposed to dispersed
oil had recovered to pre-spill conditions, while the site exposed to undispersed oil still showed
negative effects on the mangroves (Renegar et al., 2017).

The second set of studies involved two CRAs. The CRAs rely on integrated numerical modeling
to predict which environmental and human health impacts may arise in various response
scenarios.

The first CRA, referred to as CRA-1 to differentiate from the generic term CRA, was a
simulation of a single site with DWH-like oil in the northeastern Gulf of Mexico. It compared oil
mass distributions and ecological impact assuming four response options: no response,
traditional responses (mechanical, burning, and surface dispersants), mechanical only, and
subsea dispersant injection (SSDI) plus traditional responses. For this particular scenario and set
of assumptions, SSDI appeared to be at least as effective in reducing impacts on the selected
species of concern as all of the traditional responses combined (French-McCay, 2018a; Bock et
al., 2018; Walker et al., 2018). CRA-2, an extension of CRA-1, explored the sensitivity of the
fates to changes in flow rate and blowout location (e.g., distance from shore and water depth).
Two sites were considered, a shallower site at 500 m and a deeper site at 1400 m. Overall, CRA-
2 indicates that at 500 m, SSDI generally will be less effective in reducing oiling at the surface
and at the shore than at 1400 m depth; at some threshold water depth, SSDI benefits will become
negligible (French-McCay et al., 2018b).

The third study involves a comparison of VOCs emitted to the atmosphere near the well during a
DWH-like blowout using an integrated oil-fates model for the ocean and a numerical model for
the atmosphere to compare SSDI with no response. The inputs were similar to those used in
CRA-1. The study concludes that SSDI reduces peak VOCs by factors of 100-200 fold
depending on the winds (Crowley et al., 2018).

The fourth comparison study of note used an alternative integrated fate and effects model to
evaluate the effectiveness of SSDI during the DWH relative to no dispersant use. The model was
validated using observed concentrations of oil constituents. It was then used to estimate the
distribution of oil through the water column with and without SSDI. A DOR of 1:250 was
assumed. In this modeling exercise, dispersant increased the volume of oil retained in the lower
water column by 55% and reduced the volume of oil that surfaced resulting in 28% fewer VOCs
in the atmosphere (Gros et al., 2017). A follow-up study by Socolofsky and Gros using the same
methodologies (Appendix E) found that a dispersant-to-oil ratio of 1:100 virtually eliminated
surfacing of oil for the DWH spill scenario.
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The fifth comparison involved a SIMA prepared for an exploration drilling project in offshore
Nova Scotia that focused on a source control event. (Slaughter et al. 2017) Based on the
resources of concern identified in this exercise, dispersant use compared favorably to other
response options.

Based on results from these field and modeling studies, surface and subsurface dispersant
application represents a useful tool for oil spill response. When used appropriately, dispersants
can decrease the amount of oil at the surface, thereby reducing the potential exposure of response
personnel to VOCs and decreasing the extent of oiled areas encountered by marine species at the
surface, Each response method has a complex suite of advantages and disadvantages, including
and not limited to encounter rate, effectiveness, and ecosystem and human health effects that
should be considered when developing and executing oil spill response plans. These complex
trade-offs are best addressed using NEBA tools such as CERA, SIMA, and CRA.

Recommendation: The NEBA tools (CERA, SIMA, and CRA) should be expanded to
consistently address the health of response personnel, community health, and
socioeconomic considerations (e.g., beach closures). Further, these tools should be used to
gain stakeholder input on local or regional priorities, expand awareness, and gain trust in
the decision-making process.

Finding: Experience with historical spills and integrated models consistently indicate that
for large spills, dispersants (both SSDI and surface) are a response option that can
substantially reduce surface oil.

Finding: Our understanding of the impacts of dispersant as a response tool has been
greatly advanced by laboratory experiments and modeling but these efforts are often
limited by their inability to capture the complexity or scale found in the field. Important
issues that are best answered in a field study or future spill (spill of opportunity) cover a
broad spectrum of topics including: validation of integrated models and their submodels
especially scaling of droplet size, better understanding health impacts on response workers
(unintentional releases only), validating response-decision making approaches, and
discovering previously unknown linkages in complex ecosystems affected by oil.

Recommendation: Efforts to take detailed scientific measurements during future spills
(spills of opportunity) and/or to conduct dedicated field experiments should be strongly
encouraged. In the case of a spill of opportunity, pre-planning and pre-deployment as well
as focusing on the priorities for such observations are essential to avoid delays in the start
of measurements. Given its long-term funding and mandate, the National Academies Gulf
Research Program,’ or a foundation with similar long-term funding, would be in an ideal
position to work with the Interagency Coordinating Committee on Oil Pollution Research
(ICCOPR) to coordinate a field experiment or scientific efforts for deployment in a spill of
opportunity.

7 As a result of settlements from the DWH spill, $500 million were designated to the development and 30-year
endowment of the National Academies Gulf Research Program, whose mission is, “catalyzing advances in science,
practice, and capacity to generate long-term benefits for the Gulf of Mexico region and the Nation.” In furtherance
of its mission, the National Academies Gulf Research Program funds grants, fellowships, and activities.
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CHAPTER 1
INTRODUCTION

Oil spills in the marine environment are each unique and challenge responders, who must
balance decisions to account for immediate and potential long-term human health,
socioeconomic and environmental impacts. Oil spills at sea may result from a variety of
incidents including an oil well blowout, a vessel collision or grounding, or a leaking pipeline.
Additionally, the location, time of year, duration of the spill, water depth, environmental
conditions, affected biomes, potential community impact, and available resources may also vary
significantly.

The unique context of each spill requires that responders have access to a variety of response
options that can be applied based on the specific conditions of the spill. Having a variety of
response options available in the “tool kit” provides responders with alternatives in the face of
operational limitations. Marine oil spill response methods include mechanical recovery of oil
through skimmers and booms, in situ burning of oil, monitored natural attenuation of oil, and
dispersion of oil by dispersants. Booms and berms may also be employed at the shoreline to
minimize the impact of oil on shoreward resources, or to divert oil from a more sensitive area of
shoreline to another. Natural attenuation and biodegradation processes can substantially
contribute to a reduction in the volume of oil from a spill.

Each response method has advantages and disadvantages. For example, the containment and
mechanical recovery of oil has the advantage of removing the oil from the environment, but is a
very slow process that is limited by weather. /r sifu burning has the potential to remove
significant quantities of oil from the sea, but ignition generally requires that the oil slick be
reasonably fresh and sufficiently thick. Dispersants have the advantage of being able to treat
large areas/volumes of oil, but they rely on other processes, such as biodegradation by microbes,
to remove the oil from the environment. Several other factors also play a role in determining
which response techniques will be most effective on their own or in combination with other
approaches. It is often a combination of tools and adaptability based on circumstances that
affords the optimal response outcomes. This report focuses on the factors that contribute to the
decision as to whether or not to use dispersants as a response tool at any given marine oil spill. In
oil spill response decision-making, it is important to understand specific scenarios where a net
benefit may be achieved by using a particular tool. With regards to dispersants, the primary
objective is to prevent or reduce the formation or thickness of surface oil slicks. Dispersants
accomplish this by reducing the oil/water interfacial tension, and with sufficient mixing energy,
increasing the formation of small droplets that become or remain entrained in the water column
with minimal recoalescence and slow resurfacing.

Modern dispersant formulations (Box 1.1) contain one or more surface active agents
(surfactants) that align at the oil/water interface allowing for wave action or other turbulence to
cause the formation of droplets on the order of 70 microns or less. The dispersed droplets retain
the initial buoyancy of the bulk oil itself (i.e., they remain less dense than the surrounding water
in most cases) but rise more slowly through the water column by virtue of physical processes
associated with their small size. Conceptually, a key potential advantage of these oil

PREPUBLICATION COPY
15

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25161

The Use of Dispersants in Marine Oil Spill Response

16 The Use of Dispersants in Marine Oil Spill Response

Box 1.1.
Dispersant Components

Modern dispersants consist of a mixture of surface active agents (surfactants) dissolved in a solvent or
mixture of solvents. Dispersants listed on the US EPA National Contingency Plan Product Schedule
(US EPA, 2018) have generally been classified as being slightly toxic to practically nontoxic in
standardized tests. Dispersants can be applied through various methods depending on the type of
delivery platforms available (See NRC, 2005 for a more complete discussion). Ingredients often

include:
e Non-ionic surfactant—typically sorbitan oleate and polyethoxylated derivatives
e Anionic surfactant—primarily dioctyl sodium sulfosuccinate
e Hydrocarbon solvents—typically hydrotreated light distillates
e Other solvent—typically a glycol ether derivative

NOTE: Nonylphenol ethoxylates are present in some commercial formulations, but these are generally
less acceptable to regulatory authorities because of concern that they may break down to a
nonylphenol, which may pose reproductive health and chronic aquatic toxicity concerns.

microdroplets® is that the increased surface area-to-volume ratio provides more substrate with
which microorganisms may interact, thus enhancing oil biodegradation, assuming no other
limitations imposed by the environment (see Chapter 2). These smaller droplets are susceptible
to colonization by naturally-occurring oil-degrading microorganisms and may potentially
biodegrade more quickly compared to oil in a floating slick, emulsified oil, or oil stranded on the
shoreline. Similarly, the increase in surface area may promote greater dissolution.

Dispersant use also offers the opportunity to respond rapidly to large scale, offshore marine
surface or subsurface spills, especially with the recent advent of subsea dispersant injection
(SSDI) capabilities and the use of jet aircraft delivery platforms. These advances in technology
expand the operational window of opportunity, which was formerly more limited by hours of
daylight, weather conditions, distance, and remoteness of a spill site. (Chopra, 2016) These
advances in dispersant application technology provide the opportunity to respond to a spill
before oil weathers to the point where most other response options become less effective.
Further, subsurface application of dispersant may reduce responder exposure to volatile organic
compounds known to be hazardous to human health.

When reading this report, it is important to consider the circumstances for which dispersants
would be considered as a potential response option. For example, for small spills or in particular
sea state conditions, it may not be logistically feasible to mount a dispersant operation. Similarly,
in the United States, preauthorization zones for dispersant use are generally limited to areas
greater than 3 nautical miles from shore and in depths greater than 10 m. In other parts of the
world, these zones may differ. Also, while there are a few freshwater dispersant products
available on the market, they are not currently approved for use in freshwater in the United
States. Therefore, the Committee interpreted the statement of task as limited to marine oil spill
scenarios in which dispersants would be considered a potential response option.

8 The Committee recognizes that the term “microdroplets” is loosely defined, but most typically, this report
considers the term to mean droplets that are approximately 70 microns or less. A notable exception is in Chapter 3.
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HISTORICAL CONTEXT FOR DISPERSANT USE

One of the first major incidents where chemicals were used to disperse oil in the marine
environment was on March 18, 1967 when the SS Torrey Canyon ran aground off the southwest
coast of the United Kingdom. In that case, however, the chemicals used to respond to the Torrey
Canyon were not specifically formulated for oil spill response and were not designed to
minimize environmental damage. In fact, the products used during that response consisted of
chemical degreasers with high levels of aromatic compounds that could be harmful to aquatic
organisms, but were very effective at transferring floating slicks into the water column. Since
that time, a number of products have been developed that are much less toxic and are more
effective on a wide range of oils.

Just over two decades later, in 1989, the T/V Exxon Valdez struck a reef in in Prince William
Sound, Alaska. One result of the ensuing oil spill was passage of the Oil Pollution Act of 1990
(101st Congress H.R. 1465, 1990), which had a tremendous impact on positioning the maritime
community to better prepare for marine oil spill response. The Act mandated vessel and facility
response plans with specific minimum equipment and personnel capabilities for oil containment
and recovery. The Act also called for national and regional response teams to develop guidelines
for spill preparedness and response strategies. This resulted in some regions in the United States
identifying zones where dispersants and in-situ burning are “pre-authorized” for use.

The USCG published a Final Rule on September 30, 2009 (74 FR 45003) entitled, Vessel and
Facility Response Plans for Oil 2003 Removal Equipment Requirements and Alternative
Technology Revisions. The Final Rule updated the requirements for spill response equipment
associated with vessel response plans and marine transportation-related facility response plans. It
provided additional requirements for new response technologies and modified response methods
and procedures for marine and aquatic spills within the jurisdiction of the United States. This
Final Rule clarified requirements for response capabilities, including effective daily application
capacity for dispersants, using a NOAA dispersant planning calculator known as Dispersant
Mission Planner 2.

Since the Torrey Canyon, dispersants have been applied in the United States approximately 20
times (Bejarano, 2018) and are routinely used internationally, including during the Montara spill
and the 1979 IXTOC I spill.

In Western Australia, seven different dispersants (totaling 48,000 gallons) were applied at the
surface during the Montara wellhead blowout in 2009. This spill involved the continuous release
of approximately 30,000 bbls of a waxy crude oil into the Timor Sea over ten weeks. Although
this spill was a subsea blowout, the platform remained intact and the oil from this spill was
released at the surface. The extent of dispersant effectiveness and overall potential impacts from
this spill are still being litigated within the Australian Federal Courts.

The Ixtoc-1 spill off Campeche, Mexico was a shallow water (54 m water depth) marine blowout
that persisted for over 9 months (Soto et al., 2014). The spill released about 3.3 million barrels of
crude oil and was the first spill in which large quantities (approximately 9,000 mt) of Corexit®
dispersants were used via surface application (Jernelov and Lindén, 1981; Linton and Koons,
1983).

A recent use of an unprecedented amount of dispersants in a major marine incident came as a
result of the Deepwater Horizon (DWH) oil spill (also referred to as the Macondo oil spill),
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which occurred in the Gulf of Mexico in 2010. The DWH spill started as a well blow-out and
explosion from a mobile offshore drilling unit, followed by the collapse and sinking of the
platform to the sea floor resulting in a continuous release of oil and gas from the subsea well for
87 days (National Commission, 2011). During the DWH spill, the use of dispersants on the
surface was preauthorized under the Gulf Coast Area Contingency Plan, and with the oil release
taking place over 40 miles offshore, responders quickly commenced the application of
dispersants on the surface.

This was followed by an unprecedented subsea injection at the well head, requiring a difficult
decision as there was an “absence of information on the effects of dispersants in the deep-water
environment.” (National Commission, 2011) In weighing the trade-off decision, responders
reasoned that subsea injection might reduce the overall volume of dispersants needed, worker
safety would be improved on the surface due to less volatile organic compounds (VOCs) in the
vicinity of the ongoing well control work, and less oil would reach the sensitive and fragile gulf
coast shoreline. (National Commission, 2011). The Commission Report noted the decision for
subsea injection was appropriate at the time based on all the factors considered.

Since the 2010 DWH spill response, the petroleum industry has invested significantly in the
purchase of the most studied, modern products (Dasic Slickgone NS, Finasol® OSR 52, Corexit®
EC9500A) and their placement in strategic global locations to facilitate rapid response in an event
where dispersants represent a viable response option (Figure 1.1).

While there are a variety of dispersant products available globally, regulatory considerations are
key to their potential use. Figure 1.2 lists the countries where dispersants were considered as
either a primary or secondary response option as of 2013. The list of countries is likely to change
over time.
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Figure 1.2 Countries that allowed dispersants to be considered as a response tool during an oil spill as of 2013.
SOURCE: Figure based on ITOPF information and used with permission from The Clearing, Washington, D.C.

TOOLS TO EVALUATE RESPONSE TRADEOFFS AND STRATEGIES

There are many perspectives and perceptions surrounding the impact dispersants and dispersed
oil have on the environment and on human health. The decision to use dispersants to prevent oil
from reaching the surface or to transfer surface oil into the water column is often seen as a
difficult decision which involves consideration and evaluation of tradeoffs with other response
options.

Since the 1970s, approaches to environmental tradeoff analysis for spill response planning have
evolved. These approaches, collectively known as Net Environmental Benefit Analysis (NEBA),
help decision-makers select the most appropriate response option(s) to minimize the net impacts
of oil spills on the environment. The US EPA describes NEBA as a method for identifying and
comparing the environmental benefits associated with alternative management options in spill
response. As described by IPIECA-IOGP (2015), NEBA does not include human health, but its
scope varies among different countries. In other countries, NEBA may include an analysis of net
benefits to people, such as the consideration of socio-economic sensitivities and costs (Fingas,
2011; ASTM, 2014).

For planning purposes, a NEBA needs to consider a broad range of geographic areas, ecological
habitats, environmental, oceanographic, and climatological information since it is unclear exactly
when or where an actual oil spill might occur. Similarly, an effective NEBA accounts for the fact
that an ongoing spill event is highly unpredictable, and the range of ecological receptors
potentially affected can be enormous. This requires that NEBA processes be highly flexible and
use a comparative risk process that can be adapted “real-time” to align with changing field
conditions.
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Three tools which support the NEBA conceptual approach include:

e Consensus Ecological Risk Assessment
e Spill Impact Mitigation Assessment
e (Comparative Risk Assessment

Each process involves a structured approach used by the response community and stakeholders
to compare the impact mitigation potential of candidate response options. Additionally, these
three NEBA tools all consider realistic response measures and identify the best overall set of
actions that will promote the most rapid recovery. The three tools can each be adapted to fit
various regulatory and environmental contexts. Distinct differences in these approaches exist in
terms of the degree and timing of stakeholder engagement, as well as the type and complexity of
environmental analysis, such as the extent to which numerical models support the process. A
more comprehensive discussion of the NEBA methodology is provided in Chapter 6.

RATIONALE FOR CURRENT STUDY

As mentioned previously, the use of dispersants is not a novel approach to oil spill response. To
that point, the National Research Council (NRC) has released two previous reports, in 1989 and
2005 respectively, which focused on the use of dispersants at sea in response to a spill. The NRC
report titled Using Oil Spill Dispersants on the Sea (1989) was commissioned to “review the
state of knowledge in toxicity, effectiveness of application techniques, and effectiveness of
commercially available dispersants” (NRC, 1989). At that time, much research on dispersant use
had been conducted by industry in the United States and abroad, and the report assessed the state
of knowledge and practice about the use of dispersants. That report concluded the use of
dispersants can be an effective spill response and control method, especially to minimize
environmental damage caused by the presence of surface slicks, but the method for applying
dispersants is a critical factor.

Shortly after the 1989 NRC report was completed, the Oil Pollution Act of 1990 was adopted. In
the late 1990s, a series of workshops conducted by the U.S. Coast Guard further examined the
trade-offs associated with multiple response options, including dispersants. In 2003, a multi-year
rulemaking process commenced to enhance the oil spill contingency planning regulations. This
prompted the former Minerals Management Service (now the Bureau of Ocean Energy
Management, the Bureau of Safety and Environmental Enforcement, and the Office of Natural
Resources Revenue), the National Oceanic and Atmospheric Administration (NOAA), the US
Coast Guard, and the American Petroleum Institute to request that the National Academies form
a committee to examine the state of science on dispersants. The Committee was tasked with
considering the adequacy of existing information and ongoing research regarding the efficacy
and effects of dispersants as an oil spill response technique in the United States (NRC, 2005).
That request resulted in the NRC 2005 report titled Oil Spill Dispersants: Efficacy and Effects.

This current report builds upon the two previous reports by incorporating the tremendous amount
of subsequent research on dispersants. The DWH spill and the resulting funds from litigation and
penalties (Figure 1.3) have led to a rapid increase in the volume of science and literature
surrounding oil spill response, and dispersant use in particular.
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Figure 1.3 The Deepwater Horizon Oil Spill resulted in both criminal and civil penalties as well as other fines and
expenditures. This figure depicts how those fines were distributed and represents a significant influx of resources for
research in the field of oil spill response!. SOURCE: NRC, 2017.

According to NRC, 2017: “@ Unknown NRDA damage includes $232 million plus interest on the $8.1b payment.

®The Comprehensive Plan Component is supplemented by 50% of the interest on RESTORE funds, and the
remaining interest is split between the NOAA Science Program and the Centers of Excellence grants.”

The use of SSDI in the DWH spill raised new questions and challenges focused on the fate and
effects of dispersant and dispersed oil, especially in the deep ocean. As the studies prompted by
this spill are in various stages of completion, an understanding of the impacts of dispersant use as
well as the potential limitations and benefits, particularly in scenarios similar to the DWH, is
continuing to develop.

In light of this expanded body of knowledge since the previous National Academies publications
on dispersants, this report highlights and synthesizes new information on the topic. The
Committee recognizes that this is an area of ongoing research, and strives to provide as much
complete and current information as possible to inform decision makers and other stakeholders.
While most literature cited in this report has been released since the 2005 report, this was not a
requisite criterion, and where appropriate the Committee does cite earlier literature as well.
Similarly, the Committee acknowledges that much of the recent literature focuses on the DWH
oil spill; however, this report is not intended to be a retrospective evaluation of that event.
Instead, the Committee intends for this report to be forward looking and applicable to future
offshore marine spill scenarios. Where possible, the Committee relied on peer-reviewed
publications; however, the Committee also recognized the value of other sources of information,
including and not limited to industry reports, conference proceedings, and guidance documents.

PREPUBLICATION COPY

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25161

The Use of Dispersants in Marine Oil Spill Response

22 The Use of Dispersants in Marine Oil Spill Response

Box 1.2
Statement of Task

This study will assess the effects and efficacy of dispersants as an oil spill response tool through
review and evaluation of domestic and international research reports and results, including both
field and laboratory studies. The study will evaluate trade-offs associated with dispersant use, in
part through use or review of net environmental benefit analyses conducted for past oil spills.

This evaluation will include comparison of chemically dispersed oil with the fate and effects of
untreated oil. As part of this study, the committee will review research on the use of dispersants
during actual spills, both for surface and subsurface applications (e.g., the 2009 Montara oil spill
off the Australian coast and the 2010 Deepwater Horizon oil spill in the Gulf of Mexico) to
assess the net benefit of dispersant use in these cases. Specifically, the study will:

1. Assess the state of our knowledge about dispersant effectiveness (including comparisons
across a range of dispersant formulations) and the fate, including short- and long-term fate,
of untreated oil (no chemical dispersant applied), chemical dispersants, and chemically
dispersed oil and the influence of dispersants on deposition (including marine snow),
biodegradation, and/or transport of oil;

2. Evaluate and summarize research on the acute and chronic (sub lethal) toxicity of chemical
dispersant formulations of comparable efficacy, chemically dispersed oil, and untreated oil at
realistic environmental exposure levels. This will include characterization of the relative
risks to wildlife health of untreated oil and chemically dispersed oil, taking into consideration
exposure to volatile compounds, ingestion, and absorption of naturally versus chemically
dispersed droplets;

3. Compare the benefits and limitations of dispersant application to the use of other clean-up
methods (e.g. no-action, mechanical recovery, burning, and chemical herders in
combination with burning);

4. Compare the relative human health risks for the use of dispersants with the use of other
clean-up methods (exposure of response personnel and residents in Gulf coastal
communities to oil and dispersants, and contamination of seafood);

5. Identify the research protocols and standards that would: i) increase the applicability of lab-
based measurements to the field and ii) improve the comparability of research findings from
different laboratories;

6. Assess the adequacy of the existing information to support risk-based decision-making or net
environmental benefit analysis of response options under a variety of spill scenarios and
recommend a “roadmap” of research and modelling to address identified information gaps.

STATEMENT OF TASK AND REPORT ORGANIZATION

Addressing the statement of task (Box 1.2.) requires consideration of the objectives of an oil spill
response, the factors that contribute to response decision-making, the trade-offs associated with
the use of dispersants, and the processes available for assessing these trade-offs.

Chapter 2 focuses on the first task, by considering processes associated with the fate and
transport of oil, dispersed oil, and dispersant in the marine environment. Chapter 3 addresses the
second task and discusses aquatic toxicity and ecological consequences of exposure to oil,
dispersed oil, and dispersants. Next, Chapter 4 answers the fourth task by exploring the potential
human health concerns associated with oil spill response and the use of dispersants, with a
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particular focus on occupational health, community psychosocial impact, and seafood safety. In
Chapter 5, the Committee partially responds to the sixth task and reviews the tools available and
the information necessary for evaluating risk and making decisions regarding the use of
dispersant and other response options. Drawing from the previous chapters, Chapter 6 compares
the benefits and limitations of using dispersants to other response methods, as called for in the
third task. Finally, and in accordance with the fifth task, the Committee also considers the
research protocols and standards that would increase the applicability and comparability of field
and laboratory research in Chapter 7. Throughout the report, the Committee further responds to
the sixth task by identifying information necessary for decision-making and additional research
and modeling needs.
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CHAPTER 2
FATE AND TRANSPORT

INTRODUCTION

Upon discharge to the environment dispersants and oil are subject to a host of processes that act
to transport and transform that discharge. Because such processes act in concert, the phrase ‘fate
and transport’ is commonly used to describe the collective action of these processes. The limited
literature available on the fate and transport of dispersant components is briefly summarized at
the start of this chapter. The remainder of this chapter examines how the use of dispersants as an
oil spill countermeasure changes the characteristics of oil and the relative importance of physical,
chemical, and biological processes that impact oil upon discharge to the environment. As an
update from the 2005 National Research Council (NRC) report, this chapter includes a
combination of foundational information and new knowledge gained since the publication of the
previous report. While the primary focus is on the capacity of dispersants to alter oil’s fate and
transport, the chapter also considers feedbacks between processes with a leaning toward the
subsurface owing to studies that followed the Deepwater Horizon (DWH) oil spill (also known
as the Macondo spill).

FATE AND TRANSPORT OF DISPERSANT COMPONENTS

The mixture of solvents and nonionic and anionic surfactants that comprise typical commercial
dispersants (Place et al., 2010) contain compounds with different physico-chemical properties
and therefore potential fates in the environment. Once introduced to open ocean waters,
dispersant mixtures will be quickly diluted (Lee et al., 2013) and subjected to degradation
processes including biodegradation and photodegredation.

Laboratory-based experiments have shown that components of the dispersant mixture are
biodegradable on the order of days. This biodegradability includes the petroleum distillates
(Baelum et al., 2012), as well as the surfactant compounds DOSS, Tween 80 and Tween 85
(Garcia et al., 2009; Campo et al., 2013; Brakstad et al., 2018). Direct sunlight and indirect
photolysis via reaction with a hydroxyl radical, have also been shown to degrade the surfactant
components of dispersants on the order of hours. These studies include the photodegradation of
DOSS, 2-butoxyethanol, dipropylene glycol butyl ether, and propylene glycol (Kover et al.,
2014; Glover et al., 2014). These lab-based studies indicate that dispersant mixtures, when
released into the environment, are generally biodegraded and/or photodegraded on the order of
hours to days. In the few field studies conducted, the effects of dilution on dispersant fate and
transport have also been observed. Measured concentrations of dispersants after surface
applications reached a maximum of 5-13 ppm at 1-0.6 m depth (Bocard et al. 1984; Lewis and
Aurand 1997). Prior research suggests concentrations should decrease to < 1ppm within minutes
to hours (Lewis and Aurand, 1997).

Research examining the long-term fate of dispersant mixtures in the environmentindicate that
DOSS is not always completely degraded. Studies have shown that DOSS persisted for up to 4
years following the DWH spill in oil-sand patties collected from beaches along the Gulf of
Mexico (White et al., 2014; McDaniel et al., 2015), and in marine sediment material (Perkins et
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al., 2017). DOSS measured in samples collected from beaches is thought to originate from
dispersant applications at the surface, while DOSS in the deep sea could originate from both
surface applications and subsea dispersant injection (SSDI). In the aforementioned scenarios,
however, the concentrations of DOSS observed were extremely low (~1-260 ng/g or ppb)
indicating that dissolution, biodegradation, and photodegradation likely acted on the bulk of
dispersant released in response to the DWH spill.

CHARACTERIZATION OF OIL CHEMISTRY

The chemical composition of an oil dictates its physical properties, which in turn dictate the
initial physical interactions of oil with applied dispersant. The chemical composition of an oil
further dictates the long-term behavior of dispersed oil, through processes such as evaporation,
dissolution, biodegradation, aggregation, and adhesion. This section introduces oil chemistry,
especially as it relates to spill response and dispersant application.

Throughout this report the term ‘oil’ is used as a general term referring to complex crude and
refined chemical mixtures of hydrophobic compounds derived from geological sources. The term
‘petroleum’ is used interchangeably with ‘oil” for the purpose of this report, and both terms are
used with various modifiers for added specificity. The chemical composition of an oil typically
includes thousands of different compounds (Reddy et al., 2003; Chang et al., 2011) and can vary
significantly between geological sources based on the organic source material, geologic setting,
thermal history, occurrence of subsurface biodegradation, and physical fractionation processes
(Hunt, 1996; Peters et al., 2005). Following extraction, an oil may be further altered by various
industrial actions including: simple phase separations at the site of production; refining process
including various modes of distillation, condensation, desulfurization and cracking; and blending
of crude or refined materials for transport or sale. The combination of source-specific
compositional variability with complex and variable industrial processing leads to a complex
terminology for oil spill responders that includes functional classification of industrial products,
functional descriptions of chemical composition, specific methodologies used to derive chemical
composition, and multi-use terminology. Because any of these products can spill to the
environment, nuances of the terminology are relevant to the issue of dispersant application.

Crude petroleum is typically described by bulk physical or chemical properties relevant to
transport, refining or potential profitability. Common descriptors include categorization of the
API Gravity (a measure of density) as light, medium or heavy and categorization of the sulfur
content as sweet or sour. Other common descriptors define the method by which the petroleum
was extracted — conventional versus non-conventional — as well as select physical properties
relevant to its handling such as viscosity, vapor pressure, and tendency to solidify as wax.
Following processing or refining of crude oil the product is referred to explicitly, with an implicit
understanding of the associated properties and behavior. Examples include gasoline, jet fuel,
avgas, diesel fuel, heavy fuel oil, natural gas, gas condensate, light naphtha, and kerosene. Such
products typically contain a subset of compounds found in crude petroleum and their chemical
composition is thus more readily defined. Subsea well blowouts such as occurred in the DWH,
the 1969 Santa Barbara, and Ixtoc I oil spills occur at seafloor temperature and pressure
conditions and involve the unprocessed reservoir fluids that may include natural gas, reservoir
water, carbon dioxide and crude oil. More so than for surface spills, the circumstance of such
blowouts—particularly the gas composition (see Box 2.1) — necessitates a situational
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understanding of the basic chemical properties of the discharge at in situ conditions, relevant to
the consideration of response options including subsurface dispersant injection (SSDI).

In the absence of published studies on the compositional variability of discharge from a well
blowout, the Committee turned to reservoir geochemistry (Hunt, 1996) to assess potential
heterogeneity in discharged fluids. While large reservoirs are relatively homogenous, smaller or
complex reservoirs tend to exhibit greater heterogeneity relevant to a blowout scenario. For
example, the pressure change in a small reservoir over the course of a blowout could be
substantial and if the reservoir pressure passes near the bubble point of the oil it will result in a
change in the gas to oil ratio (GOR) which in turn can result in a migration of the lighter oil
constituents from the oil to the gas. In other words, not only will the GOR change but both the
oil and gas components will become heavier. In complex reservoirs which may be faulted,
partially biodegraded or have non-horizontal strata, the oil may have fractionated during its
geological life so as a blowout progresses, different fractions may emerge. This tendency will be
enhanced for smaller reservoirs. The relative proportions of gas, water, and oil typically change
over the production life of a well, with an expectation that these proportions could vary for a
blowout scenario.

Comprehensive and quantitative chemical inventories exist for some refined petroleum products,
whereas molecular complexity has challenged such characterization for crude oil. As a result,
chemical descriptions of crude oil rely on distinctions between molecular composition at the
level of functional moieties, molecular weight distribution, solubility behavior, volatility
distribution (e.g., volatile organic compound [VOCs], semi-volatile compounds [SVOCs], and
intermediate-volatility organic compounds [[VOCs]), physical transformations (such as wax
formation, as occurred extensively during the Montara oil spill), abundance of minor elements,
and the relative abundance of readily quantified compounds. Various methods have been
developed to quantify oil’s chemical composition, though no single method is able to provide a
complete chemical inventory.

According to various dispersant application guidelines, many liquid petroleum products have too
high a viscosity or pour point to be effective targets for chemical dispersion. Key compositional
determinants of physical behavior include the molecular weight distribution of hydrocarbons, the
abundance of other elements (e.g., N, S, and O), and the relative abundance of saturates,
aromatics, resins, and asphaltenes. As a general rule, a disproportionate abundance of high
molecular weight hydrocarbons (exemplified by the Montara oil spill), high relative
concentrations of resins or asphaltenes (exemplified by the 1969 Santa Barbara oil spill), and
high abundances of other elements are associated with high viscosity and high pour point. In
cases of dispersant application, it is important to know the initial properties of the discharged oil,
but to also know sufficient compositional details to predict how the oil might change as it
weathers. Such compositional information is useful for predicting fate and transport processes.

Oil fate and transport mechanisms are governed by the laws of physics and chemistry. In
practice, the application of these laws is strongly modulated by the chemical composition of the
oil, the spill environment, human intervention, biological processes, and time (Daling et al.,
1997). This chapter is arranged to follow the major processes that act on oil in the environment,
which provide the context for subsequent chapters.
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Figure 2.1 Summary of the important components (bold font) of an oil spill and the processes (normal font) that
affect them. Dispersants may exert an influence on all processes shown, except for jetting, wind, current, and
Langmuir circulation. Surface gravity waves are not explicitly shown for the sake of clarity. SOURCE: Modified
from Hazen et al. (2016).

The application of dispersant can alter the relative importance of different fate and transport
processes as outlined in Figure 2.1, with the intention of enhancing processes such as dispersion,
oil droplet formation, dissolution, vertical and horizontal mixing, and biodegradation (Figure
2.2a). Aerosolization and aggregate formation may also be enhanced by chemical dispersants
(Figure 2.2a). The efficacy of dispersants can be hindered directly or indirectly by processes such
as evaporation, emulsification and photochemical oxidation (Figure 2.2b). This chapter focuses
on processes that inform or influence the effects of chemical dispersant use, with a brief
overview of other processes.

THE EFFECT OF NATURAL GAS IN BLOWOUTS

The occurrence of natural gas is a defining feature of a blowout scenario and affects myriad
processes, as described in this section and in Box 2.1. Natural gas refers to the low molecular
hydrocarbons that maintain a gaseous state at atmospheric pressure and temperature, typically
comprising methane as the bulk constituent with variable concentrations of ethane, propane,
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Figure 2.2 Time scales of environmental processes affecting oil spills that (a) are enhanced by dispersant use or (b)
may hinder the efficacy of dispersants. SOURCE: Modified from Ward et al., 2018a (available at:
https://pubs.acs.org/doi/10.1021/acs.est.7b05948°).

butanes, and pentanes. These hydrocarbons are produced through the same geologic processes
that produce higher molecular weight petroleum hydrocarbons, though natural gas occurrence is
variable among oil reservoirs because of reservoir source material and thermal history, phase
separation, and microbiological activity. Natural gas is typically separated from crude oil
following extraction and prior to transport, and as a result is a non-issue for many oil spills. The
major exception is for well blowouts. Natural gas discharged from the seafloor during a blowout
can be dissolved in oil (referred to as live oil) or occur as a separate phase with consequences on
the fate and transport of the oil, and therefore on the response efforts. Box 2.1 outlines several
impacts that the presence of gas had on the response operations during the DWH spill: hydrate
formation, estimation of flow rate, dispersant-to-oil ratio (DOR), and mass balance calculations.
The occurrence of natural gas can impact oil droplet formation and transport in various ways,
relevant to SSDI. The occurrence of the gas phase at the point of discharge played an important
role in droplet formation and rise velocity, as identified in various models; e.g., SINTEF’s!°
model; VDROP-J (Zhao et al., 2014); and RPS ASA’s'! model. These models assume that the
gas and oil are co-flowing, in which case the oil is effectively squeezed through a smaller cross-
section with commensurate increase to its velocity and Weber number, predictably decreasing
droplet size (Brandvik et al, 2019b). However, interactions between the two phases are also

9 Further permissions related to the material excerpted from this article should be directed to ACS Publications.

19 For the purpose of clarity, in this discussion, the Committee uses “SINTEF’s model” here and henceforth to refer
to the model initially developed by Johansen et al. (2013) and subsequent modifications of that model.

! For the purpose of clarity, in this discussion, the Committee uses “RPS ASA’s model” here and henceforth to
refer to the model initially developed by Li et al. (2017) and subsequent modifications of that model.
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Box 2.1
The Implications of Natural Gas on DWH Spill Response Efforts

This box considers lessons learned about natural gas discharge in the context of DWH including the
relation to SSDI.

The temperature and pressure conditions of the Macondo Reservoir that sourced the DWH discharge were
such that natural gas occurred homogenously with other petroleum hydrocarbons in a single supercritical
state (Oldenburg et al., 2012). The initial blowout of the Macondo Well that triggered the explosion on
the DWH drilling unit was caused by the exsolution, expansion, and atmospheric discharge of natural gas
that had passed through a failed concrete seal (National Commission, 2011). The discharge of this gas at
great depth was a major defining feature of the DWH spill.

According to Reddy et al. (2011), the quantity of natural gas released from the Macondo Well was
1.7x10" g, representing ~ 24% of total discharge. The natural gas comprised (by mass) 61.6% methane,
11.5% ethane, 10.7% propane, 8.9% butanes, and 7.3% pentanes. However, this value is based on direct
plume capture and is lower than other estimates by as much as a factor of four (Joye et al., 2011).

The occurrence of abundant natural gas in the Macondo discharge affected the spill and response in
several ways. One of the early response efforts to intercept and collect discharge involved using a
cofferdam to collect oil. However, upon emplacement, the natural gas present in the discharge mixed with
ambient seawater, cooled, and formed gas hydrate; this sequence of events clogged the cofferdam, leading
to its abandonment. Subsequent intervention efforts, including the top hat and the choke line, were
designed and implemented to prevent the entrainment of water that would lead to hydrate formation and
clogging. Because natural gas was captured in proportion to oil from these interventions, surface response
efforts included gas handling as depicted by the flaring shown in Figure A.

Additionally, the abundance of natural gas complicated the oil flow rate calculation (McNutt et al., 2012).
The rapid exsolution of natural gas from the liquid phase at or prior to the point of environmental
discharge introduced uncertainty in the estimation of liquid oil flow rate. This ultimately impacted the
dispersant to oil ratio used for injection and complicated mass balance calculations.

Figure A. Flaring of natural gas during the DWH response. Photo credit: David L. Valentine.
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known to generate a variety of secondary flows, including churn flow (Boufadel et al., 2018),
which complicates assessment of flow rate and droplet size distribution. Degassing of oil in the
rising plume has also been hypothesized to accelerate rise velocity for dual-phase droplets (Pesch
etal., 2017).

Natural gas may also impact an SSDI scenario, through physical and chemical interaction with
dispersants, through two or more possible mechanisms of action. A first point of uncertainty is
the impact of a gas phase on the microscale distribution of surfactants because surfactants will
migrate to oil:water, gas:water, and gas:oil interfaces with impacts for efficacy of oil dispersion.
A second point of uncertainty is the formation of gas hydrate rinds at the bubble interface and
their potential to impact dispersant efficacy. The DWH discharge and the intrusion layers
occurred within the gas hydrate stability field, and while direct evidence of water column hydrate
formation presented by Joye et al. (2011) is weak, microscale formation remains a possibility.

Upon discharge to the environment from the Macondo Well natural gas would have existed in
three key forms: gas, liquid, and aqueous dissolved. The gas phase observed exiting the
Macondo Well is assumed to be primarily methane, whereas ethane, propane, butanes, and
pentanes were presumably condensed to the liquid phase at these conditions and occurred
homogenously with the higher molecular weight petroleum hydrocarbons. Because of their high
solubility and partial pressure, dissolution to the aqueous phase commenced upon aqueous
exposure. Observations from June 2010, during a period of regular SSDI, indicate extensive
natural gas dissolution to the intrusion layers (Valentine et al., 2010; Kessler et al., 2011) and
minimal atmospheric release (Ryerson, 2010, 2012; Yvonne-Lewis, 2011). Limited observations
from May 2010, prior to regular SSDI, also indicate extensive dissolution of natural gas to the
deep intrusion layers (Joye et al., 2011).

The natural gas dissolved in the deep sea intrusion layers (Figure 2.3) became bioavailable to
microbial populations that use these compounds as sources of energy and cellular carbon
(Dubinsky et al., 2013; Redmond and Valentine, 2012; Rivers et al., 2013). Several works
address the sequence and rate at which microbial populations responded to the input of natural
gas and other soluble compounds. Measurements and incubations from June 2010 indicate that
propane and ethane consumption were the dominant microbial processes, with lesser rates of
methane consumption (Valentine et al., 2010). Several lines of evidence suggest that methane
consumption followed in July and August of 2010 (Kessler et al., 2011; Dubinsky et al., 2013;
Du and Kessler, 2012), though with some contention (Joye et al., 2011b; Kessler et al., 2011b;
Crespo-Medina et al., 2014; Crespo-Medina et al., 2015). Butanes and pentanes may have
evoked a similar microbial response as ethane and propane (Rubin-Blum et al., 2017), though
this assumption was not tested in the context of DWH. Spatial integration of oxygen anomalies
from the depth of the intrusion layers in the months that followed DWH revealed a deficit that
was similar in magnitude to the respiratory demand of discharged natural gas (Kessler et al.,
2011; Kessler and Du, 2012) consistent with its complete consumption by the bacterial
community.

Because of its aqueous solubility natural gas serves as a potential tracer of deep ocean processes
associated with well blowouts or other subsea discharge scenarios. During DWH, methane was
proposed as a molecular target to calculate total discharge (Valentine, 2010), and ultimately an
integrated subsea oxygen anomaly was used to estimate the total hydrocarbon respiration from
the deep intrusion layers (Kessler et al., 2011; Du and Kessler, 2012). Methane concentrations in
the deep sea intrusion layers were also found to correlate with observed anionic surfactant di (2-
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Figure 2.3 Contour plot of methane concentration taken to the south west of the actively flowing Macondo Well, in
June 2010. This figure illustrates a cross section for an intrusion layer containing abundant dissolved hydrocarbons.
Note the log scale. SOURCE: Figure 1C from Valentine et al., 2010.

ethyhexyl) sodium sulfosuccinate (DOSS) concentration, presumably because both are soluble in
aqueous solution and dissolve rapidly (Kujawinski et al., 2011).

OIL FATE
Evaporation

Evaporation of lighter surface oil components occurs rapidly after an oil spill causing the loss of
smaller, more volatile petroleum compounds, typically with boiling points lower than n-
pentadecane (Stout et al., 2017). Evaporation is quantitatively significant, and is often the
dominant process initially altering both the chemical composition and physical properties of
spilled oil. Typical crude oils lose 20-50% of their mass from evaporation whereas refined
petroleum products can lose 75% and residual fuel oils typically lose ~10% of their mass (NRC,
2003; 2005). The loss of volatile petroleum compounds leaves behind an oil residue with a
higher density, lower solubility, and higher viscosity than the original oil, which makes it more
likely to form water-in-oil emulsions and more difficult to disperse.

Evaporation reduces the water-soluble fraction of oil, and the loss of specific compounds such as
benzene, toluene, ethylbenzene and xylene (BTEX) to the atmosphere reduces the toxicity of the
remaining oil to marine organisms. The transfer of BTEX compounds to the atmosphere,
however, can pose an inhalation-related health risk to response workers and other exposed
individuals and animals breathing air at the water surface (see Chapter 4). Dispersants were
applied subsea during the DWH event with one justification being the reduction of VOCs
surfacing around active response vessels. VOC concentrations were measured from surface
vessels responding to well control between May 30 and June 10 (Nedwed, 2017). Measurements
taken from these vessels were summed and compared to SSDI hourly rates and hourly wind
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speeds to examine whether periods of low or no SSDI were followed by increased atmospheric
concentrations of VOCs (USCG, 2011). While there were significant variations in measured
VOC concentrations, there has not been sufficient analysis of the data collected to determine a
relationship between the dispersant volume, VOC concentration, and environmental conditions at
the DWH. However, responders working at the wellhead area were reportedly convinced by their
observations that dispersant use effectively reduced VOC levels. It is challenging to make
statistical correlations and draw robust conclusions from the available data because information
regarding vessel location in relation to the well, surface oil slick, and prevailing winds was
unavailable, and the tests performed were designed to inform immediate action, not for statistical
validation. To further investigate SSDI and atmospheric VOC concentrations, additional VOC
data collected from three surface vessels (Ryerson et al., 2012) was compared to model data
generated for a representative day during the DWH event when SSDI was being used (Gros et
al., 2017). This study by Gros et al. (2017) together with the Nedwed (2017) study support the
conclusion that the use of SSDI prolonged dissolution of water-soluble petroleum compounds
(including BTEX) during the transport of oil to surface waters, resulting in fewer of the volatile
oil components being present at the water’s surface for evaporation to take place (Gros et al.,
2017). Rates of evaporation are further complicated by wind speed. For example, high wind
speeds increase evaporation rates, but also promote dissolution of oil in the water column and
diffusion of VOC:s in the air, muddling the overall effect of wind (Crowley et al., 2018).

In addition to the compound-selective reduction in VOCs, SSDI during DWH is also assumed to
have broadened the footprint of surfacing oil (Ryerson et al., 2012), with two important effects.
First, the slow rise of small droplets allows for currents to shift the zone of surfacing oil away
from the location of the wellhead and the intervention efforts. Second, a broadened surface
expression equates to a dilution of atmospheric VOC concentration, other factors being equal.
Both of these effects are important to response operations in that they reduce VOC exposure to
personnel at the site of intervention, though not necessarily through a reduction in the quantity of
surfacing oil.

The evaporation of oil is challenging to model because oils consist of thousands of different
compounds, each with different physical and chemical properties. Early models focused on the
loss of individual compounds as a function of their volatility (vapor pressure), wind speed, sea
state, and temperature (e.g. Sutton, 1934; Brutsaert, 1982). Later models considered that there
would be a decrease in the rate of evaporation as evaporation proceeds and incorporated a mass
transfer coefficient dependent on wind speed (Stiver and Mackay, 1984). Comparisons of the
model developed by Stiver and Mackay (1984) to experimental data indicated that the model
performed well for the first eight hours, but over longer periods of time, the model overestimated
long-term evaporation (Bobra, 1992). Overestimation of evaporative losses of petroleum
compounds arises from the presumption that the oil is a well-mixed phase, which while true for
thin slicks, is not the case for thicker slicks. The thickness of the slick is important because
evaporation from an oil slick is regulated by the diffusion of petroleum compounds within the oil
to the oil-atmosphere interface, as opposed to diffusion across the air-boundary layer (Fingas,
2011; 2013; 2015). Further information and more detailed descriptions of these oil evaporation
models are provided elsewhere (NRC, 2003; 2005).
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Aerosolization

Bubble bursting and aerosolization are non-evaporative processes that transport oil into the
atmosphere. Breaking waves entrain air into surface waters creating bubbles, which rise to the
surface, and burst to form marine aerosols in the atmosphere (Blanchard and Woodcock, 1980;
Leifer et al., 2000). When surface waters are contaminated with oil, the aerosols formed contain
these petroleum hydrocarbons. These aerosols may be comprised of ultrafine particles containing
oil-derived VOCs with a higher toxicity compared to the spilled oil (Nel et al., 2006).
Aerosolization also occurs as oil compounds that have evaporated into the atmosphere are
oxidized to form secondary organic aerosols (SOAs). SOA formation generates compounds with
lower volatilities that nucleate new particles or condense onto existing aerosol particles. Oil
compounds of varying volatilities can be precursors for SOAs including VOCs, SVOCs, and
IVOCs (Robinson et al., 2007). The formation of SOAs from IVOCs present in surface oil slicks
can be particularly significant owing to the slower evaporation rates of IVOCs, and the greater
time available for them to be transported and distributed over a wide sea surface area (de Gouw
et al., 2011). Understanding the lifetime of individual petroleum compounds in the gas phase,
and the formation and particle size of SOAs that they form (Brock et al., 2011) contributes to our
overall understanding of their transport in air. Vertical dispersion and long-range atmospheric
transport of SOAs is of particular interest as it has implications for air quality and public health
at the site of and downwind from an oil spill (Middlebrook et al., 2012).

Effective applications of dispersants to oil released into the environment is intended to increase
the dispersion of oil compounds in the water column and reduce evaporation and subsequent
aerosol formation. However, laboratory studies have shown that the application of dispersants to
surface oil slicks can increase the number of aerosol particles produced by breaking waves by 1-
2 orders of magnitude compared to untreated oil slicks (Afshar-Mohajer et al., 2018). The overall
increase in aerosolization of oil compounds is attributed to an increase in the dispersion of oil in
the water column as well as the flotation capacity of bubbles (Ehrenhauser et al., 2014). The
applicability of these lab-based studies to real-world systems, is yet to be determined.

Photochemical Oxidation

Photooxida