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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 oil1, 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.  

 

  

                                                            
1 Monitored natural attenuation refers to tracking the environmental processes that breakdown oil, including 
biodegradation. 
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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:  

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

• 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 

• 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-water2 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 Oil 

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 microdroplets3 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.”4 

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 HC55 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.  

                                                            
4 CDC, 2010. 
5 Acute HC5 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 LC50 
above the HC5. Note that toxicity is greater when the LC50 or HC5 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.6 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 HC5 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 HC5 
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 HC5 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 
VOCs 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 VOCs 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,7 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. In situ 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 
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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:  

• Non-ionic surfactant—typically sorbitan oleate and polyethoxylated derivatives 
• Anionic surfactant—primarily dioctyl sodium sulfosuccinate 
• Hydrocarbon solvents—typically hydrotreated light distillates 
• 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. 

 

microdroplets8 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 (Jernelöv 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. 

 

Figure 1.1 Example of Global Dispersant Stockpile. SOURCE: Oil Spill Response Limited.  
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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:  

• Consensus Ecological Risk Assessment 
• Spill Impact Mitigation Assessment  
• 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 response1. SOURCE: NRC, 2017.  

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

b 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.  
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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 [IVOCs]), 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.7b059489).  

 

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’s10 
model; VDROP-J (Zhao et al., 2014); and RPS ASA’s11 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. 
10 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. 
11 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 
1.7×1011 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 
et al., 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 VOCs 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 

Photooxidation can significantly alter the composition of oil released into the aquatic 
environment (Payne and Phillips, 1985; Garrett et al., 1998; Hall et al., 2011; Fathalla et al., 
2011). Photochemical oxidation of oil occurs in sunlit waters via direct mechanisms where light 
is absorbed by oil hydrocarbons or by indirect mechanisms where photosensitizers (e.g., 
dissolved organic matter) absorb light to produce reactive intermediates such as singlet oxygen 
or radicals that subsequently react with oil hydrocarbons (summarized in NRC, 2003; 2005). The 
chemical composition of oil is an important determinant for photochemical reactivity. The 
intensity and duration of light exposure is also important for evaluating the relative importance 
of photochemical oxidation to the fate of spilled oil. Light exposure is modulated by geographic 
location, season, local shading by cloud cover, and in the case of dispersed oil, water depth and 
slick coverage. 

Partial oxidation of oil hydrocarbons is the norm, producing compounds not originally present in 
the spilled oil (Aeppli et al., 2012). Some products of photooxidation are more water soluble than 
their hydrocarbon precursor(s) and can then be carried by water flow (Chapelle, 2001). 
Photomodification and photosensitization of PAHs have been found to increase the toxicity of 
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residual oil following spills (Barron et al., 2003). Other compounds produced are high-
molecular-weight products that form tar and gum-like residues (NRC, 1985; 2003; 2005), which 
increase the viscosity of oil and decrease the utility and efficacy of dispersants (Ward et al., 
2018b).  

Laboratory studies exposing a crude oil from Basilicata, Italy to 100h of direct irradiation 
resulted in changes in the chemical composition of oil from photochemical reactions with 
branched alkanes, linear alkanes, and aromatic hydrocarbons being photooxidized to different 
extents (D’Auria et al., 2009). Using a simulated freshwater environment, Yang et al. (2015) 
observed more rapid photooxidation of lower molecular weight alkanes than the higher 
molecular weight compounds. In addition, PAHs were more susceptible to photooxidation than 
alkanes, consistent with previous reports (Garrett et al., 1998; Maki et al., 2001; Prince et al., 
2003; Diez et al., 2007; Ebrahimi et al., 2007; D’auria et al., 2009; Fathalla et al., 2011; Radović 
et al., 2014). Prince et al. (2003) also reported that most of the aromatic fractions were converted 
to resins and asphaltenes, while the saturates were unaffected. They further suggested that the 
photodegradation rate of PAHs was positively correlated to the number of aromatic rings and the 
extent of alkylation, which was inverse to biodegradation rates (Garret et al., 1998; Prince et al., 
2003; Ebrahimi et al., 2007; Wardlaw et al., 2011; Stout et al., 2016; Yang et al., 2016).  

Biodegradability and environmental persistence of the residual oil may be affected by changes in 
the physico-chemical properties of aromatic compounds and their related components (Lee, 
2003; King et al. 2014). Photooxidation may increase biodegradation rates due to increased 
hydrocarbon bioavailability or decrease rates due to toxic by-products, depending on the oil 
composition and response of the microbial community (Mallakin et al., 1999; Yang et al., 2017). 

The DWH spill provided an opportunity to test existing conceptual models of photooxidation by 
tracking changes to the chemical composition of petroleum hydrocarbons in the environment. 
Petroleum hydrocarbons in oil residues were found to be converted to oxygen-containing 
products including abundant hydroxyl and carbonyl functional groups, which accumulated in the 
residues within weeks of discharge (Aeppli et al., 2012). Hall et al. (2013) demonstrated that the 
oxidation process especially photooxidation is a major factor in the chemical changes of oil still 
left in the environment following the spill. Based on measured losses and altered asphaltenes 
from their experiments, Lewan et al. (2014) indicated that within the first 80 days of oil release 
from the DWH spill, a mean of 61 vol% of the spilled oil was lost from the surface. 
Reconnaissance experiments suggest the composition changes occurred primarily as a 
consequence of the combined effects of photo-oxidation and evaporation rather than microbial 
degradation, dissolution, dispersion, or burning.  

A study by King et al. (2014) on photolytic and photocatalytic degradation of surface oil from 
the DWH spill indicated that the photodegradation of PAHs was rapid in the first few hours at 
the rate of 10% per hour. The process slowed to near zero after 6 days. While solar irradiation 
increased the evaporative loss of n-alkanes <C17, the loss of n-alkanes by photodegradation was 
not observed with the equivalent of 3 d of solar radiation. Bacosa et al. (2015) incubated surface 
water from the DWH site in quartz glass bottles under natural sunlight and temperature 
conditions to determine the contributions of photooxidation and biodegradation to the weathering 
of Light Louisiana Sweet crude oil. They reported that following the loss of lighter hydrocarbon 
components by evaporation, photooxidation rates exceeded that of biodegradation in the 
transformation of PAHs and alkylated PAHs in surface water oil sheens, while biodegradation 
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was the main driver in the disappearance of alkanes. Compared to biodegradation, 
photooxidation increased transformation of 4–5 ring PAHs by 70% and 3–4 ring alkylated PAHs 
by 36%.  

Photooxidation can produce tar and gum residues from surface oil when higher-molecular-
weight products are produced through the condensation of peroxide and other free-radical 
intermediates (NRC, 1985; 2003), while some laboratory studies showed insignificant 
differences in oil density following irradiation (NRC, 2013; Short, 2013). It has also been 
suggested that the formation of microbial flocs in seawater, and the subsequent sinking of oily 
marine snow, may be associated with the exposure of light-Macondo oil to ultraviolet irradiation 
(Chanton et al., 2014; Passow, 2014).  

A recent study that merged field data from the DWH spill and modeling with laboratory 
experimentation found that oxygenation of petroleum hydrocarbons by sunlight occurred rapidly 
– with major compositional changes occurring in a matter of days (Ward et al., 2018a). From 
these environmental studies the chemical composition of oil residues changed substantially, with 
greater than half the mass of oil residues ultimately comprising oxygen-containing compounds. 
The oxygen-containing molecular products produced by photochemical transformation have 
been referred to as oxygenated hydrocarbons (or oxyhydrocarbons), and the process has been 
referred to as partial oxidation or oxygenation, as an attempt to distinguish this chemical route 
from complete mineralization to carbon dioxide (i.e., complete oxidation). The authors note that 
partial photooxidation at the sea surface could account for as much hydrocarbon as microbial 
biodegradation (to CO2) in deep water, in contrast to the previous assumption that oxidation by 
sunlight is a relatively insignificant process for determining the fate and mass balance of oil. .  

By lowering oil-water interfacial tension (IFT) to enhance the break up of oil into small droplets, 
dispersants may accelerate the photooxidation rates of spilled oil. Gong et al. (2015) reported 
that the presence of 18 and 180 mg/L of dispersant in seawater increased the first-order 
photodegradation rate of pyrene (at a test concentration of 60 µg/L) by 5.5% and 16.7% 
respectively. Mechanistic studies suggested that the dispersant enhanced the formation of 
superoxide (O2

-) radicals that contributed towards the photodegradation of the pyrene. Fu et al. 
(2017) investigated the photodegradation of pyrene with different dispersants. The results 
showed that increasing the concentration of either Corexit® 9500A or Corexit® 9527A enhanced 
the photodegradation of pyrene, in comparison to SPC1000 which modestly inhibited the 
reaction rate. Under similar test conditions (18mg/L dispersant; 60 µg/L pyrene and 6 hours of 
incubation), the loss of pyrene was 89% for Corexit® 9500A, 85% for Corexit® 9527A, and 49% 
for SPC1000 compared to 55% without dispersants. Furthermore, they also noted that Corexit 
9500A was prone to photochemical decomposition, with >95% degradation after 6 hours of solar 
radiation. They concluded that accelerated rates of photodegradation in the presence of Corexit 
9500A could benefit ecosystems through increased dissolution and decomposition of persistent 
hydrocarbons and higher biodegradation rates, as well as reduced chemical toxicity. Zhao et al. 
(2016) evaluated the response of different petroleum species within water accommodated oil 
prepared with Louisiana Sweet crude oil to photo-degradation in the presence and absence of 
Corexit 9500at a DOR of 1:20. They concluded that under simulated sunlight, both n-alkanes and 
PAHs were susceptible to photodegradation, and the co-presence of oil PAHs and dispersant 
facilitated photodegradation of n-alkanes. In contrast to these previous studies, Ward et al. 
(2018b) reported that photochemical transformations over a simulated exposure period of 53  
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Figure 2.4 Assessing the effect of photochemical oxidation on the effectiveness of aerial dispersants applied in 
response to the Deepwater Horizon oil spill. The Macondo Well is indicated by the white star; locations of the 412 
flight paths for aerial dispersant applications are colored yellow and are outlined by the polygon in white. Each 
concentric circle represents the calculated distance from the well that surface oil traveled before photo-oxidation 
decreased dispersant effectiveness to <45%, assuming high irradiance and slow transit speed (red inner circle), mean 
irradiance and transit speed (green intermediate circle), and low irradiance and fast transit speed (black outer circle). 
Irradiance levels were calculated by comparing the rate of simulated light absorption by oil in the laboratory vs 
natural sunlight on the Gulf of Mexico. Based on their analysis, Ward et al., (2018b) concluded that a substantial 
fraction of aerial applications targeted oil that had low effectiveness (i.e., <45%), and this low effectiveness was 
principally driven by photochemical changes to the surface oil chemical properties. SOURCE: Ward et al., 2018b 
(available at: https://pubs.acs.org/doi/10.1021/acs.estlett.8b0008412). 

 

hours reduced the effectiveness of dispersant applications by 29-34%. While this recent study is 
specific to the oil and laboratory exposure conditions employed (including the choice of glass 
type), it flags the possible importance of properly accounting for photochemical transformation 
in the dispersant application decision process, particularly in identifying temporal and spatial 
limits for dispersant efficacy at the sea surface, a particularly difficult endeavor considering the 
assumptions that must be made with respect to complex on-water surface movements (Figure 
2.5).  

 

Dissolution 

Many compounds that comprise oil are slightly soluble in water. The solubility for a given oil 
hydrocarbon for a given solvent (e.g., seawater) is a function of its molecular properties and can 
be predicted using Linear Solvation Energy Relationships (Abranham et al., 2004; Goss, 2005). 
In general, aqueous solubility is quite low for hydrocarbons containing more than 10 carbons, 
and increases among low molecular weight compounds, particularly those that are branched or 
contain aromatic functional groups. The extent to which any given oil hydrocarbon dissolves into 

                                                            
12 Further permissions related to the material excerpted from this article should be directed to ACS Publications. 
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an aqueous solution such as sea water is a function of its aqueous solubility but is modulated by 
various environmental conditions including temperature, salinity, pressure, duration of exposure, 
chemical and physical properties of the oil, microscale characteristics of the interface through 
which it must travel to enter the aqueous phase, and its aqueous-phase concentration (Ryerson et 
al., 2011; Jaggi et al., 2017; Gros et al., 2018). Oil solubility and dissolution should not be 
confused here with the water accommodated fraction of oil, which is an empirical quantity that 
includes both the dissolved and suspended components. 

Depending on the environmental context of its discharge, oil may experience prolonged exposure 
to water, allowing for dissolution of its more soluble compounds, with or without the application 
of dispersants. Scenarios for which dissolution is an important consideration include subsea 
discharge, trapping of oil under ice, large entrainment of oil droplets in the upper water column 
such as through breaking waves, and situations involving rapid sedimentation or flocculation. 
When oil is exposed to the atmosphere, such as at the sea surface, the extent of dissolution is 
dramatically reduced, because many of the aqueous-soluble compounds are also highly volatile 
(as discussed above). The application of dispersant to oil, leading to dispersion in the water 
column, can reduce atmospheric exposure and increase aqueous exposure, and thus dissolution 
remains relevant for considering the fate of dispersed oil.  

The effect of dissolution was pronounced in the environmental distribution of hydrocarbons 
resulting from the DWH event (Ryerson et al., 2012; Reddy et al., 2012; Valentine et al., 2010; 
Joye et al., 2011) because discharged oil travelled through more than 1500m of ocean water prior 
to reaching the sea surface. The aqueous exposure resulting from this situation caused nearly 
complete dissolution of natural gas compounds and benzene, and partial dissolution of several 
other alkanes, cycloalkanes, and BTEX compounds. The resulting oil hydrocarbon deficits in the 
atmosphere and enrichments in the ocean’s subsurface (detailed in Figure 2.5) were important 
factors modulating the fate and effects of the discharge. 

While the true aqueous solubility of oil hydrocarbons depends on their physical-chemical 
properties, hydrocarbons also partition to the water phase as microscopic aggregates, as 
considered in the ‘Dispersion’ section below. The distinction between these phases is important 
for understanding transport and fate, but also for understanding toxicological effects in the water 
column as reviewed in Chapter 3. One emergent property of hydrocarbon dissolution in the 
presence of microdroplets is a buffering of dissolved hydrocarbon concentration caused by the 
presence of microdroplets suspended within the aqueous phase. For the case where droplets 
contain a greater mass of a soluble hydrocarbon than can dissolve in the aqueous phase, dilution 
of the solution will reduce the concentration of liquid-phase droplet hydrocarbons in proportion 
to the dilution. However, in a closed system, the aqueous-soluble components will reestablish 
equilibrium following the dilution, leading to no change in the aqueous phase hydrocarbon 
concentration. Subsequent dilutions may achieve dilution to extinction for the most highly 
soluble compounds, but the extent of dilution will vary based on compound solubility.  

 

Hydrate Formation 

Gas hydrates, or clathrates, are solid phase materials that form spontaneously from water and 
hydrocarbon gases at high pressure and low temperature. For the context of this report, hydrates 
are thermodynamically stable at ocean depths greater than ~450 m, and are thus most relevant to  
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Figure 2.5 Evaporated hydrocarbon composition after 2 d (A; blue bars), surface oil slick composition after 2 d (B; 
black bars), and dissolved hydrocarbon composition (C; red bars). The leaking hydrocarbon composition from CH4 
through n-C39 (black line) is shown in each panel for comparison. (D) Schematic (not to scale) of hydrocarbon mass 
flows in the marine environment; values are calculated for June 10, 2010, in millions of kilograms per day. This 
figure illustrates the molecular fractionation associated with dissolution and evaporation as occurred during the 
Deepwater Horizon oil spill. The figure comes from the primary literature (Figure 4 from Ryerson et al., 2012) and 
is based on data from disparate sources. The lack of mass balance reflects the different approaches and the 
uncertainties that arise. Reconciling these uncertainties is a focus of the original paper from which the figure was 
taken. SOURCE: Ryerson et al. (2012). 

 

deep ocean discharge scenarios such as SSDI application. However, hydrate formation and 
stability also require high dissolved hydrocarbon gas concentrations and nucleation sites, the 
former of which are diluted by plume entrainment and mixing. This leads to stability near to the 
point of discharge and instability owing to dilution that occurs as water moves away from the gas 
source. As reference, the highest concentrations of dissolved hydrocarbon gases measured in the 
DWH spill intrusion layers were ~100-fold below the requirement for gas hydrate stability (Joye 
et al., 2011; Valentine et al., 2010). Finally, hydrate formation requires a nucleation site. The 
combination of confinement (leading to high gas concentrations), and solid surfaces for 
nucleation, led to the problem with hydrate buildup on several devices used in early attempts to 
cap the DWH blowout. Hydrate formation is thus most relevant to this study through its potential 
to affect processes near the point of discharge (e.g., Box 2.1), with recent relevant studies in 
high-pressure laboratory facilities (Warzinski et al., 2014) and at natural seeps (Wang et al., 
2016a). In the latter study, in situ high-speed imagery of seep bubbles near 1000 m depth 
confirmed the formation of hydrate skins on gas bubbles from natural seeps, and field 
measurements indicate that mass transfer rates vary between the higher rates for clean and the 
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lower rates for ‘dirty’ bubbles (i.e., gas bubbles coated by another substance such as hydrate) 
(Rehder et al., 2009; Wang et al., 2016a). The observation that mass transfer is not reduced 
below the dirty bubble rate may be due to cracks on the hydrate skin, as observed by Warzinski 
et al. (2014), and the fact that the height that bubbles rise before they are completely dissolved 
depends mainly on the largest gas bubbles released from the seep.  

In the DeepSpill field experiments, where oil was released as a plume at a depth of about 840 m, 
hydrates were not observed though it was noted that the methane dissolution rate in the water 
column was roughly half the value for clean bubbles suggesting that hydrate skinning might have 
been important (Johansen et al., 2003). On the other hand, it is possible that the bubbles were 
simply coated with natural surfactants (i.e., “dirty bubbles”), since surfactants (natural and in the 
form of chemical dispersants) reduce mass transfer when they coat bubbles. Evidence for hydrate 
formation during the DWH spill (oil released as a plume at a depth of about 1500m) is weak 
beyond the solid nucleation surfaces such as the cofferdam (Box 2.1). Note that while a hydrate 
skin is sufficient to affect mass transfer, it has negligible thickness, and hence little effect on bulk 
bubble density and rise velocity. The effect of dispersants on hydrocarbon transport and fate, due 
to any potential effect on hydrate formation, is not expected to be significant.  

 

Emulsification 

Emulsification of oil commonly occurs at the sea surface as a result of physical mixing of 
seawater into oil, creating a substance commonly described as mousse (depicted in Figure 2.6). 
The type and stability of the water-in-oil emulsion formed depends on the properties of the 
starting oil, in particular the viscosity as well as the proportion of high molecular weight 
components such as resins and asphaltenes. Environmental processes such as evaporation, 
dissolution and photooxidation alter the chemical composition and viscosity of oil thereby 
affecting the formation and stability of emulsions. Emulsified oil is a semi-solid material with 
considerably different physical properties and characteristics than the original liquid oil. 
Information regarding the formation and stability of emulsions is detailed elsewhere (e.g., NRC, 
2005). 

Low molecular weight oil compounds are lost in the environment by processes such as 
evaporation and dissolution, leading to an enrichment in the relative concentration of 
emulsifying agents such as resins and asphaltenes, which enhance the formation of stable 
emulsions (Fingas et al., 2000). Photooxidative processes produce compounds that can act as 
emulsifying agents (NRC, 2005). Considering these environmental factors, the size and thickness 
of oil slicks on the sea-surface is important for emulsification as it relates directly to how much 
oil is exposed to the atmosphere and water and subsequently how much evaporation, dissolution 
and photooxidation can occur. Other environmental factors influencing emulsification include 
temperature (emulsification occurs more rapidly at lower temperatures), and the energy of 
mixing in the marine environment (increased energy accelerates emulsification). 

Emulsification subsequently reduces oil evaporation and dissolution (Ross and Buist, 1995; Xie 
et al., 2007). The increase in water content, density and volume of emulsified oil is also 
important, and has implications for the fate and recovery of oil in the environment. The most 
substantial change in physical properties to oil when it is emulsified is the increase in its 
viscosity (Fingas, 1994; Davies et al., 1998), which is particularly relevant as it may hinder oil 
dispersion both with and without the use of dispersants. Dispersants may be used on emulsified 
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Figure 2.6 Water in oil emulsion (mousse, colored orange-brown) as observed during the Deepwater Horizon oil 
spill. This image was taken from the deck of a ship, approximately three meters from the Ocean’s surface. Photo 
Credit: David L. Valentine. 

 

oil, but are potentially less effective and may require a higher DOR (NRC, 2014). Emulsion 
viscosity and the type of dispersant applied determines the dispersant effectiveness with 
emulsions composed of higher viscosity oils being the most difficult to effectively disperse 
(Belore et al., 2008). 

 

Solid Phase Interactions 

Upon exposure to the ocean or other aquatic environments petroleum hydrocarbons may contact 
various solid or semi-solid phases including mineral and biological materials, and may induce 
changes within such materials. Such interactions have been studied for select scenarios, which 
are considered in this section. These may include adhesion to a bulk phase, aggregation with 
mineral or biological particles (Lee, 2002), conversion to petroleum-derived bacterial flocculent 
(Baelum et al., 2012; Hazen et al., 2010; Valentine et al., 2014), and flocculation with marine 
snow or other would-be sediment particles (Passow et al., 2014). Importantly, such interactions 
are situational. The formation of oil-particle aggregates (OPA), for example, requires proximity 
to a source of relevant particles, which provides a geographic constraint. The chemical properties 
of the oil also impact deposition and preservation, as exemplified by a fallout plume of heavy oil 
from natural seeps (Farwell et al., 2009) and the pattern of long term geologic preservation for 
oil-stained foraminiferal tests in (anoxic) marine sediments (Hill et al, 2006). This section 
focuses on key processes by which petroleum hydrocarbons interact with particles and the 
potential for dispersant application to affect these processes; ultimately these interactions 
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structure transport of oil to the benthic environment, inclusive of sediment deposition, benthic 
exposure and burial. Oil particle aggregates are considered first, followed by marine oil snow 
(MOS). 

 

Oil Particle Aggregates 

The term “oil-mineral aggregate (OMA)” was first used by Lee et al. (1998) to describe the 
observed formation of microaggregates between fine-grained sediment and oil. It was initially 
described as “clay-oil-flocculation” by scientists as a mechanism that accounted for the loss of 
stranded oil from inter-tidal low- energy coastal environments impacted by the Exxon Valdez 
spill (Bragg and Owens, 1995; Bragg and Yang 1995). While OMA was used extensively in 
studies working on oil-mineral interactions (Khelifa, 2002; Lee, 2002; Stoffyn and Lee, 2002; 
Aijijolaiya et al., 2006; Niu et al., 2011) the terms “oil-sediment aggregate (OSA)” (Bandara et 
al., 2011; Cai et al., 2017) and “oil-suspended particulate matter aggregates (OSAs)” (Gong et 
al., 2014; Loh et al., 2014) have also been used to describe the natural interaction between oil 
and suspended particulate material that may also include organic matter. As detailed in the next 
section, aggregates of oil with organic matter (e.g. bacteria, phytoplankton, dead cells or 
extracellular polymers) have been described as “marine oil snow” (Passow et al., 2012; Fu et al., 
2014; Daly et al. 2016; Passow et al. 2016). OPAs has now been used to account for interactions 
of oil with both inorganic and organic material (Fitzpatrick et al 2015; Zhao et al., 2016 and 
2017) and was defined by Gustitus and Clement (2017) as a term to describe aggregates on a 
scale of 1 mm or less for nearshore environments. The relationship across these terms is depicted 
in Figure 2.7. 

Oil-particle interactions alter the buoyancy of oil droplets as the OPAs formed are negatively or 
near-neutrally buoyant allowing their transportation in the water column and eventual sediment 
deposition (Bragg and Owens 1995, Lee, Stoffyn-Egli et al. 2003). OPAs suspended in the water 
column or resting on the bottom, can be subsequently carried upward by larger currents enabling 
oil to be transported from one environmental compartment to another (Fitzpatrick, Boufadel et 
al. 2015, Waterman and Garcia 2015). The interactions of oil droplets and particles following oil 
spills is now considered to be an important process in the natural attenuation of oil spilled at sea 
(Bragg and Owens 1995, Bragg and Yang 1995, Lee 2002).  

OPA formation depends on the properties of the oil (oil type and concentration, droplet size), 
particle size, shape, and concentration, as well as density and organic matter content, , and the 
ambient conditions (temperature, water salinity, mixing energy) (Payne, 1989; Lee, 2002; 
Stoffyn-Egli and Lee, 2002; Ajijolaiya et al., 2006; Frelichowska et al., 2010; Gong et al., 2014; 
Gustitus et al., 2017).  

Because OPA formation prevents oil droplets from recoalescing and may keep the oil-water 
interfacial area suspended within the aerobic zone of the water column over a longer period of 
time, hydrocarbon dissolution and oil biodegradation rates are enhanced. (Lee et al., 1997; Weise 
et al., 1999; Khelifa et al., 2002; Aveyard et al., 2003; Ajijolaiya et al., 2006; Gong et al., 2014). 
Laboratory (e.g., Stoffyn-Egli and Lee, 2002; Zhang et al., 2010; Wang et al., 2011) and 
shoreline data (e.g., Bragg and Owens, 1995; Lee et al., 2003) have shown that OPAs enhance 
the dispersion of oil, and can be considered the basis for an oil spill countermeasure strategy (e.g. 
surf-washing) for oil stranded in the shore zone (Lee, 2002; Owens and Lee, 2003).  
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Figure 2.7 Summary of terminologies used for describing different types of OMAs. SOURCE: Gustitus and 
Clement 2017. 

 

Oil dispersion is positively correlated to the formation of OMAs, as smaller oil droplets require 
fewer suspended particles to form OMAs (Gong et al., 2014; Gustitus et al., 2017). Zhang et al. 
(2010) found smaller particle sizes of solids with larger specific area favored the formation of 
OMAs. It was reported that the formation of OMAs was negligible when the particle size was 
larger than 10 µm. When the particle size was less than 2 µm, OMAs were readily formed. The 
lowering of oil-water interfacial tension by the addition of dispersants has been linked to the 
formation of smaller oil droplet size (Li et al., 2008; Zhao et al., 2014), and higher effectiveness 
values for oil dispersion and formation of OMAs (Khelifa et al., 2008).  

The surface properties of the particles also play an important role in determining the size and the 
type of OMAs as well as the fraction of oil that can be dispersed as OMAs. Wang et al. (2011) 
examined the interactions between oil and three types of solids, i.e. kaolin, modified kaolin and 
diatomite. They found solids with higher hydrophobicity have more oil-mineral attraction. The 
enhancement of the surface hydrophobicity of these naturally occurring minerals by addition of 
dispersants or treatment with cetyltrimethyl ammonium bromide improved the effectiveness of 
the OMA formation (Zhang et al., 2010; Wang et al., 2011; Lee et al., 2012; Chen et al., 2013).  

Changes in oil characteristics from natural weathering processes may also affect the formation of 
OMAs. Studies by Bragg and Yang (1995) and Wood et al. (1998) suggested that weathered oils 
tend to form OMAs more readily. In contrast, Guistitus et al. (2017) recently reported that 
formation of OMAs was substantially hindered when oil was weathered. Their findings 
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suggested the increased viscosity associated with the weathering process outweighed the 
increased fraction of polar or charged compounds.  

Hydrodynamic conditions and the associated energy dissipation rates are important factors 
governing the dispersion of oil slicks (Li et al., 2008) and thus the formation of OMAs (Omotoso 
et al., 2002; Wincele et al., 2004; Ma et al., 2008; Sun et al., 2010; Sun et al., 2014). In general, 
higher mixing energy favors the formation of smaller OMAs and reduces mixing time for the 
formation of OMAs (Sun et al., 2009, 2010, and 2014). Once OMAs are formed, they tend to be 
relatively stable against continued turbulence. However, Zhao et al., (2017) recently reported the 
breakdown of OMAs under turbulence and the formation of larger OMAs composed of multiple 
small droplets. Temperature affects the formation of OMAs primarily by influencing the 
viscosity and adhesion properties of oil. The formation of OMA under low temperature 
conditions (-1–4°C) has been observed in laboratory batch scale tests (Lee et al., 2012; Wang et 
al., 2013), pilot scale flume tank (Jézéquel et al., 2018), and field scale in ice-infested waters in 
the St. Lawrence Estuary under Arctic conditions (Lee et al., 2009; 2011); elevated temperatures 
have been found to favor the formation of OMAs (Stoffyn-Egli and Lee, 2002; Lee et al., 2012; 
Wang et al., 2013). 

The addition of dispersants has been primarily demonstrated as a synergic practice for OMA-
induced oil dispersion, except Mackay and Hossain (1982) found that chemical dispersion of oil 
reduces its tendency to associate with mineral matter. Guyomarch et al. (1999) demonstrated that 
the dispersant Inipol IP90 favored the formation of OMAs in a wave tank experiment. Li et al. 
(2007) reported the combination of mineral fines and dispersants (Corexit 9500) significantly 
increased the dispersion efficiency, and formed smaller OMAs. Khalifa et al. (2008) found with 
addition of dispersant, the oil sedimentation was 3-5 times higher than the control without 
dispersant at sediment concentrations of 25 and 50 mg/L. The enhancement was not significant 
for sediment concentrations higher than 100 mg/L. Wang et al. (2013) tested the synergic effect 
of dispersant on the formation of OMAs in a low temperature environment. They also verified 
the synergic effects especially for viscous oil IFO-40 and found Corexit 9500 performed better 
than Corexit 9527. They suggested optimal oil to dispersant and oil to mineral ratios could be 
found, and higher ratio of dispersant lead to small, spherical OMAs with greater negative 
bouyancy. The study suggested the combined minerals and dispersants may maximize the overall 
performance of the response, especially under cold conditions when oil becomes harder to 
disperse with exclusive use of either agent. The settling rate of OMAs has been reported to be 
correlated with the viscosity/density of the crude oil (Omotoso et al., 2002). Furthermore, higher 
concentrations of oil droplets in the mixing system were associated with the observation of 
higher ratios of solid OMA/droplet OMA (Stoffyn-Egli and Lee, 2002). 

The concentration of particles affects the effectiveness of OMA formation (Ajijolaiya et al., 
2006; Sun et al., 2010). O’Laughlin et al. (2017) found the OMAs were formed with larger size 
when the concentration of the particles was increased. Zhao et al. (2016) developed the A-DROP 
model to predict the formation of OPA based on particles depositing on the oil droplets (i.e, 
based on Type I OPA). The A-DROP model was based on population balance equation for three 
entities, the oil droplets, the particles, and the OPA. The disadvantage of the model is that it is 
computationally demanding. Its advantage is that it accounts for other characteristics on OPA 
formation including the effect of the coated area on the droplet surface, as well as hydrophobicity 
and the particle to droplet size ratio.  
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The surface coverage assumed by these works came under scrutiny in the work of (Zhao, 
Boufadel et al., 2017) who showed using confocal microscopy that the particles with plate 
morphologies penetrate the droplets and do not rest on their surface. In addition, the study 
revealed that the OPA is unstable, and would fragment within 12 hours to form much smaller 
OPAs (going from 30 microns in diameter to less than 5 microns). This raises the possibility of 
using particles to mitigate an oil spill at locations where dispersants cannot be used.  

OPA formation has been associated with previous oil spills such as Tsesis, Ixtoc-I, and others 
(Johansson et al., 1980; Jernelöv and Lindén, 1981; Teal and Howarth, 1984; Vonk et al., 2015), 
however, the magnitude of the DWH and the corresponding efforts to understand the fate of the 
spilled oil, have provided unique insights into the formation mechanisms and quantity of 
different OPAs as well as the spatial footprint of the sedimented oil (Valentine et al., 2014; 
Brooks et al., 2015; Chanton et al., 2015; Romero et al., 2015; 2017; Passow, 2014; Daly et al., 
2016; Bagby et al., 2016; Stout et al., 2016; Romero et al., 2017; Schwing et al., 2017). 
Estimates of the quantity of oil reaching the seafloor range from 2 to 11% of the total oil released 
and not recovered (Valentine et al., 2014; Chanton et al., 2015; Romero et al., 2017).  

 

Marine oil snow 

During and briefly after the DWH oil spill, MOS were observed in the vicinity of the wellhead 
followed by their disappearance from the surface after a month (Passow, 2012). Based on these 
observations, a significant fraction of the oil components deposited on the sea floor is 
hypothesized to have arisen from a transport process known as Marine Oil Snow Sedimentation 
and Flocculent Accumulation – or MOSSFA whereby oil is captured by marine snow, which in 
turn traps other particles such as minerals and other organic matter (Hollander et al., 2013; 
Kinner et al., 2014; Passow 2012; Romero et al., 2015; White et al., 2012; Montagna et al., 2013) 
as outlined in Figure 2.9 (Daly et al. 2016; Romero et al., 2017). For a 4–5 month period during 
and after the oil spill, Brooks et al. (2015) interpreted the sediment accumulation rate through 
MOSSFA to exceed the pre-spill sediment accumulation rates. By using biomarker-hopanes as 
tracers, Valentine et al. (2014) estimated that 1.8–14% of the oil was transported to the seafloor 
through, for example, bacterial-induced flocculation in the deep ocean intrusion layers. Chanton 
et al. (2014) estimated the percentage of sunken oil at 0.5–9% by radiocarbon analysis. Schwing 
et al. (2017) identified two regions with heavy MOS and estimated the total sedimentary spatial 
extent of MOSSFA from 12,805 to 35,425 km2. By using sediment trap and hopane-based 
biomarkers, Stout and German (2017) estimated more than 76,000 bbl of oil sank over an area of 
approximately 7600 km2. It is important to note, however, that the use of recalcitrant 
hydrocarbon compounds to calculate a volume of crude oil remaining in the environment 
provides a normalized value that excludes the action of weathering processes and is therefore an 
overeestimate. Other processes have also been proposed to account for deposition of oil to the 
sea floor including sinking of burn residues (Stout and Payne, 2016a), and adhesion of oil to clay 
and barite that comprised drilling muds/fluids (Stout and Payne, 2016b) used for well 
intervention.  

Factors controlling the creation of depositional events, in the presence of oil and dispersants, are 
varied, and their interactions complex (Gong et al., 2014; Daly et al. 2016). Passow et al. (2012) 
speculated that the MOS was formed through the interaction of three mechanisms: (1) production 
of mucous webs made of extracellular polymeric substances (EPS; a mucilaginous material 
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comprised predominately of carbohydrates and protein), especially the sticky transparent 
exopolymeric particles through the activities of bacterial oil-degraders associated with the 
surface oil layer; (2) formation of OMAs that integrated with the mucous webs upon collisions; 
and (3) incorporation of phytoplankton into aggregates. Oil and dispersants are implicated in the 
formation of the EPS which act as a matrix upon which OPAs, dead phyto- and zooplankton, fine 
clay particles, burned oil and soot residues, and bacteria can accumulate (Baelum et al., 2012; 
Hazen et al., 2010; Passow, 2014; Fu et al., 2014; van Eenennaam et al., 2016; Daly et al., 2016). 
The EPSs are thought to be synthesized and excreted as a stress response of surface-dwelling 
biota (e.g., phytoplankton, zooplankton and bacteria) possibly to form a physical and chemical 
boundary limiting direct contact of potentially toxic oil compounds and dispersants to their cell 
membranes. Passow et al. (2016) investigated the mechanisms and placed the focus on the 
impact of oil type, photochemical aging of oil, and the presence of phytoplankton and 
dispersants. Laboratory studies indicate that in the presence of dispersants and oil, phytoplankton 
and bacteria, increased quantity and changed the properties of the EPS and marine snow they 
produced (Passow, 2014; Fu et al., 2014; van Eenennaam et al., 2016; Hatcher et al., 2018) 
although some inhibition of OPA formation in the presence of weathered crude oil has also been 
observed under certain conditions (Passow, 2012; 2017). The observed phenomena was not 
specific to the Gulf of Mexico Region, similar results have been observed in field experiments 
conducted during the winter in the in Faroe-Shetland Channel (Suja et al., 2017) and experiments 
with bacteria from the deep ocean (Baelum et al., 2012). Figure 2.8 illustrates the MOSSFA-like 
flocculation process which occurred near the wellhead following the DWH spill. 

Fu et al. (2014) noted the addition of dispersant increased the total n-alkane adsorbed on MOS 
by 1.23-fold, which increased its buoyancy over control samples without dispersant treatment. 
Kleindienst et al. (2015) found the addition of dispersants and nutrients induced a rapid onset of 
MOS formation (5 days vs. 2 weeks in the treatment without dispersant and nutrients). The sizes 
of the MOS in the former case were much larger (2 cm vs. 0.5 cm). Without nutrients, the 
addition of dispersants changed the morphology of MOS from fractal looking aggregates to 
aggregates associated with filaments (Kleindienst et al., 2015). Furthermore, bacteria belonging 
to the genus Colwellia were found to be enriched in all dispersant-amended treatments. Suja et 
al. (2017) echoes the finding that dispersants triggered the formation of MOS, which is 
magnified by the addition of nutrients. On the other hand, Passow et al. (2016) found the 
addition of dispersants inhibited the formation of MOS. However, in this particular case results 
could have been influenced by the fact that test oil had been amended previously with 
dispersants—further addition of dispersants may have elicited an overdose response. 

Brakstad et al. (2018) recently completed a comprehensive review of literature related to marine 
snow studies following the DWH oil spill, with a focus on the use of oil spill dispersants and the 
formation, fate and transport (i.e. sedimentation) of oil-related marine snow (ORMS). 
Contrasting to the literature supporting the MOSSFA hypothesis, they concluded that the 
contribution of dispersant or any treatment to the formation of ORMS during the DWH spill 
could not be determined from the results of existing laboratory studies as experiments were only 
performed at high oil concentrations that did not take into account rapid dilution within the open 
sea. In summary, studies are still required to determine ORMS processes at oil concentrations 
under environmentally realistic conditions wherein dispersed oil plumes are expected to rapidly 
dilute to concentrations below 1 ppm (Lee et al., 2013; Prince et al., 2016).  
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Figure 2.8 Image of oil flocculent at the ocean surface from the DWH event. The width of the image is 
approximately one meter. Photo credit: David L. Valentine. 

 

For the case of DWH, a potential sequence of events is provided in Figure 2.9 as a conceptual 
model specific to formation and deposition of marine oil snow. According to this hypothesis 
nutrient flow to nearshore waters was enhanced by flooding of marshes with fresh water to 
prevent oil washing ashore (Bianchi et al., 2011; Passow, 2014; Daly et al., 2016). An enhanced 
nutrient supply from this remedial strategy and inflow from the Mississippi River system may 
have stimulated phytoplankton blooms (Hu et al., 2011; O’Connor et al., 2016) and provided 
large quantities of fine-grained, clay-based particles into the nearshore oceanic environment. The 
addition of large quantities of surface-applied dispersants to weathered crude at the surface 
apparently induced EPS formation and helped form large OPA particles, up to 10s of cm (Fu et 
al., 2014; Daly et al., 2016; Figure 2.9). The clay particles entrained within OPAs helped ballast 
the particles, accelerating sinking rates and increasing mass accumulation rates over background 
levels (Romero et al., 2015; 2017).  

Multiple studies have investigated the ecological impacts of enhanced mass accumulation of 
sedimented oil on deep sea benthic organisms. Declines in macro- and meiofauna (Montagna et 
al., 2013; van Eenennaam et al., 2018) as well as mortality and morbidity of deep coral 
communities (White et al., 2012; Fisher et al., 2014) have also been documented within the Gulf 
of Mexico.  

Although various mechanisms including MOSSFA have been postulated to transport oil to the 
floor of the deep ocean, the relative importance of these mechanisms has not been quantified for 
the DWH spill, and remain difficult to predict for other discharge scenarios. Given the paucity of 
sampling that occurred during the active depositional phase of the DWH spill, latent deposition 
mechanisms could have gone unnoticed, for example associated with apparent blooms and 
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Figure 2.9 Conceptual diagram of MOS related processes from the source of oil discharge to the fate of 
hydrocarbons in sediments. (A) Shows the release of oil at the wellhead and application of dispersants and (B) 
represents rising oil droplets and gas bubbles and the formation of a deep oil plume. (C1–C4) Shows surface 
processes influencing the formation of MOS: (C1) illustrates wind impacts, a diatom bloom, and application of 
surface dispersants, (C2) shows oil transformation due to UV light and evaporation, (C3) depicts the role of aerosols 
and oil burning in creating new material sources, and (C4) shows processes impacting sinking MOS particles in 
surface waters and as particles sink through (D) a benthic nepheloid layer and deep oil plumes. (E) Shows benthic 
sedimentation of MOS and flocculation onto corals, and (F) represents resuspension of oiled sediments due to 
turbulence SOURCE: Daly et al. (2016). 

 

mortality of deep ocean filter feeders. Nonetheless, the conceptual model of Daly et al. (2016; 
Figure 2.9) comports well with a number of mechanisms related to MOSSFA identified in both 
field collections and laboratory experiments, and other identified mechanisms remain viable as 
well (Gros et al., 2017; Stout and Payne 2016a, b; Valentine et al., 2014). However, critical 
details leading to significant depositional events have not been quantified. Key uncertainties 
include the concentrations of oil, dispersants, nutrients, plankton densities, bacterial growth 
response and sediment particles/fractions. To close this gap, Daly et al. (2016) have identified a 
research framework to better elucidate deposition, specific to MOSSFA-type scenarios.  

 

Biodegradation 

The diverse assortment of chemical compounds comprising petroleum provide a potential source 
of energy and carbon to microbes that have evolved for their consumption. The environmental 
relevance and distribution of hydrocarbon biodegradation is underscored by the diversity of 
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microbes capable of consuming hydrocarbons as a source of carbon and energy—including at-
least 175 genera in seven phyla of Bacteria and Archaea, in addition to Eukarya such as fungi 
(McGenity, 2018). The focus here is on biodegradation activities for petroleum discharged to the 
ocean, with a particular focus on the potential interplay between chemical dispersant and the 
responsible microbial community. 

While many microbial taxa have evolved to consume petroleum hydrocarbons, numerous 
variables—chemical, environmental, and situational—serve to control the rate and extent of 
degradation for any given circumstance. The large number of genera hosting hydrocarbon-
degraders itself is a direct reflection of evolutionary pressure imposed by these variables. Many 
of the key variables that control biodegradation have been reviewed previously (Leahy and 
Colwell, 1990; NRC, 2003), and studies have demonstrated a spectrum of effects when 
dispersant is provided to hydrocarbon-degrading bacteria (NRC, 2005; Kleindeist et al., 2015b; 
Prince et al., 2016). The focus here is on recent findings that inform the relationship between 
petroleum hydrocarbon biodegradation and the application of chemical dispersant, particularly 
for realistic encounter scenarios. Box 2.2 specifically considers the issue of biodegradation and 
SSDI, drawing on observations from DWH. 

Upon discharge or exposure to the environment, petroleum hydrocarbons become available for 
biodegradation. The first step toward biodegradation is the encounter between the would-be 
consumers and their substrate, which will depend on the abundance, distribution, and metabolic 
status of the seed population as well as the physical and chemical properties and spatial 
distribution of the hydrocarbons. Following an encounter the microbial population must adapt to 
consume the available substrate, and growth of the community will occur, anchored by the 
microbes that adapt most quickly to the ambient conditions. The early stages of microbial 
community growth and development are expected to have minimal impact on the petroleum 
hydrocarbons, as seed populations must generally grow by order(s) of magnitude to induce a 
measurable change, as modelled for the DWH spill by Valentine et al. (2012). However, the 
early stages of biodegradation are highly relevant for the purposes of this report, because 
dispersants are typically applied to fresh oil, and the timeframe for development of a microbial 
community runs concurrent with the window for dispersant application. Microbial community 
development is itself a dynamic process that incorporates inherent properties of the microbes and 
oil with environmental variables and ecological feedbacks. Several key processes are considered 
below for their relevance to dispersant application.  

Petroleum hydrocarbons provide carbon and energy substrate for the community of microbial 
consumers, but petroleum contains insufficient quantities of bioavailable nitrogen, phosphorous, 
or iron to support nutrient demand for growth. As a result, nutrient availability is key to the 
development of a petroleum-hydrocarbon-degrading community and, in turn, to the rate of 
petroleum hydrocarbon degradation. In this regard the DWH spill provided a stark contrast to 
previous research on this topic, because the surface waters in the vicinity of discharge were 
nutrient depleted. As would be predicted from this circumstance, biodegradation of floating oils 
was slow to occur (Edwards et al., 2011) and its cumulative effect on the chemical composition 
of floating oils was minimal (Ward et al., 2017). Many previous studies included nutrient 
amendments (e.g., Hazen et al., 2010; Wardlaw et al., 2011), used nutrient-rich seawater (e.g., 
Prince et al., 2013; McFarlin et al., 2014; Prince et al., 2016; Brakstad et al., 2018), or provided 
no information about nutrients (e.g., Wammer and Peters, 2005) – highlighting the need to 
rigorously consider nutrient availability specific to any discharge or biodegradation scenario. 
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This line of reasoning further raises an important point with regard to dispersant application in 
low-nutrient waters: if biodegradation is limited by nutrient availability, then dispersion of oil is 
predicted to have little or no effect on the rate or extent of biodegradation.  

Microbial communities are known to structure along the ocean’s thermal gradients (Sunagawa et 
al., 2105; Swan et al., 2013), with a range of adaptations to cold water that include tolerance to 
cold temperature – psychrotolerance – and an absolute need for low temperature to support 
growth – psychrophily. Adaptation to cold temperature occurs among hydrocarbon degraders as 
evidenced from studies in both the polar regions (McFarlin et al., 2014) and the deep ocean (Cao 
et al., 2014). Two key points about petroleum hydrocarbon degradation in cold environments are 
relevant to this report. First, some models (OSCAR; Sintef, 2010) assume exponential 
temperature dependence on reaction rates, commonly known as the Q10. This approach is 
potentially flawed, because the actual environmental rate is also dependent on the population 
size, which violates the assumptions that underlie the presumed exponential dependence (Bagi et 
al., 2013). Second, for the case of petroleum hydrocarbons discharged to or entering cold waters, 
the environmental factors structuring microbial response are expected to differ compared to 
warmer waters. Notably, growth rates are expected to be slower, though many cold water 
environments are rich in nutrients, and here nutrient limitation is less likely to occur.  

Microbes can biodegrade petroleum hydrocarbons dissolved in the aqueous phase or present at 
the oil/water interface (CRRC, 2017), and physical access to oil is an important consideration for 
biodegradation. Several physical processes may influence microbial access to oil. Droplet size is 
an important consideration for biodegradation, and reduction in droplet size is the primary 
objective of dispersant application. Assuming no other limitation on microbial growth, increased 
surface area is expected to enable greater colonization of oil, which has been observed in 
laboratory studies (Brakstad et al., 2015; Ribicic et al., 2018; Brakstad et al., 2014) and is 
consistent with environmental observations (Bagby, 2017). Wax formation is also a relevant 
process that potentially links temperature, biodegradation and dispersant efficacy (NRC, 2005). 
Biodegradation can enhance the overall wax content of the oil by depleting low molecular weight 
compounds, and hydrocarbon phase transformation to wax has recently been shown to suppress 
the biodegradation rates for a model hydrocarbon-degrading microbe (Liu et al., 2018). Wax 
formation is also temperature and composition dependent, which opens the possibility that 
biodegradation, temperature change, and dispersant application could collectively modulate 
phase transition. During DWH, for example, wax formation could be inferred from imagery 
(Joye et al., 2011) and enrichment of high-molecular weight alkanes (Bagby et al., 2017; Stout et 
al., 2016) but was never conclusively demonstrated in the deep ocean. Sediment deposition is 
also a relevant process that potentially links biodegradation and dispersant insomuch as 
dispersant application may affect the sedimentation of petroleum hydrocarbons by any of several 
mechanisms, as discussed in the section above regarding oil particle aggregates. When petroleum 
hydrocarbons are deposited to the deep seafloor (Valentine, 2014; Stout et al., 2016), 
biodegradation slows substantially (Bagby et al., 2017) perhaps because of limitations to oxygen 
supply (Mason et al., 2014) or perhaps because of limited physical access to the oil. 

The DWH spill provided impetus to study the interaction of microbial communities with 
dispersed oil in the context of deep ocean discharge and SSDI. Laboratory-based studies have 
considered both the rate and extent of biodegradation as well as the dynamics of the microbial 
population (Baelum et al., 2012; Kleindienst et al., 2015; Hu et al., 2017) while field studies have 
focused primarily on interpreting the observed patterns of chemical compounds and microbial 
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Box 2.2 

Biodegradation and SSDI 

This box highlights the complexities of biodegradation in the context of SSDI by addressing specific 
questions relating to the DWH spill response. 

 

How quickly do deep sea bacteria populate oil? 

Even for deep Gulf of Mexico waters that are exposed to an abundance of hydrocarbons through 
natural seepage, the bacterial population is sparse. Of the bacteria that are present, only a small 
percentage are potentially capable of hydrocarbon oxidation (King et al., 2013). The native cell density 
of would-be hydrocarbon degraders in the deep Gulf of Mexico has been estimated of order 10 -1000 
per mL of seawater whereas the resulting blooms in response to the DWH release contain on the order 
of 10,000 – 100,000 per mL (Hazen et al., 2010; Valentine et al., 2012). The baseline abundance and 
activity of hydrocarbon degraders is low and a significant (orders of magnitude) growth response is 
needed to measurably alter hydrocarbon concentrations based on common analytical methods for 
quantification of hydrocarbon concentration (Hazen et al., 2016; Hazen, 2018; Bagby et al., 2017). 
Athough the early stages of microbial blooms may be evident, there is a lag in the corresponding 
biodegradation. In deep ocean waters, blooms can take weeks to mature, and are dependent on the 
abundance and status of the seed population, the suitability of the environment for bacterial growth 
(limiting nutrient – P, Fe, N – availability), the availability of substrate, water mass mixing, and the 
extent of predation (Hazen et al., 2016). Once populations are established, hydrodynamics also become 
important as a mode of diluting hydrocarbons and bacteria, renewal of oxygen and limiting nutrients, 
and seeding of bacteria to unexposed waters. The latter was termed dynamic autoinoculation in the 
context of DWH (Valentine et al., 2012). 

 

Did SSDI contribute to biodegradation in the deep ocean? 

Available evidence from DWH indicates that deep intrusion layers were preferentially enriched in 
soluble hydrocarbon components compared to the liquid oil droplets. Evidence from various sources is 
compiled by Gros et al. (2017) and indicates that ~5% or less of the liquid oil was trapped in the deep 
intrusion layers. Evidence preceding the onset of SSDI is similarly consistent with low percentages of 
liquid oil in the deep intrusion layers. These observations are consistent with a scenario that SSDI 
reduced the droplet size distribution sufficiently to slow droplet rise rates and thus affect surfacing 
location, but not so much as to trap more than ca 5% of the liquid oil as suspended microdroplets. By 
this analysis, the effect of SSDI on biodegradation of liquid oil in the subsurface intrusion layers is 
minor insomuch as only a small fraction of liquid oil was trapped in the layers with and without SSDI. 
However, because of the reduced droplet size and associated rise rates, SSDI could have led to an 
increase in biodegradation in the subsurface waters above the intrusion layer (Lofthus et al., 2018: 
Ribicic et al., 2018). 

 

Did SSDI trap aqueous-soluble hydrocarbon substrates in the deep ocean? 

No formal tests were conducted during DWH to determine if SSDI impacted the fraction of aqueous 
soluble hydrocarbons – potential substrates for biodegradation – trapped in the ocean’s interior, leaving 
only inferential and modeling studies. Observations indicate that the most aqueous-soluble compounds, 
including the natural gases, benzene, and toluene effectively dissolved to the deep ocean. What is less 
certain is the impact of SSDI on the dissolution extent for hydrocarbons of lesser aqueous solubility,  
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such as xylene, ethylbenzene, cyclopentane, methylcyclopentane, cyclohexane, methylcyclohexane, 
naphthalenes, and flourene, each of which is potential bacterial substrate. During the period of active 
SSDI these compounds were partially dissolved (Ryerson et al, 2012), but no equivalent data are 
available for the period of the spill preceding regular SSDI. The extent of dissolution is expected to 
increase with SSDI, because of the increased surface area and rise time for the smaller droplets. By this 
argument, greater surface area and slower rise velocities would provide for increased dissolution in the 
SSDI scenario, and thus more substrate for biodegradation.  

 

Is droplet surface area a limiting factor for biodegradation? 

Bacteria must encounter their substrate to enable ingestion. For aqueous soluble hydrocarbon substrates 
bacteria may be free floating, oil attached, or attached to another solid phase, and can encounter 
substrate that is diffusing through the aqueous phase. For those bacteria that consume liquid oil, 
substrate attachment is an important consideration. For these latter bacteria, surface area is generally 
considered as a metabolic limitation, with adaptations including direct adhesion to hydrophobic 
surfaces (Figure A) and the biosynthesis of surfactants. Despite adaptations, observations from oiled 
sediment at DWH support the idea that biodegradation is more rapid for small accumulations of oil and 
slower for larger accumulations (Bagby et al., 2017). However, it is important to note that the size of 
inferred droplets from these studies (Bagby et al., 2017) are orders of magnitude larger compared to the 
size range for microdroplets (e.g., <70μm). Brakstad et al. (2014; 2015) and others have shown 
biodegradation of Macondo oil is faster in smaller droplets and in dispersion flumes. 

 

What happened to the dispersant from SSDI? 

Samples collected from the DWH intrusion layers contain the anionic surfactant DOSS, which is 
aqueous soluble and thought to have dissolved from the oil droplets to the ocean commensurate with 
intrusion layer formation (Kujawinski et al., 2011). Other components of the dispersant are presumed 
to have behaved analogously, according to their aqueous solubility. The conclusion from these  

 

 

Figure A Bacteria from the deep intrusion layer attaching to a droplet of Macondo oil, the red circle 
indicates where the rod-shaped bacteria have attached to the droplet. SOURCE: © 2010 The Regents of 
the University of California, through the Lawrence Berkeley National Laboratory. 
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observations is that dispersant components fractionated in the deep sea, partially separating from the 
rising droplets. Once dissolved in the deep intrusion layers DOSS was diluted by mixing, rather than 
experiencing rapid biodegradation (Kujawinski et al., 2011), whereas nonionic surfactants that reached 
the sea surface would have been subject to various degradation processes including ester hydrolysis 
and biodegradation (Choyke, 2018). Evidence of conditional persistence in the deep sea comes from 
the identification of DOSS mixed with oil and attached to deep sea coral three months following the 
closure of the Macondo Well (White et al., 2012; Boehm and Carragher, 2012). 

 

Did SSDI enhance biodegradation of surfacing oil? 

Based on the findings of Kujawinski et al., (2011), components of the dispersant dissolved into the 
deep intrusion layers while the oil droplets (depending on their size) rose through the water column, 
reaching the surface. The aqueous solubility of the nonionic surfactants may have allowed some 
components of the dispersant to reach the surface with the oil, consistent with on-scene reports that the 
behavior of the surface slick near the wellhead changed following the onset of SSDI. Based on the 
premise that surfacing droplets contained a fractionated subset of the applied formulation, some 
attenuated effect of SSDI is anticipated in the surface slicks, though detailed behavior is difficult to 
predict. Furthermore, SSDI-treated oil is expected to surface over a wider area than for untreated oil, 
with less thickness, and at least somewhat less volume; hence it may be subject to greater natural 
dispersion (Johansen et al., 2015), with the potential to stimulate biodegradation.  

 

Was SSDI Effective at Facilitating Biodegradation During DWH? 

The situational complexities of DWH preclude a simple answer to this question. However, based on 
chemical and biological measurements, two key points emerge. First, the deep ocean microbial bloom 
response to DWH was significant and contributed to the fate of the discharged hydrocarbons trapped in 
the ocean’s interior (Hazen et al., 2010; Du and Kessler, 2012; Valentine et al., 2012; Mason et al., 
2012; Dubinsky et al., 2013). This was the case with and without SSDI (Hazen et al., 2010; Dubinsky 
et al., 2013). Second, because SSDI did not induce trapping of a large fraction of liquid hydrocarbon 
mass at depth (Gros et al., 2017; Ryerson et al., 2012), its effect on biodegradation in the deep ocean 
was limited to a small fraction of the total discharge, and primarily to the subset of compounds that are 
both soluble and volatile.  

 

communities in the deep ocean (Hazen et al., 2010; Mason et al., 2012; Dubinsky et al., 2013; 
Crespo-Medina et al., 2014; Lu et al., 2012; Rivers et al., 2013; Valentine et al., 2010; 
Kleindienst et al., 2015; Kessler et al., 2011). The environmental relevance of laboratory studies 
is confounded by the inherent limitations of study design. For example, Kleindienst et al. (2015) 
and Hu et al. (2017) attempted to mimic in-situ conditions but used a closed system approach for 
incubations exceeding one month duration, which excludes the many effects from mixing (e.g., 
dilution of hydrocarbon concentration and the introduction of nutrients, particles, microbial 
competitors and predators). One key discrepancy between closed system experimentation and in-
situ conditions derives from the aqueous solubility of surfactants used in most chemical 
dispersant formulations. Compounds such as DOSS are aqueous soluble and are expected to 
gradually dissolve from suspended droplets and partition to the large volume of the ocean 
(Kujawinski et al., 2011). But in closed system experiments (Kleindienst et al., 2015; Hu et al., 
2017) dispersant remains with the oil, deviating substantially from in-situ conditions and 
potentially explaining why observed taxon abundance differs from field observations (Eren, 
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2018) and from parallel experimental treatments lacking dispersant (Kleindienst et al., 2015). For 
these reasons, the extrapolation of findings from these laboratory studies to in-situ behavior is 
avoided here. A second key discrepancy between closed system experimentation and in-situ 
conditions derives from sample treatment. For example, Hu et al. (2017) pretreated samples with 
oil weeks before initiating incubations, which nullifies claims about initial population growth 
rates, succession patterns and reaction rates.  

Field studies conducted following DWH (Hazen et al., 2010; Mason et al., 2012; Dubinsky et al., 
2013; Crespo-Medina et al., 2014; Lu et al., 2012; Rivers et al., 2013; Valentine et al., 2010; 
Kleindienst et al., 2015; Kessler et al., 2011) have provided insight as to the identities and 
mechanistic pathways for hydrocarbon utilizing bacteria in the deep ocean. However, these 
studies also face limitations because each provides only snapshots of a complex and changing 
landscape, and in aggregate they suggest as-yet undiscovered processes or methodological 
inconsistencies. While deep-ocean microbial communities clearly bloom in response to input of 
petroleum with or without SSDI, the exact sequencing of substrate consumption, the dynamic 
factors that structure the microbial response, and the in-situ impact(s) of SSDI are viable 
research questions.  

 

TRANSPORT PROCESSES 

Subsurface Transport  

Importance of Droplet Size 

Oil transport and fate in the water column are largely determined by the size distribution of oil 
droplets. On the surface, oil droplets form when turbulence generated by waves and currents acts 
on a surface slick and drives oil into the water column. The depth of penetration of oil droplets 
into the water column and the time it takes for the droplets to rise back to the surface is 
dependent on the oil droplet size (as well as the oil density, presence of currents and turbulence). 
For droplets smaller than ~70 microns, there is some evidence suggesting that, effectively, they 
will remain permanently suspended in the water column (Lunel et al., 1995). In the event of a 
subsurface deep-water release, such as a well blow-out, droplets formed at the point of release 
will rise through the water column as a function of their size. Larger diameter droplets rise more 
quickly than smaller diameter droplets, as described by the generalized Stokes’ law for the drag 
force on a spherical object (e.g., Zheng and Yapa, 2000). The importance of droplet size on the 
rise time in a deepwater spill is illustrated in Figure 2.11 where the droplet rise was modeled 
using the generalized Stokes law. Figure 2.11 indicates substantial delays in oil surfacing time 
for smaller droplet sizes. Very small droplets, and dissolved oil, lack buoyancy to reach the 
surface, and can become trapped in deep intrusion layers (Figure 2.1). 

As discussed earlier in the chapter, dissolution of soluble components increases with time spent 
in the water column, such that the longer a droplet is submerged, the more dissolution will occur. 
In surface waters, atmospheric exposure results in volatilization of the lower molecular weight 
components of the oil reducing the extent of its dissolution. In a deepwater spill, smaller oil 
droplets with a larger surface area will lose more of their soluble components and hence release 
fewer volatiles to the atmosphere when they reach the surface. This is a major consideration for 
response operations because exposure to VOCs is a key health concern for the response workers 
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Figure 2.11 Rise time for droplets of various sizes and densities to reach the water surface from a depth of 1500 m. 
These are for dead oil where the density of the droplets does not change over time. Note also that droplets of less 
than 1.0 mm diameter take significantly longer to reach the surface. For example, for oil density of 820 kg/m3, a 1 
mm droplet will surface in about 10 hours while a 0.5 mm droplet will take about 30 hours. SOURCE: Committee; 
generated based on the general equation for droplet rise in quiescent water. 

 

in the area of the spill. The increased surface area and time in the water column associated with 
smaller droplets may also potentially promote biodegradation depending on the specific 
conditions and extent of exposure; however, limited empirical studies have directly tested this 
hypothesis for a response-relevant scenario, preventing generalized conclusions on this point. 

From an ecological perspective, enhanced dissolution, enhanced biodegradation, and entrainment 
of small oil droplets reduces the amount of oil that reaches the surface, potentially reducing the 
impact on organisms that live at or near the surface, such as air-breathing turtles, marine 
mammals, and seabirds. Further, a reduction in the amount of oil at the surface may lower the 
amount of oil reaching sensitive shoreline habitats, such as marshes (Boehm et al., 1987). 
However, greater concentrations of oil and oil components, including BTEX compounds and 
PAHs, sequestered in the deep sea may have serious implications for benthic, mesopelagic, and 
potentially epi-pelagic resources (Romero et al. 2018), including deep-diving marine mammals 
foraging at depth. Because the primary objective of dispersants is to promote the formation of 
smaller droplets, understanding the implications of varying droplet size distributions, is critical to 
making decisions and predictions regarding dispersant use. Chapter 6 provides some insights into 
these complex set of response trade-offs using integrated models. 
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Droplet Models 

Due to disparity of scale in droplet formation processes, potentially high pressure, and other 
factors, no experimental system or model will perfectly replicate conditions in the field 
associated with an actual spill. Instead experiments and models provide a way for scientists to 
understand how different components and processes may influence the size, distribution, and 
behavior of droplets. For example, experimental systems can examine the effect of different oil 
types, different proportions of methane, the effect of different dispersants, and DORs. Similarly, 
models can be used to explore different spill scenarios by varying parameters that are described 
by the models such as flow rate, depth, or DOR. Experiments can be designed to test how well 
models perform at different scales. However, because experiments and models are 
simplifications of actual conditions their predictive power rests on their ability to replicate the 
most impactful of the processes. For any particular spill, unforeseen conditions may impact 
droplet size formation and complicate reconstruction of the actual conditions, such as ancillary 
small-aperture fissures or changes in pressure, fraction of methane, and others.  

Understanding the dynamics associated with droplet formation and transport is important to 
forecasting and preparing for the impacts of an oil spill. In a deepwater spill, droplets will diffuse 
in three dimensions as they rise through the water column. Models for droplet formation and 
transport have been developed to help understand the factors that affect these processes and 
improve capabilities to forecast the fate of spilled oil. The focus of these models has been on 
processes including turbulence produced by the discharge, as well as physico-chemical 
properties of the oil, water and dispersant (i.e., IFT and viscosity). Several such models are 
discussed below, while surface droplet formation models are discussed later in this chapter.  

The basic tenet of droplet formation is captured by the Weber number (We; Hinze, 1955), which 
represents the ratio of destructive forces due to turbulence to resisting forces due to surface 
tension. Amendments to this approach have been made to account for the resisting role of oil 
viscosity, which resulted in the introduction of a dimensionless viscosity number (Hinze, 1955; 
Calabrese et al., 1986; Wang and Calabrese, 1986). Johansen et al. (2013) used this concept, 
developed for oil dispersion in reactors at steady-state, and applied it to the droplet formation 
from jets. Their approach became known as an “equilibrium” model, and a similar model was 
adopted by RPS ASA (Li et al., 2017). These models predict the median droplet size (d50) and 
specify a spread coefficient (width parameter) of the droplet size distribution (DSD), either as 
log-normal (LN) or Rosin-Rammler (RR). The d50 is expressed in terms of non-dimensional 
numbers which include a We and either a viscosity number (Vi; Johansen et al., 2013) or an 
Ohnesorge number (Oh; Li et al., 2017) to account for the combined resistance of oil-water 
interfacial tension and oil viscosity to droplet breakup. All quantities for the prediction of the 
DSD were evaluated based on the conditions at the source (e.g., velocity and orifice diameter), 
and while the models are physically based, they involve calibration coefficients. Both models 
account for oil constriction due the flow of gas from the orifice, but neither accounts for the 
interaction between oil droplets and gas bubbles. Nor are the models capable of predicting gas 
bubble size, at least not with the existing calibration coefficients. Both models can predict DSDs 
where some of the droplet sizes exceed the maximum stable droplet size. To resolve this they 
redistribute those droplets using heuristic approaches. It should also be pointed out that the RPS 
ASA’s model uses oil properties at the surface, and thus does not account for the change in oil 
physical properties at depth in the presence of natural gas (e.g., larger interfacial tension, lower 
viscosity and density).  
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Paris et al. (2012) also used the equilibrium-model approach and predicted the d50 for the DWH 
in the absence of dispersant to be less than 100 microns. Adams et al. (2013) argued that the 
constant of proportionality used by Paris et al. was 100-fold smaller than that used by Johansen 
et al. (2013), likely because the Paris et al. model was based on droplets observed in a stirred 
reactor as opposed to droplets formed by a jet of oil. Further modeling done by Socolofsky and 
Gros (Appendix E) and described in Chapter 6 suggests that the d50 used by Paris et al. for the 
DWH simulations were smaller than those generated from most ambient pressure jet-based 
experiments. 

In contrast with the equilibrium models described above, “population” models are numerical 
models that solve for the hydrodynamics at each distance from the orifice and allow for the 
evolution of the DSD. Examples are VDROP-J (Zhao et al., 2014), and Oildroplets (Nissanka 
and Yapa, 2016). The models incorporate the local physics (mixing energy, droplet density) to 
track the evolution of each droplet size and gas bubble size and simulate droplet break-up and 
coalescence as a function of distance along the plume trajectory. Unlike equilibrium models, this 
type of model can compute spatially varying DSDs. The models assume a continuous discharge 
at statistical steady state, and move fluids downstream of the orifice while accounting for water 
entrainment and the change of jet hydrodynamics with distance from the orifice. Both models 
include a calibration coefficient that depends on the jet hydrodynamics. 

These models address how turbulence induces droplet breakup (i.e., dynamic breakup), but do 
not consider an additional breakup mechanisms when dispersant is present known as tip-
streaming (Gopalan and Katz, 2010). Tip streaming results from capillary instability on the 
droplet surface caused by the migration of surfactants on the droplet surface driven by water 
vorticity (Tseng and Prosperetti, 2015); the surfactant concentration on the oil droplet reaches 
maximum values at locations where the water vorticity vanishes. Tip streaming has been 
observed to cause dispersant-coated oil droplets, with initial diameters of several millimeters to 
form much smaller microdroplets over a time scale of several minutes (Nagamine, 2014). Zhao 
et al. (2017) measured DSDs from a horizontal jet of oil in seawater using a laser light scattering 
instrument (i.e., Sequoia’s Laser In Situ Scattering and Transmissometer [LISST] instrument). 
The unimodal DSD was measured at d50 = 114 μm without dispersant, while with dispersant pre-
mixed at a DOR of 1:20, the distribution was strongly bi-modal with d50 = 5.9 μm and a plurality 
of the droplets having diameters less than 2.7 μm. The bimodal distribution with this range in the 
presence of dispersant has been observed in the literature of oil release from jets (Gopolan and 
Katz, 2010; Murphy et al., 2016) and from oil spills on the water surface (Li et al., 2009). Zhao 
et al. inferred tip streaming occurred in their experiment, and they introduced into VDROP-J a 
mechanism to account for tip-streaming. With a calibrated rate constant, they were able to 
reproduce numerically the observed bi-modal DSD. 

The presence of microdroplets in the intrusion layer at DWH was verified by observations made 
with a holographic camera system—holocam (White et al., 2016) and other systems (Li et al., 
2015a; 2015b) but show very low concentrations. Microdroplets were formed in both the 
presence and absence of dispersants premixed with oil. As the holocam measurement only 
captures part of one side in the intrusion layer, it is difficult to extrapolate to the full volume. 
Microdroplets were entrained in the sub-surface plume prior to the application of SSDI, 
indicating that some process other than SSDI was responsible. This may have included escaping 
small droplets from small fissures in the broken riser pipe or explosive oil releases from the large 
end of the open riser due to the large pressure drop associated with release of oil and gas into the 
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environment. However, the microdroplets do not appear to have been sufficiently abundant to 
account for a large fraction of the oil mass (Gros et al., 2017). 

There are several physical processes that could potentially influence droplet sizes in certain 
release scenarios, and which are not considered by either equilibrium models or the population 
models. Those processes include oil droplet de-gassing, and pressure drop and churn flow in the 
blowout preventer (BOP). The first process is the de-gassing of saturated oil droplets. Using a 
counter-flow apparatus, Pesch et al. (2017) showed that, if the rate of de-gasification exceeds the 
rate of gas dissolution, the de-gassed bubbles could cling to the oil droplets, thus reducing the 
time they take to reach the surface relative to similar-size purely liquid droplets.  

A second process derives from observations from the DWH spill that there was a substantial 
pressure drop between the reservoir and the end of the BOP-riser where the oil and gas 
discharged to the ambient ocean (Aliseda et al., 2010; Wereley, 2011). The pressure gradient was 
no doubt complicated in the BOP-riser by the BOP geometry, the broken BOP rams, and other 
debris. A pressure gradient with live oil, if steep enough, could conceivably cause smaller 
droplets than calculated in present versions of the equilibrium and population models. 

Finally, both the equilibrium and population models assume that the live oil exits the orifice 
uniformly. An argument has been made (Boufadel et al., 2018) that “churn flow” could occur, 
which would also lead to smaller droplet sizes. However, their analysis was also based on the 
assumption of a relatively unobstructed riser pipe.  

The manner in which various mechanisms involved in oil and gas fate and input parameters are 
incorporated may contribute to the differences observed in model results. The occurrence of 
these processes in the DWH spill is contentious (Paris et al., 2012; Malone et al., 2018; Pesch et 
al., 2018), and these processes (de-gassing, pressure drop, and churn flow) deserve further study.  

 

Observations of Droplets in the Laboratory and Field 

Since DWH, measurements of droplet and bubble formation using different fluid mixtures in 
blowout-like conditions at different depths and flow rates have been conducted by various 
groups. With respect to dispersant use, these studies suggest that SSDI with a DOR of 1:50-
1:100 reduces the IFT of oil by roughly two orders of magnitude for the lighter oils that 
characterize high-volume blow-outs. This corresponds to roughly one order of magnitude drop in 
the d50 (Brandvik et al., 2013; 2014; 2017; 2018, 2019a, 2019b). In addition, SSDI effectiveness 
is demonstrated to be fairly insensitive to the injection method at laboratory scales (release 
orifice of 1.5 mm) and even a wand placed up to 6 diameters away from the discharge orifice 
worked well in dispersing oil. No evidence was found of partially treated oil as suggested by 
Spaulding et al. (2015) even when the DOR was dropped to less than 1:250 (Brandvik et al., 
2014; 2018). However, the extent to which these findings may be valid at a full-scale field 
blowout remains uncertain. Brandvik et al. (2014) found that dispersant effectiveness decreases 
as oil temperature rises, but this impact could be largely countered by increasing the DOR from 
1:100 to 1:50. They also found that dispersants were not as effective on waxy oils compared to 
lighter oils. Finally, this study suggests that the solvent component of Corexit® may not 
contribute to its effectiveness when used in SSDI. This finding, coupled with the temperature 
sensitivity noted above, suggests that further research could result in a more optimized dispersant 
for SSDI use. 
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Direct measurement of droplet/bubble sizes in the lab or field has been a challenge. The LISST 
instrument cannot measure droplet sizes above 500 μm, cannot distinguish between oil droplets 
and gas bubbles, and does not work at high concentrations of droplets/bubbles. Recent advances 
in instrumentation have produced the Silhouette camera (SilCam) (Davies et al., 2017) and the 
Shadowgraph camera (developed by the consortium CARTHE), which appears to overcome the 
first two limitations and push the concentration threshold considerably higher than the LISST. 
Holographic imaging has also been used (White et al., 2016; Murphy et al., 2016). 

In experimental systems, the problem with measuring droplet size at high oil concentrations can 
also be resolved by using a horizontal discharge or by applying horizontal currents, either of 
which will dilute the droplet concentration. At the same time, these approaches risk biasing 
results due to droplet fractionation.  

Observations of the physico-chemical characteristics of oil that reached the surface following the 
DWH spill have been used to estimate the rise velocity of oil droplets and droplet size 
distribution (Ryerson et al., 2011, 2012). This team observed that large volumes of oil surfaced 
within 3-10 hours of wellhead discharge, and surfaced within 2 km of the wellhead. Recent 
modeling by Gros et al., 2017, validated with field data of oil composition in different 
compartments, inferred that the DSD with dispersant application in the DWH spill had a d50 
around a millimeter, which falls within the range of 0.5 to 5 mm estimated by Ryerson et al. 
(2012).  

 

Model Validation 

The committee members could not reach consensus on the merits of including a model-data 
comparison . Some committee members had concerns about the lack of peer-reviewed, published 
analyses of the data sets with some members also concerned about the representativeness of the 
experimental data, in particular the issue of droplet fractionation in horizontally directed droplet 
plumes. However, two committee members disagreed, arguing that model-data comparisons 
were vital to understanding model uncertainty, and hence addressing Task 6 of the Committee’s 
Statement of Work. Their opposing view and analysis are contained in Appendix D.  

 

Model Predictions at Field Scale 

The values of d50 predicted by SINTEF’s model, RPS ASA’s13 model, VDROP-J, and Paris et al. 
(2012) models when applied to the DWH spill are shown in Table 2.1. The most relevant row is 
the 1:250 DOR that corresponds to the average dispersant injected during this time period 
(Spaulding et al, 2017). VDROP-J and SINTEF calculate a droplet size of 1.3 to 1.8 mm. Gros et 
al. (2017) show that droplets of this size can reasonably replicate the observations. The droplet 
sizes produced by the Paris et al. (2012) model are substantially smaller. 

For RPS ASA’s model, two columns are shown. The first from Spaulding et al. (2017) shows 
two d50s corresponding to the two peaks assumed in their DSD. Spaulding et al. suggest the oil 
was only partially treated by dispersant based on video taken at the well head which shows bands 

                                                            
13 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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Table 2.1 The d50 predicted by four models (SINTEF’s model; RPS ASA’s model; VDROP-J; and the Paris et al., 
2012 model) for both untreated and oil treated with 1:250 and 1:100 DOR in a scenario that simulates the DWH 
spill.  

DOR SINTEF’s 
modela (um) 

RPS ASA’s 
modelb 

partially mixed 
(um) 

RPS ASA’s 
modelc 

Fully mixed 
(um) 

VDROP-Jd 
(um) 

Paris et al., 
2012 (um) 

0 5,800 2,600 10,200 4,200 190 

1:250 1,800 100/2,600 3,400 1,300 70 

1:100 530 200/2,600 740 140 10 
NOTES: 
a Calculated using ρo=707kg/m3, µ=0.74cp, GOR=0.41 at seabed, σ=24.5 cp (DOR=0), σ=4.54 mN/m (1:250), 
σ=0.24 mN/m (1:100). For diameters > the stable droplet size, sets d95 = max stable droplet size. 
b These are approximate peaks taken from Fig 9 of Spaulding et al. (2017). The 1:250 DOR case in the table comes 
from their “Best Estimate” while the 1:100 comes from their “high dispersant” case. The dual peaks in the DSD 
arise because they have assumed only partial mixing of the dispersant. See further discussion in the text.  
c These are estimates assuming the dispersant is 100% mixed and uses oil characteristics at the surface as per Li et 
al. (2017). ρo=862 kg/m3, µ=0.74 cp, GOR=0.4 at seabed, σ=24.5 mN/m (DOR=0), σ=4.54 mN/m (1:250), σ=0.24 
mN/m (1:100). 
d From Gros et al. (2017). 

 

of whitish and darkish oil suggesting some oil was dispersed and some was not. Their dual-
peaked DSD model reasonably reproduces the subsurface observations during the periods 
examined but they did not look at the surfacing times estimated by Ryerson et al. (2012). Further 
work done by Socolofsky and Gros (Appendix E) compares the dual-peaked DSD to the dataset 
assembled by Gros et al. (2017) and shows that it does not fit observations nearly as well as the 
single-peaked distribution from the VDROP-J or SINTEF models.  

Table 2.1 also includes a column showing the droplet size predicted by RPS ASA’s model 
assuming 100% mixing of the dispersant (fully-mixed). In general, these numbers are within 
about 2x of SINTEF’s model numbers and VDROP-J numbers. 

 

Nearfield Plume Dynamics 

Gas bubbles and oil droplets released from a blowout create a buoyant, multiphase plume. The 
plume entrains ambient seawater, elevating it within the water column. As the plume rises, the 
gas bubbles and smaller molecules of the oil droplets dissolve into the entrained seawater. This 
decreases plume buoyancy, and reduces bubble and droplet diameters, thereby affecting their rise 
velocity, and the concentration of dissolved hydrocarbons in the plume. Eventually, ambient 
density stratification and currents cause the entrained seawater to detrain from the plume, 
forming lateral intrusion layers of enhanced hydrocarbon content, as were observed more than 
100 km downstream of the DWH blowout (Kessler et al., 2011, Du and Kessler, 2012). The 
plume width and intrusion layer thickness span scales up to a few hundred meters (Figure 2.3), 
much smaller than the resolution of ocean circulation models; hence, these features are simulated 
using sub-models, specifically designed to capture fine-scale dynamics. Because of the plume 
effect, droplets rise more rapidly below the intrusion layer than they do above it, where they rise 
as individual droplets. 
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Buoyant multiphase plumes in stratification and crossflow have been studied in the laboratory 
and the DeepSpill field experiment (Johansen et al., 2003). Key parameters include: wr = 
bubble/droplet rise velocity, B = kinematic buoyancy flux of dispersed phase particles, N = 
buoyancy frequency of ambient stratification, and ua = ambient current velocity (Socolofsky and 
Adams 2002, Socolofsky and Adams 2005). (BN)1/4 is a characteristic velocity and B1/4/N3/4 and 
B/wr

3 are characteristic lengths of a multiphase plume (Bombardelli et al. 2007). Combinations 
of these parameters have been used to predict plume characteristics.  

Although self-similarity is not strictly valid for multiphase plumes, integral models based on the 
entrainment hypothesis have been successfully applied to predict multiphase plume dynamics 
(Milgram, 1983). Major blowout simulation models are DeepBlow (Johansen, 2003), the 
Clarkson Deep Oil and Gas (CDOG) model (Zheng and Yapa, 2002), and the Texas A&M 
modeling system (TAMOC; Dissanayake et al., 2018). These models have been carefully 
validated and can simulate some fate processes. Disadvantages are that they cannot resolve 
unsteady flow features or the complex processes of detrainment, intrusion formation, and weak 
plume dynamics above the detrainment point. 

Recently, large-eddy simulation models have been developed to treat complex oil and/or gas 
plumes in stably stratified conditions (Fabregat et al., 2015; Fabregat et al., 2016; Fraga et al., 
2016; Yang et al. 2016). These models do not rely on self-similarity. Instead, they are fully 3-
dimensional and are able to directly resolve large- and intermediate-scale turbulent motions, 
relying on turbulence closure models for the effects of subgrid-scale (SGS) features. Yang et al. 
(2016) used their large-eddy simulationmodel to assess the flux parameterizations typically used 
in integral plume models, and proposed a new continuous peeling model for double-plume 
integral models with a more self-consistent performance than previous models. 

 

Intrusion Layer Formation 

The previous discussion described nearfield plume dynamics, showing how buoyant oil and gas, 
released at the bottom of a stratified ocean, can become trapped in layers, centered on the level 
of neutral buoyancy of the entrained seawater. It is of interest to know whether oil droplets also 
become trapped. Experimental studies suggest the classification shown in Figure 2.12 (Chan et 
al., 2014), indicating that, as the characteristic velocity UN = wr/(BN)1/4 decreases, droplets 
become more effective in pumping ambient water upward to one or more intrusion layers, and 
there is greater tendency for droplets to detrain and enter the intrusion themselves. Chan et al., 
(2014) found a threshold value of UN = 0.2 to 0.4 below which droplets intrude. They also 
derived theoretically and confirmed experimentally a relationship for the distance σr that a 
droplet travels within the first intrusion layer before escaping, given by 

. (1) 

Additional experiments have been conducted to establish similar threshold values of UN and 
lateral transport distances for oil discharging into a mild current (Wang and Adams, 2016). 

 

  σ r =
0.9− 0.38 UN( )0.24

π
B3/8

N 5/8wr
1/2
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Figure 2.12 Plume classification scheme proposed by Chan et al. (2015). SOURCE: Chan et al. (2015). 

 

Using Eq. (1) for an oil with density of 0.85 g/cm3: 

• droplets with a diameter of 2-20 mm, typical of those expected for untreated oil at DWH 
(Testa et al., 2015), would have been transported 50-100 m radially within the intrusion 
layer;  

• droplets with a diameter of 0.2 to 2 mm, typical of those for dispersant treated oil not 
experiencing any tip-streaming breakup (Zhao et al., 2015), would have travelled 100-
500 m laterally; and  

• droplets with a diameter of 0.02 to 0.2 mm, typical of those expected at DWH for 
dispersant treated oil experiencing significant tip streaming, or from rapid pressure drops 
following release could theoretically have been transported 3-20 km before rising out of 
the intrusion layer.  

These transport distances are in general agreement with predictions for similar droplet sizes in 
farfield transport models (Paris et al., 2012; North et al., 2015). 

In an ambient current the rising plume is pushed downstream and forms an intrusion layer 
composed of a pair of counter-rotating vortices (Socolofsky and Adams, 2002; Murphy et al., 
2016). Droplets and bubbles rise out of the intrusion in accordance with their size. The intrusion 
thickness also reflects the droplet size with larger droplets producing a thicker intrusion due to 
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their faster rise velocity (Murphy et al., 2016). Models are available to treat plumes in both 
quiescent and flowing environmental, e.g., Dissanayake et al. (2018). 

 

Surface Transport 

Oil Dispersion  

The formation of oil droplets in water is commonly referred to as “dispersion” in the oil 
literature, and is distinct from the traditional definition of dispersion in fluid mechanics 
introduced by Taylor (1953) which means the spreading of solute in a solvent due to the spatial 
variation of velocity. Oil dispersion forms as a result of “destructive” forces due to water 
hydrodynamics (e.g., turbulence) and “resisting” forces due to oil-water IFT and the oil viscosity 
(Hinze, 1955; Grace, 1982).  

 

Models of Droplet Breakup Under Surface Slicks  

Oil that is spilled on the surface is also subject to dispersion caused by breaking waves. This 
occurs naturally, but can be enhanced by surface application of dispersants. The dispersion 
causes the oil to break into small droplets, which can be entrained below the surface by waves, 
turbulence, and Langmuir circulation. Their depth and persistence of the dispersion in the water 
column depends on droplet size, where smaller droplets are less buoyant and tend to entrain 
deeper into the water column and persist there longer. Droplets smaller than 70 microns have 
been observed to remain permanently suspended in the water column (Lunel, Swannell et al. 
1995). 

Until recently, most models of surface oil dispersion have relied on the study by Delvigne and 
Sweeney (DS model;1988), which was summarized in the NRC (2005) study. In the DS model, 
the number of oil droplets for each size is a power law of that size, namely:  

N ~ d-a  (2) 

where “a” is a constant around 2.3. The Committee notes that Eqn (2) describes a DSD based on 
the number of droplets, rather than mass, as described earlier in connection with sub surface 
droplet size distributions. The simplicity of Eq. (2) and the fact that the model provides a way for 
entraining droplets into the water column, has contributed to the popularity of the DS model. A 
group of researchers at the Department of Fisheries and Oceans Canada reported a series of 
dispersion experiments in the wave tank at the Bedford Institute of Oceanography (Li et al., 
2008; 2009; 2010). They found the total oil concentration to be related to the energy dissipation 
rate through the equations c ~ ε0.32 and c ~ ε0.43 for oils without and with dispersant, respectively. 
They observed the droplet size mass distribution to be lognormal in the absence of dispersant and 
bimodal when dispersants were used. In the latter case, they found one peak to be below 10 
microns and another at 100 microns or larger, depending on the oil and mixing energy. Attempts 
at modeling the DSD of the DFO data were conducted by Boufadel et al. (2008) and Chen et al. 
(2009). Zhao et al. (2014) used the VDROP model to predict the DSD under hypothetical 
breaking waves at sea. They accounted indirectly for the entrainment by removing droplets 
smaller than 100 µm from the slick. However, the approach is very demanding computationally 
and requires detailed data for calibration, which are not available for different wave 
configurations. 
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A limitation of the DS model is that, while it accounts for viscosity, it does not consider IFT. 
Indeed the range of IFT used by DS was narrow—from 18 to 30 mN/m, which is representative 
of untreated oil but not chemically dispersed oil. More recently, Zeinstra-Helfrich et al. (2017) 
revisited the DS equations, introduced the impact of IFT, and proposed a dispersibility factor to 
determine when dispersants should be used. Their approach assumes that the DSD follows a 
lognormal mass distribution, which agrees with observations in the absence of dispersant.  

Johansen et al. (2015) developed a semi-empirical model for oil DSD generated by single 
breaking wave events based on the theoretical framework of the Weber and viscosity numbers 
(Hinze, 1955; Calabrese et al., 1986) adopted in Johansen et al. (2013) for jets. The model has 
several improvements over that of Delvigne and Sweeney (1988). In particular the roles of both 
IFT and viscosity are physically represented, and the results are expressed in dimensionless 
form. In addition, the underlying lab experiments were shown to support a log-normal 
relationship for DSD. Like Johansen et al. (2013), the model expresses droplet diameter, in this 
case normalized by the slick thickness, as a function of two non-dimensional groups: We and the 
Reynolds number (Re). The velocity in the two numbers is given by U = sqrt(gH) where H is the 
wave height. . An experimental, full-scale oil spill, conducted offshore Norway in July 1982, was 
used to validate the model. However, the range of independent variables that were varied in the 
laboratory was limited, making it tenuous to extrapolate the predictions to the field.  

RPS ASA’s model used a similar approach as Johansen et al. (2015) to derive a generalized 
droplet model that would apply to natural dispersion at the surface as well as the previously 
described dynamic breakup due to a deep water14 blowout. Their formulation relates normalized 
droplet size to We and Oh, and was calibrated to droplet data collected in a wave tank for a broad 
range of viscosity and IFT (they used various DORs for the latter). Noting that Li’s Oh can be 
related to Johansen’s Re and Vi, both models can express normalized droplet size as a function 
of two dimensionless variables, say We and Re. 

As with subsurface droplets treated with dispersants (discussed earlier), surface oil treated with 
dispersants can break down into micron (and smaller) sized droplets due to tip-streaming. In this 
process, dispersant migrates on the oil droplets to form a cone where the oil and dispersant leave 
the droplets forming micro-droplets (Gopalan and Katz, 2010; Tseng and Prosperetti, 2015). The 
presence of micro-droplets has been inferred by Zhao et al. (2017). However, turbulence based 
models, such as presented by Johansen et al. (2013), Zhao et al. (2014), and Li et al. (ASA, 2017, 
MPB) cannot predict micro-droplets. This fact was noted by Zhao et al. (2017) and they 
proposed for this purpose a formulation for predicting tip streaming based on the surfactant 
concentration and the droplet Reynolds number. Due to their small size, the microdroplets are 
likely to be volatilized and thus have potential adverse implications on air quality (Sampath, 
Afshar-Mohajer et al., 2017). 

The spreading of oil on calm seas has been well predicted by the works of Fay (1969) and Hoult 
(1972), who used dimensional analysis to obtain order-of-magnitude type equations. At first, the 
oil spread due to gravity because oil rises to the top of the water surface and then it spreads 
because of the IFT between oil and water. They also argued that in the initial phase, spreading is 
impeded by inertia of the water, with water viscosity becoming the main resisting force after the 

                                                            
14 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 approximately 500 meters or greater.  
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initial phase. Their approach forms the basis of most oil spill models. However, the assumption 
of an infinitesimally thick oil slick floating on a stagnant water column does not apply well at sea 
due to the presence of wind, currents, and waves. For example, Lehr et al. (1984) conducted 
experiments and provided a model favoring the elongation of the oil with the direction of the 
wind. This results in a spill shaped as an ellipse with the long axis aligned with the wind 
direction. 

The traditional approach for modeling an oil spill on the water surface assumes that the slick 
consists of many Lagrangian elements (sometimes called spillets) with each getting displaced by 
advection (due to currents), Stokes drift of waves (in the propagation sense of waves), wind 
(fraction of the wind speed), and turbulence (MacFadyen et al., 2011; Boufadel et al., 2014). The 
propagation speed of oil due to wind is typically taken as a fraction of the wind speed (obtained 
at 10 m above the water), and the fraction varies between 1% and 6% (ASCE Task Committee, 
1996). Although the Stokes drift depends on wave properties, it is also taken for simplicity as a 
fraction of the wind speed, typically a few percent. The spread of oil spillets on the water surface 
is assumed to occur by diffusion; typically using a random walk process with a select turbulent 
diffusion coefficient. For the DWH, the coefficient was taken to be approximately 10 m2/s in 
various studies (Barker, 2011; Boufadel et al., 2014).  

These approaches are expedient but could fail in some cases. In particular, they do not account 
for convergence of ocean currents as revealed by D’Asaro et al. (2018), whereby drifters initially 
separated by ten kilometers converge within hours to within 10 meters from each other. In 
addition, they do not account for the formation of windrows due to Langmuir cells (Langmuir, 
1938; Leibovich, 1980; Golshan et al., 2017). 

 

Entrainment  

The vertical transport of oil droplets due to waves was first investigated experimentally and 
numerically (using an Eulerian approach) by (Elliott et al., 1986) who noted also the formation 
of a comet shape oil plume. They also reported the relative absence of oil droplets smaller than 
70 µm from the surface layer. Various investigators found that “particles” released at the water 
surface tend to propagate downward. However, the downward migration is usually much slower 
than the horizontal one. For example, a field study by (French-McCay et al., 2008) found that the 
vertical diffusion coefficient is around 10 cm2/s while the horizontal diffusion coefficient is on 
the order of m2/s. Attempts to understand the downward movement were conducted by Boufadel 
et al. (Boufadel et al., 2006; Boufadel et al., 2007), who surmised that it is due to the orbital 
motion of waves combined with turbulent diffusion. They assumed second-order regular waves, 
and investigated the impact of buoyancy and vertical diffusion on the migration of oil droplets 
released at the water surface. They noted that after an hour, the centroid of plumes of droplets of 
a given size stabilized at a depth directly related to the buoyancy (the larger the buoyancy, the 
smaller the depth). The exception was for the neutrally buoyant droplets that continued to 
propagate downward. A recent work by (Geng et al., 2016) extended the work to irregular waves 
(Kitaigordskii et al., 1983) and found similar general conclusions. 

Existing approaches for the displacement of oil droplets tend to either ignore the vertical profile 
of the vertical eddy diffusivity or neglect it during simulations. The eddy diffusivity is expected 
to be small at the water surface, increase with depth until reaching a maximum, and subsequently 
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decrease slowly with depth. However, most studies assume a uniform eddy viscosity with depth, 
which is contrary to the physics (Townsend, 1980; Marusic et al., 2013; Boufadel et al., 2018). 
Studies by Visser(e.g., Visser 1997) demonstrated that neglecting the viscosity gradient would 
erroneously accumulate particles at the water surface, a finding that was confirmed recently by 
Boufadel et al. (2018). A recent numerical study using a Reynolds Average Navier Stokes 
(RANS) model predicted that oil droplets tend to persist longer in the high viscosity region 
(Golshan et al., 2018).  

Existing approaches that rely on random walk for displacing oil droplets have come under 
scrutiny through a series of theoretical works (Eames, 2008; Santamaria et al., 2013) due to the 
neglect of the droplet inertia. These works did not account for turbulence but demonstrated that 
using the standard particle tracking approach would underestimate the rise rate of oil droplets 
due to the droplet inertia. In the presence of turbulence, studies found that droplets can rise three 
times faster than at the speed given by Stokes law (in quiescent water)(Friedman and Katz, 
2002), which is through a mechanism known as trajectory biasing. However, this seems to apply 
to droplets that are larger than 500 µm.  

 

Transport in the Water Column  

Effect of Oil Droplet and Gas Bubble (Impact of Shapes)  

With regards to blowouts, the above discussion has addressed the formation of oil droplets and 
gas bubbles, and how these buoyant fluids interact in the nearfield with local ocean currents and 
stratification to form a plume and intrusion layers. In the farfield, mixing of oil droplets and 
dissolved hydrocarbons is considered passive, and Lagrangian stochastic models can be used to 
simulate subsequent fate and transport (Paris et al., 2012; North et al., 2015), especially when 
focus is on the large scale. 

The locations, flow rates, and composition of oil droplets leaving the intrusion layers become 
initial conditions for the farfield transport models. These inputs can be obtained from integral or 
large-eddy simulation models of the nearfield, as discussed previously, or from correlation 
equations, as reported in Socolofsky, Adams et al. (2011). In the Lagrangian stochastic models, 
particles sizes are typically selected from the DSD at the end of the nearfield, either by binning 
the data (North et al., 2015) or by a random number generator matched to the DSD probability 
function (Paris et al., 2012).  

The boundary conditions specifying the three-dimensional flow field come from ocean 
circulation models. Currently, the coupling between the nearfield plume and ocean circulation 
models is only in one direction (i.e., the nearfield model depends on the farfield flow field but 
not the reverse). This one-way coupling is also true between the farfield tracking and ocean 
circulation models. Since the nearfield plume induces a significant vertical velocity and the 
intrusion layer can generate a large flow rate (about 1,000 m3/s for the primary intrusion during 
DWH), two-way coupling may be important between the buoyancy-dominated near- and 
intermediate-field (region of the intrusion formation) and the ocean circulation. For the DWH oil 
spill, the primary intrusion was at approximately 350m above the source, but the elevation of the 
intrusion layer is determined by oceanographic conditions and other factors and may vary. 
(Socolofsky et al., 2011) Research groups are actively studying this problem, but to date, no two-
way coupled hindcast simulations for the near- and farfield of the DWH spill have been reported.  
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For a Lagrangian stochastic models, oil is typically represented by numerical particles, or 
Lagrangian elements, that are advected by mean ocean currents and droplet rise velocity, 
diffused by ambient turbulence, and transformed by a host of physical, chemical and biological 
processes, including dissolution, biodegradation, sediment particle interactions, etc. While oil 
transformations are important for determining oil fate, we focus here on transport and mixing. 

Typically, ocean circulation models, such as SABGOM (South Atlantic Bight—Gulf of Mexico 
model, and HYCOM (Hybrid Coordinate Ocean Model), are used to provide detailed velocity 
fields. Transport models such as LTRANS (Lagrangian Transport model, North et al., 2015, used 
with SABGOM), and CMS (Connectivity Modeling System, Paris et al., 2012, used with 
HYCOM), then calculate oil transport based on local currents interpolated from the gridded 
circulation model velocities. Alternatively circulation and transport can be calculated in an 
integrated model such as GNOME (General NOAA Operational Modelling Environment, 
MacFaden et al., 2011). Circulation models generate three-dimensional flow fields over complex 
bathymetry, often using nested domains that provide added resolution in critical areas, and may 
respond to tides, wind, air/sea fluxes, density variations, and Earth’s rotation (Coriolis force), 
among others. Many ocean circulation models also rely on data assimilation (i.e., periodic 
updating of predictions using measurements, such as water levels from satellites) to keep model 
predictions on track.  

The rise velocity of droplets is added to the advection from the ocean currents. Because smaller 
droplets rise more slowly than larger droplets, horizontal ocean currents stretch the spatial 
distribution of droplets in the horizontal dimension as they rise through the water column. The 
smallest droplets surface farthest from the source. Mitigation measures to reduce droplet size 
(e.g., subsurface dispersant injection) or more energetic break-up regimes can cause the surface 
expression of the oil to move downstream relative to the unmitigated case (Socolofsky, Adams et 
al., 2015). 

The total rise time of droplets and bubbles is the sum of the time spent in the buoyant plume plus 
the time it takes the individual droplet to rise the remaining distance to the surface. In deep 
water, the buoyant plume will be a few hundred meters above the source and take only about 30 
min to transit regardless of droplet and bubble size. In contrast it can take several hours to many 
days for individual oil droplets to rise the remaining distance, depending on their size and 
density. Thus, accurately estimating the vertical velocity of individual droplets and bubbles is an 
important factor in modeling blow-out and pipeline leaks in deep water.  

A commonly used algorithm for calculating the rise velocity is based on the generalized Stokes’ 
law to include situations where the flow around the droplet is turbulent. The first application of 
this approach in the oil spill literature was done by (Zhao, Boufadel et al. 2014). The rise 
velocity depends also on the shape of the droplets and bubbles, and the algorithm are more 
elaborate (Zheng and Yapa, 2000; Zhao, Boufadel et al., 2016). 

Several factors can further affect the rise velocity though they are still not routinely accounted 
for by most integrated spill models. The most well-established of these arises from the formation 
of a hydrate skin on the surface of a gas bubble formed in deep water as documented by Rehder 
et al. (2009) and Chen et al. (2014). This hydrate skin serves to stiffen the droplet surface and 
alter the drag calculated by the modified Stoke’s law. Gros et al. (2017) account for this effect in 
a far-field transport model. The second factor that may affect rise velocity is the presence of 
saturated gas in oil droplets released in deep water as described by Pesch et al. (2017). As 
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mentioned earlier in this chapter, “live-oil” contains liquid oil saturated with gas (primarily 
methane). As live oil droplets rise through the water column, the pressure decreases and the 
temperature increases. As a result the gas comes out of solution and may form bubbles which 
cling to the rising oil droplets. Pesch et al. (2017) label this as “internal de-gassing” and 
performed laboratory experiments and independent calculations, which support their hypothesis. 
However, in order for this to occur, in a DWH-like scenario, the rate of droplet ascent (implied 
by the rate of de-pressurization) would have to be quite high such that the gas formed bubbles 
before they could diffuse; evidence from the DWH suggests that most of the gas entered the 
intrusion as dissolved phase, rather than ascending to the surface as bubbles. While 
measurements to date suggest little impact above the intrusion layer, the impact below the 
intrusion layer remains uncertain. 

Far field tracking models generally treat horizontal and vertical turbulent mixing using random 
walk (or similar) algorithms, as in North, Adams et al. (2015), Paris, Hénaff et al. (2012), and 
MacFayden et al., 2011). One way to obtain diffusivities used in these models is from the 
horizontal and vertical turbulent diffusivities computed in the ocean circulation models. 
However, this presumes that diffusion is a Fickian process, and the computed diffusivities may 
be artificially high in order to keep the circulation model stable. Another approach is to estimate 
diffusivities directly from field measurements of an introduced tracer. For example Ledwell, He 
et al. (2016) measured concentrations of SF5CF3 introduced near the DWH site. In analyzing data 
from such experiments, horizontal ocean currents are usually assumed to be spatially uniform, in 
which case the unresolved spatial variability is manifest as a scale-dependent diffusivity (i.e., one 
that depends on the size of the tracer). Strongly variable currents can spread the tracer widely, 
and while the horizontal spreading of the tracer can be represented by a large diffusivity, details 
of the concentration distribution will be lost. A different approach was used by Wang, DiMarco 
et al. (2016) who studied vertical mixing near the DWH site using a microstructure profiler to 
determine small scale turbulent properties. Vertical mixing, in particular, has been found to be 
spatially variable (e.g., diffusivities in the thermocline are several orders of magnitude smaller 
than those near the surface or in the deeper abyssal waters). 

In addition to contributing to droplet diffusion, turbulence can also alter droplet rise velocity, 
dependent on the mass of the oil droplets (Maxey and Riley 1983)—very small droplets usually 
move with the flow and large droplets tend to withstand turbulent fluctuations impacting them. A 
range of droplet sizes could be impacted by turbulence through two mechanisms, which both 
depend on the density and size of droplets with respect to turbulence intensity. The first 
mechanism is trajectory biasing, in which droplets tend to avoid intense vortices and thus could 
migrate through them causing the droplets to rise faster than their rise rate under quiescent 
conditions. This was observed by Friedman and Katz (2002). The second is vortex trapping, 
where a droplet in an eddy will tend to be displaced to its center due to inertia because the 
droplet is lighter than the water in the eddy (this is the converse of a centrifuge, which pushes 
particles heavier than water to the outer edge). Comparing field measurements of turbulent 
velocities with droplet rise velocities, Wang, DiMarco et al. (2016) concluded that droplets larger 
than 0.4 mm (rise velocity 6 mm/s) were unlikely to be significantly affected by turbulence, 
while those smaller than 0.04 mm (rise velocity 0.1 mm/s) were expected to become so 
entangled with turbulence that they might be permanently trapped below the surface.  
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FINDINGS AND RECOMMENDATIONS 

Finding: Models and experiments using oil jets discharged to seawater consistently demonstrate 
that when dispersant is applied to oil releases deep beneath the water surface it can dramatically 
reduce (5-10x) the droplet size. The interplay of SSDI and other processes—such as the role of 
natural gas, and the flow field and pressure drop upstream of the release point—may be 
important, but are not completely understood or represented in existing models. 

Finding: Droplet size is a major factor determining the fate and transport of oil spilled at depth. 
Both natural processes and the application of sub-surface dispersants affect droplet size 
distributions, in varying degrees. Small droplets take longer to rise to the surface and 
microdroplets may remain suspended in the water column. When oil droplets take longer to rise 
to the surface, processes such as dissolution and biodegradation have more time to alter the 
chemical composition of the oil that surfaces, reducing the transfer of volatile organic 
compounds to the atmosphere.  

Finding: Existing droplet models have been compared to varying degrees with laboratory studies 
and the DeepSpill field experiment. The models have also been used to predict droplet sizes at 
DWH-scales where they generally show a variation of about 2x. Further modeling uncertainty 
derives from our lack of understanding of such processes as tip streaming, pressure gradients, 
and out-gassing.  

Recommendation: Additional observations of droplet formation are needed as close to field 
scale as possible. An extensive, dedicated field study would be highly desirable, but should cost 
and permitting prove prohibitive, a spill of opportunity should be considered. Field experiments 
will be inherently restricted in the phenomena that can be studied because of logistical challenges 
and open boundaries. They will also face legal and regulatory challenges. 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.  

Recommendation: Droplet models should be extended to further include large pressure 
gradients, the role of gas, and tip streaming  

Recommendation: In the event of another subsea release, droplet size near the source should be 
measured, as the technology is now available.  

Finding: Photochemical oxidation of oil may occur quickly (hours to days) potentially reducing 
the time window during which surface dispersant use is most effective.  

Recommendation: Photochemical oxidation of oil will vary at different locations and at 
different times of the year. The importance of this process therefore needs to be examined for 
individual oil spill scenarios, oil types, and slick characteristics so that it may be considered for 
incorporation into oil spill response strategies. 

Finding: The use of surface dispersants may enhance the formation of oil-containing marine 
snow leading to enhanced transport of oil to the deep sea. 

Recommendation: End-to-end oil spill trajectory and fate models should simulate the 
sedimentation of oil spill residues with the inclusion of validated oil-containing marine snow 
formation mechanisms.  

Finding: Oil transport on the water surface is different from that of neutrally buoyant material, 
as oil can gather in convergence zones and/or move relative to the water surface.  
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Recommendation: Oil spill models should account for sharp vertical and horizontal variations 
in oil transport. 

Finding: The use of SSDI in a blowout hinges in-part on whether it would reduce VOCs and 
enhance the safety of local response personnel. Depending on the exact scenario, SSDI can be 
effective at reducing VOC concentrations above the well-head, although the specific details of 
atmospheric VOC dynamics remain uncertain.  

Recommendation: A model hindcast should be performed of the VOCs generated around the 
Macondo Well in order to better validate available models and to better understand the various 
processes affecting VOC concentrations.  

Finding: Biodegradation is a key factor potentially impacted by dispersant application, both 
directly and indirectly.  

Recommendation: Studies are needed to quantify the early stages of bacterial community 
response and development that precede rapid biodegradation, and to further test the hypothesis 
that small droplets facilitate biodegradation through increasing the surface area to volume ratio. 
The interactions of bacteria, photooxidation, emulsions and dispersant efficacy should also be 
explored to understand the overall influence of dispersant use on biodegradation of oil. 

Finding: The occurrence of natural gas in an oil well blowout can strongly impact discharge 
velocity and droplet size distribution, and therefore environmental partitioning of discharge and 
associated weathering processes.  

Recommendation: Additional modelling and experimental studies are needed at large scales and 
at high pressures to better define natural gas’ impacts on subsea discharge and transport and fate 
processes.  

Finding: The dissolution of surfactants from oil droplets occurs during buoyant rise associated 
with SSDI. However, different components of the dispersant formulation may dissolve at 
different rates, leading to molecular fractionation. 

Recommendation: Industry or regulatory agencies should sponsor a study to determine how 
dissolution and molecular fractionation of dispersant may affect the behavior of oil at the surface 
following SSDI, particularly with respect to any impacts to the effectiveness of other response 
options.  
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CHAPTER 3 

AQUATIC TOXICOLOGY AND BIOLOGICAL 
EFFECTS  

 

INTRODUCTION 

Difficult and time-sensitive decisions are made during an oil spill response to mitigate the 
environmental impacts of the spill. Under the appropriate conditions, these decisions may 
involve the use of dispersant, with a recognition that there are trade-offs associated with this and 
other response actions (see Chapters 5 and 6). Appropriate response decisions and trade-off 
evaluations require the inclusion of sound scientific information. In particular, assessing the 
ecological and toxicological consequences of dispersant use relies in part on findings from 
laboratory studies. Since the publication in 2005 of the National Research Council (NRC) study 
Oil Spill Dispersants: Efficacy and Effects (NRC, 2005), more than 100 research papers and 
reviews have been published specifically addressing topics of the toxicity of oil, dispersants, and 
dispersed oil mixtures to various biota. Much of the increase in research activity was driven by 
the requirements of the Natural Resources Damage Assessment (NRDA) and related research in 
the wake of the Deepwater Horizon (DWH) oil spill (Jones, 2010; Deepwater Horizon Natural 
Resource Damage Assessment Trustees, 2016). The large volumes of dispersants used during 
this spill, particularly at depth (~1,500 m), has given rise to a number of renewed questions 
regarding the toxicity of untreated oil, dispersants, and, dispersed oil mixtures (Kujawinski et al., 
2011; Deepwater Horizon Natural Resource Damage Assessment Trustees, 2016). One of the 
key questions to be resolved is the potential for enhanced bioavailability and toxicity of oil when 
dispersants are used balanced against a reduction of potential exposure to surface oil. The proper 
design of tests that address this question directly, and the use of a correct dose metric for 
mixtures of oil components that exert toxicity, are central to a scientifically valid assessment.  

Comparisons of the conditions of various large-scale spills also may lead to varying conclusions 
regarding bioavailability and potential toxicity, especially as it relates to the use of dispersants. 
For example, the chronic release from the former Taylor Energy site at lease block MC-20 and 
the Deepwater Horizon spill represent extremes of acute vs. long-term chronic releases of oil into 
the environment. DWH was a deep release, extending for 87 days and covering a maximum 
surface extent of about 28,200 km2 (MacDonald et al. 2015). The volume release rate was 
>50,000 barrels per day, resulting in contamination of an extensive oil volume extending from 
the surface to 1,500 m. By contrast, the MC-20 release is ongoing since 2004 (Warren et al., 
2014; 15 years at the writing of this document). According to a recent satellite remote sensing 
survey (Sun et al., 2018), the MC-20 release routinely generates a surface slick extending about 
15 km2 (maximum spread of 1,900 km2) from the MC-20 location, with an estimated volume 
discharge of 48-1,700 barrels per day. Both scenarios would seem suited for long-term study of 
exposure toxicity, especially for sessile and demersal animals, but while the toxic effects of 
DWH have been extensively reviewed, there are no such published results for Taylor. 

The case of the DWH oil spill illustrated the complex nature of a prolonged spill event, as well 
as the potential for multiple pathways of exposure of biological resources to toxic oil 
compounds. These key considerations for assessing the toxicity of oil spills in relation to oil and 
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dispersed oil are illustrated in Figure 3.1. Aquatic organisms were potentially exposed to 
physically- and chemically-dispersed oil due to the formation of deep water plumes, surface 
dispersed oil, and from rising and surfaced oil. Wind- and current-driven oil at the surface 
resulted in exposure of biological resources in offshore and coastal surface waters, and 
eventually in estuaries and coastal barrier beaches. A secondary exposure of benthic ecosystems 
may have resulted from the formation of oiled marine snow (see Chapter 2), which eventually 
sank in the region around the well head, carrying with it dispersant residues and weathered oil 
components (Passow et al., 2012; Valentine et al., 2014; Daly et al., 2016). Volatile compounds 
from oil resulted in the elevated concentration of volatile organic compounds near the well head 
where air-breathing species (marine mammals and turtles) and response workers were potentially 
exposed. Adverse effects from oil can result from exposures to dissolved aqueous oil 
components, physical smothering from direct contact, as well as from oil ingestion, inhalation, 
aspiration, and consumption of oiled prey (Box 3.1), but these impacts vary by species, life 
stages, and behavior (e.g., seasonal migrations, benthic feeders).  

This Chapter synthesizes the state of knowledge on the toxicological effects of physically- and 
chemically-dispersed oil, particularly those published since the prior NRC report on dispersants 
(NRC, 2005), and with emphasis on studies emerging post-DWH. While the information 
synthesis presented in this Chapter relies on recent knowledge, it is important to note that: (1) 
continuous deepwater releases such as the DWH oil spill are atypical and not representative of 
most spills; (2) when considering the toxicity associated with dispersant use, the baseline for 
comparison is untreated oil as opposed to a pristine environment; and (3) dispersants are not a 
viable response option for most spills in marine U.S. waters, as the vast majority of surface or 
deepwater oil spills are either too small or too close to shore for dispersant use because of the 
logistical complexity of a dispersant operation and potential harm to coastal resources and 
interactions with people (see Chapters 1 and 6). 

 

 
Figure 3.1 Potential routes of oil exposure resulting from a deep water spill such as DWH. SOURCE: NOAA. 
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Box 3.1 

Routes of Exposure to Oil 

Exposure of aquatic receptors to physically and/or chemically dispersed oil, can occur through each of 
four basic routes, which may have different relative contributions to the overall exposure based on the 
biology of each biological resource:  

Absorption from water- Aquatic organisms may be exposed to oil and oil residues in the water 
column via absorption of bioavailable hydrocarbon compounds directly through their outer membranes, 
skin or respiratory membranes that are exposed to the dissolved concentrations.  

Direct contact- Wildlife found at the air-water interface (e.g. sea turtles, mammals, birds) may come 
into direct dermal contact with oil when swimming, surfacing, or diving through surface oil, which 
would cause their bodies to become coated with oil. Oil on feathers or fur can damage waterproofing 
and insulating characteristics leading to hypothermia and possibly death. Depending on the amount, 
dermal contact with liquid oil can cause effects ranging from relatively innocuous to more severe 
impacts on sensitive tissues, particularly the eyes. 

Inhalation and Aspiration- While inhaling, air-breathing wildlife (e.g. sea turtles, mammals, birds), 
particularly those breathing above the air-water interface, may be exposed to volatile organic 
compounds and potentially to oil droplets aerosolized above surface slicks by breaking waves, wind 
and rain. Cetaceans may also incidentally aspire seawater containing liquid oil into their lungs. Both 
inhalation and aspiration of oil may cause irritation of the respiratory tract, and could serve as a source 
of hydrocarbon compounds in the bloodstream. 

Ingestion- Aquatic organisms may be exposed to oil or oil residues through the ingestion of water, 
sediments, and/or food containing oil or water containing microdroplets of oil. While some oil fractions 
are insoluble in the fluids of the gastrointestinal tract, other more soluble fractions are absorbed and 
transported into the bloodstream. Depending on the amount ingested, oil can cause irritation of the 
gastrointestinal tract. 

 

This Chapter first discusses the aquatic toxicity (absorption), and then the biological effects 
(direct contact, inhalation and aspiration, and ingestion) on exposed organisms. Because of the 
challenges in differentiating the biological effects of an oil spill with and without dispersant use 
under field conditions, the primary focus of this Chapter is on aquatic toxicity as determined 
using laboratory tests. Finally, it provides context of toxicity in relation to observed field 
exposures and discusses potential future advances in the field of oil and dispersed oil toxicity 
testing. This chapter also identifies areas of uncertainty, outstanding questions, and makes 
recommendations for additional studies that could fill critical gaps. 

Despite the existence of recommended toxicity testing protocols developed by the Chemical 
Response to Oil Spills Ecological Effects Research Forum program (CROSERF; Aurand and 
Coelho, 2005), a review of the existing toxicity studies identified a wide variety in the methods 
used, including differences in media preparations, exposure methods, and chemical analyses. As 
a result, there is no straight forward, consistent means of assessing the central question: is 
exposure media containing chemically dispersed oil more toxic than that of physically dispersed 
oil?  

The Committee evaluated two approaches to addressing this question. The first approach is based 
on the results of toxicity tests using the variable loading toxicity test design. As shown below, 
this test design can directly assess the difference in toxicity due to the presence of dispersant. 
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The second approach is based on a combination of experimental data with a controlled design 
and modeling analysis. In particular, models have been developed that can predict the toxicity of 
oil of varying compositions to a wide variety of organisms (e.g., PETROTOX and Oiltox; as 
discussed below). This new capability permits a reassessment of the conclusions drawn from the 
previously available and newly published toxicity data. Finally, recommendations regarding 
research gaps, priorities for additional research and recommended “good practices” for the 
conduct of controlled exposure trials and in situ monitoring are provided. 

The methods the Committee recommends at the end of this Chapter represent a paradigm shift 
away from developing toxicity tests that attempt to reproduce field exposure conditions. Instead, 
on the Committee recommends focusing effort on methods that consistently produce toxicity test 
results required for calibration and validation of toxicity models at environmentally realistic 
concentrations. The toxicity models are then used together with environmental fate models 
discussed in Chapter 2, 6, and 7 to evaluate the exposure and toxicity associated with various 
response options, in particular, the potential costs and benefits of dispersant use. 

 

AQUATIC TOXICOLOGY 

Research on the toxicity of oil and dispersed oil mixtures has used a wide variety of test biota 
(mostly invertebrates and fish) exposed to varying dispersant-to-oil ratios, under varying 
environmental conditions (e.g., laboratory, mesocosm, field), and varying physical conditions 
(e.g., temperature, salinity, etc.). Most of the previous studies have been single-exposure design, 
varying in exposure time and concentrations, measuring lethal and sub-lethal effects over 
experimental periods ranging from hours to weeks. Most often, the observation period has been 
on the order of several days, with the most common being 24, 48, and 96 hour experiments. The 
extrapolation of data from laboratory- or mesocosm-based studies requires calibrating the 
exposure duration and concentrations from these highly controlled studies to the mosaic of 
exposure conditions experienced in actual oil spills. This includes different exposure vectors 
(e.g., exposure to contaminated water, food and sediments). Thus, when interpreting 
environmental impacts from actual spills, the baselines (e.g., background concentrations), 
environmental concentrations, and biodegradation of toxic compounds all are critical elements in 
estimating real-world toxicity.  

A meta-analysis of laboratory studies on the toxicity of dispersants, and studies evaluating both 
the toxicity of physically and chemically dispersed oil was undertaken following the selection 
criteria summarized in Appendix E. This meta-analysis focused on studies published between 
2005 and 2018, with studies published between 2005 and 2012 obtained from an existing data 
repository (NOAA/ERD, 2015; Bejarano et al., 2016). While most of the data included in this 
meta-analysis builds on the wealth of knowledge generated as a result of the DWH oil spill, data 
interpretations should not be taken as a re-evaluation of damages as performed by the spill’s 
Natural Resource Trustees. The primary goal of this evaluation is to address the central question: 
is exposure media containing chemically dispersed oil more toxic than that with physically 
dispersed oil, and to demonstrate challenges in interpreting toxicity data which were previously 
limited (NRC, 1989; NRC, 2005) by the availability of quantitative information.  

Box 3.2 includes definitions of toxicological terms and acronyms used in this chapter. 
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Box 3.2 

Aquatic Toxicology Terms Used in This Chapter 

Exposure Types:  

Acute Toxicity—Acute toxicity to aquatic organisms estimated from relatively short 
exposures, generally ≤96 hours. 

Chronic Toxicity—Chronic toxicity to aquatic organisms estimated from exposures that 
occur over an extended period of time or over a significant fraction of a lifetime (generally 
days to weeks). 

Exposure Regimes:  

Static Exposures (with or without open vessels)—Toxicity tests where aquatic species are 
exposed to the same media for the test duration (static non-renewal) or to fresh media 
partially or completely renewed at prescribed time intervals (static renewal). Exposure 
concentrations may change during the test due to biological uptake, volatilization, chemical 
degradation, etc. 

Flow-Through Exposures—Tests where aquatic species are exposed to media pumped 
continuously into a dilutor system and then to the test vessels. This exposure regime is used 
to maintain relatively constant concentration throughout the test duration. 

Spiked Exposures—Tests where aquatic species are exposed to concentrations that are 
highest at start of the exposure period, with declining concentrations to non-detectable 
levels after 6–8 hours.  

Oil Phases: 

Dissolved Concentration—The mass of dissolved component per unit volume, as discussed in 
Chapter 2. “Dissolved” is used to distinguish from “total” mass of a component that would 
equal the dissolved + immiscible droplets + components sorbed to particles. It is also referred 
to as “truly” dissolved concentration. 

Microdropletsa—For the purposes of this Chapter, microdroplets are droplets of oil that are 
immiscible in water. They can vary in size from nanometer to millimeter diameters.  

Toxicity Endpoints: 

LCp—Lethal concentration that causes death to a given percent (p) of the exposed test 
population. The most typically reported endpoint, primarily from acute toxicity tests, is the 
LC50 or the median lethal concentration that causes death to 50% of the exposed organisms 
at a specific exposure duration (i.e., 96 hour LC50). 

ECp—Effect concentration that causes sublethal or lethal effects in a given percent (p) of 
the exposed test population. The typical reported endpoint, primarily from chronic toxicity 
tests, is the EC50 or the median effects concentration that causes an effect to 50% of the 
exposed organisms at a specific exposure duration (i.e., 96 hour EC50). Responses may 
include changes in growth, development, reproduction, biochemistry, physiology and 
behavior. 

Mixing Method: The method employed to prepare an aqueous solution for testing the partially 
miscible oil or dispersant-oil mixture. 
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Water Accommodated Fraction (WAF)—the solution that is decanted from under the 
floating bulk oil after mixing is complete and the oil is allowed to separate. The WAF is  

composed of the aqueous phase, which does not contain microdroplets, and the oil phase, 
which exists as microdroplets. 

LEWAF, MEWAF, HEWAF—WAFs prepared using Low, Medium, or High physical 
energy mixing, respectively of oil and water. Generally, LEWAF is generated with no to 
<10% vortex, MEWAF is generated using a 10-25% vortex, and HEWAF is generated with 
>25% vortex, or prepared in a blender at low speed. 

CEWAF—Chemically Enhanced WAF prepared by gently mixing oil and chemical 
dispersants in water. 

Oil Dosing Method: The method employed to prepare the series of exposure treatments used 
to investigate dose-response and determine toxicity test endpoints. 

Variable Loading—Toxicity tests performed using individually prepared WAFs or 
CEWAFs with an increasing amount of oil added to the aqueous phase. The resulting 
concentration is expressed as oil loadings (mg oil/L water). 

Variable Dilution—Toxicity tests of WAF or CEWAF performed with oil doses derived 
from a dilution series of a stock WAF prepared at a single high oil loading. 

Passive Dosing—Toxicity tests of WAF or CEWAF derived from a separation technique 
that relies on a permeable media (e.g., sand, polymer) to deliver the bioavailable (dissolved) 
hydrocarbons from the oil phase into the aqueous exposure media without the oil droplets 
that results from physical mixing methods. 

Species Evaluation Endpoints: 
 

SSD—Species Sensitivity Distribution. The probability distribution of a toxic effect 
concentration, e.g. LC50s for a specific toxicant across multiple species. The SSD is used 
to quantify the variation in species sensitivity to a particular toxicant at a specific exposure 
duration. 
HC5—The fifth percentile toxicant concentration derived from a SSD. The Hazard 
Concentration 5 percent is the toxicant concentration at which the most sensitive 5 percent 
of the tested species experience the toxic endpoint. The other 95% are not affected 
Acute HC5—The HC5 uses the toxicant’s Acute LC50 as the effect concentration for 
constructing the SSD. Therefore 5% of the tested species have their LC50 at this or lower 
concentrations and 95% of the species have an LC50 greater than the Acute HC5 
Chronic HC5—The chronic HC5 uses species toxicity tests of longer duration than the 
acute exposure, approaching a lifetime or several reproduction cycles. The endpoints are 
sub-lethal, that consider growth and reproduction, and in some cases other important 
endpoints. 
  

SOURCES: Rand, 1995; Aurand and Coelho, 2005; DWH, 2016. 
 
 
a The Committee recognizes that microdroplets may be defined differently for other purposes. Elsewhere 
in this report, the Committee loosely refers to microdroplets as droplets smaller than approximately 70 
microns (see Chapter 2 for more information on droplet sizes). The definition provided here is for the 
purpose of this Chapter. 
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Figure 3.2 Acute HC5 concentrations and confidence limits for nine dispersants. SOURCE: Data from Table 1 in 
Bejarano (2018).  

 

Toxicity of Dispersants in Aquatic Exposures 

For as long as dispersants have been used, the toxicity of dispersants and dispersed oil has been 
the topic of controversy (NRC, 1989; NRC, 2005). Dispersant formulations have evolved over 
the last decades and the current generation of commercially available dispersants (e.g., Corexit® 
9500, Finasol OSR52, and Dasic Slickgone) contain less harmful chemical constituents than 
older dispersants (NRC, 1989; NRC, 2005). Modern formulations contain nonaromatic 
hydrocarbons or water-miscible solvents (e.g., ethylene glycol or glycol ethers) and non-ionic 
and/or anionic surfactants. Changes in dispersant formulations aimed at reducing toxicity warrant 
a brief overview of dispersant-only toxicity data. Such data are used for regulatory approvals to 
allow dispersant use and for evaluating the toxicity of oil-dispersant mixtures since the toxicity 
of dispersant alone must be considered. 

With the exception of some of the data collected by CROSERF, most dispersant-only toxicity 
data generated since 2005 used constant static or static renewal tests. A total of 318 unique 
toxicity records from constant exposure experiments for 68 aquatic species (mostly marine 
species) were generated between 2015 and 2017 for nine dispersant formulations, with data for 
Corexit® 9500 accounting for nearly half of all toxicity data (reviewed in Bejarano, 2018). Early 
life stages, which are generally considered to be the most sensitive, accounted for 43% of all 
records followed by juveniles and adults (30% and 26%, respectively).  

Figure 3.2 is a plot of the acute HC5 concentrations for nine dispersants (Bejarano et al., 2018; 
see Box 3.2 for definitions). The acute HC5s range from approximately 1 to 15 mg/L (ppm). 
While a much larger species diversity has been used in more recent toxicity testing (e.g., Echols 
et al., 2018), the documented HC5 has remained comparable to previously reported data (Barron 
et al., 2013; Bejarano et al., 2016; Bejarano, 2018). These HC5s are generally protective for the 
survival of the most sensitive species (Hemmer et al., 2010; Judson et al., 2010). While most 
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dispersant-only toxicity data are for marine species, freshwater species appear to fall within the 
same range of sensitivity, and thus HC5 may also be protective species in freshwater 
environments (Bejarano, 2018). 

These HC5’s are derived from dispersant specific SSDs which can be examined for the relative 
sensitivity of each aquatic species. For example, it is often assumed that shallow-water corals are 
one of the most sensitive taxonomic groups, but based on limited information for three species, 
their sensitivity fall within the middle to upper portions of the SSDs, and are not grouped 
towards lower percentiles (Bejarano, 2018).  

The data discussed above reflect constant concentration exposures. In some cases, declining 
concentration (spiked-flow through) tests with a half-life of ~2.5 hours have been conducted to 
mimic some field conditions (e.g., Clark et al., 2001; Aurand and Coelho, 2005). Analysis of 
these studies yielded an HC5 for Corexit® 9500 of 65.8 mg/L [95% CI: 29.1-299 mg/L], which is 
16 times larger than the acute HC5 resulting from 96 hr exposure: 4.1 mg/L [95% CI: 2.4-7.1 
mg/L]. Furthermore, based on operational dispersant application rates (at least at the surface), 
dispersant-only concentrations are expected to range for minutes to several hours and between 3 
and 10 mg/L depending on the characteristics of the application (NRC, 2005). These results 
together with previous assessments (NRC, 1989; NRC, 2005) clearly point to the need to focus 
on the hazard posed by physically and chemically dispersed oil, and not on the dispersants 
themselves. The key issue for dispersant use, as was underscored in the previous National 
Research Council dispersant studies (NRC, 1989; NRC, 2005), is whether the toxicity and 
exposure potential of untreated oil is less than or greater than that of dispersed oil under actual 
field conditions and in laboratory toxicity investigations. 
 

Measuring the Toxicity of Oil 

Determining the toxicity of oil from aquatic exposures for both physically and chemically 
dispersed oil is complicated not only by the idiosyncrasies of test conditions used in most studies 
(Aurand and Coelho, 2005; NRC 2005; Coelho et al., 2013; Bejarano et al., 2014; Redman and 
Parkerton, 2015), but also by the complex composition and properties of oil. In particular, the 
following facts need to be considered: 

1. Separation of the aqueous phase from the bulk oil phase is difficult because oil is 
an immiscible liquid. Without a physical separation device such as a dialysis 
membrane only the density differences can be employed to achieve the phase 
separation. 

2. Oil is a mixture of thousands of compounds of widely varying physical and 
chemical properties, and this complexity both within a single oil and especially 
across different types of oils influences the toxicity that results. 

3. Oil is only partially soluble in water. The different compounds dissolve in 
amounts that vary over five orders of magnitude. The actual amounts are 
determined by the component concentrations in the oil. 

4. Determining the dissolved component concentrations in the aqueous phase is 
difficult because of residual small oil microdroplets that remain in the aqueous 
phase due to incomplete separation of the aqueous phase from the bulk oil phase.  

Since the appropriate interpretation of toxicity data hinges on the testing method used, and the 
degree to which these factors have been appropriately addressed, testing protocols will be 
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discussed first. Toxicity testing protocols consist of three main elements: media preparation, 
exposure, and chemical characterization. 

 

Media Preparation 

Preparation of WAFs 

To evaluate the toxicity of a given oil, it is necessary to prepare a test media for the organism 
exposure. The test medium is composed of a mixture of oil and seawater (simply referred to as 
“water” in the following discussion) at a specific concentration of oil, e.g. 100 mg oil/L. Mixing 
is provided for a long enough period of time to attain a reproducible suspension. When oil mixes 
with water, there is a quantity of liquid oil that remains in the aqueous phase after separation. 
This is unavoidable since the oil and water have similar densities and some energy must be 
introduced into the mixture to promote equilibration. Depending on the magnitude of mixing 
energy, the undissolved remaining oil is distributed in a range of oil droplet sizes, from 
millimeter to micrometer diameters. These remaining oil droplets are referred to collectively as 
microdroplets15. After separation, the resulting aqueous phase is referred to as a water 
accommodated fraction or WAF (see Box 3.2). The WAF is a two-phase system: the oil phase 
comprised of microdroplets and the aqueous phase comprised of water and the dissolved oil 
components. 

Because the test media is comprised of two phases (oil and aqueous), both the mixing energy 
used (e.g., low, medium or high) and the method for preparing the concentration series for the 
WAFs to be tested have the potential to influence the presence, concentration, and size of 
microdroplets. These definitions are used in the following section: 

Dissolved Concentrations—the concentration of oil components in only the aqueous phase. 
This has also been referred to as “truly” or “freely” dissolved components. 

Total Concentrations—the sum of the concentration of oil components in the aqueous phase 
and the oil phase. It is the mass of oil contained in the aqueous phase and in the microdroplets 
per unit bulk volume of solution.  

 

Method for Creating a Concentration Series: The Effects of Microdroplets 

There are two different methods that have commonly been used to create exposure treatments for 
toxicity tests: variable loading and variable dilution (NRC 2005). While the pros and cons of 
each of these methods have been extensively discussed (Singer et al., 2000; Singer et al., 2001; 
Barron and Ka’aihue, 2003; Aurand and Coelho, 2005; NRC, 2005; Redman and Parkerton, 
2015), there does not appear to be a consensus among the scientific community on a preferred 
approach. In order to decide which design is preferable, a discussion is presented below that 
evaluates concentrations that result from variable loading and variable dilution experimental 
procedures.  

 

                                                            
15 As explained in Box 3.2 and the corresponding footnote, this definition is for the purposes of this chapter.  
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Figure 3.3 Diagrams of the state of two oil-water systems with different degrees of dispersion and the same oil 
loading. (A and B) the initial state before mixing; (C and D) after mixing has been completed; (E and F) after the 
WAF has been extracted. The top row depicts LEWAF and the bottom row depicts CEWAF. SOURCE: Committee. 

 

Variable Loading 

Variable loading toxicity tests consist of a series of individually prepared solutions at variable 
concentrations of oil (mg Oil/ L water) used to create a series of loadings, for example 100, 50, 
25, …, 0.25 mg Oil/L. The loading level that results in a 50% mortality to the test organisms is 
known as the Lethal Loading 50 (LL50). It is found by fitting a dose response curve to the 
observed morality versus loading. The discussion below focuses on the effect that the presence 
of microdroplets has on the resulting toxicity.  

Consider a comparison of a physically dispersed LEWAF (top row of Figure 3.3) and a 
chemically dispersed CEWAF oil (bottom row of Figure 3.3). The initial state of the bulk oil-
water system is shown in Figure 3.3A and B: oil floating on water. After physical (C) and 
chemical (D) dispersion, oil droplets are formed. Note that the chemically dispersed oil has a 
higher concentration of microdroplets. The aqueous phase is separated resulting in the physically 
(E) and chemically (F) dispersed WAFs (LEWAF and CEWAF, respectively).  

The mass of oil is the same in each vessel (C and D) before the solution is decanted from the 
bulk floating oil. Once the solutions are mixed for a sufficient time to achieve equilibrium, the 
dissolved concentrations of each component is the same in (C) and (D). The reason is that the 
mass of oil is equal in both vessels, and therefore the quantity of material that dissolves into the 
aqueous phase is the same. The critical point is that the state of disaggregation of the oil, i.e. the 
concentration of microdroplets, does not affect the resulting dissolved concentration of oil 
components at equilibrium. It is controlled only by the mass of oil, which is the same in (C) and 
(D).  
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Figure 3.4 Comparisons of 4 oils: Macondo, Weathered Macondo, Macondo Slick A, and Macondo Slick B. 
Weathered Macondo is artificially weathered Macondo, whereas Macondo Slick A and Macondo Slick B are heavily 
weathered samples collected from the field. Three WAF types were generated: Low energy mixing LEWAF, 
chemically enhanced CEWAF and high energy mixing HEWAF. The dissolved concentrations are measured from 
filtered samples. The concentrations are the arithmetic sum of the PAHs. SOURCE: Data from Forth et al. (2017). 

 

  
Figure 3.5 (A) Comparison of the median lethal (LL50) or effects loading concentrations (EL50) for chemically 
dispersed CEWAF to physically dispersed WAF. (B) Ratio of CEWAF to WAF LL50 concentrations versus WAF 
LL50 concentrations. Only data from 1:10 and 1:20 dispersant-to-oil ratio are included. Dashed lines span a factor of 
1/3 to 3 about the solid 1:1 line. Data from Bejarano et al., (2014), and the meta-analysis. Note the scale change on 
the vertical axis between figure (A) and (B). ). SOURCE: Data from Bejarano et al. (2014) and the Committee’s 
meta-analysis (Appendix F). 

 

The WAFs are prepared by decanting the mixture of aqueous phase and microdroplets from the 
bulk oil to create the final LEWAF (E) and CEWAF (F) used for the exposure phase of the 
toxicity test. These two solutions, LEWAF (E) and CEWAF (F), have the same dissolved 
concentrations since a removal of a portion of the oil phase does not affect the equilibrium 
dissolved concentration. However, they have different total concentrations since the 
concentration of microdroplets is larger in the CEWAF. This difference has important 
consequences when the toxicities of these two solutions are compared in order to judge whether 
CEWAFs are more or less toxic than LEWAFs. The equality of dissolved concentrations is 
documented in a recent study by Forth et al. (2017) that compared total PAH dissolved 
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concentrations from filtered samples of LEWAF, CEWAF, and HEWAF (Figure 3.4). The 
remaining differences may be due to the degree to which filtering removes the microdroplets and 
the possibility that filtering alters the dissolved concentrations by sorption to the filter. 

The difference in total concentrations between WAF and CEWAF can be used to test directly 
whether the differing concentrations of microdroplets changes the toxicity of the WAFs. Figure 
3.5 presents the available data from parallel variable loading experiments comparing CEWAFs 
(prepared with Corexit® 9500) to WAFs.  

Figure 3.5A compares the LL50 lethal loading concentrations, the concentration of oil that 
causes 50% mortality for the CEWAF and WAF experiments. Figure 3.5B compares the ratio of 
CEWAF to WAF LL50s. In both cases, the solid line denotes equality of concentrations and the 
dashed lines are a factor of 1/3 and 3 variation. The red points denote experiments in which the 
CEWAF LL50 concentrations are less than the WAF LL50 by a factor of three, indicating that 
the presence of dispersant has increased the toxicity since a lower concentration causes 50% 
mortality. This analysis indicates that at lethal loadings less than approximately 100 mg oil/L the 
addition of Corexit® 9500 does not affect toxicity. This is an important result because field 
measured concentrations during oil spills are typically well below this concentration. In contrast, 
for lethal loadings greater than approximately 100 mg oil/L the CEWAF LL50 is lower than the 
WAF LL50 by at least a factor of three. The difference is due either to the presence of more 
micrdoplets in higher concentrations in the CEWAF relative to WAF, or that the concentration of 
Corexit® 9500 is high enough in the CEWAFs for it to be increasing toxicity. At 100 mg oil/L 
and the highest dispersant-to-oil ratio used in these tests (1:20), the concentration of Corexit® 
9500 would be 20 mg/L, which is above its acute HC5 (4.1 mg/L; Figure 3.2). This suggests that 
at higher loading concentrations Corexit® 9500 could be contributing to the additional toxicity. 
However, a more detailed investigation is required in order to separate these effects more 
reliably.  

The advantage of the variable loading method when creating test solutions is that it provides an 
initial answer to the central question posed in this chapter: is exposure media containing 
chemically dispersed oil more toxic than that of physically dispersed oil? Based on the 
Committee’s current analysis of this limited data, the answer is that at loadings below 
approximately 100 mg oil/L, when the solutions are at equilibrium, the toxicity of the WAF is 
equivalent to the CEWAF. Note that the CEWAF solutions will reach equilibrium faster than 
WAF solutions, due to the larger surface area of smaller microdroplets. However, at equilibrium, 
the addition of dispersant does not appear to increase the toxicity of the oil at loadings below 
approximately 100 mg oil/L. It should be pointed out that this is a first attempt at answering this 
central question with the data that is available and that can can be used to provide an answer that 
is not confounded by other complications. 

 

Variable Dilution  

The majority of toxicity tests conducted since the DWH spill have been performed using variable 
dilution. In this method, rather than preparing individual solutions via variable loading described 
in the previous section, a single stock solution is prepared at a high oil loading, for example 1000 
mg oil/L and a WAF is prepared. This single WAF solution is progressively diluted to create a 
series of different concentrations as depicted in Figure 3.6. The concentration of oil is  
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Figure 3.6 Schematic diagram of the preparation of the variable dilution exposure media. (A) The equilibrated 
initial solution. (B) The 100% WAF which is the stock solution. (C) A 30% dilution. (D) A 10% dilution. . (C) and 
(D) illustrate the situation when a fraction of the WAF has been added to the new test vessels. The dissolved 
(shaded) and microdroplet concentrations have been reduced by the dilution. SOURCE: Committee. 

 

equilibrated (Figure 3.6A) and a series of WAFs is made by serially diluting the aqueous phase 
plus microdroplets (Figure 3.6B, C, D). 

The reason that this method is thought to be attractive is that it is assumed that only the WAF 
produced initially (Figure 3.6B) needs to be chemically analyzed, reducing the costs for 
analytical chemistry. The concentrations of all the dissolved components in the WAFs for the 
subsequent dilutions (Figures 3.6C, D) are estimated by multiplying the measured concentrations 
in the original WAF (Figure 3.6B) by the dilution factor.  

However, when microdroplets are present, they invalidate the assumption that the dissolved 
concentrations can be estimated using the dilution factor (as also discussed in Chapter 2). The 
dissolved concentrations in (A) and (B) are the same since steady state has been achieved and 
separating the WAF from the bulk oil does not disturb the dissolved concentrations. The diluted 
WAFs (C and D) have a smaller microdroplet and dissolved concentrations since new 
uncontamined water is added to (C) and (D). As the system approaches a new equilibrium, the 
dissolved concentrations increase and the component concentrations in the microdroplets 
decrease. The reason is that when the WAF is initially diluted the dissolved concentrations of the 
oil components decrease. This disrupts the equilibrium between the microdroplet oil and aqueous 
phases in (B) which causes an additional dissolution of oil components from the microdroplets to 
the aqueous phase, as also described in Chapter 2. This increases the dissolved concentrations 
and decreases the microdroplet concentration and composition until equilibrium is again 
achieved. As a consequence, the dissolved concentration does not decrease in proportion to the 
dilution. 

As shown subsequently, the difference between the dissolved concentrations estimated by 
dilution and the actual dissolved concentrations can exceed one to two orders of magnitudes 
depending on the concentration of microdroplets in the WAF. As a result, comparing parallel 
variable dilution experiments with or without a dispersant cannot be used to distinguish 
unambiguously the effect of the dispersant. In summary the microdroplets serve as a buffer for 
delivering and maintaining hydrocarbons in the aqueous phase. They are a source of dissolved 
constituents that reach an equilibrium after each dilution. Therefore the dissolved concentrations 
at equilibrium are higher than that expected by the dilution process alone. 
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The problem can be seen in the comparisons made in Figure 3.7. This comparison is analogous 
to that presented in Figure 3.5 where parallel variable loading CEWAFs and LEWAFs test 
results are cross plotted. However, instead of expressing toxicity in terms of lethal loading LL50s, 
lethal concentrations LC50s are adopted as the exposure metric.  

Because there are many individual oil components in the aqueous phase, a “concentration” needs 
to be defined. Two different concentrations are used to quantify the amount of oil components 
present in the WAF or CEWAF. Total petroleum hydrocarbons (TPHs) is the arithmetic sum of 
the concentrations (mg component/L) of either all the hydrocarbon components measured or 
determined analytically as a group. Total polycyclic aromatic hydrocarbons (TPAHs) are 
restricted to the arithmetic sum of only the aromatic hydrocarbons, and in some cases to only 
PAHs with two or more rings. The implicit assumption is that each component is equally toxic 
and that the arithmetic sum is the proper parameter or dose metric that correctly predicts the 
toxicity of the mixture. This is not a valid assumption since the toxicity of the various 
components of oil vary by up to four orders of magnitude. Their toxicity is discussed in more 
detail subsequently in the Section “Toxicity of Mixtures.” 

The top row of Figure 3.7(A, B): compares the data from variable loading experiments where the 
LC50s are either TPH concentrations (A) or TPAH concentrations (B). The bottom row (C, D) 
compares the data from variable dilution experiments where the concentrations are either (C), 
TPH or (D) TPAH. All the concentrations are from unfiltered samples. The solid line is 1:1 and 
the dashed lines are factors of 1/3 to 3 variation. Blue points denote CEWAF LC50 > WAF 
LC50 indicating that WAF is more toxic than CEWAF. Red points denote WAF LC50 > 
CEWAF LC50 indicating that CEWAF is more toxic than WAF.  

For the variable loading experiments (top row), the TPH LC50s (A) scatter about the 1:1 line 
with the WAF is somewhat more toxic than the CEWAF. This appears to contradict the results 
from the variable loading experiments (Figure 3.5) that used lethal loading LLC50s as the dose 
metric. However, depending onthe analytical method used, the TPH measurement may include 
all the oil in the sample, including the residual bulk oil, and therefore be equal to the oil loading 
used in the test.Therefore for the variable loading tests the TPH LC50 may approximate the 
LLC50s. One would expect that Fig 3.7A would give a similar result: no increased toxicity in 
CEWAFs relative to WAFs since all concentrations are < 100 mg oil/L. It is unclear why the data 
in Fig 3.7A indicates that the WAF is more toxic than the CEWAF. 

Though based on a smaller number of test results, the comparison using TPAH LC50s (B) 
indicates the reverse. This suggests that TPH and TPAH concentrations are not directly related to 
the observed toxicity. They are arithmetic sums of concentrations that bear no relationship to the 
toxicity of the individual compounds in the sum, and are unlikely to represent all the petroleum 
components that influence the toxicity. Since the components vary widely in toxicity, the 
arithmetic sum is not a precise aggregate representation of the cumulative toxicity present. This 
problem will be discussed later in this chapter, when the concept of toxic units is introduced as 
the appropriate aggregate measure of the toxicity of the mixture. 

The bottom row of Figure 3.7 compares the results for variable dilution experiments. The TPH 
comparison (C) suggests that WAFs are more toxic than CEWAFs, while the TPAH comparison 
(D) indicates the reverse. The data are widely scattered and contradictory. There are two 
problems with the variable dilution experiments. The first is in common with the variable 
loading experiment LC50s, namely that TPH and TPAH are not sensible aggregates that 
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Figure 3.7 Paired toxicity data of CEWAF LC50 versus WAF LC50. Top row (A, B): data from variable loading 
experiments. Bottom row (C, D): data from variable dilution experiments. Left hand column (A, C) concentrations 
are unfiltered total petroleum hydrocarbon concentrations. Right hand column (B, D) concentrations are unfiltered 
total petroleum aromatic hydrocarbon concentrations. The solid line is 1:1 and dashed lines are a factor of 1/3 and 3 
variation. Blue filled points CEWAF LC50 > WAF LC50 indicating that WAF is more toxic than CEWAF. Red 
filled points WAF LC50 > CEWAF LC50 indicating that CEWAF is more toxic than WAF. SOURCE: Data from 
Bejarano et al. (2014), augmented with data from the Committee’s meta-analysis (Appendix F). 

 

adequately index toxicity. The second and apparently more serious problem is that the 
concentrations of each of the components are estimated from the dilution factor. As highlighted 
above, large errors result due to microdroplet dissolution. This point is discussed further later in 
the chapter. It is clear from these results that these toxicity data in their present form cannot be 
used to determine if exposure media containing chemically dispersed oil is more or less toxic 
than that of physically dispersed oil. Variable dilution WAF and CEWAF tests can be 
objectively compared if the dissolved concentration and composition of the components are 
measured at each dilution step instead of being estimated from the dilution factor. For the 
variable loading experiments, the minimum chemistry required is the total oil and dispersant 
concentrations to ensure that the nominal quantities had in fact been added. 

Some experiments have been performed where the samples were measured for total 
concentrations and then filtered to measure dissolved concentrations. The results are presented in 
Figure 3.8. The aggregate is TPAH50, the arithmetic sum of 50 PAHs. Four oils are included: 
Macondo source, artificially weathered Macondo oil, and field collected Macondo weathered 
oil—Slick A and Slick B. The left column (A, C, E) compares the filtered to the unfiltered 
TPAH50 concentration. The right column (B, D, F) plots the ratio of unfiltered to filtered 
concentrations versus the unfiltered concentration. The WAFs are LEWAF and MEWAF (A, B); 
CEWAF (C, D) and HEWAF (E, F). For LEWAFs and MEWAFs there is no difference between 
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filtered and unfiltered TPAH50 concentrations, indicating that the microdroplet concentration is 
small relative to the dissolved concentration. However for CEWAF and especially for HEWAF, 
the difference is large with the ratio of unfiltered to filtered TPAH50 concentration in HEWAF 
reaching two orders of magnitude for Macondo source oil. Note that the data form unity slope 
lines for HEWAF for each oil as the concentration of unfiltered TPAH50 increases, indicating 
that the dissolved TPAH50 concentrations are remaining constant and the increases are due to 
increases in microdroplet concentration. 

These data indicate that the unfiltered total concentrations can differ from the filtered dissolved 
concentrations by one order of magnitude for CEWAFs and up to two orders of magnitude for 
HEWAFs. Since this ratio is varying widely, it is not possible to distinguish between the effects 
of dissolved components and microdroplets. Furthermore, PAH composition would also vary 
further modulating toxicity, a point that is discussed in detail later in the chapter.  

Variable loading tests directly address the question of whether the toxicity of physically and 
chemically dispersed oil differs. The comparison between the two is direct, because the dissolved 
concentrations at equilibrium are equal in both the LEWAF and CEWAF for the same oil 
loading. The only difference is the amount and degree of aggregation of the undissolved, droplet 
oil and the added exposure to dispersant. Thus, a comparison of LL50s derived using the variable 
loading method with and without dispersant allows the effect of dispersant on oil toxicity to be 
elucidated as illustrated previously in Figure 3.5.  

As demonstrated above, interpretations based on total concentration, which include 
microdroplets, complicate the problem of understanding the toxicity of WAF vs CEWAF, the 
relationship between measured concentrations in the laboratory and field samples, and 
interpretations of observed toxicity. These and related conclusions (e.g., Redman and Parkerton, 
2015; Sandoval et al., 2017) collectively emphasize the need of addressing the issue of 
microdroplets, such that adequate interpretations of toxicity data may be made in the future. 
Estimation of toxicity values from variable dilution preparations should only be made based on 
analyses on filtered samples at each dilution, and not solely on unfiltered samples in WAF stock, 
as is often the case for standard toxicity testing.  

As an example of the difficulty of interpreting data, a study with early life stages of mahi-mahi 
found that the acute toxicity of CEWAF was higher than in HEWAF when comparisons were 
based on TPAH total concentrations, while their toxicities were comparable based on dissolved 
concentrations of TPAHs and 3-ring PAHs (Esbaugh et al., 2016). However, this study found 
higher lethality of weathered oil (Slick A) compared to source oil on the basis of either total or 
dissolved PAH, but not on the basis of dissolved 3 ring PAHs. These findings provide an 
example of how different metrics of toxicity could lead to divergent conclusions on the toxicity 
of different oils, pointing to the importance of hydrocarbon composition in the exposure media 
(see discussion on toxic units below). These results are consistent with a test conducted with red 
drum embryos showing that cardiotoxic phenotypes of weathered oil prepared under LEWAF 
and HEWAF mixing energies were similar when expressed based on estimated dissolved TPAH 
concentrations (Morris et al., 2018).  

 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

Chapter 3: Aquatic Toxicology and Biological Effects 87 

PREPUBLICATION COPY 

 
Figure 3.8 Left column (A, C, E): Measured TPAH50 concentrations in water samples with paired unfiltered (total 
concentration) and filtered (dissolved concentrations) TPAH chemistry. Right column (B, D, F) Ratio of unfiltered 
to filtered concentrations. First row (A, B) LEWAF and MEWAF; second row (C, D): CEWAF; third row (E, F) 
HEWAF. Colors indicate the oil: Macondo source, artificially weathered Macondo oil, field collected Macondo 
weathered oils: Slick A and Slick B. Lines represent equality of filtered and unfiltered concentrations. SOURCE: 
Data from DIVER (2017). 
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The above discussions are not meant to suggest that oil microdroplets be removed from toxicity 
testing, as they may enhance the uptake of bioavailable PAHs through adhesion to outer embryo 
tissues (i.e., Carls et al., 2008; Redman et al., 2014; Sørhus et al., 2015). Instead, efforts should 
focus on understanding the influence of microdroplets on toxicity test results where the dissolved 
concentrations are measured and the appropriate toxic unit dose metric is employed to quantify 
the toxicity of all the dissolved components. The additional toxicity, if any, can then be 
tentatively ascribed to the factors other than the dissolved concentrations, including 
microdroplets.  

From an experimental point of view, the discussion above describes the practical advantages of 
the variable loading preparation method. However, an outstanding issue raised by the NAS 
(NRC, 2005) that remains unresolved, is a conclusive demonstration of which method more 
appropriately simulates the complex time variable and compositional variation characteristic of 
conditions during a spill and spill response. While this question remains unanswered, an 
argument could be made that in order to allow laboratory to field extrapolations of toxicity data, 
predictive models would need to be employed. This, however, could only be achieved by using 
toxicity data from tests that address the issues introduced by the preparation method. A clear 
difference between the findings of the previous study (NRC, 2005) and this updated report is that 
empirical data are now available to support the technical basis of the variable loading method. 
This method produces data that can be used directly to answer the question whether exposure 
media containing chemically dispersed oil are more or less toxic than that containing physically 
dispersed oil. It can also be used to evaluate the performance of the available toxicity models that 
are used to predict toxic impacts in field exposures. Thus, the finding presented here may 
facilitate discussions towards consensus on a preferred preparation method among the scientific 
community. Given the different approaches used by various investigators (as discussed above) 
the benefits and limitations of various approaches are summarized in Table 3.1. This table 
provides an evaluation of various solution preparation methods, other exposure media 
preparations (e.g., contaminated sediments), the exposure regime/tempo, and options for 
quantifying the chemistry of toxic exposures. 

 

MODELING THE TOXICITY OF OIL 

In addition to the media test preparation protocol comparisons, the comparisons of exposure 
duration and chemistry approaches the Committee also considered the strengths and weaknesses 
of three approaches that have been used to quantify the toxicity of water-oil mixtures and 
arguments that have been made to support the use of toxic units. The toxic unit approach as 
advocated in this chapter implicitly assumes that: (1) the toxic compounds can be identified, (2) 
that their toxicity as individual compounds is known, and (3) then if toxicity is estimated, it is 
under a baseline minimal toxicity that does not account for the known specific mechanisms of 
PAHs and heterocyclic aromatics. All other dose metrics have the same requirements—only the 
identified components with known concentrations can be added together into TPAH and TPH. 
Dose metrics based on known specific mechanisms need to be applicable to the evaluation of the 
toxicity of oil-water mixtures. A test of the utility of the TLM and toxic units for the prediction 
of chronic toxic units has been published (Redman et al., 2017). A comparison of predicted and 
observed no effect loadings (NOEL; Figure 5, Redman et al., 2017) and the observed dose 
responses versus chromic toxic units (Figure 6, Redman et al., 2017) demonstrates  
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extent to which the TLM-Toxic Unit model incorporated into PETROTOX correctly reproduces 
observed toxicity. 

Understanding the toxicity of oil is complicated due to the nature of oil and its behavior in 
WAFs. The problems outlined above can only be addressed quantitatively using a model of the 
toxicity of oil that explicitly include the processes that influence the distribution of components 
between the oil and aqueous phases, and includes an appropriate aggregate dose metric that deals 
appropriately with the fact that individual components have widely differing toxicity. The next 
sections outline the present state of development of models of oil toxicity. The topics covered are 

1. The toxicity of the individual petroleum hydrocarbons in aqueous solution that make up 
the components of the oil; 

2. The toxicity of a mixture of these compounds in aqueous solution; and 
3. The relationship between the oil composition and the dissolved aqueous concentrations of 

the compounds that results when oil and water mix. 

 

Toxicity of Hydrocarbons 

The aquatic toxicity of hydrocarbons has been studied extensively. They exert acute toxicity via 
a narcotic mode of action. Studies have reported the relationship between the toxicity of 
individual narcotic chemicals and their octanol-water partition coefficient KOW (Veith et al., 
1983; Van Leeuwen et al., 1992; Di Toro et al., 2000; McGrath and Di Toro, 2009). The target 
lipid model (TLM) was developed to predict the toxicity of PAHs in particular and narcotic 
chemicals in general (Di Toro et al., 2000; McGrath and Di Toro, 2009). It is applicable to a 
wide variety of aquatic species with only one parameter required for each species. The TLM was 
initially calibrated using a large collection of mortality data and subsequently has been extended 
to include a wider range of organisms from the initial 33 species to 79 species (McGrath et al., 
2018). The TLM predictions of the acute LC50 data of single monoaromatic hydrocarbons 
(MAH) and PAH compounds for various species are generally within a factor of 2 to 3 of the 
observed toxicity over a concentration range of approximately 10 μg/L to in excess of 100 mg/L 
(McGrath and Di Toro, 2009; Figure 1).  

Chronic criteria have also been developed that protect the organism from a lifetime exposure, 
based on sub-lethal endpoints, i.e., development as measured by growth and weight at maturity 
and reproductive success. The parameter that has been used historically to estimate the chronic 
criteria is the acute to chronic ratio (ACR; Stephen et al., 1985). The chronic criteria is computed 
by dividing the acute criteria by the ACR. Following this approach, ACRs for individual 
petroleum hydrocarbons have been developed, resulting in a probability distribution of species 
geometric average ACRs (McGrath et al., 2018). These updated ACRs facilitate extrapolation of 
acute to chronic toxicity values. 

Modern chronic criteria, first utilized by the European regulatory agencies, are based on the HC5 
concentration (Aldenberg and Slob, 1993) which is established by treating the variations in 
species sensitivity and the ACR as probability distributions and computing the concentration that 
protects 95% of the tested species. The use of the probability distributions of both the SSD and 
the ACR, accounts for the variation in the SSD and the ACR for the tested species. Based on the 
updated ACRs, chronic TLM-derived HC5s for baseline narcotics, MAHs, and PAHs were 
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developed, confirming that these values are protective of species for which chronic data are 
available (McGrath et al., 2018).  

 

Toxicity of Mixtures: Toxic Units 

The soluble oil components contribute to aquatic toxicity to variable degrees and a model is 
needed to quantify the toxicity of mixtures. For components that exert their toxicity through a 
narcotic mode of action, the use of toxic units has been shown to correctly predict observed 
toxicities (Hermens, 1989).  

The toxic unit concentration (TU) for a specific compound is defined as the ratio of the dissolved 
aqueous concentration of the compound, CW, to the toxic concentration, either LC50 or HC5 of 
that compound (Equation 1). ܷܶ =  ஼ೈ௅஼ହ଴  (1) 

For a mixture of N compounds with concentrations CW,1, CW,2 ,…, CW,N the predicted toxic unit 
concentration for the mixture TUT is the sum of the individual toxic unit concentrations, as 
shown in Equation 2. ்ܷܶ =  ஼ೈ,భ௅஼ହ଴భ + ஼ೈ,మ௅஼ହ଴మ +. . . + ஼ೈ,ಿ௅஼ହ଴ಿ (2) 

If the total toxic unit concentration TUT = 1, the mixture is predicted to cause a 50% effect if 
LC50s are used for the effect concentration in Eqs.(1 or 2). Eq.(2) has been validated using data 
from a number of studies, using mixtures of up to 50 compounds (Hermens 1989). The toxicity 
of mixtures of PAHs has also been tested and the predictions based on toxic unit additivity have 
been shown to be within the usual range of a factor of 2 or 3, consistent with single chemical 
toxicity predictions (Di Toro and McGrath, 2000; McGrath et al., 2005; Redman et al., 2012).  

 

Modeling the Toxicity of Oil – PETROTOX 

The PETROTOX model has been developed to predict the aquatic toxicity of water in contact 
with oil (Redman et al., 2012). It uses the TLM to predict the toxicity of the individual oil 
components, and the TU mixture model to predict the toxicity of the mixture. An earlier model 
Oiltox (French-McCay, 2009) also used the TLM and toxic units as the basis for predicting the 
toxicity.  

PETROTOX is comprised of four parts: 

(1) The composition of the oil being evaluated is specified as a mixture of a number of blocks. 
For each block, a chemical is selected whose physical and chemical properties are similar to 
concentration of chemicals found in that block. This block approximation is designed to be 
compatible with the two-dimensional gas chromatographic method (i.e., GC×GC) that is used to 
quantify the composition of the oil (Reddy et al., 2012). For the Macondo oil there are 318 non-
zero block concentrations that comprise the input. PETROTOX includes both a high and low 
resolution blocking scheme (e.g., aromatic vs. aliphatic) which makes it applicable to lower 
resolution analysis of the oil. 
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(2) The model for the WAF determines the dissolved concentrations using Raoult’s Law and the 
composition of the oil phase. The equilibrium composition is computed for both the oil and 
aqueous phase (Di Toro et al., 2007). 

(3) The TLM is used to compute the LC50 for acute toxicity or for chronic toxicity using the 
ACR as described above for each of the dissolved concentrations.  

(4) The TU model (Eq. 2) adds the toxic units to produce the total TUT for that oil.  

PETROTOX predictions have been compared to experimentally determined toxicity of various 
oil samples using LL50 concentrations obtained from variable loading tests (Redman et al., 
2017). The types of petroleum products that have been tested are naphtha, kerosene, gas oils, 
heavy fuel oils, distillate aromatic extracts, residual aromatic extracts, and other residual classes. 
Organisms tested are fish, zooplankton, and algae. The algae and daphnia predictions are 
generally within a factor of 3. The predicted LL50 for fish is smaller than the observed LL50. 
This has been attributed to the loss of dissolved hydrocarbons during the test procedures 
(Redman et al., 2017).  

PETROTOX is used below to:  

(1) Predict the toxicity of various oils;  

(2) Examine the utility of TPH and TPAH as dose metrics for the mixture of petroleum 
components in WAFs; and 

(3) Evaluate how the toxicities of different oils vary with oil loading and microdroplet 
concentrations.  

 

Toxicity of Various Oils 

PETROTOX can be used to predict the toxicity of oils for which the detailed oil composition 
obtained by comprehensive two-dimensional gas chromatography (GC×GC) is available (Reddy 
et al., 2012). The required acute and chronic HC5 critical body burden required for the 
calculation are from McGrath et al., 2018. Figure 3.9 presents the toxicity of ten oils ranging 
from fresh to highly weathered samples. The acute HC5s toxic units of the WAFs are plotted 
against oil loading. At the highest loading (1,000 mg oil/L) the WAFs of the least toxic oils, for 
example Macondo Slick A and Slick B are saturated and have reached their highest toxicity 
whereas the toxicity of the WAFs of the most toxic oils (e.g North Sea Forties) would increase at 
higher loadings as indicated by the upward curves of the lines. As the oil loading decreases the 
acute HC5 TU concentrations, and therefore the toxicity, all decrease but not in proportion to the 
reduction in loading until the loadings decrease below approximately 1.0 mg oil/L. There are 
significant differences among the oils between the rate of decline and the toxicity. Slick B oil, 
the most weathered, never reaches a level of TU = 1. At TU = 1 the loading for the various oils 
range from approximately 100 mg oil/L to nearly 0.1 mg oil/L, almost a three order of magnitude 
difference. This shows that there are significant differences due to the oil composition, and that 
for the same oil (e.g., Macondo, Endicott) toxicity decreases with weathering. Therefore, if 
toxicity predictions are required to be representative of a specific fresh or weathered oil, its 
composition must be known or approximated by an oil of known composition.  
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Figure 3.9 Acute HC5 toxic units versus oil concentrations (mg oil/L) for ten oils. Dashed line at TU = 1. Oils are 
sorted by TU at the total oil concentration = 103 (mg/L). The Acute HC5 concentrations are computed using 
PETROTOX predictions for oils with available detailed oil compositions. The toxic units are based on dissolved 
concentrations. The acute HC5 critical body burden required for the calculation is from McGrath et al., 2018. 
SOURCE: Committee. 

 

Dose Metrics: Toxic Unit, TPH, and TPAH 

In order to quantify the toxicity of a mixture, a dose metric is necessary to establish the dose-
response. As discussed above, the dose metric for mixtures of the hydrocarbons in oil that 
correctly predicts the observed dose-response in many experiments is the toxic unit (see 
Equation 2). Unfortunately this is not the metric that is normally used in either toxicity tests or in 
reporting field observations. The most common dose metric is TPAH which is the arithmetic 
sum of the concentrations in weight units (e.g., µg TPAH/L). A more complete sum is TPH that 
includes all the hydrocarbons that are resolved using the analytical method employed. Equations 
3 and 4 define TPAH and TPH, respectively. A comparison to the defining equation for toxic 
units (Equation 2) illustrates the differences in these dose metrics. ்ܷܶ =  ஼ೈ,భ௅஼ହ଴భ + ஼ೈ,మ௅஼ହ଴మ +. . . + ஼ೈ,ಿ௅஼ହ଴ಿ  (2) ܶܲܪܣ = ଵܪܣܲ  .+ଶܪܣܲ + . . ܪܲܶ ே (3)ܪܣܲ+ = ଵܥܪ  .+ଶܥܪ + . .  ே  (4)ܥܪ+

The toxic unit (Eq. 2) weights the concentration of each petroleum hydrocarbon CW by its effect 
concentration LC50, using the dissolved concentrations. TPAH (Eq. 3) and ܶܲܪ (Eq. 4) are the 
sums of the aqueous concentrations without regard to their individual toxicity, and are usually 
the sum of the dissolved and microdroplets concentration. In addition TPAH only considers the 
polycyclic aromatic hydrocarbons (PAHs) in the mixture. 

Table 3.2 Comparison of Total PAH and Toxic Unit Dose Metrics 
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Neat Oil 
   

Chemical log Kow HC5 (uM) HC5 (ug/L) EqiTox 
(ug/L) 

EqiTox (TU) 

Naphthalene 3.256 1.033 132 22.000 0.167

Acenaphthylene 3.436 0.7 107 17.833 0.167

Acenaphthene 3.878 0.269 41.5 6.917 0.167

Anthracene 4.546 0.0633 11.3 1.883 0.167

Pyrene 5.126 0.018 3.64 0.607 0.167

Chrysene 5.782 0.00434 0.99 0.165 0.167
   

TPAH TU 

Sum 49.405 1.000

Weathered Oil 

Chemical log Kow HC5 (uM) HC5 (ug/L) EqiTox 
(ug/L) 

EqiTox (TU) 

Acenaphthene 3.878 0.269 41.5 10.375 0.250

Anthracene 4.546 0.0633 11.3 2.825 0.250

Pyrene 5.126 0.018 3.64 0.910 0.250

Chrysene 5.782 0.00434 0.99 0.248 0.250

TPAH TU 

Sum 14.358 1.000

 

It is clear from Eqs. 2-4 that these three dose metrics are incompatible if they are used to 
compare oils of differing composition. Consider the example presented in Table 3.2. Two 
example oils label “Neat” and “Weathered” are assumed to be composed of equitoxic mixtures 
of the PAHs listed. The neat and weathered oil composition results in one toxic unit. Therefore 
both oils result in 50% mortality and are equally toxic. The TPAH concentrations, however are 
different because the two least toxic PAHs with the highest concentrations are not in the 
weathered oil. Therefore if only the TPAH concentrations were used as the dose metric, the 
weathered oil has a lower TPAH concentration at 50% mortality (TPAH LC50 = 14.4 ug/L) than 
the neat oil (TPAH LC50 = 49.4 ug/L) and therefore would be judged to be the more toxic oil. 
Using the toxic unit dose metric both of these oils would be judged to be equitoxic. This problem 
has been addressed in an investigation of the relative toxicity of neat and weathered oils. It 
demonstrates that the use of TPAH leads to the incorrect conclusion that weathered oils are more 
toxic than neat oil (Di Toro et al., 2007). A more detailed evaluation follows using the 
PETROTOX model to examine the extent that TPAH values correlate to TUs and can therefore 
be used as a surrogate for TUs.  
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Figure 3.10 The total acute HC5 toxic unit concentrations TUT , and the toxic unit concentrations of the TPAH 
components for saturated WAF, computed at total oil loading = 10 g/L. The toxic units are computed using the HC5 
species sensitivity for acute mortality (McGrath et al., 2018). The horizontal line is at 100 = 1 TU. SOURCE: 
Committee.  

 

TPAH and TPH can be used if the fractional composition of the dissolved components in the 
aqueous phase is not changing. For this situation the TPAH and TPH would be proportional to 
the toxic unit concentrations. Note that for cases where the dissolved concentrations of the 
TPAH and TPH are explicitly measured, the computation of the toxic unit concentration is 
straightforward since the acute LC50 and chronic EC20 are available for many species (Di Toro 
et al., 2000; Di Toro and McGrath, 2000; McGrath et al., 2004), and the acute and chronic HC5s 
are also available if the species of interest is not available (McGrath et al., 2018).  

Another problem with TPAH is that it does not capture all the toxic components. The 
comparison below considers the toxicity of an aqueous phase WAF in equilibrium with a large 
enough oil loading to ensure that the oil composition is not significantly altered by the 
dissolution of the oil components into the aqueous phase once equilibrium has been achieved. 
The resulting saturated aqueous phase has the highest dissolved concentrations that can exist for 
this oil. Figure 3.10 presents the results of a PETROTOX simulation for the 10 oil samples 
presented in Figure 3.9 for which the detailed composition is available at an oil loading = 10 g 
oil/L that saturates the aqueous phase. The figure presents the sum of the acute HC5 TUs due to 
dissolved PAHs only and the total TU that considers all the dissolved hydrocarbons. 

The results indicate that acute HC5 TU concentrations for saturated WAFs vary from ~5 to ~50 
TU, whereas the TUs due to total PAHs vary from ~1 to ~10 TUs. It is clear that for several of 
the oils, the PAHs are not the major source of toxic units and, therefore, the toxicity of the WAF. 
Therefore using TPAH as a dose metric would miss a significant fraction of the toxic 
components for the majority of these oils, in addition to not having the appropriate normalization 
that is included in derivation of TUs (equation 1). For these two reasons, the use of TPAH as a  
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Figure 3.11 (A) Concentrations of total PAH (TPAH), total petroleum hydrocarbons (TPH) and remaining 
undissolved oil. (B) Toxic unit concentrations of the TPAHs (TPAH TU) and total toxic unit (TU). The dashed line 
has unity slope for visual comparison. SOURCE: Committee. 

 

dose metric is not scientifically defensible when applied across oils or different weathering states 
of the same oil. 

 

Effect of Variable Oil Concentrations 

The previous section examined the toxicity of oil of a saturated WAF. In this section the toxicity 
of Macondo oil is computed as it is diluted from oil loadings that produce a saturated WAF (104 
mg oil/L) to a very diluted concentration of 10-3 mg oil/L = 1 μg oil/L. Fig.3.11A shows the 
resulting TPH and TPAH dissolved concentration as well as the concentration of undissolved 
remaining oil.  

Even at the lowest total oil concentration (1 μg oil/L), a liquid oil phase (Remaining Oil) persists 
since not all the oil components are soluble. As the amount of added oil increases both TPH and 
TPAH start to approach the saturated concentrations. 

Figure 3.11B presents the acute HC5 TUs due to PAHs (TPAH-TU) and the total acute HC5 
toxic unit (TU) concentrations versus oil concentration. The dashed line is a unity slope line. At 
low oil concentrations of 1 to 10 μg oil/L, the increase in TU concentration is almost in 
proportion to the increase in loading concentrations (compare to the unity slope line). However, 
at higher concentrations, both the TU and TPAH-TU curves begin to plateau as the samples 
approach saturation. As saturation is approached, the TU and TPAH-TU curves start to diverge, 
indicating the TPAH-TUs represent an increasingly smaller fraction of the total TUs present in 
the mixture. 

In practice, the concentrations of TPH and TPAH are used as dose metrics. Their validity and 
utility can be judged by comparing TPH and TPAH concentrations to the TU concentrations as a 
ratio. If the TPH and TPAH are proportional to TUs then these concentrations can serve as dose 
metrics that are proportional to the TU concentration. Figure 3.12 presents the results. 

At low total oil concentrations, i.e., < 10 μg/L =10-2 mg/L, both TPH/TU and TPAH/TU ratios 
are reasonably constant and therefore can be used as dose metrics for this oil. However, as the oil 
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Figure 3.12 Ratio of TPH (A) and TPAH(B) concentrations to toxic unit concentrations. Concentrations from 
Figure 3.11. The dashed line denotes a constant ratio. SOURCE: Committee. 

 

concentration increases, the ratios start to increase. For TPH and TPAH the ratios climb by 
approximately 2 and 1.5 orders of magnitude respectively as saturation is approached. Therefore 
for total oil concentrations of >100 μg/L = 10-1 mg/L, TPH and TPAH are no longer 
representative of the toxic unit concentration. They are not a constant multiple of the actual TU 
concentration. Their use as dose metrics for toxicity tests at different total oil concentrations can 
lead to incorrect conclusions. Also, since these ratios change with different oils, using TPH and 
TPAH as a dose metric to compare the toxicity of different oils would likely be misleading. 
Unfortunately this is the range that most toxicity tests are conducted, as seen in the results of 
PETROTOX simulations of the TU concentrations of the 10 oils examined in Figure 3.9. 

 

Concentration of Microdroplets 

The previous sections analyzed the behavior of the dissolved concentrations in an oil-water 
mixture. This section examines the effects of the presence of microdroplets in the WAF. 

There is a large variation in the concentration of droplets in various WAFs, which is the result of 
varying mixing energies and the use of dispersants. A recent report (Forth et al., 2017) examined 
the LEWAF, CEWAF, and HEWAF prepared from four oils collected from the DWH oil spill. 
Figure 3.13 presents the percent dissolved in the three WAFs.  

In LEWAF preparations, the percent dissolved PAH concentrations comprise the large majority 
(>90%) of the total dissolved oil concentrations resulting from the minimization of oil droplet 
interference by mixing the exposure media without promoting microdroplet formations. In 
contrast, the percent dissolved for CEWAF and HEWAF are a smaller percentage of the total 
dissolved concentrations (below ~20% and ~5% respectively), indicating that the majority of the 
oil in these dispersed WAFs are not dissolved. This is a critical issue since these concentrations 
are usually incorrectly assumed to be bioavailable. Therefore a careful consideration of the effect 
of the microdroplets on the dissolved concentrations and toxicity is required. 

The concentration of microdroplets is difficult to measure directly, but it can be inferred from the 
measured concentration of essentially insoluble components of the oil (Redman et al., 2012). 
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Figure 3.13 Percentage of the total oil concentration in the WAF that is dissolved. Comparisons of 4 oils: Macondo, 
Weathered Macondo, Macondo Slick A, and Macondo Slick B. Weathered Macondo is artificially weathered 
Macondo, whereas Macondo Slick A and Macondo Slick B are heavily weathered samples collected from the field. 
Three WAF types are included: Low energy mixing LEWAF, chemically enhanced CEWAF and high energy 
mixing HEWAF. The dissolved concentrations are measured from filtered samples. The concentrations are the 
arithmetic sum of the PAHs. SOURCE: Data from Forth et al. (2017). 

 

PETROTOX is used to predict the concentration of dissolved oil and the composition of the 
remaining oil phase that is expected to be present for an oil of known composition and 
concentration in the WAF. The concentration of microdroplets is estimated to reproduce the 
measured concentrations. For the cases investigated the concentration of microdroplets ranged 
from ~50 to ~500 μg oil/L (Redman et al., 2012).  

 

Effect of Microdroplets on Dissolved Concentrations in Variable Dilution Media 

The failure of the variable dilution toxicity test to determine whether the addition of dispersant 
increased or decreased the toxicity of the exposure media containing oil as shown in Figure 3.7 is 
attributed to the influence of microdroplets. The magnitude of the departure from the 
concentration estimates using dilution is remarkably large as shown in Figure 3.14, a 
PETROTOX simulation of a variable dilution experiment.  

Without microdroplets (dashed line) the TPH concentration (Figure 3.14A) decreases linearly 
with dilution, e.g. a ten-fold decrease in TPH for a ten-fold decrease in total oil, corresponding to 
a ten-fold dilution. For small microdroplet concentrations = 1.0 and 10.0 μg/L (red and green 
lines) the decrease is almost linear although there is a contribution to the TPH concentration 
from the dissolution of the microdroplets. At higher midrodroplet concentrations = 100 and 1000 
μg/L (blue and black lines) the contribution of microdroplet dissolution is substantial, causing an 
increase in excess of one order of magnitude. Recall that the range in microdroplet 
concentrations found in LEWAF toxicity tests ranged from ~50 to ~500 μg/L. 

The contribution of microdroplets dissolution to acute HC5 toxic units (Figure 3.14B) is even 
more extreme. The dilution to achieve TU = 1 varies as the microdroplet concentration (MD) 
increases. For MD = 0 the dilution D0 = 0.133. For microdroplet concentrations of MD = 1, 10, 
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Figure 3.14 Dissolved TPH and acute HC5 toxic unit concentrations that result from the dissolution of 
microdroplets. The concentration of microdroplets range from no microdroplets (dashed line) and from 1 to 1000 μg 
oil/L. The x axis is the dilution fraction. SOURCE: Committee. 

 

and 100 μg/L the dilutions at TU =1 are D = 0.071, 0.016 and 0.0018. The problem with using a 
variable dilution toxicity test to determine whether adding dispersants increases toxicity is that 
the dissolution of microdoplets increases the toxicity dramatically. There may or may not be 
additional toxicity due to the dispersant but the effect of microdroplet dissolution is so large that 
the additional toxicity may not be detected.  

The flaw with the variable dilution test design is that dilution is used as a surrogate for the dose 
metric, and in the presence of microdroplets, the actual TUs in the aqueous phase will vary 
systematically for a given oil type, but not among oils thereby hindering comparisons across 
multiple studies (e.g., meta-analyses). It is for this reason that variable loading tests are the 
recommended test design (e.g., OEDC, 2002) for evaluating the effect of dispersant on the 
toxicity of oil. The dose metric is unambiguous, i.e., the concentration of oil added to the 
aqueous phase. The quantity of oil actually added needs to be verified by measurement such as a 
comprehensive TPH measurement that includes all the oil in the sample (see Table 3.1). Tests 
reporting only nominal oil concentrations are not acceptable. 

 

Effect of Exposure Time 

Exposure time, the duration of time that the organism is exposed to the chemical, is important in 
determining the effect of that exposure. The progressive decrease in the 24 hr, 48 hr, and 96 hr 
LC50 concentrations commonly found attests to the usual finding that increasing the length of 
exposure results in higher lethality for a given concentration. The designation of acute versus 
chronic toxicity testing differentiates between shorter and longer exposure times.  

The variations in exposure times and concentrations can be extreme during oil spills. Therefore 
an understanding of the effect of exposure time is an important component in determining the 
effect. The French-McCay OilToxEx model (French�McCay 2002) includes a consideration of 
the effect of exposure time, Equation 5. ln(50ܥܮ) = ln (50ܥܮஶ ) − ln (1 − ݁ିఢ௧) (5) 
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Figure 3.15 Variation of LC50 versus time of exposure (Redman, 2018). Compounds: Benzene (A), naphthalene 
(B), phenanthrene (C) and pyrene (D). Exposure to invertebrates (blue dashed line), fish (red dotted line). Solid line: 
Model proposed by French-McCay (2002). Solid horizontal line, aqueous solubility. No toxicity is predicted for 
time where the LC50s exceed aqueous solubility. SOURCE: Redman (2018).  

 

where 50ܥܮஶ is the LC50 as t →∞ and ߳ is the elimination rate constant. ln (߳) is a decreasing 
function of log KOW and an increasing function of temperature. A more recent analysis examined 
the effect of organism life history characteristics and found large species specific differences for ߳. However for fish, ߳ is slightly dependent on log KOW and for invertebrates ߳ is invariant with 
respect to organism weight, temperature and log KOW (Redman, 2018). A comparison of these 
two models is presented in Figure 3.15 for four PAHs. 

Both models behave similarly. There is a dramatic variation in toxicity for exposure times less 
than or greater than 24 hrs. As a point of reference, under non-continuous oil releases in the open 
ocean, both physically and chemically dispersed oil are subject to rapid dilution resulting in 
concentrations declining rapidly over time, typically within 4 hours (reviewed in Bejarano et al., 
2014). The horizontal lines in Figure 3.15 are the aqueous solubility of the compounds. If the 
model LC50 exceeds the aqueous solubility, the prediction would be that no mortality is 
observed for that duration of exposure. It is clear that the effect of exposure time is a necessary 
component of evaluating the toxicity in field situations where the patchy distribution of the oil 
results in variable durations of exposure. Toxicity tests that are designed to augment the 
available data for shorter exposure periods could be used to estimate HC5’s for exposure times 
less than the available 96hr HC5. 

 

 

Phototoxicity 

The fact that exposure to solar radiation increases the toxicity of certain PAHs in mammalian 
species has been known for over 80 years (Findlay, 1928). For aquatic species, comprehensive 
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reviews are available (Arfsten et al., 1996; Diamond, 2003; Giesy et al., 2013, Barron, 2017), 
and a mechanistic explanation of the phototoxicity pathway is provided in the previous NAS 
report (NRC 2005). Briefly, the mechanism is referred to as photosensitization. The PAHs that 
partition into thet he organism absorb light energy and are converted to an excited state that 
decays and causes tissue damage within the organism (Little et al., 2000).  

Exposure to UV also causes PAHs to photodegrade. The extent of photo degradation and the 
toxicity of the photodegradation products needs to be considered as well. The research in this 
area has focused mainly on photodegradation (Maki et al., 2001; Bacosa et al., 2015; Shankar et 
al., 2015; Huba et al., 2016; Vergeynst et al., 2019.). Determining the toxicity of the degradation 
products may require a more advanced model than the TLM for the narcosis mode of action as 
discussed below. 

An example of the increase in toxicity of four PAHs to Daphnia magna exposed to simulated 
solar radiation is shown in Figure 3.16A that presents the LC50s in the absence and presence of 
simulated sunlight.  

For certain PAHs with a large overlap of the absorbance and solar radiation spectrum 
(fluoranthane and anthracene), the increase in toxicity can approach one hundred fold. For other 
PAHs, the increase is less, e.g., chrysene that increases by a factor of 10. For other compounds, 
e.g., phenanthrene, there is no observed increase. It is interesting to note that while anthracene 
and phenanthrene are at the opposite end of the degree of phototoxicity they are isomers with the 
same number (3) of aromatic rings, and the same toxicity in the absence of solar radiation. The 
different molecular structure, namely how the rings are fused, is responsible for the difference in 
the absorbance spectra and the consequent remarkable difference in phototoxicity.  

 

 
Figure 3.16 (A) Increase in toxicity to Daphnia magna due to simulated sunlight absorption for 4 PAHs: 
fluoranthene, anthracene, phenanthrene, and chrysene (Lampi et al., 2007). (B) Predicted ratio of phototoxic toxic 
units to TLM toxic units for three oils: Macondo Source, Slick A and Slick B at saturated concentration. Exposure is 
to simulated sunlight (Marzooghi et al., 2018). SOURCES: Lampi et al. (2007) and Marzooghi et al. (2018). 
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In order to be able to predict the toxicity of a WAF, it is necessary to predict the phototoxicity of 
each component. A number of models of PAH phototoxicity have been proposed. Table 3.3 
presents the models and the mechanisms that are included in the formulations. The models 
consider, in varying degrees, the absorbance spectra of PAHs, the spectral distribution of the 
incident radiation, the length of time of exposure, and the sensitivity of the species in question.  

A model that addresses each of these processes is the Phototoxic Target Lipid Model (Marzooghi 
et al., 2017), which is based on the TLM used in PETROTOX. It computes the ratio of the 
phototoxic LC50 (PLC50) to the TLM LC50 as a function of the spectral absorbance of the PAH 
and the spectral distribution of the incident light exposure. The model has two constants that 
apply to all PAHs and organisms. It has been calibrated using the acute mortality LC50s and also 
the lethal time to death (LT50), the length of time of exposure required to cause 50% mortality at 
a specific concentration. The calibration data set consists of 333 observations for 20 individual 
PAHs and 15 test species that include arthropods, fishes, amphibians, annelids, mollusks, and 
algae. The exposures are simulated solar and various UV light sources. The exposure times vary 
from less than 1 hr to 100 hr. The resulting LC50 concentrations range from less than 0.1 μg/L to 
greater that 10 mg/L. The root mean square errors of prediction for log(LC50) and log(LT50) are 
0.473 and 0.382, respectively.  

The Phototoxic Target Lipid Model has been validated by predicting the PLC50s for four species 
exposed to artificial sunlight for 12 compounds including alkylated PAHs and dibenzothiophene 
in single compound tests, and for binary and ternary mixtures of pyrene, anthracene, and 
fluoranthene using toxic unit addition as the mixture model (Marzooghi et al., 2018). It uses the 
same framework as the TLM to compute the toxic unit concentration. Using this framework, the 
Phototoxic Target Lipid Model was used to predict the toxicity of water accommodated fractions 
of neat and naturally weathered Macondo crude oil samples (Source, Slick A and Slick B) to 
three Gulf of Mexico species. The root mean square errors of prediction were comparable to the 
calibration data set. 

The predicted increase in phototoxicity for the three Macondo oils, a factor of approximately 6 to 
approximately 14, are presented in Figure 3.16B the ratio of phototoxic PAH TU to narcotic 
PAH TU at saturation. The weathered oils exhibit the largest increase, which is due to the larger 
percentages of phototoxic PAHs in the weathered oils. This would increase their toxicity so that 
more weathered Slick A would be approximately as toxic as the fresher Macondo source oil 
(Figure 3.9). This result also indicates that a comprehensive model is required for the prediction 
of the toxicity in the presence of solar radiation. 

The use of dispersants can affect the concentration and composition of the oil that rises to the 
surface where solar radiation can increase toxicity. There are a number of factors that need to be 
considered. For an application of dispersant to a surface spill, the dispersant would increase the 
dissolved concentrations. The dispersed oil droplets would be mixed into the top few meters and 
PAHs would dissolve from the droplets to increase the aqueous concentrations. Oil droplets may 
also reduce UV attenuation in the water column potentially reducing phototoxicity. Thus, while 
the volume of water potential impacted by photoxicity may be increased in the presence of 
surface dispersant application, the resulting risks are unclear.  

For the subsurface dispersant injection the reduction in droplet size distribution may accelerate 
the rate of dissolution during droplet rise to the surface and therefore may have affected the 
concentrations of phototoxic PAHs at the surface. However, without an evaluation that can 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

Chapter 3: Aquatic Toxicology and Biological Effects 105 

PREPUBLICATION COPY 

produce the concentrations of the phototoxic compounds that would result with or without 
dispersant use, the magnitude of the resulting changes in toxicity cannot be determined. For both 
these scenarios the resulting risk could be explored using coupled fate and effect models. 

It should be noted that the tools to do such an evaluation are available. Models that predict the 
dissolved concentrations of various hydrocarbon blocks have been employed (see Chapter 2). 
The required toxicity models—PETROTOX and the phototoxic TLM—are also available. 
However, the effect of photo degradation of PAHs has not yet been included in the fate models. 
The PAHs that efficiently absorb incident light are also the PAHs that are susceptible to photo 
degradation. This is an important mechanism that also needs to be included in the fate models. 
The toxicity of the degradation products also needs to be included in the toxicity models.  

There are a number of recent publications that report phototoxic effects including the effect of 
dispersants on photo toxicity (Alloy et al., 2017; Barron, 2017; Barron et al., 2018; Bridges et al., 
2018; Finch et al., 2017a, 2017b; Finch et al., 2016; Finch et al., 2018; Finch and Stubblefield, 
2016; Nordborg et al., 2018; Overmans et al., 2018; Salvo, 2016). These tests cannot be 
evaluated to determine the effect of dispersants on phototoxicity of oil unless the concentrations 
of the dissolved components were measured at all the dilutions or if the experiments were 
variable loading tests with measured total oil added (see Table 3.1). It is the same problem that 
limits the utility of the variable dilution toxicity tests. Additionally only selective PAHs are 
phototoxic and their dissolved concentrations are required in order to confirm the cause of the 
observed toxicity. 

 

Sediment Toxicity 

Evaluating the toxicity of chemicals in sediments is complicated by the large variations in 
bioavailability to sediment-dwelling organisms due to variations in sediment composition. While 
not addressing oil contamination per se, in a classic paper by Adams et al. (1985) the observed 
LC50 (mortality) and EC50 (growth reduction) concentrations of the insecticide Kepone to the 
sediment dwelling organism Chironomus tentans was < 1 μg/g for a sediment with low organic 
carbon concentration, fOC = 0.09 % by weight. By contrast, for a sediment with fOC = 1.5% 
organic carbon the EC50 and LC50 are approximately 7 and 10 μg/g, respectively. The high 
organic carbon sediment (fOC = 12%) exhibits still higher LC50 and EC50 values on a total 
sediment Kepone concentration basis, 35 and 37 μg/g, respectively (Adams, 1985). As a 
consequence, the dose metric employed for sediment toxicity tests must account for this.  

The Kepone experiment provided two critical findings. The first was the observation that for 
these toxicity tests the pore water LC50 or EC50 varied only by approximately a factor of two 
for the three sediments, whereas the sediment LC50 or EC50 had an almost 40-fold range in 
Kepone concentrations. This pointed out the importance of the pore water concentration as a 
dose metric.  

The second insight was the relationship of the pore water LC/EC50s and the LC/EC50s obtained 
from water only exposures to the same organism. The pore water LC50s are 19 to 30 μg/L, and 
the water-only exposure LC50 is 26 μg/L. The pore water EC50s are 17 to 49 μg/L, and the 
water-only EC50 is 16 μg/L (Adams et al., 1985). This result suggested that if the concentration 
in the pore water equaled the LC50 or EC50 concentration for that organism in a conventional 
water-only exposure, the sediment would exhibit 50% mortality or 50% growth reduction. This 
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observation suggested that the LC50s and EC50s obtained from conventional water-only 
exposures could be utilized to predict sediment toxicity.  

The importance of pore water concentrations as a dose metric has prompted the development of 
methods to sample sediment pore waters directly (e.g., Arp et al., 2015). However, until recently, 
methods for efficient and trustworthy sampling of sediment pore water were not available. The 
usual sediment sampling methods determined the chemical concentration in the total sediment. 
This included both the chemical in the pore water, the chemical associated with the sediment 
particles, and if present, the chemical in condensed phases, for example as a liquid or a solid. 
Two classes of models have been developed to evaluate the relationship between chemical 
concentrations in sediment and benthic organism toxicity (Wenning, 2005). 

The first, referred to as empirical models, are based on large data sets of paired total chemical 
concentrations in the sediment and measured sediment toxicity. Various statistical methods have 
been employed to establish threshold and median concentrations for various chemicals (Long et 
al., 1995; Long et al., 1998; Long, 2006).  

The second, referred to as mechanistic models, deal with the bioavailability problem by utilizing 
models that predict the pore water concentration from the bulk sediment concentration and the 
relevant sediment properties (Di Toro et al., 1991). A comprehensive review and a comparison 
of the empirical and mechanistic models is available (Wenning 2005). 

 

Equilibrium Partitioning Model of Sediment Toxicity 

The equilibrium partitioning (EqP) model was developed to establish sediment quality criteria. 
(Di Toro et al., 1991). The EqP model assumes that the dose delivered from the pore water and 
the sediment solids exposure are equal if the pore water and sediment solids concentrations are in 
thermodynamic equilibrium. In this case the chemical potential is equal in both phases and the 
compound in each phase exerts the same chemical binding strength toward the organism. 
Sediment criteria derived using the EqP model used the water only aquatic life criteria 
concentration as the pore water concentration and predicted the bulk sediment concentration that 
would result for a sediment with a specific composition. 

The TLM model was developed for the EPA sediment criteria development effort for PAH 
mixtures to predict the pore water concentrations for use in the EqP model (Di Toro and 
McGrath, 2000; U.S. Environmental Protection Agency, 2003; Burgess et al., 2012). The model 
has been validated for individual PAHs in laboratory spiked sediments and also in PAH 
contaminated field collected sediments (Redman et al., 2014). It has been applied by the EPA in 
the initial evaluation of sediment toxicity for the DWH oil spill (USEPA, 2010a, 2010b). 

The application of the EqP derived sediment toxicity concentrations requires a chronic exposure 
concentration. The reason is that sediment dwelling organisms are exposed for either their partial 
or full l ife cycle. Therefore the chronic criteria are appropriate. In the original EPA guidance 
documents (U.S. Environmental Protection Agency 2003), the chronic water quality criterion 
was employed. For application to this investigation the chronic HC5 concentration can be 
employed. Figure 3.17 presents the chronic HC5 oil concentrations. Comparing Figure 3.17 
(chronic HC5) to Figure 3.9 (acute HC5) illustrates the difference in concentrations for 
protection of acute exposures and mortality endpoint, and chronic exposures and sublethal 
endpoints. The EPA sediment toxicity guidelines employ the latter duration. The weathered  
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Figure 3.17 Chronic HC5 toxic units versus oil concentrations (mg oil/L) for ten oils. Dashed line at TU = 1. The 
chronic HC5 critical body burden required for the calculation is from McGrath et al., 2018. SOURCE: Committee. 

 

Macondo Slick A and Slick B concentrations at TU = 1 can be used to provide the basis for a 
comparison to observed concentrations in the field, as shown next. 

 

Comparison to Field Collected Data 

Sediment Data 

An example of TPAH concentrations in sediments is shown in Figure 3.18, for series of sediment 
cores collected during the DWH sampling cruises (Stout and Payne, 2016). 

The concentration units are μg TPAH/kg sediment, the concentration of TPAH per kg dry weight 
of sediment. An approximate comparison can be made using the TPAH concentration 
corresponding to chronic HC5 toxic units = 1. The approximation employed is detailed in Di 
Toro and McGrath (2000). The required sediment concentration is the organic carbon normalized 
concentration (μg TPAH/kg sediment organic carbon.) In order to make the comparison, the 
fraction organic carbon in the sediment is required. The shaded box in Figure 3.18 enclose the 
TPAH sediment concentrations (mg TPAH/kg sediment) that are within the fraction organic 
carbon spanning the 5th and 95th concentrations (0.00208 and 0,0428 gOC/g sediment) found in 
sediments from productive regions areas (Seiter et al., 2004, Fig. 2C). As a comparison, the Long 
and Morgan ERL empirical sediment criteria for the sum of TPAHs (Long et al., 1995) are quite 
close to the TPAH chronic HC5 concentration. For fOC = 0.01 gOC/g sediment the ERL = 4.64 
and the chronic HC5 = 5.32 μg TPAH /kg sediment. Most of the sediment concentrations within 
1.6 km of the discharge and the surface samples at all distances sampled are in the uncertain 
range. It is not possible to make the comparison to the chronic HC5 for these data. This 
comparison highlights the importance of expressing sediment concentration as organic carbon 
normalized concentrations (USEPA, 2002). For a more complete analysis the following also 
need to be considered: the TPH that are present in addition to the TPAH; other sediment phases 
that sorb PAHs, e.g. black carbon (Lohmann et al., 2005; Ghosh, 2007) and the extent that the 
sorption is reversible (e.g., Fu, 1994).  
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Figure 3.18 Comparison of chronic HC5 concentrations to observed TPAH concentrations. Figure originated from 
Stout and Payne (2016). Caption reads “Graphs showing the concentrations of TPAH50 in 2010/2011 cores 
containing wax-rich, severely weathered Macondo oil at the surface versus sediment depth for cores (A) 0 to 1.6 km 
(n = 23), (B) 1.6 to 4.8 km (n = 26), and (C) 4.8 to 8.0 km (n = 20) from the well. Bottom depths of each interval are 
plotted on y-axes.” Shaded region encompass the chronic HC5 concentrations for the 5th to 95th fraction organic 
carbon (fOC) percentiles from high productivity areas (Seiter et al., 2004, Fig. 2C). Concentrations in excess of the 
right hand side of the shaded region exceed the chronic HC5 toxicity at the 95th percentile of fOC. Concentrations less 
than the left hand side of the shaded region are lower than the chronic HC5 toxicity at the 5th percentile of fOC and 
would not exceed the chronic HC5. The toxicity of the concentrations in the shaded region cannot be determined 
without the fraction organic carbon of that sediment sample. SOURCE: Modified from Stout and Payne (2016).  

 

Water Column Data 

A selection of water column field data is presented in Figure 3.19 (Boehm et al., 2016).  

The concentration units are μg TPAH/L. A conversion of these concentrations to toxic units is 
necessary for the same reason that it is required for the sediment data. The conversion requires 
the individual PAH concentrations and an estimate of the concentration of microdroplets in order 
to obtain the dissolved PAH concentrations. The necessary acute and chronic HC5 
concentrations are available for the calculation of the TU concentration. (Figures 3.9 and 3.17, 
respectively). The choice for using the acute HC5 for the water column and the chronic HC5 for 
sediments is made because there are no duration specific criteria and this choice is conventional. 
As point out above, the effect of exposure time is substantial.  

The acute and chronic HC5 concentrations for MASS oil are approximately 1000 and 10 μg 
oil/L. This corresponds to approximately dissolved TPAH concentrations of 10 and 0.5 μg 
TPAH/L (Fig. 3.11A). During the release period (Fig. 3.19B) most of the observed TPAH 
concentrations in Fig. 3.19 are below the acute HC5 (10 μg TPAH/L) and they bracket the 
dissolved chronic HC5 (0.5 μg TPAH/L). Since the TPAH concentrations in the field data 
include the microdroplet contribution, which could be significant (Fig. 3.11A), it would need to 
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Figure 3.19 Compilation of DWH water column TPAH concentrations. Figure from Boehm et al., (2016). Figure 
caption “Total polycyclic aromatic hydrocarbon (TPAH) concentrations of all water samples as a function of 
distance (A) and time (B). Samples with nondetectable TPAH were set to 0.0001 ppb for plotting on a log-scale 
graph.” SOURCE: Boehm et al. (2016). 

 

be subtracted from the observed concentrations in the field in order to judge the extent of 
toxicity. This illustrates the need to make the appropriate measurements of dissolved oil 
components so that a direct estimate of toxic unit concentration can be made.  

The above analyses are presented in order to highlight the problems that are encountered if a 
direct comparison of field TPAH concentrations and acute and chronic HC5 TPAH are 
compared. The field data from the DWH could be used to calibrate and validate exposure 
predictions using fate models that incorporate both surface and subsurface dispersant at the rates 
and timing applied during the response. Such exercises are necessary in order to understand 
quantitatively the effect that the use of dispersants could have on water column and sediment 
toxicity. In the case of the DHW, the use of dispersants potentially increased the mass of oil 
reaching the sediments through the formation of oiled marine snow (Chapter 2).Therefore a re-
evaluation and re-interpretation of the field data from the DWH is required in order to 
understand the magnitude and extent of toxicity.  
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Evaluating the effect that the use of dispersants had on the resulting water column and sediment 
toxicity can only be made using models that compute the changes in fate and the resulting 
toxicity with and without dispersant addition. For example, the presence of dispersants 
potentially increased the mass of oil reaching the sediments through the formation of oiled 
marine snow (Chapter 2) which increases rate of deposition to sediments with the combination of 
oil, dispersants and clay minerals forming oil-mineral aggregates. In the case of DWH and Ixtoc-
1 blowouts, the addition of large quantities of dispersants apparently increased the intensity of 
oiled marine snow, resulting in elevated toxicity to benthic organisms (Vonk et al. 2015; Daly et 
al. 2016). 

 

A PATH FORWARD FOR AQUATIC TOXICITY TESTING 

Test Standardization 

As discussed in the sections above, the specific parameters used to prepare WAF or CEWAF 
(i.e., mixing energy, preparation method) have an effect on the composition of hydrocarbons in 
the exposure media, thus influencing their toxicity. Consequently, the comparability and 
reproducibility of toxicity data, and their practical application to spill situations requires the 
consistent use of standardized test procedures. While this is not a novel concept (i.e., CROSERF; 
Aurand and Coelho, 2005; NRC, 2005), the lack of adherence to existing toxicity testing 
methods continues to be an issue. As a result, recent efforts have further advocated for 
standardization of test procedures (Coelho et al., 2013; Bejarano et al., 2014; Redman and 
Parkerton, 2015; Hodson et al., 2018). The test procedures originally proposed by CROSERF 
sought to provide a consistent framework for generating and interpreting toxicity test results. 
Although the initial framework proved to be comprehensive, modifications were proposed more 
than a decade ago in the previous NRC report (2005), and NRDA researchers have since 
suggested more modifications (Krasnec et al., 2016; Forth et al., 2017).  

This current evaluation on the toxicological effects has again emphasized the need to update the 
CROSERF protocols based on increased understanding of exposure and uptake, and to align with 
current state-of-the-art technology for solution preparation and analysis. Examples of proposed 
updates include: 

• Conduct (and report) detailed chemical characterization of the source oil that is used in 
the toxicity test. 

• Examine the relevance of mixing energy of WAFs to generate useful data that can be 
used to validate toxicity models, and identify a single mixing energy that can be used to 
prepare WAFs and CEWAFs (to allow for dataset comparison). 

• Eliminate the use of HEWAF preparations that generate excessive microdroplets, unless 
there is conclusive evidence to justify that these high concentrations occur in the real-
world. 

• Standardize toxicity test dispersant-to-oil ratios for CEWAFs to align with operational 
use (e.g., 1:20 for surface dispersant application and 1:100 for SSDI). 

• Expand research to include all dispersants likely to be employed in the global dispersant 
stockpile (not just Corexit®). 

• Reserve declining concentration exposure regimes such as spiked exposures for specific 
situations when appropriate since the chemical exposure from most spills is constantly 
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changing and is exceedingly difficult to quantify. Instead consider a few constant 
exposure periods that could equate to short exposures resulting from using dispersants on 
a batch spill (few hours) to longer exposures that could equate to arctic, cold weather, or 
prolonged subsea exposure. 

• Expand chemical characterization to include as many individual constituents as possible 
(>50+ PAHs) including all the hydrocarbons, based on latest analytical capabilities. 

• Analyze unfiltered and filtered water samples or passive sampling of the dissolved 
concentration of each test solution to account for relative contribution of microdroplets.  

•  If the variable loading method is adopted, develop and standardize analytical protocols 
that focus on dissolved oil exposures (e.g., filtering or passive sampling). 
 

One potential mechanism to make these modifications to CROSERF is to create a working group 
of toxicologists, modelers and resource trustees to ensure that these modifications will support 
future needs for science to support the operational response community. Future modifications 
should emphasize the need to generate toxicity data that will inform, validate or improve toxicity 
models. Ultimately, having better toxicity models will help response decision-makers and 
response personnel make informed decisions about dispersant use based on the best available 
information.  
 

Passive Dosing and Passive Samplers 

More sophisticated systems have emerged in recent years to generate toxicity data using 
continuous exposures in a flow-through system (Nordtug et al. 2011). This system enables the 
quantification of the relative contribution of both dissolved oil fractions and oil droplets to the 
overall short- or long-term toxicity to aquatic species. For example, this flow-through test system 
was used to assess the toxicity of physically and chemically dispersed oil to cod larvae (Hansen 
et al., 2018). This study provided additional evidence on the limitations of total PAH as an 
exposure metric in oil toxicity, further demonstrating the limited role that oil droplets play in 
driving toxicity. These systems are also promising as they may provide the necessary link 
between laboratory and field measurements and observations.  

An alternate approach for preparing exposure media and understanding the toxicity of WAF and 
CEWAF is the use of passive dosing techniques. In recent years, passive dosing approaches have 
been developed to generate and maintain stable aqueous concentrations of hydrophobic 
chemicals, including hydrocarbons. Passive dosing commonly employs silicone 
polydimethylsiloxane (PDMS) tubes. PDMS tubes are loaded with a test solution and directly 
immersed in water allowing the continuous partitioning of freely dissolved material though the 
permeable membrane into the aqueous exposure media. This approach alleviates the interference 
introduced in toxicity data by oil microdroplets, while controlling for compound losses due to 
volatilization. When placed in test systems, PDMS tubes loaded with known oil concentrations 
(i.e., WAF or CEWAF) serve as a passive dosing source of dissolved oil in toxicity tests. Such 
experiments have been successfully carried out with single hydrocarbon compounds, 
hydrocarbon mixtures and crude oils under acute and chronic exposures (Butler et al., 2013; 
Letinski et al., 2014; Butler et al., 2016; Renegar et al., 2017; Redman et al., 2018). Furthermore, 
one study demonstrated that passive dosing produces comparable exposures of dissolved oil as 
WAF generated with the CROSEF method (Bera et al. 2018). 
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Similarly, the use of solid-phase microextraction (SPME) polymer fibers as passive samplers 
have also been proposed as cost-effective tools in the quantification of freely dissolved 
chemicals (Verbruggen et al., 2000; Leslie et al., 2002; Mayer et al., 2014). Since SPMEs serve 
as a surrogate hydrophobic phase of lipids, dissolved constituents in an aqueous exposure media 
would partition to SPMEs simulating bioconcentration and providing a quantifiable dose metric. 
Analytical chemical characterization of SPMEs could then be interpreted to represent 
bioavailable dissolved concentrations. SPMEs coated with PDMS have been tested and used 
with hydrocarbon mixtures and crude oils (Parkerton et al., 2000; Letinski et al., 2014; Redman 
et al., 2018), but their use in toxicity testing carries nuances (i.e., equilibrium with the exposure 
media and negligible depletion of dissolved phase concentrations) that need to be carefully 
considered (Redman and Parkerton 2015). While the use of passive dosing and sampling 
approaches is promising, further standardization of test procedures are needed to ensure their 
inter-laboratory comparability and reproducibility.  

While understanding the consequences of oil spills (with or without dispersant use) on exposed 
populations is of high importance, these cannot be made solely based on results from laboratory 
studies. Such assessments involve the integration of complex biological and ecological 
knowledge, including effect responses (e.g., laboratory and field exposures) at different levels of 
biological organization, life-history parameters and population structure, environmental drivers 
of population dynamics, etc. Related efforts have been undertaken (e.g., Fodrie et al., 2014; 
Gallaway et al., 2017), suggesting that effect responses (sub-lethal or lethal) on individuals may 
not necessarily translate into population level impacts. These and related studies point to the 
need of better integrating aquatic toxicology studies with knowledge on other factors that 
determine population viability.  

 

BIOLOGICAL EFFECTS 

The exposure of aquatic species to the toxic fractions in oil under field conditions depends on the 
rate at which petroleum hydrocarbons partition and dilute into the water column, with a greater 
petroleum hydrocarbon exposure potentially resulting from the use of chemical dispersants, 
although the combination of dilution, dispersion, and biodegradation serves to reduce aqueous 
concentrations significantly and rapidly. Slow moving or immobile aquatic species and life 
stages that are entrained within water masses containing physically and/or chemically dispersed 
oil may be at greater risk of exposure to dissolved oil fractions. Even when entrained within a 
water mass, physical processes and water column mixing dilute dissolved oil fractions, making 
exposures variable over time. As a result, one of the greatest limitations in understanding the 
potential impacts related to dispersant use in open waters is the lack of data derived from 
exposure conditions that capture the environmental realism of most oil spills (Clark et al., 2001; 
Aurand and Coelho, 2005; Bejarano et al., 2014). Even greater uncertainties and data limitations 
exist when understanding potential impacts from subsea dispersant injection. This is in part due 
to the difficulty of working with deepwater species as these require special conditions including 
high pressure, low temperatures and darkness.  

Despite these limitations, toxicity data from controlled laboratory studies provide conservative 
estimates of potential impacts. Exposure of aquatic species, and in particular early life stages, to 
physically and chemically dispersed oil can lead to lethal and ecologically important sub-lethal 
impacts, but the onset of these impacts depends on several factors including concentrations of 
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dissolved hydrocarbon fractions, exposure duration, and species/life stage sensitivity to oil. A 
growing body of literature (e.g., Carls et al., 1999; Heintz et al., 1999; Incardona et al., 2004; 
Incardona et al., 2011; Incardona et al., 2013; Mager et al., 2014; Esbaugh et al., 2016) has 
shown that under controlled laboratory conditions, fish embryos exposed for several hours post 
hatch to low PAH concentration (in the low µg/L) may develop gross abnormalities, with 
permanent impacts potentially causing reduced survival later in life (Incardona et al. 2013).  

A recent review “The Toxicity to Fish Embryos of PAH in Crude and Refined Oils” Hodson et 
al., (2017) presents a series of conclusions that can be analyzed and compared using the TLM.  

• “3-5-ringed nonsubstituted, alkylated, hydroxylated, and heterocyclic PAH[s] cause 
effects on fish embryos that closely resemble those of crude and refined oils; 

• Alkyl PAH[s] are the predominant congeners in crude and refined oils. Their toxicities 
must be considered in assessments of the ecological risks and impacts of oil spills; 

•  The embryo toxicity of PAH[s] increases predictably with an increasing the number of 
rings, alkyl carbons, and Kow, indicating that water–lipid partitioning controls exposure 
and tissue dose;” 

The TLM toxicity prediction is the sum of the toxic units of all the components of oils, in 
particular alkylated, hydroxylated, and heterocyclic PAHs. Predicted toxicity increases as 
KOW increases. 

• “There are significant differences in embryotoxicity among PAH, which can be 
associated with the pattern of alkyl substitution, but not with Kow;” 

This level of molecular detail is not part of the original TLM. It could be investigated using 
the more recent TLM model that uses additional molecular properties, e.g. molecular 
polarizability, dipole-dipole and dipole-induced dipole interaction, and hydrogen bonding, to 
predict the toxicity from molecular structure (Kipka and Di Toro, 2009; Boone and Di Toro, 
2019). 

• “Chronic EC50s for individual PAH[s] range from 0.3 to 100 [µg/L]”  

A recent re-evaluation of the TLM that expands the chronic toxicity database results in chronic 
HC5s ranges that are quite close: from approximately 0.085 ug/L to 200 ug/L for PAHs with log 
KOW = 6.5 to 2.5 (McGrath et al., 2018). 

• “Because crude oil includes some PAH[s] that induce CYP1A enzymes, all PAH[s] in oil 
will be subject to higher rates of oxygenation, even if they are not inducers; 

• The potentiation and antagonism of CYP1A metabolism and toxicity of PAH[s] in 
mixtures suggest that measured toxicities of single PAH[s] are conservative and may not 
be a sound basis for predicting the impacts of mixed PAH[s] from an oil spill;” 

This is a molecular level interaction that can be addressed with the modern models that use 
molecular properties to assess toxicity as discussed above.  

• “Because mixture interactions are not well studied, TPAH concentrations 0.1 µg/L 
following oil spills should be considered hazardous.” 

The use of TPAH concentrations as the dose metric is not consistent with the large variation in 
toxicity of the individual PAHs. The only currently available experimentally validated mixture 
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model is toxic units. If a more reliable mixture model is developed and validated, then it can be 
used.  

When reviewing these laboratory studies, the reader is cautioned to carefully consider how the 
exposure media were prepared (especially with respect to presence of microdroplets), as well as 
how the chemistry was conducted and reported. Also, the environmental relevance of these 
species and life stages, in the context of the specific marine ecosystem, merits consideration. One 
of the reasons that dispersant application is generally not considered close to shore is to prevent 
the introduction of dispersed oil into shallow and/or nearshore environments (e.g., in the vicinity 
of many fish nursery habitats). Dispersant use in marine offshore environments involves tradeoff 
decisions (Chapter 6) with the recognition that early life stages (generally assumed to be more 
sensitive to oil) and entrained species may be at increased risk of exposure.  

As a point of reference, 75% of water samples collected during the DWH oil spill had TPAH 
concentrations (sum of 50 parent and alkylated PAHs) of <1 µg/L, though water samples in the 
vicinity of the wellhead had concentrations >1,000 µg/L (Figure 3.19, Boehm et al., 2016). 
Concentrations in excess of 1 µg TPAH/L were generally within 20 km of the wellhead at 
1,000−1,200 m depths and in the top 3 m of the water column under surface oil (Boehm et al. 
2016). Field assessments of dispersant effectiveness found average TPAH concentrations in the 
top 1 m of the water column of 10.5 µg/L following “very effective” surface dispersant 
applications, which rapidly and substantially diluted in less than an hour (Bejarano et al., 2013). 
This type of rapid dilution is frequently overlooked in laboratory studies. 

Many studies have been conducted that examine the sensitivity of cold water species to dispersed 
oil. Most of these studies have used crude oil or individual polycyclic aromatic compounds and 
have exposed copepods and fish larvae. (e.g., Christiansen et al., 1996; Ingebritsen et al., 2000; 
Baussant et al., 2009; Skadsheim et al., 2009; Perkins et al., 2005; Jensen et al., 2008; Jensen and 
Carroll, 2010; Hansen et al., 2011; Hjorth and Nielsen, 2011; Grenvald et al., 2013). Studies 
looking at both physically and chemically dispersed oil have demonstrated that the toxicities are 
essentially the same provided field relevant concentrations are used. (e.g., McFarlin et al., 2011; 
Hansen et al., 2012; Gardiner et al., 2013). These studies further showed that, while dispersants 
temporarily increase the bioavailability of oil, the acute toxicity from the dispersants resulted 
only at much higher concentrations than would be expected in the water column following an 
appropriate application of dispersant.  

It can be challenging to obtain regionally specific toxicity data, because of practical limitations 
associated with testing Arctic species in standard laboratory test. Therefore, several studies have 
considered the possible applicability of temperate species toxicity data to Arctic species (de 
Hoop et al., 2011; Gardiner et al., 2013; Olsen et al., 2016; Bejarano et al., 2017). Studies 
suggest that cold water species have similar sensitivity as temperate species to petroleum related 
compounds based on acute effects. The Norwegian Research Council reached a similar 
conclusion based on reviews of research conducted over a 10 year period on the long-term 
impacts of the oil and gas sector on the environment (NFR, 2012). However, according to 
multiple studies, cold water species may take longer to exhibit effects from hydrocarbon 
exposures (Chapman and Riddle, 2005; Olsen et al., 2011; Gardiner et al., 2013; Hansen et al., 
2013). Increased response time of cold water species may be attributed to morphological and 
physiological adaptations for cold water survival that may impact toxic responses, such as 
increased lipid stores and decreased metabolism (de Hoop et al., 2011). Although similar 
comparative studies are still needed for deepwater species, limited empirical data suggest that 
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their sensitivity is also comparable and within the range of sensitivity of temperate and shallow 
water species (i.e., Frometa et al., 2017; Knap et al., 2017; McConville et al., 2018). 

In addition to liquid oil released at depth, gas also escapes. The high pressure at depth increases 
the solubility and therefore the exposure of organisms to low molecular weight dissolved 
hydrocarbons, e.g. methane, ethane, etc. However, the increased pressure also decreases the 
toxicity of these compounds. The required toxicity pressure corrections have been developed for 
use in the TLM (Paquin et al., 2018). 

Apart from the direct impacts of oil and dispersed oil on mortality of various species and life 
stages, there are a wide variety of sub-lethal effects (e.g., physiological, immune, structural, and 
behavioral responses) that can lead to negative outcomes. These include alterations of vital rates 
(e.g., growth, fecundity), compromised immune functions and other stressors, leading, in some 
cases to susceptibility to other pathologies. Oil spill effects on growth rates of larvae (e.g., 
Hernandez et al., 2016) and adult fishes (e.g. Herdter et al., 2017) have been well documented in 
the literature. What is unclear is the role that dispersed oil plays in these changes.  

Despite the relatively low oil concentrations observed in field-based assessments of DWH, 
particularly at some distance from the well head, recent research has also emphasized that even 
very low concentrations (single digits to <1 μg/L) of oil exposure can have severe sub-lethal 
impacts resulting in impairment of cardiac function (Brette et al., 2014; Incardona et al., 2014), 
larval developmental anomalies, reduced physiological performance, compromised sensory 
systems and behavior, impacts on microbiomes, altered immune function, DNA damage and 
oxidative stress, compromised reproduction and other serious effects (see Grosell et al., in press, 
for a review of recent literature). These symptoms can be significant for the individual but if a 
sufficient fraction of the extant population is exposed, can result in lower overall fitness, 
reductions in recruitment (survival of young) and reduce population viability. This may be 
particularly important with respect to long-lived animals, those already reduced because of other 
factors, or populations with limited geographic ranges. 

Few studies have evaluated such factors based on laboratory control of exposures, although some 
studies exist. These vital rates are important to populations because the overall “fitness” of an 
animal population is determined by the number of viable offspring it produced. In the case of 
fishes, fecundity is both a logarithmic function of size (length) and a linear function of body 
weight. Thus, if growth rates of adults are suppressed, this will lead directly to lower overall egg 
production. Furthermore, if those larvae produced have poor condition and survival, this too will 
result in lower production and thus lower “fitness” of the population. Studies showing sublethal 
impacts including cardiac dysfunction (Incardona et al., 2014), behavioral impairment (Stieglitz 
et al., 2016), and other negative physiological effects (Whitehead et al., 2011) can lead to 
mortality (especially for larvae), they may also lead to impaired population “fitness.” It is thus 
important to consider sub-lethal impacts, including those directly related to population vital rates, 
when considering the effects of toxic exposures from the population life cycle perspective. 

For over 20 years there has been concern that if oil spills (and other toxic substances) result in 
genetic mutations these could be passed along through subsequent generations, resulting in 
decreased fitness of populations in perpetuity (Cronin and Bickham, 1998). Surprisingly, little 
research on the heritability of mutations due to oil exposure have been conducted following the 
study of White et al. (1999). Several studies have, however, identified genomic and 
transcriptomic changes in various organisms (e.g., Whitehead et al., 2011; Xu et al., 2016), 
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including fishes, although the phenotypic consequences of genomic modifications resulting from 
oil exposure have not been obvious in many cases. This merits priority for future research 
because of the potential long-term consequences for populations and ecosystems. 

 

Sensitive Habitats 

In recent years, literature reviews have been published on the impacts of oil spills on shoreline or 
nearshore habitats (Michel and Rutherford, 2014; Bejarano and Michel, 2016; Duke, 2016; 
Turner and Renegar, 2017). In general, the scale of impacts and speed of recovery varies 
depending on the spill size, and the magnitude of response actions or treatment intensity. 
However, because of their specific focus, some of these reviews have included only limited 
discussions related to dispersants. While spills of opportunity have provided valuable 
information on the impacts of oil on sensitive habitats, most have not involved the use of 
dispersants. Thus, the lack of comparative field studies on the impacts of treated versus untreated 
oil has restricted the understanding of the hazard posed by dispersant use. One exception has 
been the 1984 TROPICS (Tropical Oil Pollution Investigations in Coastal Systems) field study 
(reviewed in NRC, 2005). The TROPICS is the longest monitored field study. It has been 
monitored over 25 years to assess the impacts of chemically dispersed oil on nearshore shallow 
waters (<1 m depth) habitats (Ballou et al., 1989). This field study simulated maximum exposure 
from a single dispersant application for exposures of intertidal mangroves, subtidal seagrass and 
shallow water corals to Prudhoe Bay oil released in boom-enclosed areas (900 m2) and 
chemically dispersed with Corexit® 9527. Monitoring within two years post exposure found 
declines in the abundance of corals and associated fauna, and reduced coral growth rate in one 
species in the chemically dispersed area (Ballou et al., 1989), with complete recovery after 10 
years (DeMicco et al., 2011). In contrast, oil penetrated the substrate at the non-dispersed site, 
serving as a source of hydrocarbons to adjacent habitats (DeMicco et al., 2011). As a direct result 
of hydrocarbon leaching from the substrate, seagrass beds of Thalassia testudinum at the non-
dispersed area had a 58% decrease in coverage and slower growth rates compared to the 
chemically dispersed area (Baca and Getter, 1984; DeMicco et al., 2011). Other field studies 
have also documented higher oil persistence in nearshore sediments of untreated oil areas 
compared to areas treated with dispersants (reviewed in NRC, 1989; NRC, 2005; see Blackall 
and Sergy, 1981; Gilfillan et al., 1986 for details). For example, the three-year investigation of 
the Baffin Island Oil Spill (BIOS) Project showed lower incorporation of petroleum 
hydrocarbons in Arctic subtidal sediments following an experimental release near the bottom of 
chemically dispersed (Corexit 9527) Lagomedio crude oil than a release of untreated oil (Boehm 
et al., 1987).  

Although field studies in nearshore areas have provided valuable information, it is important to 
note that at least in the U.S., dispersants are not pre-authorized for use in shallow waters 
(generally <10 m depth, or <3 nautical miles from the shoreline), and that best management 
practices are in place to minimize impacts of response actions on sensitive habitats. Deepwater 
benthos in offshore marine environments may be exposed to oil by the transport of organic and 
inorganic particles from the upper layers of the water column via particle formation and sinking 
through a number of process (See Chapter 2). However, the role of particles in transferring oil to 
deeper waters with and without the use of dispersants is not well understood.  
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Wildlife 

Surface or subsurface dispersant use result in small oil droplets with larger surface to volume 
ratios that enhance the dissolution of soluble and semi-volatile compounds, resulting in lower 
concentrations of airborne volatiles enhancing safety for response workers (NRC, 2005; Curd, 
2011; NRC, 2013; see Chapters 2, 4, and 7 for details), and potentially reducing impacts to air 
breathing wildlife at the water surface. Despite this potential reduction in exposure to volatile 
compounds, the hazard posed by dispersant use to wildlife under field conditions is not fully 
understood as it is difficult to differentiate the impacts of chemically dispersed oil from those of 
physically dispersed oil. Most of the current knowledge on oil spill impacts to wildlife has been 
generated from incidents not involving the use of dispersants, or through controlled laboratory 
exposures.  

It is generally well known that cetaceans could be susceptible to the inhalation of volatile oil 
fractions, and to the inhalation and aspiration of oil droplets at the water surface, which could 
cause tissue damage along the respiratory tract and lungs, resulting in inflammation of airways, 
lung disease and pneumonia (Engelhardt, 1983; Geraci and Aubin, 1988; Schwacke et al., 2013; 
Takeshita et al., 2017). Inhaled or aspired oil could result in prolonged exposures to lung tissue 
or result in the absorption of hydrocarbons into the bloodstream during long dives. There is 
evidence from laboratory studies that dispersant use to treat oil slicks causes aerolization of small 
oil droplets (Afshar-Mohajer et al., 2018) at the water surface-air interface where cetaceans 
breathe. Although these droplets could be aspired into the blowhole of cetaceans, the degree of 
exposure and the implications on their health are not fully understood requiring further 
investigation. While this exposure pathway is a source of concern, best management practices 
are in place during surface dispersant applications to minimize direct exposure to marine 
mammals, which would reduce the likelihood of exposure to aerosolized oil droplets. These 
practices include having trained wildlife observers confirming the absence of cetaceans, birds 
and turtles within 1 km of aerial dispersant operations. 

Compared to cetaceans, oils spills pose a greater fouling hazard to furred marine mammals, 
marine sea turtles, waterfowl and diving birds as they spend large amounts of time at the water 
surface. Thus, effective chemical dispersion of surface slicks may decrease oil concentration and 
thickness potentially reducing the risk of exposure to these wildlife. Sea turtles could be exposed 
to oil at the water surface via inhalation of volatile fractions and ingestion of oil mistaken as 
food, which could cause skin irritation and lesions, and alteration of respiration and diving 
patterns (Lutz and Lutcavage, 1989; Lutcavage et al., 1995; Albers and Loughlin, 2003; Curd, 
2011; NRC, 2013). For example, following the Ixtoc and DWH oil spills, large numbers of sea 
turtles were found to have oil in their oral and nasal cavities, and in their digestive tracts (Hall et 
al., 1983; Mitchelmore et al., 2017). A study on the impacts of chemically dispersed oil on sea 
turtle embryos resulted in no adverse impacts (Van Meter et al., 2006). Commonly reported 
impacts of oil spills on birds are associated with dermal exposure and fouling, which reduces 
buoyancy, water repellency and insulation provided by feathers leading to disruptions in 
thermoregulation causing hypothermia (Jenssen and Ekker, 1991; Jenssen, 1994; NRC, 2005; 
O’Hara and Morandin, 2010; Duerr et al., 2011; Whitmer et al., 2017). Laboratory studies have 
found that chemically dispersed oil alters the structure and geometry of common murre (Uria 
aalge) feathers causing a disruption of waterproofing properties (Duerr et al., 2011). A related 
study also found that both physically and chemically dispersed oil reduced waterproofing of this 
same species in a dose-dependent manner (Whitmer et al., 2017). Although the same study found 
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negative impacts on waterproofing following direct exposure to Corexit® 9500A alone, best 
management practices are in place during surface dispersant applications to minimize direct 
dispersant spraying of wildlife. Direct application of undiluted Corexit® 9500 to mallard (Anas 
platyrhyncos) eggs also led to embryotoxicity (i.e., reduced hatching success, altered 
development) (Wooten et al., 2012), though this direct exposure pathway is unlikely as 
dispersants are not intentionally applied to adult birds or developing eggs.  

Given the relatively limited information, it is clear that studies are needed to address the 
uncertainties associated with the impacts of chemically dispersed oil relative to floating oil and 
physically dispersed oil on wildlife. Although a similar conclusion was reached by NRC 
previously (NRC, 1989; NRC, 2005), relatively few studies have been conducted since those 
recommendations were made. The current state of science is to use oil thickness as the dose 
metric. See French-McCay (2016) for a review of studies used to establish screening thresholds 
for oil thickness to wildlife and shore habitats. However, it is unclear if this is the correct dose 
metric; whether the suggested thresholds are correct, and whether the same threshold applies for 
chemically and physically dispersed oil. Also other exposure pathways (e.g., inhalation of vapors 
or oil aerosols, ingestion of contaminated diet) are not considered. 

 

APPLICATION TO THE CONTEXT OF FIELD EXPOSURES 

When considering dispersant use for a spill response scenario, it is important to acknowledge the 
hazards to aquatic resources due to the toxicity of the oil itself. Unmitigated floating oil slicks 
pose significant hazard to wildlife, especially animals which rely on the surface of the ocean to 
rest, feed, or breathe air. During higher sea states, untreated oil will be naturally dispersed, 
resulting in elevated hydrocarbon concentrations even without the use of dispersants. So the 
decision to use dispersants must account for the risks posed by untreated oil, as compared to the 
risk of chemically dispersing the oil (see Chapter 6). One important consideration is the extent 
and speed of habitat and population recovery after initial impact. Another important 
consideration is the broad range of sensitivity among species, and life stage sensitivity 
differences within a single species, so proper identification of the species (and life stages) 
present in any area where dispersant use is being considered is needed to make sound decisions 
(see Chapter 6).  

It is also important to recognize that ongoing scientific research plays an important role in 
increasing our understanding of environmental challenges in the context of potential dispersant 
use. Since each spill has its own challenges and environmental settings, the practical application 
of scientific knowledge, especially from toxicity studies, may not be direct as most of the 
available data may not represent typical environmental field conditions. Disparities arise from 
the fact that the hypotheses being tested by scientists in the laboratory may not always align with 
the scientific needs of spill responders in the field. Generally, exposure concentrations under 
laboratory conditions are held relatively constant for a prolonged period to ensure that dosing is 
sufficiently high to elicit a toxicological response. In contrast, more representative test protocols 
for operational decisions are those from exposures that allow for water mixing and dilution 
during the exposure period (e.g., Clark et al., 2001; Aurand and Coelho, 2005; Bejarano et al., 
2014). As a result, what is toxic under controlled laboratory conditions, even those from more 
representative, declining exposures, does not necessarily translate into similar effects under field 
conditions.  
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New scientific information has been generated through the NRDA process from multiple prior 
oil spills. To support injury assessments and damage quantification, NRDA generates 
information using reproducible standard scientific approaches, which often involve toxicity 
testing under controlled laboratory conditions. However, some of the same constraints previously 
described may also apply to data developed under the NRDA protocols. Despite these 
challenges, scientific knowledge from laboratory exposures is valuable as these answer important 
questions on how aquatic organisms respond to oil exposures. Furthermore, laboratory toxicity 
studies have facilitated the development of models that provide a scientific link between 
laboratory and field exposures and effects. 

The development of the models described in this chapter relies on the toxicity data generated 
from toxicity tests. Rather than developing toxicity tests that attempt to simulate the exposure 
and duration in field exposures, the Committee recommends that toxicity tests be designed to 
calibrate and validate the toxicity models at environmentally realistic concentrations. The 
toxicity models would be used together with environmental fate models discussed in Chapter 6 
and 7 to evaluate the exposure and toxicity associated with various response options, in 
particular, the potential costs and benefits of dispersant use. 

In order to evaluate the impact of dispersant use, it is important to understand the complexity of 
exposures that generally occur under field conditions. In the water column, the toxicity of 
physically or chemically dispersed oil relates to these 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.  

When examining the expected initial concentrations of dispersed oil, it is important that both 
lethal and sub-lethal (e.g., impairment in growth, reproduction, respiration rates) effects are 
considered. Laboratory tests can identify species thresholds for both mortality and these other 
serious sub-lethal effects. Figures 3.9 and 3.17 present examples of acute and chronic HC5 
concentration, which accounts for species sensitivity by setting the effect concentration that is 
protective of 95% of the tested species using the SSD. 

The use of these laboratory results to assess the potential risks of dispersed oil to marine life 
provides an incomplete understanding of the potential effects in the ocean, since laboratory data 
rarely approximate field exposure. Open ocean field experiments conducted in the North Sea 
showed rapid dilution of dispersed oil concentrations following dispersant application (see Text 
Box 6.1). The rapid dilution of dispersed oil is also documented in a literature review (Bejarano 
et al. 2014) that included field measurements from extensive studies during the DWH spill 
(OSAT, 2010), in which less than 1% of water samples analyzed exceeded aquatic toxicity 
benchmarks. Furthermore, many mobile marine organisms may display an avoidance behavior, 
not remaining in a region with continual exposure to dispersed oil. As a result of the different 
exposure durations, a direct comparison between laboratory and field effects is problematic 
(Clark et al., 2001; Aurand and Coelho, 2005; Bejarano et al., 2014; IPIECA, 2015). For these 
reasons, it is logical to calibrate a coupled exposure and effects model under laboratory exposure 
conditions using a given oil to predict toxicity under different exposure conditions for other oils. 
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Despite the limitations of extrapolating laboratory to field effects, efforts have been made to find 
practical applications of the substantial toxicity data produced over several decades. The Coastal 
Response Research Center sponsored a project in 2013 to make toxicity data for dispersants, oil, 
and dispersed oil more readily available by centralizing toxicity data. The end result is a data 
compilation that provides a quantitative basis for a more thorough assessment of hazard 
concentrations (NOAA/ERD 2015; Bejarano et al., 2016). This new tool has been incorporated 
into the NOAA Chemical Aquatic Fate and Effects (CAFE) database, allowing users to quickly 
develop SSDs to improve hazard estimates during oil spill response activities and exercises. The 
database enables users to filter information that specifically relates to a particular oil or 
dispersant, which allows decision-makers to rapidly access past research and apply it in a 
meaningful way. From a practical perspective, the use of SSDs is advantageous because: 

• SSDs provide potentially useful information to stakeholders involved in oil spill 
response decision-making.  

• Even when the SSDs are based on standard laboratory exposures rather than real world 
exposure regimes, they can provide scientifically defensible benchmarks for dispersant 
use decisions. 

• In the absence of toxicity data for extreme environment species – such as Arctic and 
deep water - adjustments to the SSD can be made to predict the change that might result 
to the HC5.  

Finally, in recent years there has been dramatic expansion of toxicity research well beyond the 
organismal unit into areas of metabolomics, genetics, species interactions and ecosystem-level 
responses (Tarnecki and Patterson, 2015; Deepwater Horizon Natural Resource Damage 
Assessment Trustees, 2016). More recent studies are also advancing the understanding of the 
effects of oil and dispersed oil exposure when compounded by other environmental stressors, 
such as UV radiation, temperature, salinity, etc. While these advances in science offer new 
insights into oil toxicology, the scientific community should remain vigilant about appropriate 
interpretation of these data and meaningfully communicating appropriate results to the 
operational response community.  

 

FINDINGS AND RECOMMENDATIONS 

Finding: The use of TPH and TPAH as dose metrics are not sufficiently predictive of observed 
toxicity of complex mixtures of oil and dispersed oil (see Figure 3.12). The use of toxic units is 
the only presently available, scientifically sound dose metric.  

Finding: Toxicity tests using variable dilution cannot be used to determine if exposure media 
containing dispersed oil is more or less toxic than that of untreated oil, because (1) dilution 
changes the concentration of microdroplets in the WAFs, (2) dilution changes the concentrations 
of dissolved components in the WAFs, and (3) the concentration dissolved components cannot 
be estimated from the dilution. By contrast, toxicity tests using the variable loading design can 
be used to make this determination as the dissolved concentration of the oil components in the 
WAFs are the same at the same oil loading with or without dispersants. 

Finding: Data from HEWAF experiments are difficult to interpret because of the creation of 
excess microdroplets relative to the dissolved concentrations (see Figure 3.13).  
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Finding: Data from recent variable loading toxicity tests indicate that dispersed oil is not more 
toxic than untreated oil at concentrations below approximately 100 mg oil/L. At concentrations 
above approximately 100 mg oil/L the presence of dispersants contributes to increased toxicity 
(Figure 3.5). At oil loadings much lower than approximately 100 mg/L, the toxicity hazard posed 
by dispersed oil does not come from the dispersant itself since the concentrations of dispersants 
in the toxicity tests are below the acute HC5 (Figure 3.2). 

Finding: The acute and chronic TUs of saturated WAFs for a range of oils, and the chronic and 
acute HC5 vary over an order of magnitude depending on the composition of the oil (Figures 3.9, 
3.17).  

Finding: The use of passive dosing shows promise for generating exposure media without 
microdroplets, thereby enabling toxicity testing of dissolved components only. Passive sampling 
approaches, such as SPME, show promise for rapid field and laboratory sampling as well. 
Further standardization of these testing procedures would ensure their inter-laboratory 
comparability and reproducibility. 

Finding: Phototoxicity models exists but have not been utilized for determining the contribution 
of phototoxicity to the overall toxicity of oil in the field. 

Recommendation: The use of toxic units should be integrated into revised 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 HC5 and 
LC50 for toxicity models used with fate and transport models to compare the exposure and 
toxicity of various response options, including dispersants. 

Recommendation: Recent advances in predictive toxicity models under both lab and field 
conditions should be incorporated into user accessible tools. The availability of such tools would 
facilitate further calibration, validation and/or refinement as well as support decision-making. 
Future models could include inclusion of environmental factors (UV light, pressure) and role of 
both photosensitization and photomodification on predicted oil toxicity. 

Recommendation: Models that simulate the distribution and toxicity of spilled oil need to be 
validated by comparing their predictions for the same test conditions. Organizations that fund 
model development should ensure that models, such as PETROTOX and Oiltox, are enhanced 
and validated through interlab comparisons. As new models evolve for more refined toxicity 
prediction (e.g., models of phototoxicity) the same should be done. If a future field trial is 
planned, further validation of these models should be incorporated into the design. 

Recommendation: Modify CROSERF protocols so that future toxicity testing data are geared 
toward informing and validating toxicity models (media preparation, exposure regimes, chemical 
characterization of exposure media and test species after exposure, and reporting of dose 
metrics).  

Recommendation: Consideration should be given to choosing a number of standardized oil 
compositions for use as inputs to fate and toxicity model runs. Characterizing these oils into a 
manageable number of hydrocarbon blocks, consistent with acute and chronic toxicity, 
phototoxicity, and other more specialized properties, would also be useful. 

Recommendation: Funding agencies, research consortia, and other sponsoring groups should 
require that research teams use standardized toxicity testing methods, such as those developed by 
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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. 

Recommendation: Improve standardization of oil characterization and composition to provide 
consistent input that could be coupled with fate and effect models, including lower resolution “fit 
for purpose” analyses able to quantify oil pseudo-components applicable to trajectory oil spill 
modeling. 

Recommendation: More broadly test the use of passive sampling devices, such as SPME fibers 
for real time field monitoring of dissolved oil exposures and possible toxicity prediction. 
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CHAPTER 4 

HUMAN HEALTH CONSIDERATIONS 
 

INTRODUCTION 

Review of Human Health Considerations in Previous NRC Reports 

Part of the Committee’s task is to evaluate factors that could affect the decision about the use of 
dispersants in oil spill response. One of these many factors is the potential impact of dispersant 
use on human health. While much of the present report builds on the National Research Council 
(NRC) reports (NRC, 1989; 2005), we note that human health considerations were not a focus of 
these previous studies. The 1989 NRC report recognized the need to consider health hazards in 
oil spill response decision-making, but did not address the impacts of dispersants specifically. 
Similarly, one of the limited mentions of human health in the 2005 report identified human 
health as the first decision point in the dispersant use flow chart (NAS, 2005). In addition, a 
mention of potential health effects from 2-butoxyethanol exposure during the Exxon Valdez 
response,16 and a study assessing the potential for mammalian toxicity were reviewed in that 
previous report (NAS, 2005).  

 

Overview of Human Health Considerations During and After Oil Spills 

While the environmental consequences of marine oil spills has been an important topic of 
investigation since at least the Torrey Canyon and Santa Barbara oil spills in 1967 and 1969, 
respectively, research on the direct and indirect human health impacts of oil spills is relatively 
recent, whether dispersants were used or not, with some research conducted following the Exxon 
Valdez and Sea Empress oil spills, but much more initiated after the Prestige oil spill in 2002 
(Goldstein et al. 2011, Laffon et al. 2016; see Table 4.2). Furthermore, human health 
considerations, which includes physical, mental, and social well-being, with regard to dispersant 
use during oil spills only became a topic of epidemiological investigation during and following 
the Deepwater Horizon spill (DWH; also referred to as the Macondo spill) in 2010 (Kwok et al., 
2017, McGowan et al., 2017, Rusieck et al. 2017). As is emphasized frequently in this report, 
every oil spill is unique, and decisions about dispersant use that might impact human health will 
need to take local factors into account for any future spill. 

The key questions addressed in this chapter are identified in Box 4.1. In the case of direct 
adverse effects to response workers, a critical component of the question is whether or not those 
direct effects can be mitigated through a proper worker health and safety program which focuses 
on worker training, personal protective equipment, and health and safety monitoring. The 
Committee noted no evidence that the worker health and safety approach would differ for crude 
oil components whether or not dispersants were present. 

                                                            
16 The 2005 NAS report contains a comment on page 56 indicating health effects were found during a previous use 
of Corexit® 9527. Follow up by the current Committee with a previous committee member indicated that the 
concern referred to 2-butoxyethanol, a component of Inipol EAP22, a product that was used to promote 
biodegradation during the Exxon Valdez oil spill response. 2-butoxyethanol is also a component of Corexit® 9257. 
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Box 4.1 

Key Questions 

The key questions addressed in this chapter are whether dispersant use alters the health risk 
imposed by a crude oil spill, either: 

1. by dispersant use causing adverse effects or 
2. through the potential effects of chemically dispersed oil; or 
3. indirectly by changing the extent or duration of the spill and the associated effects.  

 

With regard to exposure to crude oil, the components of particular concern are the carcinogenic 
constituents such as the polycyclic aromatic hydrocarbons (PAHs), which are known to cause 
human lung, bladder, and skin cancer. Additionally, benzene, a volatile component of fresh oil, is 
known to cause human hematological cancer, and is a particular risk to workers who are nearby 
and may present some concern to downwind communities in close proximity to fresh oil. 

A spill can also have an extensive effect in that the presence of surface sheen or of PAHs in 
seafood can result in prolonged closure of fisheries, which may contribute to secondary effects 
on community psychological and socioeconomic health and well-being. Worker health and 
safety is a primary concern during spill response in the U.S., and community health, safety, and 
well-being have also received attention after more recent oil spills. If a response tool such as 
dispersants can shorten the intensity and duration of response activities, and if the proper worker 
health and safety, and community health and safety measures can be implemented, it would be 
expected to lessen worker and community health risk. These issues must be examined and 
weighed as part of the response tradeoff decision for dispersant use. 

 

DIRECT HUMAN HEALTH CONSIDERATIONS 

The environmental behavior and composition of the spilled oil will largely determine the primary 
exposure pathways and potential for toxicity in humans, as in other species (see Chapter 3). 
Primary oil constituents of concern for human health include volatile organic compounds 
(VOCs), particularly benzene, toluene, ethylbenzene, and xylene (BTEX) and PAHs. The 
carcinogenicity of benzene and PAHs, particularly benzo(a)pyrene, are well characterized. In 
addition, exposure and toxicity of VOC and PAH oil constituents have been reviewed elsewhere 
(Laffon et al. 2016, USEPA 2017, USEPA 1998, IARC 2012a, IARC 2012b). The use of 
dispersants may affect the pathways of exposure to oil and oil constituents relevant to human 
health via changes in the fate, transport, and biodegradation of these oil constituents (see Chapter 
2). Here we will focus on published research evaluating the effects of dispersants alone and how 
they may affect exposure or toxicity of oil constituents most relevant for human health. The 
Committee first cover potential exposure pathways and evidence of exposure, followed by the 
toxicological evidence that provides information about the intrinsic hazard of a substance 
(whether, at any dose, the substance could cause an adverse effect), as well as epidemiological 
evidence from the DWH spill. Risk, a combination of hazard and exposure, is then discussed, 
when sufficient evidence is available (e.g., see the section related to seafood below). 

 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

Chapter 4: Human Health Considerations 125 

PREPUBLICATION COPY 

Exposure Pathways for Oil, Dispersant, and Dispersant Oil Mixtures  

Dermal and Inhalation Pathways 

During an oil spill response, primary response worker exposure pathways of concern are 
inhalational and dermal exposure to VOC components of oil, including benzene, and potential 
inhalational and dermal exposure to dispersants or dispersed oil. In addition, air transport of 
VOCs released from an oil spill can contribute to formation of secondary air pollutants, such as 
ozone (de Gouw et al., 2011), which could contribute to inhalational exposure to responder and 
non-responder populations downwind of the oil spill. For future spills, downwind ozone 
formation might need to be taken into account during summer months, particularly in regions 
that are exceeding, or close to exceeding, the primary air quality standard for ozone. Results of 
modeling of subsea use of dispersants during the DWH spill response suggest reduction in the 
VOC inhalational exposure pathway by enhancing the formation of small oil droplets and 
increasing the dissolution of VOCs within the water column, which also could potentially 
decrease downwind ozone formation (Gros et al., 2017; see Chapter 2). Aerosolization of oil 
containing particles is another potential pathway to both inhalation and dermal exposures 
(Middlebrook et al., 2012; Ehrenhauser et al. 2014). 

Dermal exposure to oil constituents has been shown to cause skin irritation and skin cancer 
(USEPA, 2017) and transdermal absorption will also be an important route in chronic toxicity 
risk for oil components, particularly related to cancer risk estimates for benzene. Although it is 
conceivable that the surfactant properties of dispersants may increase transdermal absorption 
(Subedi et al, 2010), there is limited evidence to determine the effect of dispersants on the 
transdermal absorption of crude oil components. The likelihood of workers being exposed to a 
mixture of dispersants and crude oil may be unknown but is expected to be low since few 
responders are in the immediate vicinity when dispersants are applied to surface slicks, either by 
vessel or aircraft. For responders who could be in the area performing specific tasks, it is 
expected that appropriate Personal Protective Equipment (PPE) will be used.  

While not related to dispersant use, mechanical cleaning of oiled vessels and equipment may 
splash oil back onto workers which could result in both inhalation and dermal exposures of oil 
components and cleaning agents used in the decontamination of oiled vessels or shorelines, 
particularly if PPE equipment is not used properly. 

 

Ingestion Pathways 

Exposure via ingestion could occur through consumption of seafood that may have elevated 
PAH or dispersant components during or after an oil spill, although protocols for fisheries 
closures and re-opening of waters to fisheries during and after an oil spill are designed to protect 
public health from this exposure route. These protocols have been in use since the 1989 Exxon 
Valdez spill (Yender et al., 2002) and are presented in more detail in the section regarding 
seafood below; however how dispersants modulate exposures via this pathway versus the no 
dispersant alternative has not been systematically evaluated. Another possible route for ingestion 
of oil components is through poor responder hygiene and possible contamination of food during 
a response, although this can be addressed by proper training. The use of dispersants could serve 
to reduce the presence of surface oil and obviate this possible exposure route.  
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Finally, ingestion by children of dispersed oil that reaches the shore may occur through their 
hand to mouth habits. Beach closures are designed to minimize this exposure route, although 
there may be residual oil after re-opening. Dispersant exposure, however, is less likely since 
current policies in the United States restrict dispersant use to beyond 3 nm from shore or in water 
column depths greater than 10 m. Few field measures exist, but concentrations of dioctyl sodium 
sulfosuccinate (DOSS) were low (ND to 19 ppb) in seawater samples taken at beaches during 
DWH and spatiotemporal patterns suggested to authors a non-dispersant related source of 
DOSS(Hayworth and Clement 2012). Samples taken at depth during and following DWH 
[ranging from non-detectable (<67 ng/L) to 71 ng/L at 90 m depth to 13,000 ng/L at 1180 m 
depth] and in weathered oil washed ashore 25-46 months following DWH were also low (~1-260 
ng/g) (Place et al. 2016; White et al. 2014). Concentrations of nonionic surfactants in Corexit 
dispersants, including sorbitan monooleate (Span 80), sorbitan monooleate polyethoxylate 
(Tween 80), and sorbitan trioleate polyethoxylate (Tween 85), were found infrequently and at 
low concentrations (840 to 9,100 ng/L) in seawater (Place et al. 2016). 

 

Exposure Assessment and Guidelines 

To date, exposure assessment during oil spills has been hampered by the lack of protocol 
development for dispersants and, to a lesser extent, for oil component concentrations at baseline 
and during response activities. Development and validation of an analytical chemistry protocol 
upfront for monitoring the levels of dispersant (i.e., dispersant components) and chemically 
dispersed oil in biota, including humans, could allow for monitoring of baseline conditions, as 
well as levels during and post oil spill, thereby providing a dataset for more accurate exposure 
assessment to dispersants and dispersed oil. There would be value in expanding and improving 
protocols for measuring exposure during a response for oil spill workers (with potential dermal, 
ingestion and inhalation exposure routes associated with dispersant application and oil spill 
response activities), as well as for residents in general (via dermal, ingestion, and inhalation 
exposure routes from beach activities and/or consumption of seafood). Previous reports have 
noted the need for emergency responder exposure monitoring and health surveillance (Reissman 
and Howard, 2008; Decker et al., 2013). Center for Disease Control (CDC) and National Institute 
of Environmental Health Sciences (NIEHS) have developed a framework for worker monitoring 
and disaster research response (CDC, 2018; NIEHS, 2018). 

A Good Practice Guide was developed to provide very specific, detailed recommendations for 
worker health and safety as it relates to surface dispersant operations. Protection measures 
detailed in the guide cover exposures related to: breathing aerosol mist, ingestion, absorption 
through the skin, and splashes to the eyes. (IPIECA-IOGP, 2012). 

 

Evidence of Exposure to Crude Oil, Dispersant, and Dispersant Oil Mixtures 

Evidence of exposure to crude oil 

The human health effects of crude oil are relatively well understood due to occupational health 
studies of drillers, including those heavily exposed during accidental discharge; in the petroleum 
refinery workforce and in industries using crude oil and its components (e.g., USEPA, 2017; 
Macys, 1992). In recent years, studies of workers involved in response after marine oil spills in 
the United States and elsewhere have reported with reasonable consistency, respiratory and 
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dermal effects, as well as other concerns (Table 4.2). The Committee notes that past studies of 
petrochemical industry workers have largely been of males, and likely included fewer women of 
reproductive age than have been present among the population of oil spill response workers 
(Bingham et al, 1981). Relatively little information is available concerning other possible 
vulnerable populations. 

 

Evidence of exposure to dispersants  

In addition to understanding the impacts of dispersant use on exposure to oil, it is also important 
to consider whether and how direct exposure to dispersants has implications for human health. 
Workers involved in dispersant operations, or otherwise in the pathway of dispersant exposure, 
are presumably most at risk, although the use of appropriate PPE is expected to mitigate this risk 
(IPIECA-IOGP, 2012). PPE compliance is an important variable and was likely affected in the 
DWH response due to high ambient temperatures contributing to the discomfort of wearing PPE. 
While the institution of appropriate workplace protective measures can greatly minimize worker 
exposure, it is important to understand the potential health consequences of inadequate or 
inappropriate use of such measures, including unforeseen accidents that lead to human exposure.  

Available information about the potential effects (or hazard) of direct dispersant exposure is 
derived primarily from standard toxicological studies of specific dispersants and of their 
individual components. Traditionally, one would also look for studies of workers involved in the 
manufacture of dispersants, but the Committee could find no such information.  

Two studies of DWH response workers have attempted to disentangle the direct effects of 
dispersants from other worker health risks. While both studies have noted adverse effects 
associated with self-reported dispersant exposures, both have significant problems in validating 
the accuracy of the workers’ identification of dispersant exposures (see below). During the DWH 
spill, personal breathing zone and area air samples were collected on a vessel during and 
following application of 50 gallons of Corexit EC9500A. Aerial application of 125 gallons of 
Corexit EC9500A co-occurred with the vessel application on the same slick. All substances 
monitored (including propylene glycol as the component monitored from the dispersant) had 
either non-detectable concentrations or concentrations well below occupational exposure limits 
(King and Gibbons, 2011).  

Outside of direct exposure through handling or accidental release of dispersants by response 
workers, contact with the formulated dispersant (i.e. all of the components in the ratio present in 
the product prior to application) is unlikely due to rapid dilution, dissolution, biodegradation, and 
photodegradation processes.  

A more thorough discussion of the fate and transport of dispersants in the marine environment 
exist in Chapter 2. The relevant aspects for human health are highlighted here. Dispersant 
formulations are mixtures of solvents and nonionic and anionic surfactants that have different 
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 the various components 
subjected to degradation processes. Research examining the long-term fate of dispersant 
mixtures in the environment, however, indicate 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 
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patties collected from beaches; however, the concentrations of DOSS observed have been 
extremely low (White et al., 2014; McDaniel et al., 2015; Perkins et al., 2017).  

 

Evidence of exposure to chemically-dispersed oil 

In addition to potential direct exposure to dispersants, offshore response personnel working 
directly with or near dispersant application are the most likely group to be exposed to mixtures of 
dispersants and crude oil (chemically-dispersed oil) via inhalation and dermal pathways, 
although direct evidence of exposure is lacking. Broader community exposure is significantly 
less likely, although there may be rare and isolated instances that could lead to ingestion, 
inhalation and dermal routes. Again, direct evidence of exposure to chemically-dispersed oil is 
not available from previous oil spill investigations.  

 

Hazard related to exposure to oil, dispersant, and chemically-dispersed oil 

Risk is a function not just of exposure but of hazard as well. This section covers the hazard 
component of risk. Exposure is discussed above briefly, and also is covered in subsequent 
sections. In considering the potential implications of using dispersants in an oil spill, the primary 
toxicological agents of concern are: 1) the individual chemicals in oil and dispersant 
formulations, 2) the dispersant formulation as a mixture, 3) the mixture of dispersants and crude 
oil (referred to as chemically dispersed oil here and in Chapter 3), and finally 4) the weathered 
chemically-dispersed oil.  

 

Toxicological evidence of hazard 

Crude oil toxicity 

The potential for acute and subacute dermal toxicity and for the acute central nervous system 
effects of crude oil components, particularly BTEX, are discussed below. Chronic toxicity 
concerns of oil constituents are primarily driven by the carcinogenicity of benzene and PAHs via 
inhalation and ingestion exposure routes, respectively. While the BTEX components have 
similar acute central nervous system effects, it is only benzene that is a known human 
carcinogen, causing cancers of the hematological system including leukemia and lymphoma 
(Bingham et al, 1981, Goldstein, 2010; IARC, 2012a; ATSDR, 2007).  

Weathered crude oil could account for a substantial part of the exposure of workers and the 
potential exposures of community members following a marine oil spill if it comes ashore near 
populations. Far less is known about the potential for human toxicity of weathered crude oil, 
although lower molecular weight components, including benzene, will be at lower concentrations 
and in the case of extremely weathered crude oils, no bioavailable components may remain. 
Examination of the effect of weathering on toxicity has been evaluated in other vertebrates 
relevant to ecological risk assessment (see Chapter 3), and may be relevant for predicting 
mammalian toxicity. 

For comparison, the Committee notes that burning of surface oil, another method used in oil spill 
response, produces pyrogenic PAHs, or unsubstituted parent compounds, whereas PAHs found 
in crude oil are more likely to be alkylated. Jaligama et al. (2015) exposed mice to particulate 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

Chapter 4: Human Health Considerations 129 

PREPUBLICATION COPY 

matter from in situ surface burning of oil during the DWH response and showed induction of 
pulmonary inflammation. Whether the pyrogenic PAHs provide more or less risk than PAHs 
naturally present in crude oil is uncertain and warrants further study (Wickliffe et al. 2014; see 
also Chapter 3).  

 

Dispersant toxicity 

Previous reviews describe the use of dispersant constituents in common household and 
pharmaceutical agents and summarize available toxicity information, identifying skin, eye and 
respiratory tract irritation as the primary acute toxicity endpoints of concern (Fabisiak and 
Goldstein, 2011; Dickey and Dickhoff, 2011; Popovech 2017; Fiume et al. 2016). These are 
similar to symptoms reported in workers and community members following significant oil spills 
irrespective of dispersant use (See epidemiological evidence section and Table 4.2).  

After the DWH oil spill, the National Institute of Occupational Safety and Health (NIOSH) 
examined respiratory, cardiovascular and neurotoxicity endpoints following exposure to Corexit 
EC9500A via inhalation and dermal exposure routes in mice and rats. Direct dermal or inhalation 
exposure may occur over brief periods in the field to workers who venture into spray areas 
before aerial or boat spray hit the water or to responders spraying dispersants from vessels, 
particularly if PPE is not worn correctly. Direct dermal exposure to Corexit EC9500A including 
the surfactant, DOSS, resulted in allergic contact sensitization in the OECD standardized Local 
Lymph Node Assay (EC3 = 0.4% and 3.9%, respectively) and Mouse Ear Swelling Test 
(Anderson et al., 2011). Acute inhalation exposure (27 mg/m3, 5 hr) resulted in transient 
increases in heart rate and blood pressure (Krajnak et al., 2011), and changes in biomarkers of 
neural dysfunction (Sriram et al., 2011); however breathing rate, airway resistance, and lung 
inflammation were not altered in these rodent models (Roberts et al., 2011). Repeated inhalation 
exposures at similar concentrations resulted in no significant long-term changes in 
cardiovascular or respiratory endpoints (Roberts et al., 2014). George et al. 2001 found gut 
microbial differences in Fischer rats following a 5 week daily oral exposure to Corexit 9527, 
Nigerian crude oil, and a Corexit 9527 Nigerian crude oil mixture (daily dose volume equal to 
0.1% of body weight, 1:20 dilution of crude oil or a 1:50 dilution of Corexit 9527, or mixture, in 
peanut oil). No differences in body or organ weight were found across treatment and control 
groups and mutagenicity tests were negative. This study was described in detail in the previous 
2005 NRC report (NRC, 2005). Limitations of this study include small sample size and unclear 
relevance of the doses and oral gavage exposure route to expected worst case doses and exposure 
routes for humans in field conditions during an oil spill response. 

When subsea dispersant use was authorized during DWH, the U.S. EPA Computational 
Toxicology Program performed rapid toxicity screening to determine which dispersants were 
least toxic to mysid shrimp and silverside minnow, as well as human cell lines (Judson et al. 
2010). For human cell line studies, the LC50 (the concentration that is lethal to half of the cells 
in culture) for Corexit EC9500A (120 ppm) was lower than that for several other dispersants, but 
higher than the LC50 determined for another dispersant formulation, Dispersit SPC 1000 (Table 
4.1). It should be noted that the concentrations reported in these studies (the HepG2 assay value 
of 100+ ppm) are at least 1 order of magnitude greater than expected field concentrations of 
dispersant alone (3-10 mg/L depending on application rates; see Chapter 3) and exposures in the 
field would be expected to be brief. Additional human cell-based studies have examined markers 
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associated with human disease, e.g. oxidative stress, mitochondrial dysfunction (Bandele et al. 
2012), and chromosomal aberrations in sperm whale skin fibroblasts (Wise et al. 2014). Some 
dispersant formulations have been evaluated for endocrine-related endpoints: The dispersants 
Nokomis 3-F4 and ZI-400 had weak estrogenic activity (Judson et al., 2010) and DOSS activated 
adipocyte (fat cell) differentiation and gene expression in mice, suggesting potential obesogenic 
activity (Temkin et al., 2016). 

During DWH, significant controversy resulted from a comparison of the US Product Schedule 
dispersant being used, to a dispersant approved for use outside the US. The EPA directed studies 
to compare dispersants. While some other dispersants had lower acute toxicity, they either 
contained endocrine disrupters or lacked effectiveness in spill response (Coelho et al., 2011; 
Hemmer et al., 2011). 

Note that dispersant effectiveness varies by formulation and oil composition. Additionally, 
comparison of dispersant toxicity metrics with those of cleaning agents used in the 
decontamination of vessels by oil spill response workers may be useful, since surface washing 
agents, like dispersants, contain surfactants and solvents. As an example, ecotoxicity of cleaning 
agents used in decontamination, such as PES-51 and Simple Green, has been evaluated by EPA 
(EPA, 2018), however screening tests in human cell lines as described in Judson et al. (2010) and 
Table 4.1 above, were not found for these formulations.  

 

Chemically dispersed oil toxicity 

Limited toxicity studies have been conducted to examine chemically dispersed oil in human 
cells. These few studies found cytotoxicity in human lung epithelial cells was greater and gene 
expression differentially altered after exposure to chemically-enhanced (either by Corexit® 
EC9500A or Corexit® EC9527) water-accommodated fraction (CEWAF) versus water-
accommodated fraction (WAF) mixtures using Macondo crude oil (Wang et al. 2012, Major et 
al. 2012, Major et al. 2016, Liu et al. 2016; Liu et al. 2017). While important to follow up, these 
cell culture experiments are difficult to interpret because (1) there is variation in the preparation 
of the WAFs, (2) the duration of exposures (up to 3 months) is long, (3) the concentrations of 
dissolved oil constituents were not measured; and (4) there are potential complexities arising 
from the effects of detergents in the dispersant preparations on cell permeability (Gerhard et al., 
1969; Vinardell and Infante, 1999; Jamur and Oliver, 2010). Comparing dissolved concentrations 
of oil constituents is an important component to determining toxicity, as discussed in detail in 
Chapter 3.  

During an oil spill, PAH degradation occurs in part through oxygenation at the seawater surface. 
The extent to which surface application of dispersants could affect the relative uptake into 
seafood and potential toxicity of oxygenated PAHs is unknown, although a recent study 
suggested that a relatively persistent PAH, chrysene, when oxygenated, may contribute to the 
developmental toxicity (heart, circulation, spine, and eye defects, among others, when exposure 
occurs during development) of weathered oil (Diamante et al., 2017). The net risk is unclear. 
Similarly, burning of hydrocarbons also leads to formation of benzene, but perhaps not at levels 
that would counteract the pyrolysis of benzene by the burning of the crude oil. 
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Epidemiological evidence from Deepwater Horizon  

Standard toxicological testing data were available for dispersant components prior to the DWH 
oil spill. These data, along with the general use of dispersant components in common household 
and pharmaceutical agents, gave some assurance that the use of a large volume of dispersants in 
response to DWH could be done safely. However, two published studies in 2017 based on 
epidemiological analysis of DWH reported oil spill response workers who self-reported possible 
exposure to dispersants, had a higher level of symptoms as compared to those who self-reported 
they were not exposed to dispersants. Both of these studies are described below, and some of the 
methodological issues that complicate their interpretation are identified. 

 

NIEHS Gulf Long-Term Follow-Up Study (GuLF) and the Deepwater Horizon Oil Spill Coast 
Guard Cohort study 

As part of an extensive health study of DWH response workers, investigators from the NIEHS 
and collaborative programs attempted to specifically disentangle the impact of potential exposure 
to dispersants on the previously reported respiratory, dermal, and eye irritation symptoms 
(McGowan et al., 2017). Between March 2011 and March 2013, 32,608 individuals involved in 
the oil spill response completed a detailed telephone interview. Of those responses, between 
25,659 and 29,648 were judged suitable for further evaluation of the respondents’ self-reports of 
dispersant and oil exposure and contained information about individual symptoms. Less than 
10% of the participants claimed exposure to dispersants. Although each respondent was 
interviewed only once, the authors consider the study to be prospective in nature because the 
respondents were separately asked about symptoms associated with their oil spill response work, 
and symptoms within 30 days of the interview period. The adjusted prevalence ratio for all 
respiratory and eye symptoms was statistically significantly higher during both periods for eye 
symptoms and for all respiratory symptoms except cough which was not higher at the time of 
enrollment. Dermal irritation was reported to be statistically significantly higher for the time of 
the oil spill response and statistically significantly lower for the interview period. A follow-up 
study did not find a statistically significant association between lung function at 1 and 3 years 
after the spill and estimated total petroleum hydrocarbon exposure (Gam et al., 2018).  

A somewhat different approach was taken by investigators from the US Coast Guard and their 
colleagues in their cross-sectional evaluation of 4855 Coast Guard personnel involved in the 
DWH response (55.8% of total) (Alexander et al, 2018) Of the total responders, 22.0% were 
reported to be exposed to dispersant. Each Coast Guard member involved in the oil spill response 
activity was asked to complete an exit survey including exposure-related information and 
symptoms. Using a five point Likert scale, respondents were asked to quantify how often they 
were exposed to crude oil/oily water or to dispersants. As in the NIEHS study, the response work 
force had a statistically significant greater association for oil plus dispersants as compared with 
oil alone for the symptoms of coughing, shortness of breath and wheezing. The Coast Guard 
survey, though fewer in the number of participants than the NIEHS cohort, consisted of a more 
uniform group of presumably healthy and trained individuals who filled out a questionnaire in a 
more proximal time frame (June and Nov 2010) than the NIEHS cohort. In addition, one might 
argue that they were more likely to be knowledgeable about their tasks and the possibility of 
dispersant exposure. However, valid concerns about recall bias remain as well as potential 
problems related to the unexpectedly low response rate for a uniformed service.  
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Although the findings would seem to corroborate each other, both sets of investigators 
recognized that there were many potentially serious confounding issues that could affect their 
results. This led them to do sensitivity analyses which gave added credence to their findings. 
However, neither study was able to fully dispel significant concerns about recall bias or the other 
problems described below. 

 

Problems interpreting DWH dispersant health effects studies 

The major problem with these two studies is limitations in the exposure assessment for 
dispersants. It was difficult to determine whether, how often and how much a response worker 
was exposed to dispersant. Ideally, there would be direct information through biological markers 
of the extent of exposure – but this was not feasible. Using a questionnaire in which workers 
were asked to provide information about their exposure is a relatively standard approach, but it 
requires a reasonable degree of validation. NIEHS has appropriately worked to develop a job 
exposure matrix for the response workers involved in the GuLF study (Stewart et al., 2018). 
Unfortunately, they did not have sufficient quantitative information about dispersant exposures. 
In contrast with total hydrocarbons, for which they developed arithmetic means for the exposure 
groups and were able to assign ordinal values, for dispersants they depended solely on 
questionnaire responses (Stewart et al., 2018). The questionnaire used in McGowan et al. (2017) 
to estimate dispersant exposure of DWH response workers was further complicated by a number 
of factors: 

1. The complex response process. The inherent complexity of the response inevitably 
led to a confusing set of jobs for the individual worker, many of whom had no 
previous training. Supervisors were appropriately focused on getting the oil spill 
response job done quickly and safely, rather than specifically informing the worker as 
to whether they were potentially exposed to dispersants. Further, there would be little 
or no difference in what was known about the safe approach to response activities for 
crude oil whether or not dispersants were present.  

2. Delays. Impediments to initiating a human study led the worker response to the 
questionnaire about dispersant exposure to be significantly delayed, particularly for 
the NIEHS cohort. This delay eliminated any possibility for the development or use 
of biological markers of dispersant exposure and complicated worker recall. 

3. Recall bias. Recall bias, sometimes called response bias, is inherent in studies of this 
nature (Coughlin, 1990). It reflects the very human propensity to say yes to questions 
about potential exposure when experiencing symptoms that are not explained by other 
exposures, and particularly in situations where there is negative publicity about a 
potential for risk. Concern about recall bias has led many occupational health 
epidemiologists to avoid discussing potential exposures with those workers who have 
the adverse effect under study. 

 

Other studies potentially related to dispersant exposure 

Data from the NIEHS GuLF worker study were also used in studies further exploring mental 
health indicators (Kwok et al, 2017) and lung function (Gam et al, 2018). As each of these 
studies were dependent for assessment of dispersant exposure upon the same questionnaire used 
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in the studies reporting symptoms, the concerns expressed above also apply. As discussed below, 
there is an opportunity for reanalysis if improved exposure information is forthcoming 

Among those who participated in the oil spill response there was a statistically significant 
increase in depression (prevalence ratio 1.22, 95% CI 1.08-1.37) and PTSD (prevalence ratio 
1.35, 95% CI 1.07-1.71). However, no statistically significant increase was observed in the group 
labeled as “any self-reported work with dispersants” (depression prevalence ratio 1.04, 95% CI 
0.92-1.19; PTSD prevalence ratio 1.15, 95% CI 0.91-1.45) (Kwok et al, 2017) 

Lung function was studied by spirometry during home visits occurring between May, 2011 and 
May, 2013. No differences were found between workers and non-workers. Among response 
workers there were small but statistically significant reductions in lung function among those 
involved in decontamination or with high exposure to burning oil. In comparison to other 
workers, those who were believed likely to have had exposure to dispersants had modestly lower 
FEV1, FVC, and FEV1/FVC measurements The subcohort who reported personally using 
dispersants (in contrast to being on a vessel that used dispersant) were reported to have a 
suggestive inverse association with FEV1/FVC (Beta, ˗0.76%; 95% CI, ˗1.33 to ˗0.18). But no 
difference in lung function measurements was found across tertiles of dispersant exposures. 
(Gam et al, 2018) 

A series of studies by D’Andrea and Reddy claim longer term effects on a variety of organ 
systems in workers exposed to crude oil and to dispersants as compared to a control group 
(D’Andrea and Reddy, 2013; D’Andrea and Reddy, 2018). Insufficient information is available 
to fully assess the implications of these studies as they do not conform to standard 
epidemiological methodology (Piacentino et al. 2014). Questions about these studies are also 
raised by internal inconsistencies in the hematologic findings in relation to the potential for the 
alleged benzene effects, and the reported presence of an increase in a benzene biomarker (urinary 
phenol) well past the time that this biomarker would persist in the body following the cessation 
of response work.  

 

Next steps for DWH analyses and considerations for future work 

The information from studies of DWH response workers suggests the need for continued 
diligence in avoiding dispersant exposure during any future use. An impressive amount of 
exposure analysis has been performed, but there may be existing data sources that could help 
pinpoint who was exposed and under what conditions, thereby improving understanding of the 
potential role of dispersants in producing the health effects reported in DWH responders.  

Such continual evaluation, alone and together, of the Coast Guard and NIEHS cohorts merits 
consideration, as it may help future decision makers determine whether to use dispersants. 
Further, lessons learned from the methodological limitations of the DWH studies could be 
applied to future studies of dispersant use. Also, it appears that public health advice would be 
helpful to the on scene coordinator. The Safety Officer position has historically been filled by 
someone who has occupational health and safety expertise and this position remains a critical 
part of the response for worker health and safety. The Assistant Safety Officer for Public Health 
position is key to developing liaisons with local public health authorities in complex oil spills 
(USCG 2014). However, the human health complexities in events such as the DWH spill go 
beyond the response workers and communities impacted by the event. Approaches such as a 
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Spill Impact Mitigation Assessment are available to assess potential trade-offs associated with 
such a wide ranging emergency response (see Chapter 6). 

Additional information from the two existing studies associating self-reported exposure to 
dispersants with symptoms in response workers could be acquired through coordination and 
exchange of information among Coast Guard and NIEHS scientists. As some workers appear to 
have been included in both studies, the two groups of investigators could assess the extent to 
which their findings for these workers corroborate each other. After action reports related to 
dispersant usage, including releases, provide information useful to identifying workers 
potentially exposed to dispersants (ref: Houma Aerial Dispersant Group, 12/31/2010). 
Appropriately designed exposure-related studies require and may deserve significant research 
funding. 

Workers involved in a large-scale crisis response effort start with the initial response group who 
have a certain level of experience in spill response and may have been screened for health-
related requirements of the job. The remainder of the response pool are pulled from a general 
population who may have no previous experience in spill response work. They are provided pre-
employment training such as OSHA’s Hazardous Waste and Emergency Response standard or 
other just-in-time training and deployed to the scene of the event. Some of these workers may 
have pre-existing health conditions that are not evident because there is no requirement for a pre-
employment physical or no baseline health data collected or made available by the worker 
(NIEHS 2012). In considering dispersant use, proper exposure assessment and toxicological 
evaluation would recognize that response workers may not be from a healthy worker population 
and may not know how to minimize exposure. 

The two recently released DWH worker health studies have suggested that exposure to 
dispersants contributes to the symptoms of oil spill responders, particularly of the respiratory 
tract. If confirmed after more detailed exposure assessment, or in subsequent studies of response 
workers, it is important to determine if longer term consequences will follow, as has occurred, 
for example, in the 9/11 response group (Mauer et al, 2010). Relevant agencies, including the 
National Academies Gulf Research Program, could consider a Request for Applications aimed at 
understanding how a dispersant, as differentiated from crude oil components alone, might 
potentiate the effects of a pulmonary irritant, or otherwise be responsible for the observed 
association. 

The Committee briefly considered possible biophysical mechanisms that might account for the 
seeming greater effect on respiratory symptoms of dispersant plus oil than oil alone, if in fact 
such occurs. These potential mechanisms ranged from a dispersant effect on airway protective 
systems allowing greater penetration of irritants derived from oil, to an interactive effect with the 
salt-induced cough not uncommon in workers in coastal beach areas during summer. Research 
into understanding these mechanisms conceivably could have the benefit of identifying a 
characteristic of dispersants that is responsible for toxicity, if it occurs, but not of particular value 
for its desired dispersant effect, thus allowing the formulation of a less toxic dispersant. 

Improving the exposure analysis for the NIEHS and Coast Guard studies could be emphasized by 
both the NIEHS and Coast Guard groups. This could include meeting together to understand the 
extent to which individual workers may be enrolled in both studies and, if feasible, the extent to 
which the exposure estimates are replicable. Continued analysis of data sources allowing better 
location of workers in relation to sources, including better understanding of who was exposed 
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and under what circumstances and duration would be useful. Further clarification as to whether 
subcontractors responsible for dispersant applications are part of either study, and perhaps could 
be singled out as a high dose comparison group, could be a next step. In view of the uncertainties 
surrounding identification of workers exposed to dispersants by the NIEHS and Coast Guard 
groups, consideration could be given to reevaluating the available information concerning 
dispersant usage in relation to the reports of these same workers’ symptoms available to those 
conducting the NIEHS and Coast Guard epidemiological studies of dispersants.  

 

Epidemiological evidence from studies of other previous oil spills 

Previous oil spills (Valdez, Braer, Sea Empress, Erika, Prestige, Hebei) 

Studies evaluating human health outcomes during and following previous oil spills have been 
reviewed (Aguilera et al. 2010, Goldstein et al. 2011, Gräbsch 2016, Laffon et al. 2016). Here 
the Committee provides a summary table of human health studies conducted following oil spills 
when dispersants were used versus when they were not.  

In general, studies published on physiological effects have identified a broad spectrum of acute 
health symptoms (respiratory, dermal, eye and throat irritation, headache, nausea, 
vomiting/dizziness, and injuries and back pain) associated with exposure and/or response to oil 
spills (Table 4.2). In addition, studies published following the Prestige accident also found 
increases in airway injury and in chromosomal damage in fishermen who participated in 
response activities versus fishermen who did not participate (Rodríguez-Trigo et al. 2010). 
Gräbsch (2016) presents a comparison of human health study findings following the Prestige and 
Hebei Spirit oil spills as two relatively well-studied oil spills, where chemical dispersants were 
applied (Hebei Spirit) versus not applied (Prestige). Direct exposure to dispersants was not 
evaluated. Frequency of acute symptoms, including eye (14% vs 20%), respiratory tract irritation 
(23% versus 39%) and headache (13% versus 36%), self-reported by oil spill workers within the 
first 2 weeks after the spills were lower during the Prestige versus Hebei Spirit, respectively. 
Dispersant use was only one of many differences between these oil spills and the type of oil and 
differences in the response population are also likely important explanatory factors for the 
differences in health symptoms experienced (Gräbsch 2016). 

In 2015, the German Federal Institute for Risk Assessment held a workshop to address the 
potential for dispersant use as an oil spill response in German waters. A publication derived from 
the workshop in its review of the evidence related to health effect concludes: “a reliable 
assessment of the overall impact of dispersant use on human exposure and potential health 
impairment is still needed,” which describes the goal of this chapter (Grote et al, 2017). 

 

Seafood Exposure Considerations  

Alteration in PAH uptake in fish, crustaceans, and bivalves.  

PAHs are a chemical class which contain known human carcinogens and are present in varying 
amounts in crude oil. The uptake of PAHs in fish and shellfish and subsequent ingestion is an 
important route of potential human exposure during and after an oil spill. Fisheries are generally 
closed if an oil sheen is detected at the surface, in part because navigation through this area may  
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result in contamination of fish gear on vessels (nets, holding tanks, etc.). Re-opening waters to 
fisheries typically requires seafood tissue analysis of PAH levels, ensuring that they do not 
exceed exposure limits based on cancer risk levels (Yender et al., 2002; NOAA/FDA 2010). 
Cessation of fishery activities can have a significant impact on the overall economic, 
psychosocial, and health impact of any major oil spill. The extent to which PAH concentrations 
in seafood can be altered by the use of a dispersant is central to any decision about its use, or 
about comparing its use with other response methods.  

 

Dispersant constituents in seafood  

Because analytical strategies had not been developed, reports of dispersant constituents found in 
seafood were not compiled during and following oil spills prior to DWH. Due to public concern 
over the use of dispersants during the DWH response, National Oceanic and Atmospheric 
Administration (NOAA) and the Food and Drug Administration (FDA) developed a protocol 
using LC MS/MS for determination of DOSS (CAS 577-11-7), a component of Corexit 
EC9500A, Corexit EC9527A and other commercially available products, in seafood samples 
(Flurer et al. 2010). The FDA and NOAA finalized methods for detection of DOSS on Oct, 27 
2010, approximately 6 months after the initial blowout. DOSS was chosen in part because it 
could be distinguished from oil-related compounds and because of its bioactivity, low volatility, 
and potential to persist in the environment compared to other dispersant components (Ylitalo et 
al. 2012, Lubchenco et al 2012). DOSS is widely used in over the counter medications and other 
products to which humans are frequently exposed suggesting that it is generally harmless at 
ingestion doses of up to 0.1 mg/kg body weight per day, which is based on weanling weight loss 
in reproductive toxicity studies conducted in rodent models (FAO/WHO 1995; FAO/WHO 
1991). Petroleum derived solvent components (e.g. petroleum distillates, CASRN 64742-47-8) of 
dispersants could also be considered in toxicity evaluations. A full component list of Corexit 
EC9500A and EC9527A, the two dispersants used during the DWH response, can be found in 
Chapter 1. 

Results from subsequent laboratory testing of a variety of commercially relevant species (Benner 
et al. 2010) and in field testing following DWH, suggest minimal potential for bioaccumulation 
in seafood or exposure to DOSS via ingestion of seafood (Ylitalo et al. 2012; J-Check ). Of the > 
8,000 seafood samples (including oysters, shrimp, crab, and finfish) that were submitted for 
chemical analysis by NOAA/FDA between June 2010 and March 2011, 393 were retrospectively 
tested for DOSS and 14 had detectable levels of DOSS which ranged from 0.011 to 0.41 µg/g 
(Dickey and Dickhoff 2012). The concentrations detected were well below the derived Level of 
Concern (LOC) of 100-500 µg/g, which assumes a 70 kg person eating approx. 10-50 grams of 
seafood per day for 5 years. Additional analyses of finfish and shrimp after re-opening of waters 
to fisheries after DWH did not detect DOSS in seafood samples and risk estimates, even for high 
consumers, were low (Wickliffe et al. 2014, Fitzgerald et al. 2014, Xia et al. 2012; Sathiakumar 
et al. 2017).  

The additional step of developing methods for dispersant detection during an active emergency 
response resulted in a lack of baseline information and estimates of exposure during the spill, and 
could be avoided by moving this activity to the pre-planning phases of oil spill response efforts. 
It is uncertain whether findings would be similar for other dispersant components or 
formulations or for an oil spill response that relies more or less on surface versus subsurface 
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dispersant application, since detection would be dependent on potential differences in fate, 
transport, biodegradation, metabolism capabilities, and other factors.  

 

Polycyclic aromatic hydrocarbons concentrations in seafood 

Closure of federal waters to fisheries during and following an oil spill requires coordination 
between the FDA, which is responsible for regulation of contamination or taint of seafood 
destined for interstate commerce, and the National Marine Fisheries Service (NMFS) of NOAA, 
which is responsible for regulation of fisheries commerce. Visible presence of surface sheen and 
oil trajectory modeling is used to make closure decisions. Direct toxicity of oil and dispersant to 
marine life is discussed in Chapter 3. Following a fisheries closure based on an environmental 
assessment (NMFS 2010), agencies develop risk-based re-opening criteria for species of concern 
and implement a seafood tissue sampling and analysis plan (Yender et al. 2002). 

Protocols for re-opening fisheries after closure from an oil spill have been based on cancer and 
noncancer human health risks associated with PAH concentrations in muscle tissue of a variety 
of seafood evaluated through sensory testing (Reilly and York 2001) and chemical analysis via 
gas chromatography–mass spectrometry or LC- Fluorescence (Sloan et al. 2004; Gratz et al. 
2010). More rapid analytical techniques are under development (Rusina et al. 2017). As 
described above, during the re-opening of fisheries after DWH, an additional risk-based criteria 
for the dispersant component DOSS, was developed. 

Standard risk assessment calculations are completed to determine the acceptable concentration in 
seafood tissue and are referred to as the LOC. A variety of assumptions are made considering 
average and high-end consumption rates of each type of seafood, acceptable risk level for 
carcinogens, exposure duration, and age sensitivity (NOAA/FDA protocol 2010, Gohlke et al. 
2011, Klasing and Brodbery 2013, Rotkin-Ellman et al. 2012, Dickey 2012). Calculated LOCs 
have varied considerably across oil spills primarily driven by differences in the choice of risk 
level and exposure duration (Gohlke et al. 2011). 

The following 13 PAHs and their alkylated homologs have been considered in the risk 
evaluations during previous oil spills: naphthalene, fluorene, anthracene, phenanthrene, pyrene, 
fluoranthene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benz[a]anthracene, 
indeno[1,2,3-cd]pyrene, dibenz[a,h]anthracene, and benzo[a]pyrene]. Similar to the toxic unit 
dose metric described in Chapter 3 (Equation 2), the cancer LOCs are based on the summation of 
benzo[a]pyrene equivalents (BaPE) for 7 PAHs [chrysene (0.001), benzo[b]fluoranthene (0.1), 
benzo[k]fluoranthene (0.01), benz[a]anthracene (0.1), indeno[1,2,3-cd]pyrene (0.1), 
dibenz[a,h]anthracene (1), and benzo[a]pyrene (1)] and the following equation is used to 
establish a level of concern in seafood: 

LOC (BaPE) = (RL × BW × AT × CF) ÷ (CSF × CR × ED). 

where the risk level (RL) has been set at 1 × 10–6 or 1 × 10–5; body weight (BW) is 12 to 80 kg 
based on average child or adult body weight; averaging time (AT) has been set at 70 or 78 years 
based on average life expectancy; the unit conversion factor (CF) = 1,000 µg/mg. The cancer 
slope factor (CSF) has been set at 1.7 or 7.3 mg/kg/day based on the U.S. EPA BaP risk 
assessment for oral exposure (U.S. EPA 1994) and are derived from dose-response data on 
gastrointestinal cancers in rodent models. The seafood consumption rate (CR) has been set at 
various levels for different oil spills. For example, for the DWH spill, 13 g/day for shrimp and 
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crab, 12 g/day for oysters, and 49 g/day for finfish, was used based on 90th percentile seafood 
consumers in 2005–2006 National Health and Nutrition Examination Survey study. It is 
important to note PAH exposure via consumption of seafood will also vary based on culinary 
practices and preparation methods (dos Santos Fogaca et al., 2018). The exposure duration (ED) 
has been previously set to 2, 5, 10, or 70 years, based on estimate of the retention period of PAH 
contamination in seafood.  

These exposure duration estimates are conservative and generally based on retentions seen in 
those species that cannot readily metabolize PAHs, such as oysters, which have less efficient 
metabolic capabilities for PAHs when compared to fish or crustaceans (Varanasi 1989). As an 
example, the last re-opening of LA state waters in Barataria Basin after the DWH spill was in 
June 2015, more than 5 years after the blowout, due primarily to the entrainment in sediments 
and retention of PAHs in oysters (LDWF 2015, http://www.wlf.louisiana.gov/news/39225). The 
calculated LOCs for the DWH spill were 35 ng/g (ppb) BaPE for finfish, 132 ng/g (ppb) BaPE 
for shrimp/crab, and 143 ng/g (ppb) BaPE for oysters. In addition, one area off the LA coast was 
re-opened, then closed again to fishing for red royal shrimp, due to a shrimper reporting tarballs 
in his nets while trawling for this sediment dwelling species. 

Determination of noncancer risks has been based on U.S. EPA reference dose calculations (RfD; 
an estimate of a daily exposure of each chemical that likely has no significant risk during a 
lifetime) for the six additional PAHs (naphthalene, fluorene, anthracene, phenanthrene, pyrene, 
and fluoranthene) using the following equation: 

LOC = (RfD)(BW)(CF) ÷ CR. 

Oral RfDs used are from the U.S. EPA Integrated Risk Information System (IRIS): 0.02 
mg/kg/day naphthalene, 0.04 mg/kg/day fluorene, 0.30 mg/kg/day anthracene/phenanthrene, 0.03 
mg/kg/day pyrene, and 0.04 mg/kg/day fluoranthene) and are based on neurotoxicity and 
developmental toxicity. BW, CF, and CR are defined as above for the cancer risk assessment. 
The calculated LOCs ranged between 49.0 µg/g (pyrene in finfish) and 2,000 µg/g 
(anthracene/phenanthrene in oysters) for DWH. Since non-cancer LOCs are much higher than 
those calculated for carcinogenic PAHs; LOCs derived from the carcinogenic PAHs typically 
drive the assessment. 

Considerable uncertainty exists in RfDs, cancer classifications, CSFs and equivalency factors, 
creating variation in risk-based criteria for fisheries re-openings seen across state and federal 
agencies and over time (Gohlke et al. 2011). For example, the calculated acceptable 
concentration of BaPE for finfish required for re-opening following the Exxon Valdez were set a 
0.5 ppb; whereas the LOCs set for finfish after more recent spills including Cosco Buscan, Dubai 
Star, and DWH, were almost 2 orders of magnitude higher (35-44 ppb). Application of different 
acceptable risk levels (1 in a million versus 1 in 100,000 or 10,000) and different exposure 
durations (5 to 70 yrs) accounts for a large portion of the variation; however differences in other 
parameters are also notable. For example, the California Environmental Protection Agency 
considers naphthalene and its alkylated homologues in their cancer risk determination. In 
addition, equivalency factors, and CSFs have changed over time as the toxicological and 
epidemiological data are re-assessed. Moving forward, as the body of evidence becomes more 
refined, risk-based criteria for fisheries re-openings should become more consistent in the 
evaluation of health risk associated with chemically dispersed oil and inclusion of seafood 
contamination risks into integrated models. 
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Additional considerations in comparing toxicity across response methods  

The ultimate decision to use dispersants will be made by a different agency than the agency with 
statutory responsibility for evaluating seafood safety and closure decisions. Therefore, close 
coordination would be useful to provide valuable information about consideration of the various 
factors. 

If dispersants are used, the re-opening protocol could be modified to include risk-based criteria 
for dispersant components, such as DOSS, in addition to PAHs. In addition, use of dispersants 
may affect the species of concern determined in the re-opening protocol, since species in the 
water column may have increased exposure. The sampling and analysis plan may be altered to 
reflect differences in the species of concern, potential for more rapid biodegradation, and 
increased complexity of the distribution of the dispersed oil. The estimated exposure duration 
may be altered by dispersant use and could be considered in the risk-based LOC calculations 
once further information is gathered. The waiting period used following the DWH was set at 30 
days of no visible surface oil. A more effective re-opening protocol may consider subsurface and 
sediment measurements, in addition to tissue samples, (e.g. following the DWH spill there was a 
closure for red royal shrimp, then re-opening, then re-closure [NOAA, 2011]). 

Whether dispersant use alters the fate and transport of trace metals found in oil, and ultimately 
concentrations found in seafood, is not well understood (Joung and Shiller 2013, Liu et al. 2012, 
Steffy et al. 2016). Oil-related trace metal (Vanadium, Mercury, Nickel) concentrations in 
oysters and sediment were found to be within historically observed ranges for most sites 
evaluated post-DWH as part of NOAA’s National Status and Trends Program (Apeti et al. 2013). 
Vanadium and nickel concentrations were elevated in sediment and oysters post-spill at some 
sites, and concentrations were below human health levels of concern. An analysis of whale tissue 
showed elevated Chromium and Nickel concentrations post-DWH (Wise et al. 2014). FDA 
surveillance of shrimp, crab and oysters and an analysis of reef fish did not indicate elevated 
Mercury, Cadmium, Lead, or Arsenic tissue concentrations post-DWH (FDA 2011, Fitzgerald 
and Gohlke 2014). 

 

Alteration in benzene, toluene, ethylbenzene, and xylene exposure 

Neurological and carcinogenic impacts from inhalation of VOCs are a primary consideration in 
establishing acute and chronic inhalation exposure guidelines to protect response workers. 
Volatile aromatic hydrocarbons, often considered together as BTEX all have similar central 
nervous system anesthetic-like effects that are additive. Studies demonstrating more subtle 
effects on coordination, akin to mild alcohol intoxication (Benignus et al, 2011) suggest that 
VOC exposures can affect coordination and judgment in ways that might increase the likelihood 
of injuries and accidents among response workers. Benzene is a known human carcinogen 
present in crude oil. It causes acute myelogenous leukemia and other hematological cancers 
(ATSDR, 2007; Goldstein, 2010; IARC, 2012a). The NIOSH Immediate Danger to Life and 
Health (IDLH) value, usually based only on a 15 min averaging time, is 500 ppm for both 
benzene and toluene, 800 ppm for ethyl benzene and 900 ppm for xylenes. For example, at 300 
ppm some decrease in central nervous system function that could impair safe decision-making 
could be expected, particularly as BTEX blood levels would accumulate during the one hour 
period. Without effective PPE, it would not be particularly surprising if response workers were 
“woozy” after a few minutes of exposure. Contributing to the central nervous system effect 
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would be aliphatics, which presumably would be a significant part of the VOC measurement – 
the IDLH for octane is 1000 ppm and for pentane is 1500ppm  

Based on carcinogenicity, the permissible occupational exposure limit for benzene is 1 ppm as an 
8-hour time weighted average, with a maximum short-term exposure limit of 5 ppm for any 15-
minute period (Substance Safety Data Sheet, Benzene, Standard Number 1910.1028 App A). The 
benzene standard also outlines under what conditions workers are required to wear and be trained 
in the use of PPE. As has been recognized by OSHA, their standards for other volatile aromatic 
hydrocarbons, including toluene, ethylbenzene and xylene, are out of date, and often exceed 
industry and state guidelines The NIOSH Recommended Exposure Level (REL) (100 ppm), 
which are also published by OSHA, are those that are generally followed and are listed in the 
Annotated OSHA Z-2 Table along with the Cal/OSHA Permissible Exposure Limit (10 ppm) 
and the ACGIH (for the American Conference of Governmental Industrial Hygienists) Threshold 
Limit Value (20 ppm) (OSHA, 2018) 

In contrast to PAHs, BTEX chemicals are highly volatile, possess some solubility in sea water, 
and degrade relatively rapidly in the atmosphere – with the rate of degradation being dependent 
on temperature and on the presence of active species of oxygen generated in the atmosphere, 
through sunlight at the water surface, or through biological processes. Benzene is readily 
measurable in air or water.  

Public concern about the potential for leukemia due to an oil spill can be anticipated to result in a 
focus on benzene measurements, as occurred following the DWH, which leads to estimation of 
the extent to which a marine oil spill results in worker and community exposure to benzene. 
Using standard risk assessment techniques, benzene in air can readily be converted into lifetime 
risk estimates of leukemia for exposed workers or community members.  

In the DWH response, one rationale for SSDI at the crude oil release point and surface 
application at the wellhead was that it would increase dispersion and enhance dissolution of the 
more volatile portion of the crude within the water column, thereby reducing potential VOC 
exposure and fire hazards for response workers at the surface near the wellhead (On Scene 
Coordinator Report Deepwater Horizon Oil Spill, September 2011). Indeed, subsequent 
modeling suggests SSDI may decrease overall VOC levels at the surface (Gros et al. 2017). 
Personal samplers worn by response workers during DWH response (from late May through July 
2010) and analyzed for BTEX resulted in very few samples above detectable limits and none 
approached the health limits (King and Gibbons 2011, OSHA and Coast Guard archived datasets 
2018). These data suggest response workers were not subjected to high exposure conditions 
during SSDI; however no published personal exposure data were available to the committee to 
assess exposure prior to initiation of SSDI in mid-May 2010 beyond what is mentioned above. 
The On Scene Coordinator Report also mentions recorded VOC levels above 200 ppm (On 
Scene Coordinator Report 2011, p. 42).  

Field trial studies of surface application suggest the dispersant Corexit EC9500A and surfactant 
Span 80 may increase aerosolization of less volatile oil constituents, such as PAHs, which would 
also need to be considered in evaluating exposure to response workers, although atmospheric 
concentrations at relevant distances away from dispersant application exclusion zones are 
expected to be low (See Chap 2, aerosolization section, Ehrenhauser et al. 2014; Zhang et al. 
2016). 
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INDIRECT HUMAN HEALTH CONSIDERATIONS 

The literature from various oil spills around the world, including DWH-related studies, 
consistently report adverse health effects among response workers and, more infrequently, have 
measured adverse health consequences in affected community members (Table 2). Adverse 
community health effects often, but not always, have been associated with psychosocial and 
socioeconomic impacts on the community rather than toxicity associated with direct exposure to 
chemicals or crude oil. Communities at particular risk are those that already have relatively poor 
health and a past history of possible environmental injustice, which characterizes many members 
of the communities affected by the DWH oil spill (Hansel et al. 2017). These various health 
impacts in workers and community members likely are at least partly dependent on the duration 
of the oil spill recovery period. To the extent that dispersants fulfill expectations and shorten this 
duration, this presumably would lessen the overall impacts on worker and community health. 
More detailed discussion of response worker injury risk from the DWH spill and duration of 
response activities is below.  

As one reviews the extensive data collected during DWH, there is injury and illness information 
by time period, location, and type of injury, but there is no specific breakdown of the difference 
between injuries and illnesses associated with dispersant use versus without dispersant use 
(Figure 4.1). Of the 2129 total response worker injuries and illnesses recorded between April 23-
July 27, 2010, 32% were offshore. The most common injuries reported were sprains and strains, 
contusions, and lacerations or punctures. The most common events leading to injury included 
animal bites and stings, whereas dermal exposure to caustic agents accounted for a small portion 
of reported events leading to injury (Figure 4.1B). For illness reporting, dermatologic and 
headache/dizziness were commonly reported, with multiple symptoms and heat stress being the 
most common reported illnesses (Figure 4.1C). While the data suggest exposure to chemicals 
(e.g. from dispersants, oil, or other agents used in response work) may account for at least some 
of the reported injuries and illnesses (Figure 4.1B and C), the lack of details in this dataset makes 
it challenging to draw any conclusions for comparing dispersant use as a response tool compared 
with other response tools, such as in situ burning or mechanical removal. Many response 
methods were employed simultaneously during the spill. There is also potential for exposure to 
many different chemicals during oil spill response, and specific chemical exposures are not 
identified in this dataset. 

This lack of detail in responder health surveillance is not specific to oil spill response. The 
National Response Team Emergency Responder Health Monitoring and Surveillance Technical 
Assistant Document dated January 26, 2012 notes that even though lessons learned from 
previous emergency events continue to be applied, “there are still significant gaps and 
deficiencies in health monitoring and surveillance for emergency response workers.” The report 
further points out a need “for a coherent, comprehensive approach to protecting these groups of 
workers and for detailed, practical guidance on implementing such an approach.” 

Oil spill response carries certain risk for workers, especially in the emergency response phase. 
Large and complex spills generally require a large number of people and, depending on the 
situation, may require long work hours. In a recent nationwide study, working in jobs that require 
overtime was associated with a 61% higher injury hazard rate relative to jobs that do not require 
overtime (Dembe et al, 2018). 
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A.  

B.  

C.  

Figure 4.1 Reported cases of injury and illness between April 23 and July 27, 2010. SOURCE: CDC. 
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If the use of dispersants might alter the response time and duration of the response, this risk 
benefit analysis and possible change in injury hazard reduction rate can be part of the decision 
analysis. Duration of the hazard is a major determinant of risk. A question central to determining 
the impact of dispersant use on human health risk is whether and to what extent it shortens the 
response period and the return to normal. If use of dispersants shorten the number of days needed 
for response and/or number of workers needed for response, then theoretically this would result 
in less occupational injury risk (e.g., less likelihood of slips and falls in a tired group of response 
workers) associated with an oil spill response. In the case of the DWH, the Committee did not 
have sufficient information available to determine whether or not the use of dispersant altered the 
duration of the effects. 

Weighing occupational health risks and benefits associated with use of dispersants during oil 
spill response should include an examination of the value of dispersant application sub-sea in 
improving the occupational safety of response workers working in the vicinity of the source 
control. Although the most appropriate goal for occupational health and safety is zero adverse 
events, it is not unreasonable to utilize comparative data on adverse health and safety events to 
help evaluate health and safety activities. During the DWH spill and response activities, the 
illnesses and injuries were coded and categorized using Bureau of Labor Statistics Occupational 
Injury and Illness Classification System (NIOSH Illness and Injury Data). However, more 
directly relevant record-keeping on worker health and safety related to the spill response itself, 
with the possibility of more direct evaluation of potential exposure to dispersant and dispersed 
oil, should serve as the baseline metric for evaluation of response for future oil spills.  

Improving on the details of injury and illness reporting for worker health and safety would be 
useful for the next oil spill, including 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 would be helpful.  

 

Duration of oil spill response activities 

Several previous studies have characterized significant economic, psychosocial, and mental 
health effects during and after oil spills in coastal communities (Table 2). It is reasonable to 
expect that should there be a shortening of a spill response, then improvements in community 
resilience would be expected. The economy and community well-being would be improved with 
people getting back to their normal work and leisure routine, fisheries and related industries re-
opening, and tourism returning to its normal state. The positive impacts of more rapid response 
periods vary from causing a shorter duration of direct economic impact, should fisheries closure 
times be shortened (NMFS 2010). Potential positive impacts alsoinclude the value of a restored 
natural environment and improved mental and behavioral health. 

An effort could be made to compute the value of use of dispersants versus non-use as it relates to 
the duration of the spill response. This should include the impact on the estimated time 
component of the risk of seafood PAH contamination. If the use of dispersants is shown to 
shorten the duration, then presumably this would lessen the impact on overall community health 
and well-being and provide a significant benefit from a Spill Impact Mitigation Assessment 
perspective (see Chapters 1 and 6).  
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Risk Communication and Transparency  

Impact of dispersant information availability  

The importance of the transparent availability of information to the public has been increasingly 
emphasized in many US and international environmental or public health documents, including 
EPA’s Mission Statement, the Rio Declaration on Environment and Development, the Aarhuis 
Convention and a recent review by the then head of CDC, Thomas Frieden, who in enumerating 
the public health actions of a responsive government, listed the first as “(p)romoting free and 
open information” (see Goldstein, 2016 for review). Major oil spills inherently are stressful to 
affected communities. Lack of transparency enhances the stress levels and psychosocial impact 
of any risk-related situation. As occurred during the DWH, the choice of a dispersant that has a 
proprietary component contributes to this problem and also may limit the extent of toxicological 
information immediately available (Goldstein, 2010). Lack of transparency also contributes to 
the “social amplification of risk,” a phenomenon highly dependent on how much trust is 
accorded by individuals and communities to the information source (Slovic, 1987; Kasperson et 
al, 1988). Secrecy, whether justified or not, unfailingly decreases trust and the willingness of the 
public to follow recommendations or to be involved in the stakeholder engagement processes, 
which are central to risk communication (Walker et al, 2014; Walker 2016). Loss of trust also 
increases the amount of time that decision-makers must devote to responding to public concerns. 
Accordingly, the presence or absence of undisclosed, and potentially proprietary components in a 
dispersant formulation could be considered among the determinants in choosing a dispersant in 
response to an oil spill. This could be extended to include the cleaning agents used in 
decontamination activities during a spill.  

Wherever possible, full disclosure of a confidential business information agent could accompany 
initial use. If the authorities are not willing to strongly reassure the concerned public in the midst 
of a disaster such as the DWH oil spill that a secret ingredient in a dispersant is harmless, it 
would be best not to use that dispersant. 

After the DWH oil spill, the CDC disseminated a useful document aimed at local health 
professionals: “Gulf Oil Spill 2010: Deep Water Horizon Human Health Interim Clinical 
Guidance”. The CDC document did not provide health guidance on dispersants. In order to 
facilitate early dissemination of guidance to local health professionals after the next oil spill, the 
CDC could update its guidance document to include appropriate information about dispersants in 
the near future. 

Integrating human health considerations into modeling efforts 

Ultimately, each one of the direct and indirect dispersant-related scenarios described above must 
be considered in a comparative risk context. For example, mechanical (booming and skimming) 
and controlled burning of surface oil are among the other techniques available to the decision-
maker for responding to an oil spill. A reasonable question is how each of these alternative 
methods compares with dispersant use in terms of the potential for human health effects. For 
example, burning of a complex hydrocarbon mixture such as crude oil could lead to greater 
inhalational exposure to PAHs and benzene for the worker population. As discussed in the 
toxicological evidence section, the PAHs produced by combustion are somewhat different in 
chemical structure and in component mixture than are those naturally present in crude oil and 
likely have different toxicological properties. Air emissions after in situ burning have been 
characterized (e.g. Ross et al. 1996, Schaum et al. 2010, Gullett et al. 2016); however it is 
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difficult to estimate occupational exposure from these studies. There are also direct risks of fire 
that can and should be fully containable but are not zero.  

Chapter 6 and 7 discuss more fully current efforts to make comparisons across oil spill control 
techniques using integrated models. The integration of human health effects into these models 
are just beginning, and some interesting initial findings are worth noting. Gros et al. (2017) 
modeled the ascent of DWH oil from the sea floor to the surface and validated their model by 
comparing hydrocarbon concentrations at various levels in the water column to observations 
during the DWH response. They found that SSDI reduced VOC evaporation by 28% overall, 
with a benzene estimated reduction of 2000x. These results assume a dispersant injection of 
0.4%, the average for the DWH time period (Spaulding et al., 2017). Had a 1% injection been 
used, subsequent calculations by Gros et al. described in Chapter 7 suggest a greater reduction in 
benzene concentration at the surface. Crowley et al. (2018) also suggest that SSDI can 
substantially reduce VOCs at the surface. Using model simulations of a deepwater blowout under 
varying conditions (described in further detail in Chapter 7), they evaluate how SSDI affects the 
spatio-temporal pattern of VOC concentrations in the atmosphere above the blowout. 
Simulations suggest that SSDI reduces VOC concentrations within a 2 km radius of the release 
site, with the % of time total VOCs were over 25 ppm over the 3 week hypothetical response 
period reduced from approximately 25 days to 0-5 days when comparing the untreated with the 
SSDI treated condition. This reduction in VOC levels around the wellhead would conceivably 
lead to better access and hence quicker response, as well as reduced exposures for well-control 
responders, since responders often move out of areas when measured levels are a health concern. 
However, current oil spill fate models do not explicitly model dispersant components and do not 
include aerosols, which could be an important exposure route for both occupational and 
community exposure scenarios (Afshar-Mohajer et al. 2019). In addition, integrated models that 
include risk estimates from ingestion of seafood would also be useful.  

Until analysis of the impact of dispersant use focuses on not just the hazard component of risk, 
but also the spill duration and number of people involved in the response, computing the value of 
shortening the response period by using dispersants as compared to other response approaches is 
not possible. Future work could consider whether or not dispersant use results in a shortened 
duration, and subsequent alteration in occupational injury and illness risk related to tasks 
performed, as well as seafood safety closure periods, when dispersants are used versus when they 
are not used. 

 

FINDINGS AND RECOMMENDATIONS 

Finding: Epidemiological studies examining the association between dispersant exposure and 
health outcomes after DWH have reported respiratory and dermal effects in responders; however 
drawing conclusive results from these studies is hindered by limitations inherent to the DWH 
response. In particular the protracted 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 effects of dispersant/dispersed oil versus oil alone in 
response workers and the general community.  

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 
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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.  

Recommendation: Consideration should be given for ongoing evaluation, alone and together, of 
the Coast Guard and NIEHS cohorts, and lessons learned from the methodological limitations of 
the DWH studies should be applied to future studies of dispersant use. As some workers appear 
to have been included in both studies, the Committee recommends that the two groups of 
investigators assess the extent to which their findings for these workers corroborate each other. 

Recommendation: Approaches such as a Spill Impact Mitigation Assessment should be used to 
assess potential trade-offs associated with such a wide ranging emergency response. If the use of 
dispersants might change the response time and duration of the response, and hence person-hours 
worked, the potential impact on the injury hazard rate should be part of the risk-benefit decision 
analysis. 

Finding: Tracking oil in the water column and sediment may be more informative for 
determining locations in which fisheries may be affected and for initiating fishery closures than 
observing oil at the surface. The protocol for re-opening fisheries after DWH was criticized for 
not including testing for potential contamination from dispersants, and not accounting for the 
range of seafood consumption rates and meal preparation methods in local communities. There is 
inadequate information to determine whether dispersant use alters PAH uptake in fish or 
shellfish such that it would change the length of time before fisheries are reopened. 
Concentrations of DOSS measured in fish and shellfish tissue during and following DWH were 
low or non-detectable, suggesting negligible human health risk associated with dispersant 
exposure via ingestion of seafood. 

Recommendation: During the pre-event planning phase, the National Response Team and 
Regional Response Teams should engage with FDA, NOAA, and State agencies with statutory 
authority for ensuring seafood safety to develop national, regional, and locally appropriate 
protocols that involve engagement of local communities for closing and re-opening waters to 
fisheries. Such protocols should rely on direct measurement and projection of subsurface oil 
movement and potential for exposure, e.g. through integrated modeling. These protocols should 
also involve analytical methods to determine dispersant component concentrations within 
seafood. Further, better understanding of whether dispersant use changes the length of time of 
fishery closures by altering PAH uptake could help in predicting its impact on community 
economic and psychosocial effects. 

Finding: Large-scale oil spills result in mental and behavioral effects in community members. 
During the spill response following the DWH oil spill, the use of an unprecedented volume of 
chemical dispersant contributed to these effects. Further, the publicity related to the lack of 
publically available information on the chemical constituents of the dispersant formulations 
contributed to concerns.  
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Recommendation: Wherever possible, full disclosure of a confidential business information 
agent should accompany initial use. If the authorities are not willing to strongly reassure the 
concerned public in the midst of a disaster such as the DWH oil spill that a secret ingredient in a 
dispersant is harmless, it would be best not to use that dispersant. Further, disclosure of real-time 
dispersant use information and up-to-date health risk information or guidance should be publicly 
available. Actively engaging public health authorities at the national and state levels early on to 
provide risk communications will improve transparency, and may increase trust and 
understanding of health risks, assisting in mitigating the overall psychosocial impact of 
dispersant use during an oil spill.  
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CHAPTER 5 

TOOLS FOR DECISION-MAKING 

 
INTRODUCTION 

This chapter examines the response tradeoff decision-making tools that were introduced briefly 
in Chapter 1. These decision-making tools are often used to compare and assess the benefits and 
drawbacks of various oil spill response options, and ultimately rely on understanding of the fate 
of oil in the environment (Chapter 2), the toxicity of dispersants and dispersed oil (Chapter 3), 
and potential human health consequences (Chapter 4).  

The response options considered for marine spills include surface and/or subsea dispersant, 
mechanical recovery, in situ burning, shoreline cleanup, protective booming, and natural 
attenuation. Often these response options are used in combination to effectively mount a 
comprehensive spill response.  

“As the potential use of dispersants is expanded into nearshore, estuarine, and perhaps even 
freshwater systems, the trade-offs become even more complex” (NRC, 2005). While this is a true 
statement, the primary focus of dispersant use will continue to be for offshore oil spills in the 
marine environment where dilution can play a large part in mitigating potential negative effects. 
Although this chapter focuses on offshore marine environments, work has also been done on the 
use of dispersants in nearshore and coastal locations and it is possible that there will be special 
cases where dispersant use could be valuable. 

As discussed in Chapter 3, the toxicity of oil to marine organisms depends on the exposure of 
organisms to oil and the water-soluble compounds from the oil. The extent of toxicity depends 
on the exposure route, concentration of the oil, and the duration of exposure. Water-soluble 
chemical compounds like aromatic hydrocarbons (components of crude oils) are typically more 
highly toxic to marine organisms (Di Toro et al., 2007) than low-solubility compounds (e.g., 
most alkanes and cycloalkanes).  

When dispersants are applied to treat floating oil, small oil droplets are dispersed into the upper 
water column. Surface oils will rapidly dilute if water depth allows (Bejarano et al., 2013). 
Marine organisms living within a few meters of the sea surface will therefore experience an 
increased exposure to oil (Singer et al., 1998) with the toxicity depending on the exposure 
duration (Sterling et al., 2003; Bejarano, 2014). In the case of sub-surface spills like a blowout or 
pipeline leak, dispersants may be injected at the sea floor. This will increase oil concentrations 
near the source but tend to decrease them further afield, especially at the surface. Marine 
organisms in the lower water column will be exposed to an initial increase of water-soluble oil 
compounds, possibly reaching a concentration of 50 ppm, which may decrease to less than 1 
ppm after a few hours as the compounds dilute in the water column over time (Lee et al., 2013). 

Dispersant application involves a trade-off between decreasing the risk to the surface and 
shoreline habitat and increasing the risk beneath the surface. The optimal trade-off must account 
for various factors, including the type of oil spilled; the spill volume; weather and sea state; 
water depth; degree of turbulence; and relative abundance and life stages of organisms (NRC, 
2005).  
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Chemical dispersants may increase the risk of toxicity to subsurface organisms by increasing 
bioavailability of the oil. The reader is referred to Chapter 3 for a detailed discussion of oil and 
dispersed oil toxicity. However, it is important to note that at the 1:20 dispersant-to-oil ratio 
recommended for use during response operations, the dispersants currently approved for use are 
far less acutely toxic than oil. Toxicity of chemically dispersed oil is primarily due to the oil 
itself and its enhanced bioavailability (Lee et al., 2015). 

As discussed, dispersants are considered a potential response tool in many countries. Different 
decision-making processes are used to determine whether to proceed with dispersant application, 
but typically, a list of dispersants that may be applied is developed along with an approval 
process for their actual use. See chapter 7 for further discussion.  

 

DECISION-MAKING TOOLS 

As previously discussed, making the best decision possible during an oil spill incident requires a 
balanced consideration of the potential environmental consequences of the spill under a natural 
recovery scenario versus the consequences associated with each response strategy. In any spill 
response, the first priority is the protection of human life, and the Federal On-Scene Coordinator 
and Area Contingency Plans place the highest priority on decisions that may affect response 
worker health and safety or public health (in the case of a nearshore release). Once immediate 
worker and public health and safety considerations are addressed, the next priority is to develop a 
response based on the best combination of response strategies that most effectively reduces 
environmental consequences, offers the greatest resource protection, or promotes faster recovery. 
However, determining the preferred response approach requires a time-sensitive evaluation of 
multiple factors (refer to Figure 5.1). 

Critical to informing response decisions is the identification of resources that are at risk to 
adverse effects. Special consideration is given to resources within the area of potential effects 
that are of socio-economic, ecological, cultural or archaeological significance, and in particular, 
to those resources that are protected under U.S. Federal laws or comparable regulatory 
requirements around the world. In the U.S., for example, these resources include species listed 
under the Endangered Species Act, designated Essential Fish Habitat under Section 305(b) of the 
Magnuson-Stevens Fishery Conservation and Management Act, and archaeological sites 
recognized under Section 106 of the National Historic Preservation Act.  

For ecological resources, tradeoff decisions were originally made based on key factors such as 
length of recovery from potential effects, but emphasis is shifting toward the use of ecosystem 
services –the goods and services supplied to humans by natural resources (see Ecosystem 
Services section below). In the case of length of recovery, habitats or animals that are anticipated 
to experience slow recoveries to baseline conditions are generally given greater protection, and 
thus, a greater weight in tradeoff decisions. Recovery rates are resource-specific but are usually 
expected to be longer for resources that have slow growth rates, long life spans and low 
reproductive output. With an emphasis placed on recovery, protection is generally assigned to 
entire populations, rather than individuals, with the exception of protected species. In the case of 
ecosystem services, emphasis is placed on the contributions of ecological systems to humans,  

 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

CHAPTER 5: TOOLS FOR DECISION-MAKING 155 

PREPUBLICATION COPY 

 
Figure 5.1 The decision-making process for selecting the optimal response option requires a thorough understanding 
of overall response goals and priorities, knowing what response options are available and feasible, where the oil is 
heading, and what resources will be potentially affected by the spill or spill response activities.  

 

and results in response option selection that is guided by restoration of the most valuable 
resources. 

In 2000, IPIECA (formerly the International Petroleum Industry Environmental Conservation 
Association) published a report entitled, Choosing Spill Response Options to Minimize Damage: 
Net Environmental Benefit Analysis (IPIECA, 2000). The report highlighted the importance of 
“…close cooperation between industry and national administrations … to ensure the maximum 
degree of coordination and understanding.” Further, the report emphasized that when all 
involved parties work together, there is greater likelihood of mitigating potential damages to the 
ecosystem.  

This report was the original guiding document for using the Net Environmental Benefit Analysis 
(NEBA) concept for oil spill response decision-making, and has since been revised (IPIECA-
IOGP, 2015). While the understanding of the science of dispersant use has evolved in the past 
decade, there are still gaps. Therefore, NEBA-based approaches should clearly identify 
information gaps that exist at the time the process has commenced.  

In the past two decades, three decision-making tools have evolved to help implement the NEBA 
concept (see Box 5.1):  

• Consensus Ecological Risk Assessment (CERA)  
• Spill Impact Mitigation Assessment (SIMA) 
• Comparative Risk Assessment (CRA) 

These tools can bring together elements of various regulations, policies and current state-of-the-
science into an overall decision-making framework for spill response. The tools are not limited 
to application in a particular regulatory regime or natural system (e.g, marine, estuarine, or 
freshwater environments), but can be adapted to a wide range of scenarios.  
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Figure 5.2: SIMA, CERA, and CRA bring together elements of regulations, policies and current scientific 
information. This figure provides some examples for illustrative purposes. SOURCE: Modified from Coelho et al. 
(2017b). 

 

Integrated models play an important role in each of these decision-making tools, as explained 
later in this chapter. A basic representation of typical inputs to these decision-making tools is 
presented in Figure 5.2. 

 

INTEGRATED MODELS 

Several possibilities exist with respect to informing the oil spill response decision-making 
process as it pertains to possible and actual effects. One option to quantify dispersant trade-offs 
is to use laboratory or field experiments, although this approach faces steep challenges in 
replicating the complexity and individualist nature of a real spill. A second option may be to rely 
on experience from past spills, but these rarely include comprehensive, high quality observations 
and additionally, may be different from the spill being considered in important ways. Another 
option is to wait until the spill happens and monitor key indicators in the field during the event. 
This route has many potential pitfalls, one of the most important being the difficulty in getting 
sufficient monitoring equipment in the right place at the right time. Furthermore, real-time 
monitoring cannot itself forecast future effects and does not support the exploration of “what if” 
scenarios. Given these limitations, integrated models are routinely used to quantify the trade-offs 
involved in dispersant usage especially in contingency planning.  

As a tool to guide decision makers evaluating trade-offs, integrated models provide a number of 
advantages. Models incorporate many of the processes of importance and can provide a “big 
picture” view of the fates and effects of a spill in many different formats. From the perspective of 
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“fates,” integrated models have the ability to handle different oils, gas ratios, flow rates, as well 
as ocean and atmospheric conditions. Some models can factor in the removal or diversion of oil 
by skimmers, booming, burning, etc. From the perspective of “effects,” a few of the models use 
their calculated 4-D (x, y, z, and t) concentration fields of oil pseudo-components coupled with 
toxicity thresholds and spatial distributions of important biota to calculate mortality and recovery 
rates. Another benefit of integrated models is that they can be used to quantify and understand 
the sensitivity of the results to changes and uncertainties in inputs and sub-model formulations, 
and the effectiveness of the various response options. Sensitivity studies are especially helpful in 
establishing confidence limits and focusing future research on topics that will best improve our 
understanding of spill effects. Finally, a model can provide a forecast that reflects changes in 
weather, flow rate, and response alternatives.  

As briefly mentioned, it is difficult to make trade-off decisions using field observations during an 
on-going spill. The most important reason is that observations made during actual spills are 
almost always limited because the vast majority of efforts expended during a spill are focused on 
ensuring human safety, containing the oil (including source control), and minimizing the overall 
environmental damage. These activities will typically have priority over monitoring and this 
often results in restrictions on scientists trying to gain access to key resources or critical locations 
(e.g., the well-head in a blowout). Additionally, there are rarely opportunities during a real spill 
to conduct robust sensitivity studies. For example, during a blowout being treated with 
subsurface dispersant injection (SSDI), it would be informative to turn SSDI on and off under 
comparable conditions to assess its effectiveness. However, on-scene responders, as well as other 
stakeholders, may be unwilling to interrupt this response option if they believe it is reducing 
volatile organic compounds to safer levels. There were periods during the Deepwater Horizon 
(DWH) spill when SSDI was reduced substantially for operational reasons, however determining 
the effect of this action was difficult to assess because the interruptions were too short, the 
observations too sparse, and the environment too dynamic.  

Similarly, using results from lab experiments to guide trade-off decisions poses some limitations. 
First and foremost is the issue of complexity. The natural world contains countless processes that 
are difficult to simulate in a lab setting, effectively limiting the applicability of laboratory results 
to predict real-world outcomes. Another issue with relying solely on experimental results is the 
notion of “scale.” Even the largest lab facilities are typically orders of magnitude smaller than 
the environment in which an actual oil spill occurs. This constraint bounds the 
comprehensiveness of experimental testing, which has implications in the universality and 
accuracy of the models that are based on them. This is especially important in the study of 
critical processes such as deep ocean oil and gas droplet formation and evolution as oil travels 
from the subsurface, high-pressure environment to the surface. 

Large-scale field studies, such as DeepSpill (Johansen et al., 2003), have provided important 
information regarding the behavior of gas and oil released at depth. Like all studies, however, its 
scope was limited and in the case of this experiment, did not include an oil spill treatment 
process such as SSDI. It is unlikely that a future deep sea oil release field experiment involving 
SSDI would be permitted to allow shoreline oiling, although such a study design would provide 
valuable insights on the fate and effects of untreated oil versus subsea dispersed oil in this 
environment. If such a comprehensive study was successfully executed, the results would be best 
used to improve models rather than to expect that the experimental results could be directly 
applied to the next spill. 
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Integrated models also have limitations. Some of the complex processes resident in the 
environment are poorly understood and their interactions may be even less so. Mathematically 
describing the behavior of oil in the environment through an integrated model and subsequently 
validating its results is difficult largely as a result of the lack of definitive observations taken 
during historical spills. On a positive note, however, integrated models are composed of sub-
models simulating the major processes, and these sub-models have typically been validated. 
Nevertheless, results from even the best integrated model should be viewed with caution and 
results with uncertainty bounds should always be presented to decision makers, a point 
reinforced by ASTM F2067-13. Unfortunately, the ASTM does not provide guidelines on how to 
construct such bounds, which is not surprising given the complexity and lack of research in this 
topic with regard to integrated models.  

Errors and uncertainty in modeling stem from two general sources commonly referred to as 
aleatory and epistemic. Aleatory uncertainty originates from variability in key model inputs such 
as wind or current forcing, oil flow rate, etc. Quantifying some forms of aleatory uncertainty is 
fairly straightforward when historical observations are available and the model is run in a 
“hindcast” mode, an approach that is commonly used in strategic (contingency) planning by 
using Monte Carlo simulations. Aleatory uncertainty due to wind could be included in tactical 
(real-time) forecasts by utilizing the standard ensemble wind model forecast products, but this 
would require running the model 30 or more times. To the Committee’s knowledge this has not 
been done.  

Epistemic error arises from uncertainty in our understanding of the underlying physical, 
chemical, biological, etc. processes. Epistemic error is generally less well-studied and more 
difficult to quantify than aleatory error. Ideally, an integrated model could estimate the epistemic 
error by changing sub-model formulations or, at least, running sensitivity studies to understand 
the impact of uncertainty in the various sub-models on key model outputs. Similarly, an 
integrated modeler would ideally perform sensitivity studies to understand how changes in key 
model inputs (aleatory errors) affect important model metrics. French-McCay et al. (2018 b) has 
recently studied the impact of droplet size on fates, and this work shows that uncertainty in 
droplet size models can have a substantial impact on calculated effects. In other words, the 
uncertainty in calculated fates coming from the uncertainty in just one submodel (droplet size) 
can be substantial and could potentially alter the decision to use SSDI in a blow-out.  

Finally, it should be pointed out that integrated models often provide poor forecasts when used in 
an actual spill, in particular as the forecast time horizon increases (e.g., a forecast at 2 days will 
generally have a smaller error than a forecast at 1 week). It is not uncommon to see integrated 
models asked to provide a tactical forecast many days in advance even though the confidence 
bounds in the underlying weather and current forecasts are huge. A closer look at failed forecasts 
often reveals that there is nothing wrong with the integrated model; rather the problem is with the 
input of winds and/or currents which are generally derived from numerical models. As a case in 
point, Cooper et al. (2016) looked at operational current forecasts in the deepwater Gulf of 
Mexico based on state-of-the-art real-time measurements and models and found weak 
correlations, i.e., r2 values of only about 0.4 were obtained for a 2-day forecast horizon. Notably, 
a numerical model outperformed two seasoned experts. On the other hand, this same current 
model can provide very accurate hindcasts. As a result of this, it may be said with some 
confidence that the uncertainty bounds on integrated model results for strategic (contingency) 
planning will be much smaller than the bounds for tactical forecasts for most sites around the 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

CHAPTER 5: TOOLS FOR DECISION-MAKING 159 

PREPUBLICATION COPY 

world. In other words, the inability of an integrated model to accurately forecast spill fates days 
in advance during an actual spill should not be taken as proof that the model cannot be trusted to 
develop a reasonable contingency plan. 

Even if the uncertainty in integrated models was thoroughly studied and quantified, there would 
still be a major challenge: ensuring decision makers to take adequate account of this added 
information. The reality is that most major decisions in actual spills are not done with 
quantitative methods that could explicitly account for uncertainty statistics. Instead decisions are 
usually made by professional judgment with some attention paid to average (expected value) 
model results.  

In summary, optimizing the strategic (planning stage) and tactical (real-time) response to an oil 
spill scenario requires an understanding of the trade-offs of the response alternatives. It is 
doubtful that optimal decisions can be based solely on the existing observational database or 
previous experience. Thus, a well-validated and well-understood integrated model run by a 
knowledgeable operator can be an essential tool for the decision maker looking to choose an 
appropriate response strategy. The model results will have substantial uncertainty and it is 
desirable to quantify those, but the present state of doing so is rudimentary at best, and most 
decisions make limited use of the uncertainty estimates if they are provided. It is essential for 
end-users of these models (e.g., spill response decision-makers) to understand the limitations and 
errors within these models when using this type of tool to select incident-specific response 
options.  

The next section defines what we consider to be an integrated model. Some of the more 
commonly used integrated models are summarized with a discussion of their origin, scope, 
previous real-world applications, and validation. Two of those models will be used in Chapter 6 
to evaluate the tradeoffs involved in dispersant use.  

 

Overview and Comparison of Integrated Models 

Figure 5.3, modified from French-McCay (2017), shows the major modules that would be 
involved in a complete oil spill modelling system which includes the four modules in the yellow 
ovals:  

1. Blowout module (where appropriate), which would, at a minimum, calculate the droplet 
size distribution and simulate the buoyant plume. It could consider formation of hydrates 
and dirty (see Chapter 2) bubbles. The blowout module would be bypassed in the case of a 
surface oil release. Output from the blowout module would consist of 4-D snapshots of 
hydrocarbon pseudo-component concentrations that feed into the physical fate module.  

2. Physical fate module, which would track the hydrocarbons until they reach their ultimate 
fate. It would include physical transformations such as surface spreading, dispersion, 
advection, and entrainment. It would also include weathering processes such as dissolution, 
evaporation, photooxidation, biodegradation, etc. The ultimate product of a fates module 
is 4-D snapshots of concentrations of the hydrocarbon pseudo components in the ocean.  

3. Exposure module, which calculates the exposure duration of important biota to the 4-D 
concentration fields.  
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4. Toxicity module, which estimates the acute and chronic effects on the biota based on 
thresholds, toxic units, or some other metric.  

Integrated models require considerable input data which are indicated by the compartments 
colored blue, purple and magenta in Figure 5.3. The primary products from the modules of the 
integrated model are shown in orange.  

Table 5.1 summarizes several of the more widely used integrated models as well as Texas 
A&M’s TAMOC model. Part A of the table covers fates while part B covers effects. Each row 
describes a major process while each cell briefly describes the methodology. In the case of fates 
many of these are fairly standard submodels so the methodology description is limited to a few 
key words. Standard, well documented submodels are not as typical for effects, hence these are 
described in greater detail. 

Table 5.1 is intended as a summary of the models and does not capture many subtleties and may 
leave out some capabilities. A comprehensive review of all oil spill models is outside the scope 
of this report so the interested reader is referred to Bejarano et al. (2013) for a high-level 
overview of several other models or to the references in the second row of the table.  

SIMAP/OILMAP and OSCAR are commercial models that have been used to estimate both fates 
and effects. The NOAA GNOME/ADIOS2 model is the most comprehensive publicly available 
model. Historically, GNOME has been used by NOAA, other government agencies, and private  

 

 
Figure 5.3: Schematic showing the major components of an integrated oil spill model for the ocean. Tan blocks 
show the major modules of a complete integrated model. The blowout module would be bypassed in the case of a 
surface oil release. Blue, purple, and magenta blocks show the major external databases or models which must be 
provided to the integrated model. The orange blocks indicate major deliverables from the modeling. SOURCE: 
Deborah French-McCay. 
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companies to serve as the core model for CERAs and SIMAs for surface oil spill releases. 
GNOME does include levels of concern derived from consensus ERAs and tracks over space 
andtime whole oil concentrations on which to make assessments of potential effects (Mearns et 
al., 2001; Mearns et al., 2003). 

The TAMOC model focuses on the fate of oil from a sub-surface blowout to the sea surface 
covering module 1 and part of module 2 of the 4 modules listed earlier in this section. However, 
these modules may be the most critical in determining the fate of oil from a blowout. While 
TAMOC is more narrowly-focused than SIMAP/OILMAP, it uses more advanced algorithms for 
these processes. A closer look at Table 5.1A shows that none of the models directly include the 
coast, sea floor, or atmosphere. A truly complete integrated model of all oil fates and effects 
would incorporate these spatial regions.  

TAMOC represents an important class of models that can be used in conjunction with the more 
comprehensive models like SIMAP/OILMAP. The latter models are time-consuming to run, 
which inhibits their use as a tool in sensitivity studies or in studying new scenarios. Alternately, 
models like TAMOC can be more readily run for different water depths, oil types, dispersant-to-
oil ratios, etc. Thus, one way to look at a new scenario (e.g., different water depth, distance from 
shore, oil type, gas-to-oil ratio, etc.) is to run the TAMOC model for the new scenario and then 
view the results from the perspective of SIMAP/OILMAP.  

Socolofsky et al. (2015) compared five integrated models for 14 scenarios of a continuous 
20,000 bbl/day blowout. The models included SIMAP, OSCAR, and a predecessor of TAMOC. 
The scenarios considered two water depths (500 and 2,000 m), two gas-to-oil ratios (500 and 
2,000 std ft3/bbl), two dispersant-to-oil ratios (0 and 2%), and two horizontal current regimes (5 
and 30 cm/s). Because of the importance of droplet size, all the modelers used the same droplet 
distribution for several of the cases. In several other cases, the modelers used their preferred 
droplet model. Models were compared by looking at four metrics, the most important being the 
mass of oil entering the intrusion layer and the downstream distance to the center of surfacing 
oil. Important conclusions were: 

1. There is a consensus of the models that the addition of subsea dispersant moves the 
surfacing oil downstream by an order of magnitude and results in far less oil reaching the 
surface.  

2. For a dispersed oil, a decrease in droplet size of ~25% can increase the volume of oil in the 
intrusion layer by a similar amount, but causes much larger changes in the downstream 
surfacing distance (5x). This suggests that the present uncertainty in droplet models (up to 
2x as described in Chapter 2) will affect the assessment of SSDI effectiveness substantially.  

There are considerable discrepancies between the models for many of the metrics and some 
critics of models have used this to question the credibility of all models. While the individual 
models have varying histories of development and validation, the two most validated and widely-
used (OSCAR and OILMAP Deep) produce fairly consistent metrics when they use the same 
droplet sizes. For example, Fig. 11 of Socolofsky et al. (2015) shows that the distance from the 
release point to the downstream center of the surfacing oil compares to within 2x for the majority 
of cases where a common droplet size was used.  
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THE CERA APPROACH 

The integration of the NEBA concept into oil spill response planning in the U.S. increased in the 
mid-1990s when the U.S. Coast Guard (USCG) developed a multi-agency approach to evaluate 
the ecological effects from various response options. The effort was spurred from an article on 
the application of ecological risk analysis in dispersant use (Aurand, 1995), which outlined the 
essential elements of Consensus Ecological Risk Assessment (CERA). The USCG document, 
titled “Developing Consensus Ecological Risk Assessments: Environmental Protection in Oil 
Spill Response Planning: A Guidebook,” was later published in 2000, after a four-year 
interagency development period (Aurand et al., 2000).  

While this USCG CERA approach is nearly two decades old, its recommendation for using a 
blend of both common sense and consensus-development, as well as quantifiable scientific 
information, remains a valid framework for response selection and continues to be used by 
industry and agencies. A detailed discussion of the CERA process was presented in the last NRC 
dispersant report (see NRC 2005, pp 35-45).  

The CERA process comprises three main phases: (I) problem formulation, (II) analysis, and (III) 
risk characterization, and is intended to be conducted in a workshop-setting that involves 
members of industry, operational response experts, response decision-makers, scientists, and 
local resource experts. CERA participation has typically involved between 25 to 50 workshop 
participants, but has varied. In Phase I, problem formulation, participants formulate a scenario 
for analysis, determine the relevant resources of concern and associated assessment thresholds, 
and develop a conceptual model that directs subsequent analysis. In Phase II, the analytical 
phase, the participants evaluate exposure, ecological effects, and recovery by customizing 
standard templates and simple analytical tools like the risk square and a risk ranking matrix, 
for the specific spill scenario under consideration.  

The risk square (Figure 5.4) was incorporated in the CERA process because of its common use 
in other types of environmental assessments by the US EPA (MMS, 1989). It is a means to 
examine environmental risk by considering both the percent of a resource that is affected by a 
perturbation (in this case, an oil spill), and the anticipated time of recovery for a given resource. 
In the CERA method, a 4x4 matrix is frequently used, but during a given CERA workshop, 
participants customize this risk matrix by adding more columns or rows to provide greater 
resolution on either axis. Additionally, the length of recovery can be defined during the CERA 
process for a given scenario, depending on the anticipated recovery time for local resources. In 
one CERA (Aurand and Coelho, 2003), the slowest recovery period was defined as “> 25 years” 
due to coral structures in the region, that if harmed could take a substantial amount of time to 
recover. Once the size of the matrix is set, and the increments on each axis are customized for a 
given CERA, participants then color-code the risk square to qualitatively assign levels of 
concern. The flexibility in the CERA process allows participants to modify levels of concern, 
based on local expert input and stakeholder engagement, for the spill scenario under 
consideration. This aids the evaluation process of response option comparison later in the 
analysis. 

The customization of templates during the analytical phase is an important step in developing 
consensus among CERA participants and helps ensure a common understanding of which 
resources are considered “important” in the local area, and on how each response option will be 
appropriately deployed. During the workshops, the participants then use the risk square to  
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Figure 5.4 A typical risk square used for a recent CERA (Walker et al., 2018). This example shows a 4x4 matrix, 
but the CERA method encourages participants to modify the risk square by adding columns or rows, as needed for a 
specific spill scenario under consideration. The participants can also customize the increments on either axis to 
account for local anticipated resource recovery times, based on inputs from local resource experts. In some CERA’s, 
the recovery period on the “SLOW” end has been > 25 years. The final step of preparing the risk square is to have 
participants color-code the risk square to qualitatively assign no adverse effect (green), limited (yellow), moderate 
(orange), or high (red) levels of concern. This risk square is then used in the next step of the CERA process to assign 
a severity affected (A through D) as well as a recovery time (1 through 4) to every resource category for the 
anticipated risk for each response option. SOURCE: Aurand and Coelho (2007). 
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Figure 5.5 Example of a risk ranking matrix specific for resources inhabiting surface waters (0-2 m depth) in Hawaii, 
including threatened and endangered species, potentially affected by response options. For this CERA nearshore and 
offshore surface waters are defined as being within <1 mi and >1 mi from shore, respectively. 
The completed CERA delivers a final summary of results which color codes each option as no adverse effect (green), 
and limited (yellow), moderate (orange) or high (red) level of concern. The latter does not mean to stop actions, but 
rather to consult with resource managers on how to minimize impacts to the resources. Not applicable (blue) is also 
denoted. SOURCE: Walker, et al., 2018. 

 

evaluate the resource sub-categories for each response option, by assessing what percentage of 
each resource will likely be impacted and how long its recovery will take. 

In Phase III, risk characterization, participants compare the overall environmental risks and 
benefits of each response option to to those associated with natural recovery (i.e., baseline). The 
completed risk ranking matrix (Figure 5.5) is the key to the CERA analysis as it enables 
comparisons between response options and within particular habitats or resource groups. Figure 
5.5 depicts conceptually how various resources of concern might respond when exposed to a 
response option. This figure depicts decisions from a recent CERA conducted in Hawaii, where 
CERA discussions were focused on potential surface dispersant application, and relied on 
GNOME for oil trajectory and oil budgets (Walker et al., 2018). 

In the CERA, it is recognized that, in addition to the stress caused by the spilled oil, each 
response option may also be a source of ecosystem stress. The mechanisms that cause the 
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3C 
2B 

N/A 
2B 

N/A

N/A

N/A 
N/A 
4C 

N/A

3C 3B 3B 1B 3C 2B 4B 4B

2A 
2A 

N/A 
1B 
2C

N/A 
N/A 
4C 

N/A

4B 2C 2B 4B 4C

2C 
2A 
1B 
2B 
3B

N/A 
N/A 
N/A 
4B

Summary Risk for Sub-habitat

Resource Protection 3C 3C 4B 2B 3B N/A 4C 3C

3B 
4C 

N/A 
2B 

N/A

N/A

N/A 
N/A 
4B 

N/A

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

Summary Risk for Sub-habitat
Shoreline Clean Up N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

Summary Risk for Sub-habitat

T/E species – ANIMALS Critical Habitat

Reporting order: Reporting order:

•         Birds •         Insects CH

•         Marine Mammal – HI Monk Seal •         Plants CH

•         Marine Mammal – cetaceans •         HI Monk Seal CH

•         Reptiles – Sea Turtles •      Insular False Killer Whale

•         Fish - Manta Ray

OFFSHORE - Water Surface Habitat Intertidal NEARSHORE -  Water Surface
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Figure 5.6 A simple depiction of the steps in the CERA process. SOURCE: Coelho et al. (2014). 

 

stress vary as can the magnitude of stress resulting from each option. Seven “hazards” have been 
identifited and represent the potential exposure pathways that connect the stressors (including 
natural attenuation) to the resources of concern. In summary, the hazards include: 

“1. Air pollution; 
2. Aquatic toxicity; 
3. Physical trauma (i.e., mechanical impact from people, boats, etc.); 
4. Oiling or smothering; 
5. Thermal (i.e., heat exposure from ISB); 
6. Oil-contaminated waste materials transfer and disposal; and 
7. Indirect (refers to a secondary effect such as ingestion of contaminated food)” (Coelho 

et al., 2015). 

The CERA process uses natural attenuation (a.k.a., no response option) as the baseline for the 
analysis. In addition, CERA assesses “levels of concern” on resource categories, habitats, and 
population assemblages, not on impacts to individual species. However, some protected species 
may drive a decision regarding how to best protect a given resource or habitat. The USCG 
Guidelines (2000) provide a more detailed discussion of the CERA method, and the individual 
steps involved in conducting a CERA. A simple depiction is provided in Figure 5.6. Dozens of 
CERAs have been conducted for contingency planning purposes, and case studies are presented 
in the next chapter. Recent CERAs have been adapted to include socio-economic and human 
health factors.  

THE SIMA APPROACH 

After the Deepwater Horizon spill, there was a renewed effort to further refine the process of 
spill response decision-making that could be applied globally, in industrialized or remote areas. 
Although the USCG had already developed the CERA process for contingency planning 
purposes, many believed that it (e.g., time, cost and logistics) could not be realistically applied at 
the onset of a spill response, nor tactically during an ongoing event. Simply, the time, cost, and 
logistics coordination to achieve a consensus-based approach for contingency planning, while 
appropriate for contingency planning, was believed by many to be too constraining when faced 
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with an actual spill. Acknowledging these limitations and recognizing that CERA may not be 
appropriate in other regions of the world, IPIECA-IOGP (2015) released an updated document 
titled, Response strategy development using net environmental benefit analysis. Although both 
IPIECA documents (2000 and 2015 versions) stressed the importance of making trade-off 
analyses of response options versus consequences, neither report presented a method to 
consistently apply a process. 

In 2016, IPIECA, the International Oil and Gas Producers (IOGP), and API worked together to 
develop a new method for studying risk in oil spill response that could address challenges in 
scoring and more readily facilitate stakeholder concurrence in past CERAs. The publication, 
Guidelines on Implementing Spill Impact Mitigation Assessment (IPIECA-API-IOGP, 2017) 
provided the strategy for analyzing oil spill effects and facilitating response option selection. As 
part of the refinement and communication process in developing SIMA, this framework was 
evaluated in workshops in North America (Clean Gulf Conference Workshop on SIMA 
organized by API/IOGP/IPIECA – October 21, 2016), Europe, and Asia-Pacific (IPIECA 
workshop in Perth Australia - Nov 30-Dec 1, 2017; IPIECA workshop in Singapore – December 
5, 2017; AMSA workshop in Newcastle Australia – August 6-9, 2018). In addition, two SIMA’s 
were completed in exploration blocks in Eastern Canada in 2017 (Coelho et al., 2017a; Slaughter 
et al, 2017). 

Like CERA, the SIMA tool uses a structured framework for evaluating response options. It 
involves four steps: 

 

Step 1. Compile and evaluate data 

NEBA analysis considers the characteristics of the spilled oil and the transformations it may be 
subjected to as it weathers and spreads, which may determine the magnitude of environmental, 
biological and socioeconomic impacts (Daling et al., 2014). Data linked directly to planning 
scenarios under consideration primarily include oil properties, oil spill trajectory modelling, 
environmental sensitivity maps, and identification of appropriate response options for that 
particular site. 

 

Step 2. Predict outcomes 

The data obtained in stage one are reviewed and assessed by the planners and responders. Figure 
5.7 summarizes the tasks in stage 2 and how it interacts with Step 1. SIMA includes an 
evaluation of the potential effect of a baseline scenario where no response actions are taken, 
which covers the timescale needed for the oil to be naturally attenuated (IPIECA-IOGP, 2015). 

The effects of the response options are characterized and evaluated after baseline establishment. 
Combined interactions of multiple response technologies at this stage must be considered.  
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Figure 5.7 NEBA Step 2 framework. SOURCE: IPIECA-IOGP (2015). 

 

During Step 2, the user develops a table of resources versus response options (see Figure 5.8).  

 

 
Figure 5.8 Overview of the Step 2 and Step 3. SOURCE: API, IPIECA, and IOGP (2017). 
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Step 3. Balance trade-offs and reach consensus 

This step requires a range of stakeholders to reach consensus on the relative priority of the 
environmentally-sensitive resources and to understand the trade-offs associated with available 
response technologies (ASTM, 2013; IPIECA-IOGP, 2015). Two trade-off aspects are balanced 
in this step (i.e., protection and response and the benefits and drawbacks of selected response 
options). For the former, this priority may be influenced by the ease of protection and response; 
recovery times; and the importance for subsistence, economic value, and seasonal changes 
(IPIECA-IOGP, 2015).  

 

Step 4. Select the best options  

Following evaluation of all data, expert opinions and identified trade-offs, the final step is 
focused on the selection of the optimum response strategy for both the planning scenario and the 
prevailing spill conditions. Prior to a spill, response strategies may be identified for various 
planning scenarios. During a spill, the deployment and adjustment of response capacities may be 
needed; and after spills, the process supports the decisions about when response end points have 
been satisfied by continuing monitoring of response effectiveness and evolving conditions 
(IPIECA-IOGP, 2015). 

A visual framework depicting the pathways of decision making is provided in Figure 5.9.  

 

COMPARATIVE RISK ANALYSIS 

A CRA seeks to compare the benefits and consequences (effects/impacts on biota) of various 
response options. In many ways, it can be considered an evolutionary step of NEBA, one which 
takes advantage of recent advances in biological modeling technology to remove some of the 
subjectivity out of preceding frameworks. To date, there has only been one attempt at a CRA. It 
focused on a DWH-like blowout in the deep water of the Gulf of Mexico (French-McCay et al., 
2018a; Bock et al., 2018; Walker et al., 2018) and was extended to examine the sensitivity of the 
fates to changes in site location (including depth) and droplet size (French-McCay et al., 2018). 
As a newly-developed framework, a key rationale of the CRA is that it attempts to reduce 
uncertainties introduced through the use of integrated models, whose predicted results may not 
reflect actual occurrences in the environment, by comparing the relative risks and benefits of 
various response options.  

At the core of a CRA is an integrated model that is capable of simulating both the fates and 
effects of a spill. In the case of the CRA study by French-McCay et al., the SIMAP/OILMAP 
DEEP models were used, but of course the methodology could be employed with other models 
such as the OSCAR/ERA-Acute model (Libre et al., 2018). The fate component of SIMAP has 
been around for several decades and has evolved in terms of complexity. The basic output from 
the fate component is a 4-D concentration map of hydrocarbon constituents. The 4-D fields of 
concentrations from the fate component is used to estimate hydrocarbon effects on important 
biota. Given our incomplete understanding of ecosystems, modeling biological effects even for a 
few important species, groups or habitats, is challenging.  

Perhaps the most difficult and potentially controversial task is the final step which involves 
weighting the relative importance of the species under consideration. Bock et al. (2018)  
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Figure 5.9 SIMA decision framework. SOURCE: IPIECA (2017). 

  

described a method they developed, which used elements of a SIMA/CERA. In the context of an 
SSDI application, they concluded that SSDI provided more benefits than costs and that the 
tradeoff analysis was insensitive to the weighting of their important species. In other words, the 
positive effects of using SSDI overpowered the negative consequences regardless of how one 
valued the biota affected by the spill. These results will be explored more thoroughly in Chapter 
6 in the case of comparing SSDI to other response options.  

 

ECOSYSTEM SERVICES 

As described by NRC (2013), ecosystem services are the goods and services supplied to humans 
by natural resources. Examples of economically important ES in the Gulf of Mexico include 
commercial fish and flood control (due to wetlands). Less quantifiable ES include climate 
regulation and water purification. The idea of an ecosystem service analysis (ESA) was 
introduced in the early 1980s (Ehrlich and Mooney, 1983) and it has continued to slowly evolve. 
By far the most ambitious ESA was started by the United Nations in 2000 to evaluate present 
and future conditions of major ecosystems and estimate the consequences of ecosystem change 
to humans (Millennium Ecosystem Assessment, 2005).  

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

174 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

BOX 5.1 

Summary of the Tradeoff Decision Tools 

Past CERAs and SIMAs have used modelling inputs from either OILMAP, OSCAR or 
GNOME/ADIOS 2 (depending on spill scenario) and both use a structured approach to seek 
consensus among stakeholders on effective response methods that produce the lowest 
environmental risk. There are differences between these tools and how they are best used in spill 
response. 

 

Consensus Ecological Risk Assessment 

CERA utilizes a detailed, semi-quantitative risk ranking square to perform comparative analyses 
of available response methods. The risk squares assign two scores, one for extent of exposure 
and a second for duration of recovery. CERA originally did not consider socio-economic or 
commercial factors, but was modified in 2012 to add these factors, and again in 2015 to add 
worker health and safety. A recent industry project in the Shelburne Basin of Eastern Canada 
utilized the CERA tool (Coelho et al, 2015), and the CERA method is also still actively used by 
USCG, US EPA and NOAA, including several recently conducted in Delaware Bay for light 
Bakken shale oil and diluted bitumen transportation (Walker et al, 2016) and Hawaii (Walker, 
et al., 2018).  

 

CERA is frequently used as a risk communication method that can add value by getting 
stakeholders together in workshops to re-evaluate and update Area Contingency Plans and Oil 
Spill Response Plans. It is also a mechanism for building trust among stakeholders and resource 
trustees by exchanging ideas and perceptions during non-spill response conditions. One 
drawback of CERA is that it requires considerable time and planning to get participants to 
workshops. As a result, it is an appropriate tool at the Contingency Planning level, but holds 
limited value as a real-time decision tool during a response, as there is insufficient time to 
execute this level of detailed scientific literature review during a spill. The reader is referred to 
the NOAA ORR website17 for the latest information on CERA workshops. 

 

Spill Impact Mitigation Assessment 

SIMA utilizes a risk ranking process that uses a single score for extent of exposure and duration 
of recovery and then adds a weighting factor for resource values based on local priorities. Unlike 
CERA, the SIMA approach front-loads the process of obtaining stakeholder consensus on 
resource priorities when assigning the weighting factor via information retrieved from the 
Environmental Impact Statement or other biological assessments conducted during the 
permitting process. As such, SIMA can be done quite quickly and is therefore a useful tool for 
use by the Incident Command System Environmental Unit at a Strategic Level during the early 
hours of a spill response to document current priorities and response decisions. Another 

                                                            
17 https://response.restoration.noaa.gov/oil-and-chemical-spills/oil-spills/resources/ecological-risk-assessment-era-
workshops.html 
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advantage of SIMA is that it can be very quickly re-evaluated (re-scored) on a near daily basis 
to support ongoing changes in spill conditions at the Tactical Level.  

Multiple SIMAs have been conducted in the US and abroad since the tool was introduced in 
2017, in support of permitting requirements, development of Oil Spill Response Plans, table top 
spill response exercises, and large-scale spill drills (Coelho et al., 2017a; Slaughter et al., 2017).

  

Comparative Risk Assessment 

The CRA is the latest concept in response tradeoff tools and is different from SIMA/CERA in 
that it includes both a trajectory fate model and an effects model. This adaptation provides an 
objective way to quantify the effects of the spill, rather than relying on local stakeholders and 
experts to qualitatively score the fates effects. It also permits the user to weight certain resources 
above others (e.g., protected species). A CRA is scenario dependent and results will typically 
take many days of computer time to produce. Hence, it is a tool better suited to contingency 
planning than to tactical planning during an actual spill. 

------------------------------------------------------------ 

Spill response decision-making cannot purely be simplified into “modelling and numbers”; it 
ultimately comes down to trying to satisfy a complex series of trade-offs and hopefully reaching 
consensus among the members of the Unified Area Command. Workshops involving 
stakeholders with access to fate and trajectory models are a key step to optimizing trade-offs 
and resolving inevitable conflicts and erroneous pre-conceptions. For example, in a CERA 
workshop conducted in Alaska, an examination of the trajectory model output suggested that 
aerial dispersant would have reduced shoreline oiling. However, in this region, the local 
stakeholders believed that oiling the shoreline was a preferred option to putting oil into the water 
column, as it aligned with their value system and key subsistence biota. This level of 
understanding about local priorities requires tools and methods that can be flexible, and all three 
of these tools incorporate mechanisms for weighting importance of locally important species or 
habitats. In summary, all three decision-making tools have value and can each be used in 
uniquely different ways to evaluate dispersants at the Area Contingency Plan level, strategic 
planning at spill onset by the Unified Area Command, or at the tactical level within Incident 
Command System Environmental Unit. The tradeoff decision and communication processes 
continue to be studied and refined. (Bostrom et al., 2015a; Bostrom et al., 2015b; Leschine et 
al., 2015) 

 
 

Applying an ecosystem service approach requires two major components: 1) reasonable models 
of important physical and biological systems for the region of interest and 2) economic models 
(what economists refer to as “production functions”) that convert the physical and biological 
effects into a monetary value. In its simplest conceptual form, the physical/biological models 
would track the consequence of an oil spill on the local ecosystem services (e.g., fish 
populations) and quantify those in terms of a 4-D series of some important metric (e.g., tons of 
fish). This output would factor into the production function to calculate an economic effect. 
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NRC (2013) explored conceptually the use of ESA to estimate the damage of the DWH spill as 
an alternative to the traditional methods used in a National Resource Damage Assessment 
(NRDA). They concluded that ESA could theoretically improve the fairness of financial 
compensation to human victims and more efficiently guide restoration of the most valuable 
resources. That said, the report noted the many obstacles that inhibit ESA, notably the inability to 
accurately model the effect of an oil spill on important ecosystems, and to quantify those effects 
from a financial standpoint.  

In this context, it is apparent that the application of ES principles to the assessment tools (i.e., 
CERA, SIMA, and CRA as it matures), rather than using “length of recovery” of a particular 
species, is a natural next step in their evolution. While ESA may not be appropriate for response 
option analysis during small oil spills, it is reasonable to expect that an ESA might become a 
valuable tool for dispersant-use decision making at larger, offshore oil spills. 

 

FINDINGS AND RECOMMENDATIONS 

Finding: The objective of the NEBA process is to conduct an evaluation that will allow spill 
responders and stakeholders to evaluate the tradeoffs involved with the various response options 
and choose the option(s) that will result in a reduction of potential adverse impacts and/or the 
best overall recovery of the ecological, socio-economic and cultural resources of concern, while 
satisfying the primary goal of minimizing immediate risks to response workers and public health 
and safety. 

Recommendation: Decisions should be based on a balanced evaluation of consequences not 
driven by specific individuals, species, or economic interests. 

Recommendation: Greater efforts should be taken to expand and highlight the effects on human 
health and safety in the decision-making tools. 

Finding: All three decision-making tools (CERA, SIMA, CRA) have value and can be used in 
support of contingency plan development, strategic planning during the initial stages of a spill 
response, or tactically during the active phase of a response  

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 conditions (e.g., oil 
type, sea state, depth, location, resources at risk) where dispersant use may be an appropriate 
and/or feasible response option for reducing floating oil. 

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: The complexity of the interactions among fates and effects can be best addressed using 
numerical models. However, expert opinions used in the CERA and SIMA processes provide 
valuable insight to many tradeoff decisions, and this risk communication process allows for 
consensus by all stakeholders. 

Recommendation: Response decision-making should seek to become more quantitative to 
improve evaluation of the ecosystem services of the whole impacted region. 
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Finding: The NEBA process is best achieved by using a blend of information provided by 
numerical models and stakeholder input. 

Finding: Integrated models that calculate the fates, as well as effects, of an oil spill are now 
available, and most of the submodels upon which they are based have been validated. 

Recommendation: A controlled field experiment or spills of opportunity should be used to 
collect comprehensive field observations for validating the entire integrated model. 

Recommendation: Integrated models should be used to evaluate and optimize combinations of 
response options. 

Finding: Integrated models are routinely used in tactical and strategic oil spill planning, usually 
with limited insight into their uncertainty bounds.  

Finding: It is important for end-users of numerical models to understand that even the best 
models have uncertainties.  

Recommendation: Systematic studies of the uncertainty bounds in integrated models are 
needed, and methods should be developed to include these bounds as a routine model product. 
Tools are also needed to help decision makers quantitatively account for this uncertainty in a 
consistent manner.  
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CHAPTER 6  

COMPARING RESPONSE OPTIONS 
 

INTRODUCTION 

Every marine oil spill is distinct, each with its own set of unique conditions and complexities. Oil 
spills may result from a variety of incidents—ranging from platform blowouts to tanker 
collisions—and the location, time of year, duration, depth, environmental conditions, affected 
biomes, and available response resources may all vary significantly. This diversity challenges 
responders to be adaptive to the particular circumstances of a spill and has led to the 
development of multiple marine oil spill response options. Current commonly-used, open-water 
response methods include mechanical recovery of oil using skimmers and booms, in situ burning 
of oil at the surface, monitored natural attenuation, and enhanced dispersion of oil through the 
application of dispersants, either at the surface or via subsea injection. As will be discussed 
further, each method has advantages and disadvantages (Table 6.1), and the determination of 
which method, or set of methods, to employ requires consideration of the spill conditions as well 
as any trade-offs associated with each technique. Additionally, the volume of oil that can be 
treated per unit time, i.e., the encounter rate, is evaluated taking into account the thickness or 
concentration of the oil, and the speed that a particular method can interact with the oil. The use 
of bioaugmentation, biostimulation, enzyme addition, and solidifiers are not considered in detail, 
because they have not been used to a significant extent, especially when considering a large 
scale, open-water spill response. Note that biostimulation and bioaugmentation have been tried a 
number of times in near shore and shoreline environments and even a few times offshore. It was 
proposed (but not implemented) during DWH, was tested during Ixtoc I and was recently tried at 
several spills in Europe (citation). However, the testing and understanding of biostimulation and 
bioaugmentation approaches are too limited to provide detailed descriptions in this text. 

After presenting the advantages and disadvantages of individual approaches, this report examines 
special considerations and compares the results of using different response methods on the 
environment. As shown in Chapter 5, the decision-making process involves many factors. There 
are rarely opportunities to study the differences in environmental effects to the use of the 
different response options. Therefore, responders often rely on integrated models to predict the 
effects of various response options.  

SUMMARY OF KEY OFFSHORE RESPONSE OPTIONS 

An optimal offshore spill response will likely require a combination of the response methods 
discussed above, which are often constrained by physical conditions, prevailing weather, and 
safety considerations. An International Union for Conservation of Nature report on evaluating oil 
spill response highlights the importance of considering the resources to be protected, the 
effectiveness of different response options, and the possible impacts of the response itself 
(Stevens and Aurand, 2008).  
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Table 6.1. Operational Summary of Open Water Response Options. SOURCE: Modified from IPIECA (2013). 

Response 
Option Benefits Limitations 

Surface 
Dispersant 
Application 

• High aerial coverage rate possible at 
the water surface 

• Large volumes of oil can be treated 

• Reduced vapors at the water surface; 
improves worker’s safety 

• No recovered oil storage 
requirements 

• Lower manpower requirements 

• Reduces the potential for oil 
reaching the shoreline 

• Enhances natural biodegradation 

• Useful in higher wind and sea 
conditions 

• Effective over wide range of oil 
types and conditions 

• Special approvals required 

• May not work in calm seas 

• Light and water depth limitations 

• Short-term, localized increase in 
toxicity 

• Potential impact on water column 
resources 

• Specialized equipment and 
expertise required 

• May not be as effective on high 
viscosity fuel oils  

• Has a limited “window of 
opportunity” for use 

• Relies on biodegradation to remove 
oil from the ecosystem 

• Public perception 

Subsea 
Dispersant 
Injection 

• Large volumes of oil can be treated 
with high efficiency 

• Lower dispersant to oil ratios can be 
used. 

• Reduced vapors at the water surface; 
improves safety 

• Oil dispersed through a larger 
portion of the water column 

• Lower manpower requirements 

• Reduces the potential for oil 
reaching the shoreline 

• Useful in wind and sea conditions 
that would inhibit other response 
options 

• Effective over wide range of oil 
types and conditions 

• Applications can be performed 
continuously – 24 hours, 7 days a 
week 

• Less known about long term effects 
of subsea use  

• Potential impact on water column 
resources 

• Localized increase in toxicity and 
reduction in oxygen 

• Special approvals required 

• Specialized equipment and 
expertise required 

• It is difficult to monitor dispersant 
effectiveness 

• Relies on biodegradation to remove 
oil from the ecosystem 

• Public perception 
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At Sea 
Mechanical 
Recovery 

• Permanently removes oil from the 
water 

• Well-accepted, no special approvals 
needed 

• Effective for recovery over wide 
range of spilled products 

• Large “window of opportunity” 

• Greatest availability of equipment 
and expertise 

• Recovered product may be 
reprocessed 

• Inefficient and impractical on thin 
slicks 

• Is limited by weather, sea state, and 
light 

• Requires storage capability 

• Typically recovers no more than 10 
percent of the oil spilled in open 
ocean environments, more may be 
recovered in other conditions 

• Labor- and equipment-intensive 

• Large volumes of oily waste 

Controlled 
In-situ 
Burning 

• High oil elimination rate possible 

• No recovered oil storage 
requirements  

• Effective over wide range of oil 
types and conditions 

 

• Requires fresh oil with volatile 
components 

• Special approvals and permits 
required 

• Ineffective in inclement weather or 
high sea state 

• Black smoke perceived as significant 
impact on people and the atmosphere 

• Localized reduction of air quality 

• Specialized equipment and expertise 
required 

• Burn residue may sink or be difficult 
to recover 

Monitored 
Natural 
Attenuation 

• No intrusive removal or response 
techniques that further damage the 
environment 

• May be best option if there is little 
to no threat to human or 
environmental well-being 

• When selected for certain areas and 
conditions, the environment can 
recover from the spill more 
effectively than it might when using 
other response tools 

• Winds and currents can change, 
sending the oil spill toward sensitive 
areas 

• Residual oil can impact shoreline 
ecology, wildlife, and economically 
relevant resources 

• Public perception that responders are 
doing nothing 

• Allowing the oil to weather beyond a 
certain point will render other 
response methods less effective or 
ineffective. 

• Predictions of oil fate and effect 
require careful monitoring, detailed 
baseline data, and adequate 
experience with predictions 
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SURFACE DISPERSANT OPERATIONS 

Overview—As discussed in Chapter 1, there are managed stockpiles of several well-studied 
dispersant products located around the world. There are also dispersant delivery systems (e.g., 
boat spray systems, coiled tubing, aerial dispersant tanks and spray arms) and platforms (vessels, 
aircraft, subsea equipment) located strategically to provide support in the event of a spill. In 
general, these products, systems and platforms have been designed to deliver dispersant to an oil 
spill as effectively as possible with an understanding of the requirements of product safety and 
stability, government regulations, effectiveness on a range of crude oils, and specific hardware.  

Dispersants are applied to surface waters from either airplanes, helicopters or boats. Dispersant 
spray systems are intended to provide a droplet size distribution that minimizes misting of small 
droplets and slick penetration from larger ones. The dispersant-to-oil ratio (DOR) can be 
adjusted to actual field conditions from an initial rule of thumb value of 1:20 (or 5%) taking into 
consideration oil type, weathering, and slick thickness.  

Natural processes (e.g., wind and wave action) mix the dispersant-treated oil into the top few 
meters of the water column. The small dispersed oil droplets (generally 10-100 microns) remain 
suspended in the water column, and are an indicator of dispersant effectiveness (Lunel, 1993; Li 
et al., 2009 a,b). While the larger naturally dispersed oil droplets are more buoyant and rise back 
to the surface, smaller chemically dispersed droplets are less likely to re-coalesce, and instead 
form more stable oil-in-water emulsions. The dispersed oil droplets dilute (vertically and 
horizontally) within the water column and begin to dissolve and biodegrade. Initial dispersed oil 
water column concentrations of 10 to 50 parts per million (ppm; Box 6.1) have been measured in 
the top 10 meters under a slick (Lee et al. 2013), and these concentrations continue to rapidly 
decrease within several hours (NRC, 2005; OSAT, 2010).  

Benefits—Dispersant application from aircrafts can treat large volumes of oil over a large area. 
Application can be performed in higher wind and sea states than other response options requiring 
mechanical containment. The ability to rapidly treat large volumes of spilled oil reduces the 
impact to wildlife at the ocean surface and on shorelines, and can improve worker safety by 
reducing chemical vapors at the ocean surface. The application of dispersants to a surface slick 
can result in rapid dilution to very low concentrations. Additionally, dispersed oil droplets will 
begin biodegrading more quickly, since the smaller droplets provide a larger surface area for 
microbial action, which facilitates more rapid removal from the environment.  

Limitations—Special approvals may be required to apply dispersants. Regulatory authorities 
may require a minimum water depth, application distance from shore, and may establish other 
exclusion zones or conditions. Aerial operations are restricted to daylight hours and typically 
require 3 statute miles of visibility, a minimum cloud ceiling of 1000 ft, and wind speeds below 
35 knots to ensure aircraft safety. In the case of vessel-based dispersant application, operational 
limitations associated with energetic sea states and corresponding concerns for responder safety 
need to be taken into consideration. Dispersant application requires specialized equipment and 
expertise to apply and has a limited “window of opportunity” as the surface slick continues to 
weather. Surface dispersant application may be less effective in calm waters and with more 
viscous oils, although studies have shown that dispersants stay with floating oil for an extended 
period of time, during which environmental conditions are likely to change (Nedwed et al., 2006, 
Huber et al., 2014). Other studies have examined dispersion of a range of heavier oils, some of 
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which dispersed effectively (Belore et al., 2008). Ultimately, the removal of dispersed oil from 
the water column is dependant on biodegradation.  

Effectiveness—The type of oil and environmental conditions present during the spill event will 
influence the effectiveness of the dispersant operation. Effectiveness is defined as the percent 
ratio of the amount of dispersed oil to the oil remaining at the surface after treatment and can 
approach 100%, especially for fresh, un-weathered oil. The overall effectiveness is influenced by 
the extent of oil weathering and its composition, available mixing energy, the type and amount of 
dispersant, water temperature, and salinity (Mukherjee et al., 2011; Mukherjee, 2008; 
Chandrasekar et al., 2006; Li et al., 2010; NRC, 2005). While oil components such as resins, 
asphaltenes, and larger aromatic compounds or waxes may be poorly dispersible, oil components 
such as saturates (major components in diesel fuel) will both naturally and chemically disperse. 
As mentioned, surface mixing energy is supplied mostly from waves and wind, and lower 
volumes of surface dispersant are generally required in higher sea state conditions to achieve 
desirable levels of dispersion (NRC, 2005). Though most crude oils and many petroleum-based 
fuels and lubricants can be dispersed initially, dispersant effectiveness will gradually decrease as 
the extent of oil weathering proceeds (IPIECA-IOGP, 2015a), i.e., loss of volatile components 
and formation of stable water-in-oil emulsions (Payne and McNabb, 1984; Daling et al., 1990; 
Lewis et al., 1995).  

Even though chemically dispersed oil may have a different appearance due to the small droplet 
size, effectiveness can be difficult to verify in the field because the dispersant action may occur 
over an extended period of time, and wind and currents may transport the oil away from the 
application area. Additionally, the establishment of safety offsets for on-water personnel during 
aerial dispersant application may mean that significant time periods occur before in-water 
evaluation of dispersant effectiveness may be made. Visual observation of aerial dispersant 
effectiveness can be affected by factors such as weather, visibility, and daylight, so it is 
important that trained observers are deployed. The NOAA Dispersant Application Observer Job 
Aid mentions that no color change may be associated with dispersant application (NOAA, 2007). 
Therefore, definitive determination of dispersant effectiveness (whether at the surface or subsea) 
by measurement of fluorescence of specific crude oil components or laser light scattering from 
dispersed oil droplets should be used to augment visual observations.  

A number of laboratories have evaluated dispersant effectiveness using a variety of test methods 
with known amounts of dispersant, reference oil, and water in an enclosed vessel under known 
energy mixing rates (Venosa et al., 2002). Summaries of a number of these dispersant 
effectiveness tests and comparisons of their results with different crude oils are widely available 
(see for example, Holder, 2015). The results of laboratory tests are highly influenced by mixing 
energy and settling time as large oil droplets tend to resurface, especially in the closed systems 
employed by the specific tests. Thus, test methods measuring effectiveness during mixing are 
likely to indicate a higher level of effectiveness than methods that measure effectiveness after a 
period of settling. In practice, while the measurement of the surface removal ratio of oil in the 
laboratory is useful for the relative comparison of products, it is not likely to reflect effectiveness 
values under operational conditions – particularly wave conditions - in the open ocean where 
there is significant potential for dilution and dispersed droplets are not likely to recoalesce into a 
surface slick.  
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Box 6.1 

Concentrations of Dispersed Oil After Dispersant Use 

For surface dispersant operations, past studies and spills have indicated that dispersed oil 
concentrations will range from 10-50 parts per million (ppm) for the first hour after dispersants 
are applied in the top few meters of the water column. In the next few hours, rapid horizontal 
and vertical mixing will quickly reduce those concentrations to below 1 ppm, as evidenced 
from the Deepwater Horizon (DWH; also referred to as the Macondo spill) spill (OSAT, 2010) 
and from past North Sea field experiments conducted in the mid-1990s (AEA Technology, 
1994; 1995; Jones and Petch, 1995; Strøm-Kristiansen et al., 1997). 

During DWH, dispersed oil concentrations were monitored throughout the response since 
SSDI was used almost continuously. Subsea dispersant monitoring was not permitted close to 
Source Control, due to a 1 km radius exclusion zone from the well head. Beyond the exclusion 
zone, a subsea dispersed oil plume was detected at depths of 1100-1300 meters. This plume 
was typically narrow and was transported away from the site by subsea currents. Within that 
plume, dispersed oil concentrations were typically very low - in the 100 ppb to several ppm 
range (NOAA, 2012). 

 

As a result of studying oil droplet size in the water column and the changes that occur when 
dispersants are used, it has been recommended that the droplet size distribution be used as an 
essential parameter to evaluate the spill response and the long-term behavior of the oil (NRC 
2005). While oil droplets in the water column retain their natural buoyancy, smaller droplets 
travel through the water column much more slowly as a result of the physics associated with 
their different sizes, i.e., larger droplets tend to resurface and smaller droplets remain entrained 
in the water column for extended periods (Boufadel et al., 2006, 2007; Chen and Yapa, 2007).  

Technological Advances—A review of improvements in dispersant technology is provided by 
Rowe et al. (2017). The main areas of focus on improving/enhancing surface dispersant 
operations have included: 

• New dispersant formulations and/or approaches to dispersing oil. For example, products 
are being considered which may have less solvent for higher effectiveness, use plant-
sourced components as alternate raw materials, or consider different mechanisms such as 
the formation of Pickering emulsions or the use of mechanical energy to form small 
droplets. (Nedwed, 2011; Guo, 2014; Katepalli, 2017; Brandvik, 2014) 

• New delivery systems such as the recently certified Boeing 727-based aerial platform 
introduced by Oil Spill Response, Ltd., which provides a global reach and an extended 
range of daily operations. (Caetano, 2017) 

• Gaining a better understanding of factors influencing dispersant/oil slick interactions such 
as the impact velocity of dispersant droplets of different size following release from spray 
systems. (Ebert, 2008) 

 

SUBSEA DISPERSANT INJECTION (SSDI) 

Overview—The response to the 2010 DWH spill is the fist case where dispersants were applied 
at the well head on the sea floor. There are a few key distinctions between surface and subsea  
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Figure 6.1. A closer look at the specific elements of one configuration of SSDI equipment. The dispersant is 
pumped from the surface vessel through the coiled tubing to the subsea dispersant manifold, then ultimately through 
the SSDI wand that is being held by the ROV. SOURCE: Oil Spill Response Limited Subsea Well Intervention 
Services.  

 

conditions. Near the release source, significant turbulence resulted in the jet of oil and gas 
breaking into a wide range of oil droplet and gas bubble sizes (Pesch et al., 2018; Malone et al., 
2019). The use of SSDI (Figure 6.1) is focused at the release point. Here, the encounter rate with 
the oil can be maximized with the intention of reducing droplet sizes to delay and perhaps even 
stop the ascent of the droplets, thereby facilitating the biodegradation process.  

Benefits—The encounter rate with SSDI is potentially higher at the oil release point, compared 
to aerial dispersant application to a spreading surface slick, because the dispersant is applied 
directly to the oil source as it enters the ocean. Because of this, lower DORs are expected to be 
sufficient to effectively disperse the oil, with values of 1:100 (1%) or less having been 
demonstrated successfully in the laboratory (Brandvik et al., 2013; 2014; 2017; 2018, 2019a, 
2019b). The trajectory of rising oil from depth is influenced by deep ocean currents 
(horizontally) and the buoyancy of the dispersed oil droplets (vertically). This leads to the 
dispersed oil being vertically distributed over a greater depth range than a surface application, 
which is limited to the top few meters of surface water. Biodegradation will occur in these cold, 
deep waters. Measured dispersed oil concentrations were consistently below 5 ppm at a distance 
of 1 km from the DWH wellhead (Coelho et al., 2012). SSDI can run continuously in almost all 
weather conditions, using a DOR that is less than half the volume typically needed for surface 
applications (IPIECA-IOGP, 2015). The operation takes place at a single location at the well 
head release point, which simplifies the operation (compared to surface dispersant use). This 
makes SSDI more manageable, and reduces manpower requirements and safety concerns 
compared to other response methods. 
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SSDI may reduce the potential for responder exposure to hydrocarbon vapors at the surface 
(Gros et al. 2017; see Chapter 4) which provides a worker health protection factor. In support of 
this, a recent Comparative Risk Assessment (CRA) project involving several modeled scenarios 
concluded that SSDI substantially decreased surface slicks and shoreline oiling, increased 
hydrocarbon biodegradation at depth, decreased atmospheric volatile organic compound (VOC) 
emissions, and increased dissolution rates of rising oil such that floating oil contained much less 
soluble and semi-soluble hydrocarbons (benzene, toluene, ethylbenzene and xylene [BTEX]; 
polyaromatic hydrocarbons [PAHs]; soluble alkanes). These factors reduced human and wildlife 
exposures to VOCs (French-McCay, et al 2018).  

Unlike most other operations, SSDI can progress continuously through day and night provided 
that required dispersant volumes can be supplied to the site. The SSDI reduces the amount oil 
reaching the surface and thereby reduces the potential for oil to reach the shoreline or impact 
birds and mammals. 

Limitations—Because SSDI has only been used once, less is known about the biological and 
long-term impacts on the ecosystem than for other responses. Localized increases in toxicity 
within the water column are expected due to enhanced oil bioavailability from droplet formation, 
and as the oil is biodegraded, a measurable reduction in dissolved oxygen has been reported 
(Kessler et al. 2011, Figure 6.2).  

Aerobic biodegradation is a key process for removing dispersed oil from the ecosystem by 
transforming hydrocarbons to CO2 and water, but depending on site-specific conditions, 
concentration of dispersed oil, nutrient levels, etc., there may be mitigating circumstances where 
it is less effective. For example, suspended droplets may be incorporated into marine snow and 
carried to the seafloor (Passow 2016; see Chapter 2) where they may biodegrade more slowly or 
impact benthic organisms. In general, there is less known about the biota at depth to judge the 
potential impacts of dispersed oil on the ecosystem.  

In deepwater spills it may be difficult to monitor the effectiveness of the dispersant, although 
instruments and procedures have been developed post-DWH. (API, 2013) Further, while SSDI 
may be effective in some shallow water spill scenarios, it may not offer substantial benefits in 
shallow blowouts (see CRA-2 case study below). As with surface application, special approvals 
may be required and specialized equipment is required. The application of dispersants, even at 
depth, can have a negative public perception. 

Effectiveness—Recent laboratory testing on light crude oils suggests that in cases where proper 
injection methods and DORs are used, SSDI effectiveness may approach 100%. For comparison, 
surface dispersant application typically begins at a DOR of 1:20 (5%), whereas DORs ranging 
from 1:50 to 1:100 (2% to 1%) can be effectively used with SSDI (Coolbaugh and Cox, 2015). 
This is due to the higher encounter rate of dispersant directly to the freshly released oil stream , 
where the oil is warm (low viscosity), not emulsified, and in a region of high turbulence. For the 
purposes of offshore spill planning, subsea dispersant ‘application efficiency’ is typically 
assumed to be 80%, meaning that 20% of the dispersant is lost and the remaining dispersant 
volume treats the oil with 100% efficiency. This simplified assumption provides a conservative 
estimate of the potential environmental impacts that might occur in the water column.  

SSDI effectiveness is visually evident to trained observers looking at real-time video feeds 
provided by ROV-mounted video cameras positioned adjacent to the dispersant injection wand, 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

Chapter 6: Comparing Response Options  187 

PREPUBLICATION COPY 

 

Figure 6.2 Depth profile highlighting a hydrocarbon intrusion layer as observed during the DWH spill including 
colored dissolved organic matter [CDOM] fluorescence (a proxy measurement sensitive to MAHs and PAHs), 
dissolved oxygen and density. This downcast data was collected on 31 May 2010, at a station located 5 km SW of 
the well head while SSDI operations were occurring. Note the peak in fluorescence at depths of 1100 to 1200m, and 
commensurate sags in dissolved oxygen. A smaller fluorescence peak is also apparent near the bottom of the 
downcast at 1500m.  

 

but this is purely a qualitative indicator. Quantitative confirmation of droplet size reduction can 
be obtained via a particle size analyzer located above the dispersant injection point (e.g. Davies 
et al. 2017). Laboratory studies have demonstrated significant changes in the appearance and 
droplet size distribution of subsurface oil releases (Brandvik et al., 2014; Coolbaugh and Cox, 
2015). 

Technological Advances—While subsea dispersant application is not a new concept, its use 
during the DWH response represents the only documented example of an application at such a 
scale and depth. (IPIECA-IOGP 2015) A number of learnings resulted from the extended use 
during the response and projects have been undertaken to: 

• Better understand factors that influence dispersed oil droplet size – e.g., dispersant type, 
DOR, oil type, mixing energy (Brandvik et al., 2013, 2014, 2018, 2019a,b).  

• Develop a bench scale effectiveness test in order to facilitate the screening/testing of new 
products and conditions in an efficient manner (Coolbaugh and Cox, 2015) 
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• Recommend scientific protocols to monitor environmental effects of SSDI use (NRT, 
2013)  

  

AT-SEA MECHANICAL RECOVERY 

Overview—Mechanical containment and recovery is the process of physically removings of oil 
from the water’s surface through the use of equipment such as skimmers and booms to divert and 
collect oil. Upon its collection, this oil is either disposed of or, in some cases, it may be possible 
to recycle it, thereby preventing or minimizing effects to sensitive near shore and offshore 
habitats. Environmental conditions such as hours of daylight, winds, and waves, will influence 
the success rate of on-water mechanical containment and recovery. In most instances, 
mechanical recovery is the primary or preferred treatment option. 

Benefits—This response option physically removes surface oil from the water, and it is the only 
option able to remove weathered oil. As a result, public understanding and acceptance for use of 
on-water mechanical recovery is high. When floating oil is collected in the offshore 
environment, the potential threat to nearshore and shoreline ecosystems can be significantly 
reduced since less oil is available to become stranded and the need for shoreline protection and 
recovery operations is likely to be reduced or even eliminated. During offshore recovery 
operations there tends to belittle wildlife impact. Also, mechanical recovery is a commonly 
practiced response option that offers a wide range of well-understood equipment options. In 
some cases the recovered product can be reprocessed for later use. 

Limitations—While mechanical recovery is a desirable spill response tool, it requires the 
availability of vessels that can deploy the equipment and have sufficient recovery and storage 
capacity. Support vessels may have a limited capacity resulting in . a significant period of 
elapsed time, i.e., days, before mechanical recovery can be performed on a large scale. Once on 
the sea surface, spilled oil has a tendency to spread and form thin sheens, which significantly 
reduces the ability to collect surface oil efficiently. The longer the spreading process continues, 
the thinner the oil will become and the less likely it is that it will be recovered. With traditional 
boom, vessel speeds are restricted to less than a knot to prevent oil entrainment, which limits 
encounter rates. Some types of skimmer systems may collect large volumes of water with the oil, 
requiring further oil/water separation after collection, additional equipment and storage capacity. 
Waste from all the equipment used, particularly absorbent materials and oily debris, represent a 
waste management challenge. 

The low encounter rate of mechanical systems makes it labor and equipment intensive to mount 
an effective spill response. In addition to the actual encounter rate, external conditions such as 
weather and hours of daylight can limit mechanical response. Ocean boom begins to experience 
containment failure when sea states approach wave heights over 2 m. While day length is not a 
major consideration in the continental US, limited daylight during the winter months in northern 
latitudes may reduce the amount of operations that can occur each day. Floating ice poses an 
additional constraint in arctic waters. Finally, skimmer system configurations may need to 
change as the oil becomes more weathered, which can result in response delays.  

Effectiveness—Mechanical recovery in the offshore environment is affected by weather 
conditions, the extent of oil weathering, and the actual encounter rate. Even under favorable 
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conditions, experience from previous offshore spills has shown that recovery rates of between 5 
and 10% of the total volume are the maximum to be expected. The rest being lost to the 
atmosphere, ocean, or deposited on a beach. During the DWH spill response the estimate was 
less than 4% (Federal Interagency Solutions Group, 2010). 

Technological Advances—Mechanical Containment and Recovery techniques have been used 
for quite some time, but there continues to be improvements. As an example, innovative 
enhancements to oleophilic skimmer designs have served to increase potential recovery rates 
significantly, either by incorporating grooves into disc and drum design (Broje and Keller, 2006) 
or by the addition of high surface area fabric to skimmer surfaces (SL Ross, 2008; Hobson, 
2013). A key focus of the spill response research community is increasing the ability to operate 
at higher vessel speeds or in faster currents. A particular approach has been to incorporate a calm 
area at the apex of a boom that prevents entrainment and oil loss from the boom even at 3-5 kts 
tow speed (USCG, 2002). By pairing such a containment system with paravane, it becomes 
possible to operate at higher speeds with only one vessel (Chopra and Coolbaugh, 2016).  

  

CONTROLLED (IN SITU) BURNING 

Overview—The process of employing in-situ burning (ISB) during an offshore oil spill response, 
consists of the mechanical collection of oil in a manner similar to on-water recovery, but using 
specially designed fireproof booms, followed by its removal through burning. The oil must be 
sufficiently thick in order to initiate ISB. This spill response option has a possible advantage over 
mechanical recovery in that it removes the need to store and dispose of recovered oil. As in 
mechanical containment and recovery, ISB has similar operational limitations associated with 
weather and day light hours since it relies on the use of a boom-based system. In practice, ISB is 
optimally performed during daylight hours so that the burn may be safely ignited, managed, 
monitored and tracked. Wave heights of less than 1.2 m, somewhat lower than for mechanical 
containment and recovery, are preferred. 

Benefits—ISB can be highly effective at permanently removing encountered oil from the water 
and reduces the total volume of oil that would need to be collected and disposed. Since most 
crude oils will burn, ISB can be an effective technique for a wide range of oil spills. Because of 
its potential effectiveness and reduced requirements for collection and disposal, ISB can serve to 
minimize the extent of a spill and reduce the resources, including time, required during a 
response. 

Limitations—ISB requires oil that has limited weathering, as the loss of light end components or 
inclusion of water can prevent the ignition of a burn. The oil must be over 3 mm in thickness to 
allow ignition, making it impractical for thin slicks. In the event that populated areas are present 
downwind of a burn, air quality concerns may exist in some jurisdictions due to the possible 
presence of combustion-related gases and particulate materials, especially those of very small 
size. The black smoke plume is perceived as having a significant impact on people and the 
atmosphere. As lighter crude oil components burn, burn residues may become more dense and 
sink into the ocean where they are not recoverable. Optimal ISB performance occurs during 
daylight hours when the burn may be safely ignited, managed, monitored, and tracked with wave 
heights of less than 1.2 m.ISB requires specialized equipment and training. The availability of 
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effective fire boom, which has been found to have a limited lifetime in practice, is a 
consideration for any large scale, prolonged response operation such as a well blowout. A key 
consideration in the decision-making process to use ISB is whether it is feasible with respect to 
incident specific environmental conditions and existing regional government approval policies; 
burn plans and special approvals are likely to be required. Many countries have not established 
ISB approval processes. 

Effectiveness—The ISB response tool is highly dependent on the incident specific environmental 
conditions and potential encounter rates. A burn can remove oil until a minimum thickness 
around one millimeter remains. When oil thicknesses in the boom are greater than a centimeter 
burn efficiencies can exceed 90%. During the DWH response, where the sea was quite calm over 
extended time periods, existing estimates indicate that about 5% of the oil was removed by ISB 
(Allen et al., 2011; Federal Interagency Solutions Group, 2010).  

Technological Advances—Prior to the DWH spill response, ISB had only been used 
occasionally. Although it had never been used on the scale as that of the DWH response, the 
technique was studied on a regular basis (Mabile, 2013). The usual method for thickening a slick 
is to mechanically contain the slick in special fire booms, some of which were refined following 
the DWH response (IPIECA-IOGP, 2016). While fire booms are able to withstand the heat of a 
burn for several sustained burns, they will ultimately be unusable after a few days. 

To move beyond this limitation, the use of surfactant-based herding agents presents an 
opportunity to perform ISB without physical containment. By applying these products around the 
edge of a slick, the surface tension is modified and the slick area contracts and the oil can 
become thick enough to support combustion. This approach has been demonstrated several times 
and it has been shown that the slick will remain thickened for several minutes before the herding 
effect ultimately dissipates, during which time, ignition is possible (Buist et al., 2011). The 
environmental conditions in which herders will be effective are not fully established.  

Other work is currently focused on enhancing burn effectiveness by incorporation of metallic 
heat sinks within the combustion zone for more complete combustion and by integrating a 
skimming/burning system which would alleviate the need for waste storage or fire-resistant 
boom in locations with logistical challenges (Rangwala et al., 2015). 

 

MONITORED NATURAL ATTENUATION (NATURAL RECOVERY) 

Overview—Natural attenuation involves no active human intervention aimed at changing the 
fate of the spilled material. In cases where distance from shore or weather conditions prevent 
active response (e.g., Argo Merchant, SeaRose platform), this may be the likely response option. 
In association with this analysis, it is considered the baseline against which other response 
options may be compared. With natural attenuation, the spilled oil moves with the winds and 
currents until it eventually evaporates, dissolves, biodegrades, disperses, or strands on the 
shoreline. Stranded oil will continue to weather and will gradually biodegrade, be incorporated 
into the sediments, or persist as surface residues. It is possible that some of the relatively fresh 
oil may be remobilized from where it initially stranded and be transported to other locations 
before it weathers further, biodegrades, or is deposited permanently. The fate of the oil is 
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generally monitored to determine if it is attenuating as predicted and to determine if an active 
response is necessary. 

Benefits—Natural attenuation may be appropriate in cases where offshore spillsdo not threaten 
shorelines, sensitive habitats, and protected species, or when high sea states exist and natural 
dispersion is expected to prevail and other response options may not be safely deployed (e.g., 
during winter months and storm events). In cases where active spill response activities are not 
appropriate, e.g., when the presence of responders and equipment can damage certain sensitive 
shoreline habitats, allowing the oil to degrade naturally could be preferable. Additionally, natural 
attenuation may be necessary in the event that recovery and response are not possible, for 
whatever reason. 

Limitations—By not actively intervening following a spill, there is a likelihood that the public 
could infer that not enough is being done to respondsince there is typically an expectation that 
everything possible will be done to minimize the spill impact and protect the environment. By its 
very nature, natural attenuation is a passive tool which will not prevent impacts to high value 
shoreline habitats if oil were to reach the shore. For offshore slicks, natural attenuation could 
lead to the presence of oil slicks on the water’s surface for an extended period of time, for 
example, hours for light oils during energetic sea states or weeks to months for heavier or 
emulsified oils during calm sea states. Active monitoring of the area that may be affected by a 
spill is required since changes in winds and currents may later move the oil into an area where 
response is necessary. The heavier and emulsified oils that result from natural attenuation are 
more difficult to respond to if needed. Experience has shown that the recovery of oiled shorelines 
can range from weeks to months to years, depending on what was spilled and what kind of 
environmental conditions existed at the time of the spill, e.g., sea state, sunlight intensity, rain, or 
magnitude of processes contributing to shoreline erosion. Natural attenuation may not be 
appropriate in situations where it will affect emergency response activities at an offshore 
platform site, since an active response is more suitable to reducing exposure potentials for 
surface vessels and personnel to the volatile organic compounds (VOC) of oil and their 
associated health and safety risks. At a minimum a conceptual model, followed by a 
mathematical model is required for the spill environment and all risk receptors. Monitoring must 
be done to verify the model of natural attenuation is proceeding as predicted in regards to these 
risk receptors. If it is not, then other control methods would be required. If it is meeting the 
model for natural attenuation then any requirements for environmental sampling can gradually be 
relaxed.  

Technological Advances—Direct water and sediment sampling for biogeochemistry, remote 
sensing, and real time modelling have made advances since the DWH spill. New models of spill 
fate and effects with and without the use of dispersants (see Chapter 2) can greatly aid if and 
when monitored natural attenuation is applicable.  

Effectiveness—Natural attenuation can be an effective option, especially in cases where spilled 
oil is relatively light and is expected to evaporate/disperse/dissolve relatively quickly, where a 
spill is not expected to impact sensitive or high value ecosystems, or if extreme weather 
conditions prevent a safe spill response while also providing the energy required to effectively 
disperse the oil naturally. Even aggressive remediation techniques should have monitored natural  
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Figure 6.3: Example Dispersant Product Approval Process. SOURCE: IPIECA-IOGP (2014).  

 

attenuation as the final solution since this will not only save time, resources and minimize 
harmful effects of aggressive mediation techniques but also insure that the environment and risk 
receptors are returning to their pre-spill state. 

 

ADDITIONAL CONSIDERATIONS 

Dispersant Regulatory Approval Processes 

As previously discussed, dispersants represent a potentially significant tool within the spill 
response tool box, especially when considering a large scale, offshore spill scenario. However, 
while the potential use of dispersants during a response may be technically feasible, regulatory 
considerations need to be taken into account since they will likely define what products may be 
used and under what circumstances. To put this in perspective, following the use of solvent-
based degreasers during the Torrey Canyon spill response in 1967, it was recognized that the use 
of potentially toxic materials to respond to a spill can make a situation worse. With this in mind, 
a key aspect of a robust regulatory regime is to have transparent process of deciding which 
dispersant products may be used and under what scenario-specific conditions. 

In the case of product approval, there are typically two main considerations, i.e., the 
effectiveness of the product and its relative toxicity. Figure 6.3 provides a simple schematic of a 
product approval process that is used in a number of locations around the world. (IPIECA-IOGP 
2014) 

In the United States, the Environmental Protection Agency (USEPA) is responsible for managing 
the process whereby products are listed for possible use. A listing of those products (Table 6.2) 
that are available to be considered for use in the event of a spill, i.e., the Product Schedule, is 
available within Subpart J of the National Oil and Hazardous Substances Pollution Contingency 
Plan. The EPA proposed amendments to Subpart J in 2015 to clarify and update Product 
Schedule listing procedures. These potential updates included changes to effectiveness and 
toxicity testing. Public comments were due on or before April 22, 2015. No action has been 
taken since then. 
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Table 6.2 US EPA National Contingency Plan Listing of Dispersants. SOURCE: EPA. 

ACCELL CLEAN® DWD  JD-2000™  

BIODISPERS  MARE CLEAN 200 

COREXIT® EC9500A  MARINE D-BLUE CLEAN™  

COREXIT® EC9500B  NEOS AB3000  

COREXIT® EC9527A  NOKOMIS 3  

D SEA BRAT #4  NOKOMIS 3-AA  

DISPERSIT SPC 1000TM SAF-RON GOLD  

FFT-SOLUTION® ZI-400 

FINASOL® OSR 52  

SOURCE: EPA, https://www.epa.gov/sites/production/files/2018-08/documents/schedule.pdf. 

 

While products are likely to vary by chemical composition, modern, commercially available 
dispersants consist of surface active agents (surfactants) and solvents that are generally much 
less toxic than the materials that may have been used decades ago. During the Deepwater 
Horizon spill response, 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.” (CDC, 
2010)18 

A different perspective is provided by the information listed in Table 6.3 which shows the 
countries in which three particular dispersants have been approved for possible use during a spill 
response. (Carter-Groves, 2014) In particular, following the Deepwater Horizon spill, industry 
established a Global Dispersant Stockpile with three dispersant products placed strategically in 
easily accessible locations around the world. The Global Dispersant Stockpile is composed of 
three specific dispersant products have been studied extensively and are viewed as having some 
of the broadest global approvals based on effectiveness and toxicity testing.  

In the United States, during the response phase of an exercise or spill response, the Incident 
Command System is used to manage the decision-making process for the use of dispersants or 
other spill response options with the Federal On Scene Coordinator having the lead 
responsibility. Similar systems are used around the world during emergency responses, 
sometimes known as the Incident Management System. 

By having clear regulatory requirements in place, the decision making process should be able to 
proceed in such a manner that the window of opportunity for effective dispersant use is not lost. 
In the absence of clear regulations around their use, discussions about their benefits and 
limitations may be protracted, especially during the initial reactive stages of an emergency 
response, and the opportunity to derive environmental benefit could be diminished.  

                                                            
18 Available at: https://www.cdc.gov/nceh/oil_spill/docs/Oil%20Spill%20Dispersant.pdf 
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Table 6.3 National Approvals for Global Dispersant Stockpile Products. SOURCE: Oil Spill Response Limited. 

 

Figure 6.4 highlights the steps that are typically used to determine whether an approved 
dispersant may be applied during a specific spill response scenario (IPIECA-IOGP 2014). 

While a number of countries consider the use of dispersants as either a primary or secondary 
response option and have it included in their national contingency plans, it would be beneficial to 
encourage global consistency with respect to the processes for approving individual dispersant 
products and allowing for their use (Coolbaugh, 2017). As exemplified in Figure 6.5 for approval 
in Europe, it is likely that there will be significant differences within regions regarding the 
possible use of dispersants and this may lead to complications that might hinder an effective 
response to a spill that could affect more than one country, a topic that will be discussed below. 

 

Trans-boundary  

It is generally considered that offshore oil spills do not respect international borders. Whether a 
spill scenario takes place in the Gulf of Mexico, the Strait of Juan de Fuca or elsewhere in the 
world, one thing that is known is that oil on the water moves over time and discussions between 
potentially affected regions should have taken place before a response is needed. The 
development of agreements is key, especially when the complexities and potential barriers 
related to transporting people and equipment across international borders can be a challenge, 
especially when time may be of the essence. The return of equipment and personnel in a timely 
fashion should be considered as well. 

A number of international conventions and agreements are currently in existence that help 
facilitate what might become a trans-border spill response. For example the United Nations 
Convention on the Law of the Sea (UNCLOS) entered into force in 1982 as a foundational 
component encouraging international cooperation. Specific articles within the convention focus 
on preventing, reducing, and controlling marine pollution and include, the creation of 
international standards and recommended practices for cooperation, and defining a process for 
notifying others who may be affected by a spill. In this respect, UNCLOS has been thought of as  
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Figure 6.4: Example Framework for Dispersant Use Approval. SOURCE: IPIECA-IOGP (2014). 

 

the overarching convention that supports others in the actual implementation of various 
international arrangements, such as the International Maritime Organization (the UN agency 
responsible for the safety and security of shipping and the prevention of marine pollution by 
ships) Convention on Oil Pollution Preparedness, Response and Cooperation which was put into 
force in 1995. (Chazot, 2017)  

Organizations and activities of more regional natures exist and occur, often with an eye toward 
enhancing cooperation and preparedness across a number of different countries. An example is 
the Global Initiative program that was created in 1996 following the efforts of the International 
Maritime Organization and IPIECA to build spill response capacity. Today, Global Initiative 
programs are present in West Africa, Southeast Asia and the Black and Caspian Sea region. 
Other programs have been considered for the wider Caribbean and South America. Through the 
efforts of these programs, countries that did not have national plans have made major strides. A 
significant part of the Global Initiative program is to have regular training courses and exercises, 
during which specific focus areas of the member countries can be highlighted and discussed. 
(Coolbaugh, 2014) A topic of particular emphasis that has arisen over the past several years is 
that of trans-boundary spills and how to respond to them effectively. This is not unique to the GI 
regions. 

For example, a recent multi-year Mexico-United States (MEXUS) exercise included the 
possibility of trans-boundary movement of oil from US to Mexican waters. Participants from 
both countries were able to discuss the possible challenges of a trans-boundary spill and how to 
address them. For reference, the MEXUS Plan was created following the Ixtoc 1 well blowout in 
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Figure 6.5. Dispersant Use Considerations in Europe. SOURCE: European Maritime Safety Agency (EMSA; 2014). 

 

1979 in order to facilitate cooperation between the two countries by providing a framework of 
coordinated operational procedures in case of a spill.  

The recent exercise considered such things as specific government agency involvement in 
customs and border-related issues and a various waivers to expedite transfer of equipment and 
personnel (Drieu, 2017). 

 

Arctic 

The presence of ice provides additional challenges to oil spill response as it makes reaching the 
oil more difficult, can foul booms and skimmers, and dampens wave energy. It is also often 
associated with extreme cold that further inhibits response options. At the same time, these same 
conditions reduce oil weathering, allowing burning and dispersants to be effective over a longer 
period than in more temperate waters, and ice can reduce the spreading of oil. How oil and ice 
interact depend on the type of ice and its concentration (Venkatesh et al., 1990; Pegau, 2017). 

Another important consideration for oil spill response is that most locations with sea ice are 
remote, limiting the ability to stage people and equipment, and making the storage and disposal 
of recovered oil difficult. An important social consideration in the Arctic is that the people have 
a subsistence lifestyle that is dependent on the marine ecosystem. 
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Interest in oil and gas development and shipping in the Arctic has led to several reports on oil 
spill response capabilities and research needs (Dickins, 2004; Solsberg, 2008; Pew Environment 
Group, 2010; Holland-Bartels and Pierce; 2011; Potter et al., 2012; USARC, 2012, Pew 
Charitable Trusts, 2013; Bjerkemo, 2013; National Research Council, 2014; National Petroleum 
Council, 2015; CRRC, 2016; Wilkinson et al., 2017; Lewis and Prince, 2018) and numerous 
research projects and programs (e.g., BSEE Arctic Oil Spill Response Research, Oil in Ice JIP, 
and Arctic Response Technology JIP), Lewis and Prince (2018) provide a recent review of 
dispersant use in the Arctic. The CRRC effort examines in detail what is known about dispersant 
use in the Arctic. Recent research activities examined remote sensing and advancing response 
technologies. The use of self-propelled skimmers in ice has been tested, and new skimmers and 
sorbent materials have been developed. Primary issues with mechanical recovery include the 
viscosity of the oil, operating booms in an ice environment (although ice can act as a boom), 
fouling of skimmers by ice, and freezing of skimmer surfaces. Work on in situ burning has 
focused on the application of chemical herders to thicken the oil to allow a burn (Buist et al. 
2008).  

In regard to dispersants, some of the recent research with dispersants includes, the use of 
propeller wash as an energy source for mixing (Daling et al., 2010), examining the dispersability 
of oil frozen in ice (Cedre, 2016), the fate of dispersed oil under ice (Beegle-Krause et al., 2013), 
and the effectiveness of dispersants in slush and frazil ice (SL Ross, 2016). Oil frozen in ice was 
found to be dispersible after three months within the ice (Cedre, 2016). Oil with dispersant 
frozen in ice was dispersible, but to a limited extent compared to applying fresh dispersants. 
Fresh oil can be dispersed in frazil ice if mixing energy exists, but the oil weathers and the 
effectiveness of dispersants decline with time (SL Ross, 2016).  

Of particular concern for dispersant use in the ice environment is the issue of reduced mixing 
energy due to the dampening of wave action by the presence of ice. For dispersants to be 
effective there must be some mixing energy present. In a broken ice environment, the relative 
movement of ice provides some mixing energy (Brandvik et al., 2010). The use of propeller 
wash from a vessel was found to be a viable source of mixing energy (Daling et al., 2010). 
However, in many cases mixing energy may be limiting. 

 

UNCERTAINTY IN DECISION-MAKING TOOLS 

A comprehensive evaluation of uncertainty in model estimates described above will be critical 
for building further acceptance for use in decision-making during oil spill response. Formal 
uncertainty analysis for human health and ecological risk assessment has a rich literature base in 
its application to decision-making associated with implementation of several major 
environmental acts including the Clean Air Act, Clean Water Act, etc. (NRC 1983, NRC 1994, 
NRC 2009). Uncertainty can be divided into aleatory, or inherent, uncertainty (also referred to as 
variability) and epistemic uncertainty (due to limited knowledge of the underlying physical, 
biological, or chemical processes) (Hoffman and Hammonds 1994). Aleatory uncertainty can 
often be incorporated in a straight-forward manner; French-McCay et al. (2018) incorporated the 
effects of weather variability on oil spill fates using Monte Carlo simulation to find the median 
case for shoreline and surface impacts. French-McCay also incorporated some epistemic 
uncertainty by looking at two levels of ecotoxicity thresholds. However, in neither case were 
final results presented that concisely illustrate these uncertainties on the overall risk assessment.  
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Figure 6.6. Hypothetical modeling results of oil spill damage estimates associated with use of subsurface dispersant 
injection (SSDI) versus no SSDI during the response. The uncertainty intervals represent propagation of both 
aleatory and epistemic uncertainty in model. The dashed red line represents a threshold of damages deemed 
unacceptable by decision-makers. Note that this is a fictitious and unitless example. SOURCE: Committee. 

 

It is also important to note that the modeling by French-McCay et al. does not explicitly consider 
human health risk, although modeled surface VOC levels have been interpreted from a human 
health perspective (Crowley et al. 2018). 

Many federal regulations designed to protect public health are based on application of 
probabilistic risk assessment (PRA) to estimate the proportion of the human population whose 
predicted exposures may exceed an established acceptable risk level, as described for PAH 
exposure from fish consumption after an oil spill in Chapter 4. Monte Carlo simulation, Bayesian 
methods, and other approaches are widely used for uncertainty propagation in PRA modeling 
(Lester et al. 2007; Burmaster and Anderson 1994). This probabilistic approach can become 
problematic if exposure to risk levels above the acceptable level, even if estimated at ≤1-5% of 
the total population, is largely restricted to one specific community. Subsistence fishing 
communities would be an example of a vulnerable population of concern in oil spill response 
decision making, as described in Chapter 4.  

Given that few studies have specifically assessed ecological and human health effects associated 
with SSDI, the two hypothetical modeling results shown in Figure 6.6, suggest uncertainty on the 
effects of SSDI may be considered too great if panel B were the modeled estimate, but not if 
panel A were the estimated uncertainty intervals (UIs). In the case of panel B, even if the central 
probability estimate is less damages with SSDI, under a PRA framework, decision-makers may 
decide it is more important to protect against an even small probability of a higher level of 
damages, if that damage level crosses a threshold that would be considered unacceptable.  

Treatment of uncertainty is largely dependent on first establishing equivalencies in the risk 
assessments to be compared. For example, CRA employed to quantify and compare human health 
risks using the disability-adjusted life year start with the same foundational datasets on life 
expectancy and disease states to minimize differences in the treatment of aleatory uncertainty, and 
consider sources of epistemic uncertainty in exposure and exposure-risk relationships in a 
consistent manner (Danaei et al. 2005, Murray et al. 2015). Uncertainty intervals are estimated not 
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only using quantitative empirical data, but often will incorporate qualitative data (expert 
judgement) to address epistemic uncertainty and build probability distributions for parameters 
when empirical data are limited (Budnitz et al. 1998, Morgan 2014, Rabl and Sparado 1999). This 
human health application of CRA has subsequently been incorporated into life cycle analyses and 
external cost models assessing and comparing human health, ecological, and natural resource 
damages across different systems for electricity generation or nuclear weapons stockpiling, for 
example (Huijbregts et al. 2017, Joilliet et al. 2003, Krewitt 2002, Helton 2011, NAS 2009).  

As models are being developed to describe more complex systems, clear and transparent 
methods for treatment of both types of uncertainty will be useful for informed decision making. 
In some cases, a comprehensive qualitative assessment of uncertainty communicated to decision 
makers may be more practical given time and resource constraints, and absence of quantitative 
uncertainty analysis should not be used as grounds for inaction (Goldstein 2011).  

 

COMPARISON STUDIES OF RESPONSE METHODS 

As discussed in the previous chapter and highlighted in Figure 5.3, there is considerable 
complexity in being able to understand how decisions about response options may impact 
environmental and human health. The complexity of the potential environmental impacts, along 
with few real world opportunities for scientific studies of spilled oil, has limited direct 
observations of the tradeoffs associated with decisions about dispersant application. One notable 
exception is the TROPICS (Tropical Investigations in Coastal Systems) experiment.  

 

TROPICS  

A well-documented Net Environmental Benefit Analysis (NEBA)-based dispersant effects study 
was undertaken in Panama starting in 1983. The TROPICS study established three study sites in 
order to evaluate the short and long-term effects of undispersed and dispersed oil (along with a 
control site) on an ecosystem that included shallow water coral, sea grass and intertidal 
mangroves (Figure 6.7; Baca et al., 2014). Periodically, the sites were visited and the relative 
health of the sites were evaluated over a 32 year period. The most recent visit was in 2015 
(Renegar et al., 2017).  

During the first phase of the study, results showed that in the first 10 years, the plot exposed to 
dispersed oil had recovered to pre-spill conditions, while the site that experienced undispersed oil 
still showed negative effects to the affected mangroves. In the ensuing years, the sites continued 
to display differences in recovery and there is a clear demonstration that exposure to dispersed 
oil was less disruptive overall to the marine and intertidal communities. 

While the water column species were exposed to higher levels of hydrocarbon during the initial, 
relatively severe conditions of the experiment, long term health of the ecosystem was more 
affected by the impacts to the mangroves and a neutral comparison of the ecosystem components 
would favor a decision to use dispersants. In different scenarios, it is entirely possible that other 
weighting factors defined by regional priorities could come into play that change the outcome of 
a NEBA, but in this case, the observations from the TROPICS study are focused only on the 
relative health of the ecosystem and do not encompass broader socio-economic, human health, or 
other considerations that could be part of a SIMA evaluation. 
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Figure 6.7. TROPICS created two exposure scenarios in marine tropical ecosystem habitats: left, Non-dispersed oil 
(Site O) and right, Dispersed oil (Site D). SOURCE: Baca et al. (2014). 

 

CRA SSDI Studies 

Recent advances in numerical modeling have allowed the examination of the potential impacts of 
the application of dispersants and other response options through the use of the CRA tool. 
Numerical models that integrate all of the different processes described in this report have 
allowed evaluations of environmental and human health impacts that may arise from different 
decisions in a response. 

The first CRA of responses to a deep-water blowout is described in French-McCay et al. 
(2018a), Bock et al. (2018), and Walker et al. (2018). We will refer to this study as “CRA-1” to 
differentiate it from the generic term “CRA” used to describe this general class of tool first 
introduced in Chapter 5, and from the CRA-2 study which extended the CRA-1 to other sites. 

Before reviewing these studies it is important for the reader to note two important characteristics 
of CRAs, namely they are:  

1. Site specific. That means it can be difficult to extend what is learned at the CRA site 
to another site because of differing key physical factors such as water depth, distance 
to shore, and atmospheric/ocean climatology as well as differing key biological 
factors such as habitat and species distribution.  

2. Model dependent. CRAs rely almost totally on integrated models which removes 
subjectivity from the risk assessment of a SIMA or CERA but as indicated in Chapter 
5, integrated models are imperfect. While many of the models are well validated at a 
process level, they are not well validated at the “integrated” level. In the case of the 
CRA-1, the integrated model has been validated to some degree with the DWH 
observations (Spaulding et al., 2017) but the risk assessments resulting from the 
CRA-1 have not been. That said, when an integrated model is used to compare 
various response options, many model uncertainties may tend to cancel each other, 
making the relative prediction more accurate than an absolute prediction. 
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CRA-1 Study Description 

CRA-1 considered a single site with DWH-like oil flowing at 45 kb/d located in the northeastern 
Gulf of Mexico in 1400 m of water about 222 km from the nearest coast (three-times further 
offshore than DWH). The spill was capped at 21 days and SSDI started after day 6. 

Figure 6.8 shows a schematic of the methodology. The 4-D (x, y, z, t) concentration fields of 19 
hydrocarbon constituents were calculated using RPS ASA’s OILMAP DEEP in the near-field 
and SIMAP in the far-field fate (see Table 5.1 for a summary of these models). To account for 
natural weather variability, 100 trajectory-only model runs were made using weather and current 
time series whose start date was randomly selected from regional models covering 5 yrs. From 
these 100 runs, a statistically rare event was chosen which ranked roughly in the 95th percentile 
in terms of total oiled surface area and shoreline (5 of the 100 runs caused heavier oiling)19. This 
weather/current configuration was then used as the basis for further runs which compared oil 
mass distributions and ecological impact assuming four response options: no response, 
traditional responses (mechanical, burning, and surface dispersants), mechanical only, and SSDI 
plus traditional responses.  

The ecological impacts of the blowout were estimated by calculating the exposure to 
hydrocarbon of Valued Ecosystem Components (VECs) distributed geographically through 
Environmental Compartments (ECs). A total of 12 VECs, representing important species, were  

 

 
Figure 6.8: Schematic showing major steps in the CRA-1 (Bock et al, 2018). The first step is to calculate the 4-D 
fields of concentrations for the hydrocarbon constituents using a spill model. The second and third steps use 
resource maps to identify spatial distribution (environmental compartments, ECs) of important biota (valued 

                                                            
19 A case that was near the median (50%) was also identified and studied, but since all the oil stayed far from shore, 
there was little nearshore impacts under any response scenario. 
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ecosystem components, VECs). The relative risk is then calculated as the exposure of each VEC times the VEC 
density in each EC times the recovery rate for each VEC. SOURCE: Bock et al. (2018).  

considered (e.g. zooplankton, birds, turtles, soft bottom macrobenthos) distributed through 13 
ECs. In the vertical dimension, the ECs were segmented into seven levels (e.g., surface, lower 
epipelagic, etc.). In the horizontal cross-shelf dimension they were broken into four regions 
(shore, nearshore, shelf, and offshore). 

Exposure scores were developed for each VEC in each EC. Toxic thresholds were derived from 
various sources including the NRDA for the DWH spill. Because these thresholds are highly 
uncertain, two thresholds were investigated: a lower (upper) toxicity threshold case is referred to 
as the low- (high-) threshold. 

Once the exposure scores were determined for each VEC in each EC, further computations were 
performed to combine the exposure with the population density and species recovery time into a 
single number normalized by the maximum possible for the VEC in that EC (see equation in 
Figure 6.8). This “Relative Risk” varied from 0 to 1 with 0 meaning that there was no risk 
(exposure) and 1 indicating the maximum possible relative risk (i.e., the entire population was 
exposed to concentrations above the threshold during the entire simulation in the VEC with the 
longest recovery time). 

 

CRA-1 Key Results 

For this particular scenario, the CRA-1 study found: 

1. Mechanical and burning removed a small fraction (a few percent) of the oil. Surface 
dispersant removed significantly more but still less than about 15% at the time that 
surface oil peaked. In contrast SSDI substantially reduced surfacing oil (~50%) and 
shoreline oil (~70%) more than any of the other responses. However, SSDI substantially 
increased the volume of hydrocarbons in the water column most of it at the plume 
trapping depth located at roughly 300 m above the sea floor. 

2. The “no intervention case” always had the highest damage scores regardless of the 
toxicity threshold. In other words, some response was always better than no response. 
Traditional response (mechanical, burn, surface dispersant) reduced the no-intervention 
damage score by about 20% regardless of the assumed exposure thresholds. 

3. SSDI alone reduced the no-intervention damage score by 20% when a low toxicity 
threshold was assumed but it decreased it by 40% for the high toxicity thresholds. In 
other words SSDI was always at least as good as all other responses combined.  

4. The VECs which suffered the most damage depended on the assumed toxicity threshold. 
For the high threshold, birds dominated the damage score while for the low threshold 
turtles and mammals dominated. The ECs that suffered the most damage also depended 
on the assumed toxicity threshold. For the high thresholds, shoreline damage contributed 
most. For low thresholds, the sea surface on the shelf and in deep water dominated.  

The key take-away from CRA-1 is that SSDI significantly reduced the damage for the majority 
of the species (VECs) in the majority of the environmental compartments (ECs). Surface species 
benefited most from the use of SSDI while species at depth in deep water saw only a slight 
increase in damage. However, the reader is reminded of several caveats. First these results make 
a number of assumptions which can be legitimately questioned, e.g., few species are tracked and 
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the interaction between species is not considered. Second, the CRA results have not been 
validated in any way by comparing with observed damages. Finally, the results may change 
substantially if the scenario were to change.  

Extension (CRA-2) Project Description 

CRA-2 (French-McCay et al. 2018b) is an extension of CRA-1 intended to explore 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 in the north central Gulf of Mexico not far from the 
Macondo Well. The shallower site was in 500 m and the deeper site in 1400 m. The same oil and 
methods were used as French-McCay (2018a) except: a) only the fates models (no effects) were 
run because of budget constraints, and b) the median (50% nonexceedence) weather/current 
stochastic run was used instead of the 95% nonexceedence, Less oil reaches shore in the 50% 
case then in the 95% case so this case will show fewer benefits of SSDI than a 95% case, all else 
being equal. That said, the 50% case is much more likely to be realized than the 95% case.  

The CRA-2 plotted most results in terms of the droplet size to emphasize the importance of that 
parameter and avoid tying results to a single droplet model. The droplet size can be related to a 
flow rate using one of the droplet models described in Chapter 2.  

 

CRA-2 Key Results 

Summarizing the results of a CRA-type study is challenging, because model output is 
voluminous and no single metric captures all the possible impacts of SSDI. One of the more 
revealing metrics is shown in Figure 6.9 which displays the peak mass distributed in the 
indicated environmental compartment (e.g. surface, ashore, etc.) at any time in the 66 days. 
These will not add up to 100 percent, because each point on a curve is the peak for that 
component at any time. For compartments where oil accumulates over the course of the 66 days 
(sediment, ashore, degradation, and atmosphere), the curves will also represent the final mass 
distribution. In the subsequent discussion we will use the term “fates benefits” as shorthand to 
signify beneficial changes in the various environmental compartments. Such changes would 
include reductions in oil reaching the surface, seafloor, and atmosphere, or increases in 
degradation. A “cost” would be an increase in subsurface oil.  

Figure 6.9 shows that the fates benefits of small droplets start to accrue when the median droplet 
size (d50) drops below about 1 mm in 1400m, while in 500 m of water benefits don’t appear until 
about 300 µm. The discussion below will refer to these d50s as the “cutoff size”. 

It should be noted there are some fates benefits that are not captured in Figure 6.9. Probably the 
most important is that the location of the surfacing oil will tend to shift downstream of the well 
when SSDI is used. That’s because SSDI will generate smaller droplets than without. While 
these droplets may still be fairly large and rise to the surface quickly, the fact remains they will 
take longer to rise than without SSDI. This means that unless the currents are totally slack, some 
of the surfacing oil will be pushed by the prevailing currents further downstream of the well thus 
reducing the VOCs in the vicinity of high human activity. Unfortunately, neither the CRA-1 nor 
the CRA-2 provided metrics that quantify this benefit. 

Figure 6.9 reveals that decreasing the droplet size can substantially increase fates benefits. For 
example in 1400 m, if the d50 is decreased by an order of magnitude from 3000 to 300 µm, the 
peak surface mass drops from 40% to 30% of the total, degradation is increased from less than  
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Figure 6.9 Peak mass distribution (as a percentage of the total mass discharged) at any time during the 66-day 
simulation versus droplet size for the Extended CRA runs (French-McCay et al., 2018b). Upper (lower) figure is for 
1400m (500m) site. Note one can not add up the percentage mass for the curves and expect them to be 100% 
because each point on a curve is the peak for that component at any time. SOURCE: Adapted from French-McCay 
et al. (2018b).  
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10% to more than 30%, and evaporation (atmosphere) is reduced from 50% to 30%. In the case 
of degradation and evaporation these reductions apply to the final mass distribution as well as the 
peak mass. All the benefits identified above come at little cost since the mass in the water 
column remains stable. One sees similar behavior in the curves at 500 m though as noted earlier, 
benefits start at a much lower cutoff size of 300 µm. The figure for 1400m also shows that as the 
d50 drops below 300 µm, most of the potential benefits accelerate rapidly. Most notable is the 
drop in the length of shoreline coated by oil. This highly nonlinear behavior means that there can 
be big benefits in driving the droplet size well below the cutoff size.  

All the fates benefits outlined above can come at a cost in the form of an increase in the peak 
mass in the water column (blue curve in Figure 6.9). It is a cost because it means subsurface 
biota will be exposed to more oil. However, a detailed look at concentrations in the subsurface 
would likely show only modest increases because the hydrocarbon is being added to a thick 
(order 100 m), deep (200-400 m above bottom) intrusion layer being dispersed in 3-D.  

Figure 6.9 shows that degradation plays a big role when the droplets fall below the cutoff size. 
Degradation does not include evaporation (this is included in the “atmosphere” compartment) but 
does include biodegradation and photo-oxidation of PAHs in the upper water column. Most of 
the biodegradation results from dissolution of aromatic hydrocarbons (French-McCay et al., 
2018 a). 

As pointed out above, the fates benefits of SSDI at 500 m don’t start until the d50 drops below the 
critical size of 300 µm, roughly one-third that in 1400 m. This makes sense because many of the 
droplets heading to the surface travel a much shorter distance in 500 m thus allowing for less 
degradation and dilution. It might be tempting to conclude that SSDI is more beneficial in deeper 
water than shallow water but the presence of gas in a blowout complicates the situation. When in 
500m, the gas is less compressed then in 1400m and so the exit velocity will be higher and the 
droplet size smaller (Johansen et al., 2013) with or without SSDI. French-McCay et al. (2018b) 
explored this issue by looking at 28 blowout scenarios in their Table 2. Figure 6.10 below 
summarizes some of those results for two water depths with 1:100 DOR20 and two gas-to-oil 
ratios (GORs) (500 and 2000). The gradated blue rectangular areas denote the flow rates where 
net fates benefits will result, i.e. the d50 is less than the critical droplet size for that water depth. It 
is readily apparent that in 1400 m, SSDI provides net benefits for almost any flow rate while in 
500 m the flow rate must be larger, especially for lower GORs. For example, at a GOR=500, the 
figure shows that for flow rates less than about 40 kbbl/day there would be no fates benefits21. 
One sees a similar, though less pronounced trend at a GOR=2000, e.g. in 500 m, there are few 
benefits for flows less than 20 kbbl/day while in 500 m this limit is 10 kbbl/day. In summary, 
SSDI will generally have fewer fates benefits at the 500 m site then the 1400 m site all else being 
equal, and at some threshold water depth, SSDI benefits will become negligible.  

The CRA-2 study did not calculate the “effects” benefits which could be an interesting additional 
effort, as would the use of toxic units in place of concentration thresholds. 

                                                            
20 A GOR of 1:100 was chosen because it is near the optimal value for the light oils that will characterize larger 
blowouts (Brandvik et al., 2013, 2014a, 2014b), e.g. an increase in GOR to 1:50 only reduces droplet size about a 
further 20%.  
21 Recall from the earlier discussion that the CRA-2 did not quantify the benefits that might result moving the 
surfacing oil slick further downstream of the work area. If this benefit were somehow quantified it might prove 
substantial enough to change the conclusion in this sentence.  
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Comparative VOC Study 

Crowley et al. (2018) studied the effect of SSDI on near-surface atmospheric VOCs (volatile 
organic compounds) emitted near the well during a DWH-like blowout using the RPS ASA 
integrated oil-fates model for the ocean and a numerical model for the atmosphere (SCIPUFF). 
The inputs such as the oil type and site location were identical to the CRA-1 study (French-
McCay, 2018a). While Crowley et al. (2018) only looked at the case with no response and the 
case with SSDI, it can be argued that VOCs near the well with no response will look similar to 
the VOCs with traditional response. That’s because none of the traditional response methods are 
allowed to get close to the well site for safety reasons, and hence are unable to remove any 
surfacing oil near the well which is the primary source of VOCs near the well. 

Wind speed and direction play a key role in controlling VOC concentrations so a stochastic wind 
modeling step was first performed to determine three distinct wind events that would cause low, 
medium, and high VOC concentrations within a one-week period. Currents are also a stochastic 
process that can affect the volume and location of the surfacing oil which in turn can affect VOC 
concentrations near the well. Since currents and winds are not well correlated in deep water, 
accounting for their joint statistics means many different combinations must be considered. To 
avoid this complexity, the study assumed a current profile based on an average for the site. 

The actual simulation began by running the integrated fates model without SSDI and with 1% 
(1:100) SSDI. The result was a 3-D field (x, y, and t) of volatilized VOC flux in the vicinity of 
the well with and without SSDI on a 20 km square grid with 1 km resolution centered on the 
well.  

The surface VOC fluxes were then fed into the atmospheric model for the three wind cases 
yielding 6 total cases (3 wind cases times the two SSDI cases). The atmospheric model used a 
20-km square grid with 100 m resolution centered on the well. Results were saved at 0, 1, 10, 
and 100 m above the sea surface.  

 

 
Figure 6.10 The median droplet size (d50 ) versus flow rate for two water depths (1400m on the left, 500 m on the 
right) and two GORs (500 and 2000). SSDI = 1:100. Results plotted from Table 2 of French-McCay et al. (2018). 
The gradated background serves as a reminder that fates benefits rapidly increase as the droplet size decreases 
beneath the critical droplet size. SOURCE: Data from French-McCay et al. (2018). 
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The study concludes that SSDI reduces peak VOCs by factors of 100-200x depending on the 
wind condition.  

A key questions is: do the concentrations found by Crowley et al. (2018) without SSDI represent 
a significant threat to worker health and safety? According to Crowley et al. (2018) the answer is 
not easily obtained. The problem stems from the fact that agencies involved in worker safety 
typically set standards based on a time average of 8-12 hr. In an actual spill response, safety 
personnel will typically shut down operations if concentrations exceed those 8-12 hr thresholds 
for only minutes. With that in mind, Crowley et al. (2018) interviewed several industrial 
hygienists involved in spill response who suggested an instantaneous limit of about 25 ppm for 
total VOCs. Crowley found that without SSDI, VOC’s exceeded this threshold many times. One 
obvious problem with the Crowley work is that there is no model validation.  

 

Model of Gros et al. (2017)  

Description of Original Effort 

Gros et al., (2017), applied the TAMOC model summarized in Table 5.1 to evaluate the 
effectiveness of SSDI during the DWH spill. To validate the model, they compared results to 
observed concentrations of many oil constituents (e.g. benzene, toluene, etc.) measured in the 
intrusion layer (900-1300m depth) and in the atmosphere. They found good agreement using a 
0.4% (1:250) DOR (best estimate of the dispersant dosage during this day). Once the model was 
validated, they used it to estimate the distribution of oil through the water column during DWH. 
They then ran the model using no dispersant. Their important findings were: 

1. 24% of the hydrocarbon ended up in the intrusion layer, mostly as aqueously dissolved 
compounds and 0.8% as micro-droplets.  

2. Dispersant was estimated to decrease the median droplet size by a factor of 3 and 
increase hydrocarbon dissolution by 25%. 

3. Dispersant increased the volume of soluble hydrocarbon retained in the lower water 
column by 55% and reduced the volume of oil that surfaced, reducing the VOCs in the 
atmosphere by 28%. 

The dispersant effectiveness suggested by the model is substantial and notable in that it was 
achieved with what was almost certainly a sub-optimal dosage of 0.4% (1:250) DOR. Work by 
Brandvik et al. (2013, 2014) on Macondo-like oil has shown that a DOR of 1:100 to 1:50 is 
probably optimal for a sub-surface oil spill, and would result in a droplet reduction of 3x more 
than that observed with a DOR of 1:250.  

 

Description of Additional Runs 

To further investigate the sensitivity of the Gros et al. (2017) results to changes in DOR and 
droplet size model, the Committee commissioned Socolofsky and Gros to make four additional 
runs using different droplet size distributions (DSD). The additional model runs are described in 
more detail in Appendix E. The most important findings were as follows: 
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1. If the DOR during DWH had been increased from 1:250 to a more optimal 1:100 this 
would have eliminated virtually all the oil from surfacing. It follows that VOCs and 
shoreline oiling would be negligible. 

2. The comparisons with the Gros et al. (2017) DWH dataset suggest that the d50 during 
DWH was about 1 mm. Both the VDROP-J and SINTEF models give values near this 
assuming a DOR of 1:250 (the average DOR during this time period suggested by Gros et 
al. 2017).  

3. The RPS ASA DSD used for the DWH NRDA (Spaulding et al., 2017) does not 
reproduce critical characteristics of the Gros et al. (2017) dataset. In general, the NRDA 
DSD overestimates the oil in the intrusion layer. It also overestimates the lighter factions 
making it to the surface thus suggesting that one could not simply adjust RPS ASA’s 
assumed mixing efficiency.  

4. The smallest droplet size tested (115 um) overestimates most of the oil components in the 
intrusion layer by factors of 2-3x, while at the surface there is virtually no oil except for a 
few higher end components, which are still underestimated by factors of more than 2x. 
By analogy, the 70 µm droplet sized used by Paris et al. (2012) DSD would have even 
larger discrepancies. One sees opposite trends of similar magnitude if the d50 =10 mm.  

 

Spill Impact Mitigation Assessment of Subsea Dispersant Injection 

In 2017, a SIMA was prepared for the Scotian Basin exploration drilling project initiated by BP 
Canada Energy Group focused on an offshore source control event in Nova Scotia (Slaughter et 
al. 2017). As can be seen in the example SIMA output below (Figure 6.11; see Chapter 5 for the 
methodology), the end result is one that can help frame the discussion about the mitigating 
aspects of each spill response tool in relation to the potential ecosystem impacts. 

The framework for identifying Resources of Concern (ROCs) for this SIMA consisted of 
understanding ecosystem health, human safety and socioeconomic concerns in a given area (e.g., 
platform location, pipeline route, shipping channel, etc.) Key resources were identified using 
physical, biological and socio-economic data for the region, and were also pulled from existing 
studies for that region (e.g., Environmental Impact Statements, seismic surveys, and biological 
assessments).  

In addition, key resources were identified via engagement with various federal, regional and 
local regulators, aboriginal organizations, fish producers and fish associations, non-governmental 
stakeholders and the public (during development of the lease block Environmental Impact 
Statement). These efforts helped build positive relationships, trust, and provided transparent and 
timely communication about perceived risks of oil spills in that area. The engagement process 
also provided a forum for understanding stakeholders’ priorities, which are taken into 
consideration and incorporated in the SIMA’s resources of concern.  

In addition to information that pulled from the Environmental Impact Statements and other 
regional assessments, the fate and behavior of oil in the spill scenario were studied to identify 
resources that may be distinctively affected due to age, species type, sensitivity to oil, etc. These 
resources are taken into consideration during the risk assessment phase of the SIMA. 

A geographical area, a habitat and a representative species list for each ROC was summarized in 
a table to aid in the SIMA. The representative species is a suitable example of a species, resource 
category or other valued component for the region. The representatives may include species  
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Figure 6.11 Representative Output of a SIMA Evaluation. SOURCE: Sponson Group (2017).  
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Table 6.4 Example Resources of Concern table used to support the SIMA process. Source: Modified from Sponson 
Group (2017).  
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designated as threatened or endangered, or otherwise protected under that government’s 
environmental policies.  

Under the framework described above, the following resources were identified as ROC: 
migratory birds, fish, invertebrates, marine mammals, sea turtles, marine plants, corals and 
sponges, commercial fisheries, recreational fisheries, cultural and subsistence uses, special areas 
(marine transportation, military uses, drinking water intakes), and protected areas. 

An example of a ROC table (Table 6.4) is provided to emphasize the difference between habitats 
that are offshore, on the slope, on the shelf, and on the shoreline. The assessment considers the 
generalized ecological communities or habitat types that exist in the affected area, except in 
instances where a particular species or community is integral to the evaluation.  

In addition to ecological resources, this table includes socio-economic and safety resources since 
a high level of importance is attached to them. These resources are depicted crossing both the 
habitat and resource category columns in the table to symbolize their assignment across all 
resource categories and habitats. In particular, Commercial Fisheries is an important resource for 
most governments, so it should therefore be included as a ROC. In addition, Cultural and 
Subsistence (aka Aboriginal Use) for both historic fisheries and commercial fisheries can be 
included as a resource of concern. Other socio-economic factors such as marine traffic, military 
use of the waters, recreational boating, and scuba diving, could also be added to the ROC table. 
As shown in Figure 6.11 there were both positive and negative impacts potentially associated 
with surface or subsea dispersant use, with the balance being favorable for their use in 
comparison to the other response tools. The only negative outcome in the analysis was associated 
with water column exposure following dispersant use. This was significantly outweighed by the 
positive outcomes for the other resource categories that were evaluated. 

 

FINDINGS AND RECOMMENDATIONS 

Finding: 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 are 
considered when selecting response options. 

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. 

Recommendation: A metric should be developed which illustrates the impact of SSDI on 
moving the surfacing oil away from the well. In general, the greater the distance from the well, 
the better, except in cases where the oil surfaces in the vicinity of sensitive species or habitats.  

Finding: Two detailed examinations of the use of SSDI in deepwater scenarios found that SSDI 
more effectively reduced surface oil than other options. However, it must be remembered that 
these results are site, model, and scenario specific.  

Recommendation: A controlled field experiment or spills of opportunity should be used to 
collect comprehensive field observations for validating the entire integrated model. 

Finding: The SIMA and CRA tools represent two new advances toward qualifying and 
quantifying the trade-offs involved with response options. The use of integrated models in the 
new SIMA and CRA tools provides a mechanism for assessing “combinations of response 
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options deployed simultaneously,” with particular focus on large-volume events, which is a 
considerable improvement over the CERA method which is limited to a single response option at 
a time.  

Recommendation: Ensure the decision-making tools consistently and adequately address 
uncertainty in estimates of potential human health issues as well as environmental impacts. 
Investigate the sensitivity of various integrated models to biodegradation submodels.  

Recommendation: The benefits and impacts calculated by the CRA should be better validated 
by hindcasting past spills.  

Finding: Integrated model case studies demonstrate that droplet size distribution is a critical 
variable for properly estimating the fate and effects of oil and dispersed oil, especially in the 
event of a subsea release. 

Recommendation: In order to improve models, consider the use of real-time measurements of 
droplet size distributions at the source during a subsea event.  

Recommendation: Develop a site specific nomograph in site contingency plans that shows how 
droplet size distribution affects fates. This could facilitate an informed discussion on the merits 
and optimization of SSDI use.  

Finding: All models to calculate oil droplet size in a subsea release have used at least one 
calibration coefficient that must be determined by comparing the model to observations. Only 
one of these models has been calibrated with more than 12 observations and validated with 
observations that were not used in the model calibration. There are now over 200 high quality 
experimental observations that can be used for model calibration and validation. 

Recommendation: Models should be calibrated with many observations covering as wide a 
range as possible of oil properties, DOR, GOR, flow rates, etc. Once the model has been 
calibrated it should be validated using a different set of observations in order to estimate model 
bias and confidence limits.  
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CHAPTER 7  

RESEARCH AND DECISION-MAKING PROTOCOLS 

 
The purpose of this chapter is to review concepts considered in the other chapters and highlight 
protocols for studying, researching, or otherwise understanding these concepts. For each topic, 
this chapter outlines the state of the art, potential pitfalls, and emerging issues. The objective of 
this synopsis is to aid regulators, stakeholders, and practitioners by serving as a synthesis of 
protocols with the other chapters providing more detailed and technical background. 

 

OIL FATE AND TRANSPORT 

Environmental Geochemistry Research Protocols 

State of the art and Potential pitfalls 

The response efforts associated with the Deepwater Horizon oil spill (DWH) included the use of 
numerous techniques in environmental geochemistry with potential to inform response options 
including dispersant application. A selection of geochemical applications and methodologies 
potentially useful in informing response options with quantitative results, are the focus of this 
section. Key to the application of geochemical approaches is knowledge of the chemical 
composition of the spilled oil, which in the case of the DWH spill was not readily available. 
Thus, for major oil spill events in the future, spill response operations would benefit if all 
available information regarding the chemical composition of the spilled oil and applied 
dispersant were made publicly available, and if oil samples were also made available to the 
response and scientific communities (See Chapter 5). 

 

Hydrocarbon and Dispersant Fractionation 

Based on the benchmark of a source oil composition, environmental geochemical studies inform 
both fate and transport of discharged petroleum fluids and applied dispersant. A key metric for 
understanding the partitioning of oil and dispersant is the fractional abundance of a given 
chemical species, typically calculated as a normalized ratio, in which the compound of interest in 
the environmental sample (Ae) is referenced to a benchmark compound in that same sample (Be), 
and then a ratio calculated in reference to the abundance of those same compounds in the source 
oil (As and Bs). The result is a fractional abundance relative to both the reference compound and 
to the source oil. 

F = 
஺೐/஻೐஺ೞ/஻ೞ  

By choosing a benchmark compound that is conserved relative to the process of interest, the 
resulting fractional abundance provides a robust tool to investigate the disposition of oil by 
effectively removing effects like dispersion, advection through open boundaries, etc. This double 
normalization approach, referred to here as geochemical referencing, was applied during DWH 
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toward understanding the mass balance of oil, and was key to understanding those processes that 
fractionated the discharge, including both physical partitioning and biodegradation. Seven 
applications of this approach during DWH are outlined here, each of which apply to a specific 
and limited time window: 

• First, geochemical referencing was used to determine the fate of natural gas compounds – 
ethane and propane –relying on methane as a conservative benchmark (Valentine, 2010). 
This approach revealed that these gases were consumed in the deep intrusion layers and 
were the major contributor to deep sea oxygen sags observed in theatre.  

• Second, geochemical referencing enabled calculation of dissolution in the deep intrusion 
layers. This was accomplished notably for benzene, toluene, ethylbenzene and xylene 
(BTEX) compounds (Camilli et al., 2010) by comparing aqueous solubility to fractional 
abundance for a range of compounds.  

• Third, geochemical referencing was used to differentiate net aqueous dissolution of 
specific hydrocarbons relative to evaporation, by reference to aqueous-insoluble 
compounds of comparable volatility (Ryerson et al., 2011). This was accomplished 
through atmospheric measurement. 

• Fourth, geochemical referencing was used to identify the partitioning of the dispersant 
component, dioctyl sodium sulfosuccinate (DOSS), by reference to methane and to the 
environmental oxygen deficit (Kujawinski et al., 2011). These findings demonstrated that 
DOSS dissolved to the intrusion layers along with other soluble compounds. 

• Fifth, geochemical referencing enabled a mass balance for DWH that included 
dissolution, evaporation, and subsurface trapping of oil droplets (Ryerson et al., 2012). 
This approach considered all available measurements as well as flow rate estimates but 
was enabled by geochemical referencing. 

• Sixth, geochemical referencing was used to calculate the distribution of oil deposited to 
the sea floor (Valentine et al., 2014) as well as the rates, molecular patterns and controls 
on biodegradation of oil deposited to the sea floor (Bagby et al., 2017). 

• Finally, geochemical referencing was used to estimate the trapping of liquid oil droplets 
in the deep intrusion layers (Gros et al., 2017) for a particular time period in June 2010. 
These results found that ~0.8% of the insoluble hydrocarbon fraction was trapped in the 
deep intrusion layers as microdroplets. Furthermore, by using geochemical referencing 
coupled with some reasonable assumptions about biodegradation, Gros et al. (2017) were 
able to estimate a mass balance through the overall water column that could be used to 
validate fate and transport models. 

The methodologies needed for geochemical tracing of discharge as described here include a 
combination of traditional and evolving analytical tools, including Fourier transform ion 
cyclotron resonance mass spectrometry; liquid chromatography coupled to high-resolution mass 
spectrometry; comprehensive two-dimensional gas chromatography; compound specific isotope 
ratio mass spectrometry; and proton transfer reaction mass spectrometry. For a complex release 
scenario, the combined application of available methodologies warrants consideration by 
response personnel within the context of response operations, and expert scientific opinion can 
be essential in determining what value emerging technologies might provide. The timing of such 
measurements is also critical. Drawing from the DWH examples above, there is no single 
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environmental sample that was analyzed comprehensively (e.g., for the combination of 
surfactants, volatile organic compounds, BTEX, polycyclic aromatic hydrocarbons, PIANO 
(Paraffins, Isoparaffins, Aromatics, Naphthenes, and Olefins), natural gases, biomarkers, and 
saturated alkanes). This is important because comprehensive analysis of samples would provide 
a comprehensive geochemical inventory that would robustly inform fate and transport processes. 

Indirect Chemical Measurements  

In addition to measurements of the spilled oil, including transformation rates and products, a 
number of indirect chemical measurements also proved useful during DWH. Specific examples 
include: dissolved nitrogen species nitrate, nitrite, and ammonium (Chakraborty et al., 2012, Lu 
et al., 2012, Hazen et al., 2016); dissolved oxygen (Kessler et al., 2011, Du & Kessler, 2012); 
dissolved phosphate (Hazen et al., 2016); and dissolved metals notably iron (Shiller et al., 2017). 
Because each of these compounds is bioactive and follows predictable oceanic behavior, 
appropriate measurement schemes provided useful insight as to microbial growth and 
metabolism associated with hydrocarbons, including estimates for total hydrocarbon respiration 
in the deep intrusion layers (Kessler et al., 2011). 

 

Emerging Issues and Advances 

Isotope Tracking 

In addition to the quantification of compound concentrations described above, numerous isotopic 
methods proved useful in tracking the transport and fate of discharged materials during DWH; 
these and a number of emerging isotopic methods may prove useful in future spill scenarios. 
Isotopic tracing in the context of oil spills falls into three general categories. First is the 
measurement of isotopic abundance in specific discharged compounds for forensic identification 
and quantification of biodegradation. One specific application during DWH was to quantify the 
extent of biodegradation for methane, ethane, and propane (Valentine, 2010); numerous other 
isotopic systems including sulfur, carbon, and hydrogen have previously been applied to 
petroleum source identification (Peters et al., 2005). Various emerging isotopic systems also hold 
promise for petroleum spills including compound specific sulfur (Amrani et al., 2009; 2012) and 
radiocarbon (Kessler et al., 2008) quantification as well as clumped isotope analysis (Stolper et 
al., 2015, Douglas et al., 2017). Second, is the use of isotopes as a tracer into other chemical 
forms. Specific applications during DWH included the tracking of stable carbon isotopes and 
radiocarbon abundance into biota (Chanton et al., 2012) and sediment (Chanton et al., 2015). 
Third, is the addition of isotopes to environmental samples as a tracer to determine process rates 
or to identify the flow of carbon into the ecosystem. Specific application during DWH was to 
quantify oxidation rates of methane using tritium (Valentine, 2010, Crespo-Medina et al., 2014) 
and to identify microbes consuming select hydrocarbons with carbon-13 (Redmond & Valentine, 
2012). 

 

 

Intercalibration Experiments 

An intercalibration experiment was performed to examine the measurement of oil hydrocarbons 
between twenty laboratories (Murray et al., 2016, Reddy et al., 2016). Results included 
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measurements by gas chromatography, ultra high-resolution mass spectrometry, toxicity, shear 
velocity, and interfacial tension, as well as the measurement of weathered oils using Fourier 
Transform ion cyclotron resonance mass spectrometry by a sub-set of labs. The reports 
recommended the use of certified reference materials alongside sample analyses and encouraged 
detailed reporting of methods and the associated QA/QC. While an intercalibration experiment 
has only been performed on oil hydrocarbons, the concept of this approach could be broadly 
applied for the measurement of all oil, gas and dispersant compounds of interest. 

 

Adoption of Emerging Technologies 

An important lesson to emerge from the Deepwater Horizon oil spill is that developing 
technologies can provide critical insight into a complex spill scenario. Select examples provided 
above include in-situ mass spectrometry linked to autonomous vehicle technology (Camilli et al., 
2010); in-situ mass spectrometry linked to an aerial platform (Ryerson et al., 2011); and 
development of new laboratory procedures by LC/MS for quantification of surfactants at trace 
levels. The application of these approaches has provided critical insight as to transport, fate, and 
impacts of oil and dispersed oil from this spill, yet after nine years few of these analytical 
approaches have been formally adopted by the response community.  

 

Biodegradation Protocols 

State of the art and Potential Pitfalls 

The past decade has seen an increase in the use of molecular tools as direct (culture-independent) 
techniques to determine microbial community structure, functional capabilities of the 
environment, stress responses, protein identity and abundance, and the relationship between 
specific organisms and substrate compounds. This has been largely due to rapidly declining costs 
of these methods from many thousands of dollars to only a few dollars per sample. In addition, 
the speed at which analyses can be performed has decreased from months to hours. 
Consequently, the number of known oil degrading microbial phyla has increased dramatically (3 
phyla to 7 phyla in all kingdoms), as our ability to detect them has increased. Currently, oil 
degraders are found in all three domains of life (Hazen et al., 2016). However, all of these 
culture-independent techniques carry underlying assumptions and rely on analytical pipelines 
that build on biases for the final conclusion, so they must be scrutinized carefully for positive 
and negative controls, field trip blanks, and materials and methods. (see Figure 7.1). 

The DWH oil spill saw many new protocols used for the first time both in the field and in the 
lab. Many molecular techniques had not been tried extensively in the field, which raises concerns 
based on sample collection. Such concerns include: 

• whether or not sample collection actually captured the desired subsurface feature, such as 
an intrusion layer; 
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Figure 7.1 Pipeline of individual processes associated with culture-independent, nucleic acid-dependent approaches. 
Within steps A-E, biases are introduced and carried through, resulting in compounding bias. Biases introduced at 
earlier stages are further amplified by the end of the pipeline. Light color represents little bias and darker color 
represents increased bias. (A) Sample collection is the initial step in culture-independent approaches; (B) Extraction 
of nucleic acids; (C) Molecular techniques and analyses associated with culture-independent approaches; (D) 
Bioinfomatics; and (E) Conclusions. SOURCE: Hazen et al. (2013). 

 

• whether the samples were filtered at depth in situ, or collected in sampling bottles and 
brought to the surface for further processing (how were they handled, how long did it 
take to process them on deck, how were they stored); 

• handling of the sampling bottle prior to processing can substantially change the microbial 
environment (e.g. temperature, pressure, and surface substrate of the bottle interior). For 
example, if samples were collected at 4°C and at high pressures, but were stored live on 
deck for more than just a few hours before being processed, the microbial community is 
likely to be different from that at the sampling site (Liu et al., 2017); and  

• collection of samples that could indirectly indicate biodegradation, such as sensitive 
dissolved oxygen measurements, direct cell counts, hydrocarbon fractionation (see 
Hydrocarbon and Dispersant Fractionation section in this chapter), and isotope tracking.  

Numerous studies published since DWH focused on oil biodegradation. Unfortunately many 
studies were done with samples collected and stored for weeks to years after they were collected 
(Baelum et al., 2012, Dubinsky et al., 2013, Crespo-Medina et al., 2015, Hu et al., 2017, Liu et 
al., 2017). In addition, “open water” environmental conditions are impossible to fully replicate in 
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the lab, and many studies were not conducted using Macondo oil, and/or Corexit® 9500. Few 
studies used live oil (Jaggi et al., 2017). Most instead used dead oil or even non-crude oil. While 
some of these studies may have sound conclusions, it is possible that fresh live oil and samples 
from the Gulf of Mexico would have given different results. Furthermore, as noted by Yergeau et 
al. (Yergeau et al., 2015) the timing of studies during and after the spill is also an important 
consideration for evaluating the potential for long-term effects. The concentrations of oil and/or 
dispersant used in these studies differed from the actual concentrations encountered in the field. 
For example, a study published by Kleindienst et al. (Kleindienst et al., 2015) suggested that 
“Dispersants suppress the activity of natural oil-degrading microorganisms.” Yet a later 
publication (Techtmann et al., 2017) suggested that “Corexit® 9500 Enhances Oil 
Biodegradation and Changes Active Bacterial Community Structure of Oil-Enriched 
Microcosms.” Several factors differed between these studies including oil that was used, the 
microcosm setups, and the applied concentrations of oil and Corexit® 9500. Such divergent 
approaches create confusion when scientists, stakeholders, regulators, practitioners, and the 
public try to meaningfully interpret the results. 

It is also unclear whether the biodegradation pathway sequence of oil is different in anaerobic 
seawater environments. Anaerobic biodegradation of hydrocarbons is a significant process that 
occurs in many environments (Wawrik et al., 2012, Grundger et al., 2015, Laso-Perez et al., 
2016, Gieg & Toth, 2018) and may be an important process in some deep-water communities of 
the ocean; however, anaerobic hydrocarbon degraders are primarily found in anoxic sediments 
and within ocean hydrocarbon seeps (von Netzer et al., 2013, Hazen et al., 2016). Anaerobic 
hydrocarbon degradation has been studied in fossil hydrocarbon reserves (e.g., tar sands 
(Berdugo-Clavijo & Gieg, 2014)) and in thermophilic communities (e.g., around hydrothermal 
vents (Laso-Perez et al., 2016)), but less knowledge exists about this process among cold-
adapted communities in deep-water environments. In deep coastal environments where the 
temperature is nearly always 4°C, psychrophilic and psychro-tolerant microbes can play a 
significant role in oil biodegradation, even degrading oil faster than microbes in the surface 
water, as was seen in DWH (Hazen et al., 2010, Valentine et al., 2012). Thus, maintaining a 
proper temperature for microcosms and collecting samples and maintaining that temperature 
during transport and storage also becomes critical. 

The potential for hydrostatic pressure to inhibit oil biodegradation is relevant to deep water 
blowouts and to oils that sink to the deep-sea floor but has been largely overlooked. The 
Macondo Well is located at a water depth of 1500 m, which is shallower than the depth of 2000 
m beyond which pressure effects on biodegradation rates are expected (Hazen et al., 2016, 
Marietou et al., 2018). A recent study that considered oil biodegradation rates using samples 
collected during the response phase of DWH at pressures equal to 1500 m found no effect, 
consistent with expectation; however, studies at higher pressure on the same samples did indicate 
that pressure might affect oil biodegradation rates and pathways (Marietou et al., 2018). In 
addition, many other factors may work synergistically to impact the biodegradation of oil (Table 
7.1). 

The publicity of DWH led to inevitable comparisons to the Exxon Valdez spill. However, these 
spills were completely different in terms of oil type, the environment, and the use of dispersants. 
Other than the fact that both environments contained oil degraders, the two spills were not 
comparable in terms of biodegradation rates of oil (Atlas & Hazen, 2011). 
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Table 7.1 Synergistic effects that impact biodegradation of oil. SOURCE: Hazen et al. (2016). 

Factors working synergistically Impact on biodegradation 

Chemical dispersants + mineral fines. Individually each will promote dispersion of the 
oil. Combined, the formation of daughter products 
and transfer of oil from the surface into the water 
column is enhanced.  

Autoinoculation + ‘memory response” of 
hydrocarbon degraders. 

Introduction of hydrocarbons to previously 
exposed water parcels leads to an increase in 
microbial abundance and accelerated hydrocarbon 
biodegradation. 

Oil droplet size + dispersion + biodegradation 
rates + dissolution. 

Enhances biodegradation, dissolution and 
dispersion rates of oil hydrocarbons. 

Cometabolic biodegradation + dispersion + 
secondary electron donors. 

Enhances biodegradation, dissolution and 
dispersion rates of oil hydrocarbons even when 
the oil itself cannot be a suitable electron donor. 

Biosurfactants from multiple microorganisms. Enhances bioavailability of poorly soluble 
compounds.  

 

In spill responses, scientists have observed the microbial biomass in the water column slowly 
decline long after the oil has been depleted. In DWH, many thought that this was due to the oil 
degraders surviving for an extended period of time (Dubinsky et al., 2013). However, detailed 
studies during and after the DWH spill demonstrated that the microbial community structure 
changed from oil degraders once the oil was no longer present to microbes that could use dead 
bacteria as a food source (Dubinsky et al., 2013). 

Whole oil has an apparent half-life; half-life does not imply first order kinetics. Classification of 
different compounds in the oil and how they are degraded has been reported; some degrade very 
slowly, resulting in heavy oil (Aeppli et al., 2014, Head et al., 2014). The pathway for oil 
biodegradation was shown not to be altered by Corexit® 9500 both in the water column (Prince 
& Butler, 2014) and in sediment cores from DWH (radiolabeled constituents from Corexit® 9500 
and whole oil, 5°C) (Mason et al., 2014). Nutrients and trace metal concentrations can regulate 
rates and pathways of oil biodegradation, especially in low nutrient environments like the oceans 
(Baelum et al., 2012, Pepper et al., 2015, Hazen et al., 2016). The microbial community 
composition will dictate which oil biodegradation pathways are used, how fast the oil is 
degraded, which compounds in the oil are degraded, and what oil daughter products might result, 
which could affect the bioavailability and toxicity of hydrocarbon compounds. 

 

Emerging Issues and Advances 

The emerging realization that oil biodegradation is a function of the environmental system as a 
whole represents a departure from compartmentalized research that provides an inadequate 
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picture of oil biodegradation during a spill. Thus, an Ecosystem Services Approach is required. 
The DWH oil spill was a prime example of one of the most rigorous oil spill sampling efforts 
ever undertaken, but the efforts failed to initially coordinate collection of all of the components. 
It also failed to have a plan vetted by systems experts that would allow immediate deployment, 
including resources (money, equipment, and people) on standby for a large-scale spill response. 
These scenarios require that government agencies (NOAA, Coast Guard, EPA, and applicable 
state agencies) work together to develop a plan and designate contingencies for resources that 
could be used in that plan. Though all the government oil spill response documents have been 
reviewed with exercises carried out for people to work with, including: The Governing 
documents for oil spill response include: 

• The National Response Framework (https://www.fema.gov/media-
library/assets/documents/117791)  

• National Oil and Hazardous Substances Contingency Plan (NCP) 
(https://www.epa.gov/emergency-response/national-oil-and-hazardous-substances-
pollution-contingency-plan-ncp-overview)  

• Title 40 CFR 300.115—Regional Response Teams.  

None of these includes a complete systems approach, e.g. oil biodegradation should be part of 
any such field sampling plan which would also provide for follow on laboratory studies that will 
be critical for the analysis and understanding of the fate and effects of the spilled oil. Figure 7.2 
provides an overview of key aspects of that plan in a stepwise fashion to ensure the best possible 
outcome, recognizing that priorities will have to be set. The plan would be a dynamic living 
document with regular feedback from both the field and laboratory. 

As part of this Field Test Plan, development of a Data Management Plan could assure that all of 
the data collected are in a format and location where they can be stored and used. GoMRI has 
developed the Gulf of Mexico Research Initiative Information & Data Cooperative (GRIIDC)22 
to capture all the data funded by GoMRI related to the DWH spill. The cooperative might be a 
useful starting point for this type of data base. NOAA also has a database for spill-related data, 
Data Integration Visualization Exploration and Reporting (DIVER), 
https://www.diver.orr.noaa.gov. The US Department of Energy has also been working on a 
database for all of its funded projects for more than a decade and has made it public (KBase: The 
U.S. Department of Energy Systems Biology Knowledgebase)23. Kbase is “A collaborative, open 
environment for systems biology of plants, microbes and their communities” which encourages 
investigations and findings from all environments. Integration across platforms is clearly 
something that should be recommended across government agencies, especially for GRIIDC, 
DIVER, and Kbase. Figure 7.3 provides an example of culture-independent (not isolated and 
cultured) data types, measurements, formats, and priorities for environmental systems biology.  

Improved understanding of natural biodegradation rates of oil and the effectiveness chemical 
dispersants in the Arctic marine environment will be important as maritime transportation and oil 
exploration expand in the region (NRC, 2014). 

 

                                                            
22 https://data.gulfresearchinitiative.org 
23 http://kbase.us/ 
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Figure 7.2 Environmental systems microbiology framework. SOURCE: Modelled after Hazen and Sayler (2016). 

 

A number of microcosm studies have recently been focused on quantifying changes in microbial 
structure and function and potential oil biodegradation rates in seawater and ice core samples 
recovered across the Canadian Arctic (Garneau et al., 2016, Yergeau et al., 2017). In terms of 
dispersants, McFarlin et al. (McFarlin et al., 2014, McFarlin et al., 2018) have chemically 
quantified biodegradation and abiotic losses of Alaska North Slope crude oil and Corexit® 9500 
in Arctic seawater samples and identified the microorganisms potentially involved in 
biodegradation based on shifts in bacterial community structure and abundance of 
biodegradation genes. 

A recent study supported by NOAA and US EPA on “State-of the Science of Dispersants and 
Dispersed Oil (DDO) in U.S. Arctic Waters” (Coastal_Response_Research_Center_(CRRC), 
2017) with a large group of experts and public review concluded that many of the uncertainties 
about biodegradation of oil can be attributed to reliance on laboratory studies that may not 
accurately reflect environmental conditions. The influence of major environmental parameters on 
these processes including low temperature, nutrient concentrations, sea ice, sunlight regime, 
suspended sediment plumes, and phytoplankton blooms that characterize the Arctic merits future 
investigation (Vergeynst et al., 2018, Vergeynst et al., 2018). 

 

Modeling Biodegradation 

State of the Art and Pitfalls 

The modeling of the biodegradation of oil droplets in the water column builds on modeling work 
on the biodegradation of dissolved hydrocarbons in aquifers and liquid oil in sediments. In 
general, the rate of biodegradation of dissolved hydrocarbon components depends on their 
concentration in water, whereas the biodegradation of Non-Aqueous Phase Liquid (NAPL) is 
assumed to depend on NAPL-water surface area and the physical properties of oil, namely 
viscosity. There are numerous papers on the biodegradation of NAPL within sediments, and 
these laid out the foundations for the biodegradation of NAPL suspended in water. 
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Figure 7.3 Example of data considerations and priorities for culture-independent analyses, priorities are based on 
data needs for a system biology approach but also taking into consideration time and cost of analyses. SOURCE: 
Hazen and Sayler (2016). 

 

NAPL oil in sediments 

In this section, one finds the model developed by Nicol et al. (Nicol et al., 1994), as well as the 
first-order models of oil biodegradation presented by Venosa et al. (Venosa et al., 1996) (Venosa 
et al., 2010). Geng et al. (Geng et al., 2014, Geng et al., 2015) presented a model for 
hydrocarbon biodegradation that accounted for nutrient concentration on the biodegradation rate 
using a Monod-type formulation. Various parameters were estimated, and they were found to be 
consistent with those obtained from wastewater treatment fields and dissolved hydrocarbons. 

 

NAPL oil in the water column 

Venosa and Holder (2007) reported biodegradation studies of Alaska North Slope oil in 
laboratory flasks. They fitted first-order models to the oil mass in the flasks. Their results 
showed that chemically dispersed oil biodegraded faster initially, but the final extent of 
biodegradation was the same as that of physically dispersed oil. Yassine et al. (2013) modeled 
the biodegradation of dispersed oil using Monod kinetics and a quasi-steady state approximation 
for the dissolution of low solubility hydrocarbons in the water column, where the oil dissolves 
before being biodegraded. Campo et al. (Campo et al., 2013) conducted laboratory 
biodegradation experiments using south Louisiana crude (SLC)and two microbial communities 
from the Gulf of Mexico, one obtained from the surface (meso) and one from near the Macondo 
Well (cryo). They found that chemically dispersed oil biodegraded faster, and that the meso 
experiments resulted in faster biodegradation overall. The cryo experiments exhibited a lag 
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ranging from 2 days to 28 days, and alkanes larger than n-C14 persisted in them while the 
aromatics of similar sizes were biodegraded. Campo et al. (Campo et al., 2013) attributed the 
recalcitrance of the alkanes to the formation of crystalline structures of these alkanes. They fitted 
first-order models without lags to the biodegradation rates. The experiments were conducted at 
atmospheric pressure, which might not represent the optimal conditions for the cryo cultures. 
They also used extremely high concentrations of nitrate (2.8 g/L KNO3) and phosphate (0.55 g/L 
NaP3O10), which were much higher than the concentrations at depth in the Gulf of Mexico 
(Hazen et al., 2010). Brakstad et al. (2015) conducted laboratory biodegradation experiments on 
two droplet sizes 10 µm and 30 µm. They observed that the smaller droplets biodegraded faster. 
They also observed a lag that was generally less than 8 days, using coastal Norwegian seawater. 
Wang et al (Wang et al., 2016) conducted a similar study, but using GOMEX oil, but found 
situations where the 30 µm droplets biodegraded faster than the 10 µm droplets. They also found 
a lag up to 10 days, but importantly, the samples were pretreated with oil for several weeks prior 
to experimentation, calling into question the relevance of the reported lag time. Using local 
Norwegian fjord seawater and local oil in the presence of methane, ethane, and propane Brakstad 
et al. (2017) found that methane oxidation was faster than propane which is the opposite that was 
found with DWH where propane jump-started the biodegradation process of the Macondo oil 
(Valentine et al., 2010). This suggests that biodegradation of oil and gas could be inherently 
different in varying environments. 

 

Emerging Issues and Advances 

The models used in the studies discussed in the previous paragraph did not account directly for 
the fact that biodegradation of dispersed oil occurs at the oil-water interface, and thus increases 
with the oil-water surface area (Atlas & Hazen, 2011). In the NOAA’s Automated Data Inquiry 
for Oil Spills (ADIOS2) model, the oil is assumed to consist of various pseudo-components (C4-
C12 alkanes, 2-3 ring aromatics, and others), and the biodegradation rate is assumed to depend on 
the surface area of the oil droplet. The size of the oil droplet is allowed to be reduced following 
biodegradation (Viveros et al., 2015). In a simulation developed by Vilcáez et al. (2013), the 
authorsassumed oil droplets were completely covered by microorganisms. The results indicated 
faster biodegradation of small oil droplets due to their larger surface area per unit mass. Because 
the model assumes complete microbial coverage, oil droplets biodegraded faster than dissolved 
oil components, but no evidence was provided to support the assumption of total microbial 
coverage.  

The impact of nutrients on oil biodegradation has been noted since the 1970s, and more recent 
studies found that concentrations exceeding a few mg-N/L of water is needed for maximal 
biodegradation rates (Boufadel et al., 1999). More detailed studies have elucidated that nutrient 
concentration was a limiting factor for the DWH oil biodegradation in surface waters (Hazen et 
al., 2010, Atlas & Hazen, 2011, Edwards et al., 2011, Baelum et al., 2012, Chakraborty et al., 
2012, Lu et al., 2012, Dubinsky et al., 2013, Kimes et al., 2013, Kimes et al., 2014, King et al., 
2015, Hazen et al., 2016). The impact of nutrients has been modeled using a Monod type 
expression (Geng et al., 2014) for oil within sediments, and the model could be easily translated 
to dispersed oil. However, there are no calibrated models of dispersed oil biodegradation that 
incorporate the impact of nutrient and account for what has been observed. At low nutrient 
concentration, the rate of biodegradation of oil is proportional to concentration, and at high 
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nutrient concentration, the rate reaches its maximum value and thus becomes independent of the 
actual value of the nutrient concentration. 

 

Meso-scale Test facilities for Dispersant Studies 

State of the art and Potential pitfalls 

There are four major types of meso-scale facilities developed for the study of oil fate and 
behavior in the presence and absence of dispersants: 1) tower tanks for studying plume and oil 
droplet behavior from sub-surface oil releases, as well as oil component partitioning and gas 
droplet behavior ; 2) flume tanks for studying weathering of oil and dispersed oil under various 
environmental conditions (e.g., currents, wind, temperature, and ice presence); 3) wave tanks 
with the capacity to provide controlled energy dissipation rates for oil droplet formation, oil fate, 
and transport studies; and 4) high-pressure test chambers to study the above variables under 
different pressure and temperature conditions. 

These test systems do not fully replicate “open water conditions”. Despite their relative size, 
enclosed systems such as these have a number of potential limitations such as higher levels of oil 
droplet coalescence, the loss of oil from the water column due to changes in hydrodynamics and 
biological responses related to containment and “wall effects” that preclude the determination of 
an accurate mass balance for the oil used in experiments. Furthermore, in terms of oil 
biodegradation studies, test facilities systems using artificial and recycled seawater do not have 
the normal microbiome of the ocean environments being simulated. 

 

Tower Tanks 

Data on oil droplet size and plume behaviour for the development and validation of models have 
been collected from experimental studies using tower tanks. Since the Deep Spill field 
experiment in 2000 (Johansen et al., 2003), studies at the SINTEF Tower Basin (6 m high x 3 m 
wide, 40 m3 seawater) in Norway and the Cedre Experimental Column (5 m high x 1 m wide, 4.5 
m3 seawater) in France have have been largely responsible for data used in models to advance 
our knowledge on deep-water releases of oil. These test systems include injection system that 
can control the release rates of oil and gas and instruments to monitor oil droplet and gas 
behavior. (LeFloch et al., 2013; Brandvik et al., 2013, 2014, 2017, 2018, 2019a,b). Water 
samples are recovered at various depths for the analysis of total hydrocarbons, dispersant 
concentrations, content of oil-in-water (droplets and dissolved components), and interfacial 
tension analysis. 

Scaling of oil droplet size data remains a challenge for the potential use of tower tanks, due to 
limitations in the volume of oil that can be released and the diameter of the nozzle in the 
injection systems. Natural water column density gradients are not accounted for in these existing 
laboratory systems. 

 

Flume tanks 

Flume tanks comprise a looped system in which water is continuously circulated and waves are 
generated to replicate field conditions. Over the last two decades, following the construction of 
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the SINTEF flume tank facility in Norway (elliptical system, 9 m circumference, 0.5 m wide, 0.4 
m depth, 4 m long major axis, containing 1.75 m3 of seawater), there has been a continuous 
development of flume tanks for oil weathering and dispersant effectiveness studies. Constructed 
to simulate environmental conditions, the SINTEF flume tank incorporated a wave generator, 
submerged pumps, and fans to control water flow and wind effects, as well as a and UV lamps 
for solar irradiance to enable photooxidation studies (Hokstad et al., 1998, Fiocco and Lewis, 
1999, NRC, 2005, Castro et al., 2016). 

Subsequently the “Polludrome” flume system was developed by Cedre with a significantly larger 
canal (L=12 m, W=0.6 m, H = 1.4m) with a total volume of 10.5 m3. Expanding on the 
capability of the SINTEF flume tank, this system was connected to a large storage tank to enable 
the pumping of water into and out of the flume to simulate tides. It also had a long straight 
section that extended beyond the elliptical flume, in line with the wave generator, in which a 
shoreline could be constructed (Guyomarch et al., 1999; NRC, 2005). More recently, the system 
incorporated a solar radiation simulator capable of simulating the global range of solar exposure 
conditions and a laser particle size analyzer (Malvern Mastersizer 2000) for the collection of data 
on oil droplet size distributions (NRC, 2005, Guyomarch et al., 2012). Based on the success of 
the flume tanks at SINTEF and Cedre, similar test systems have been constructed in Canada (i.e., 
SL Ross Environmental Research Limited, Ottawa, Canada), China, and the US (pending). This 
network of test systems will be inter-calibrated to enhance inter-comparison of results.  

In 2018, Environment and Climate Change Canada (ECCC) completed the construction of the 
Canadian Environmental Oil Spill Simulator (CEOSSIM), a meso-scale testbed for spills of oil 
and other hazardous products in fresh and marine waters, in temperate and Arctic conditions. 
Containing 7.5 m3 of water, at a depth of 0.9 m, in a channel 0.6 m wide this system is based on 
the existing flume tanks located at Cedre and SINTEF. Advances include automated control 
systems to support long-term studies for weeks to months with full control of all conditions (e.g. 
waves, currents, temperature, salinity, solar irradiance, wind, rain, stratification, formation of 
surface ice, etc.).  

 

Wave tanks 

The Ohmsett wave tank operated by the U.S. Department of Interior's Bureau of Safety and 
Environmental Enforcement is the largest outdoor saltwater wave/tow tank facility in North 
America (Figure 7.4). Recent works funded by BSEE has been aimed at characterizing the 
wavetank hydrodynamics (Boufadel et al. 2017) and chemistry (Boufadel et al. (2017b). The 
effectiveness of various dispersants on surface oil was also explored including a recent work by Steffek 
(2017). 

Following the DWH spill, dispersant studies of subsurface releases of oil at Ohmsett have been 
performed in the presence of both oil and gas at dispersant-to-oil-ratios (DOR) ranging from 1:20 
to 1:200 (Panetta et al., 2012, Panetta et al., 2013). Biodegradation studies of oil and chemically 
dispersed oil are not conducted at the Ohmsett facility due to the need to chlorinate its water to 
control fouling by microorganisms. 

The Ohmsett facility offers a versatile and flexible basin with its large horizontal dimensions 
(200 m x 20 m) but limited water depth (2.4 m). Attempts to overcome this limitation have been 
undertaken by Brandvik et al. (2014) and Zhao et al. (2016) by issuing the jet horizontally or by  
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Figure 7.4 Overview of the Ohmsett facility showing the main test basin and the surrounding facilities SOURCE: 
Ohmsett.  

 

 
Figure 7.5 Experimental system setup for the towing of the vertical discharge pipe and instrument package as a unit 
to allow for plume dilution and the proper monitoring of oil droplets. SOURCE: Ohmsett. 
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towing the jet horizontally to simulate a current. This raises the issue of fractionation, which 
deserves further consideration.  

A joint effort funded by Fisheries and Oceans Canada (DFO) and the US EPA, a wave tank 
facility was constructed at the Bedford Institute of Oceanography (Nova Scotia) in 2005 for the 
study of dispersants under controlled environmental conditions, including wave energy 
dissipation rates corresponding to conditions encountered at sea. The tank is also equipped with a 
series of manifolds to generate uniform water currents up to 0.5 cm/s along the direction of wave 
propagation to incorporate the effect of dilution and flushing on oil and applied chemicals that 
would occur in the natural environment (Li et al., 2008, Li et al., 2009, King et al., 2015). In 
addition, a suspended sediment load can be created in the tank to study oil and particle 
interactions (O'Laughlin et al., 2017, O'Laughlin et al., 2017). Proximity to a ready supply of 
natural seawater and freshwater supply lines enable the simulation of coastal brackish water 
conditions within the wave tank facility. In operation nine months of the year, experiments have 
been conducted in a range of water temperatures that are representative of seasonal variations in 
sub-Arctic regions (~4°C to 20°C).  

For studies on the fate and transport of subsurface discharges of oil, as well as surface spills in 
environments such as rivers where currents are stronger, a second tank of equal dimensions was 
recently built with a high flow pumping system capable of generating current velocities up to 5 
cm/s and a pressurized oil injection system that can discharge heated oil at various flow rates 
through a nozzle in the bottom of the tank(Conmy et al., 2016, Li et al., 2016, Conmy et al., 
2017). 

 

High Pressure Test Chambers 

The influence of increasing water depth and hydrostatic pressure on droplet formation and 
dispersant effectiveness has been an intriguing question. The issue has been partially addressed 
by the use of a 5.6 m high, 2.3 m diameter hyperbaric chamber facility containing 24.4 m3 of 
simulated salt water, located at the South West Research Institute (SwRI) in San Antonio, TX, 
USA (Brandvik et al., 2019b). Rated to a maximum pressure of 4000 psi (275 bar) this system 
can be cooled down to 4°C, is fitted with instrumentation for the characterization of oil droplets 
and has a state-of-the-art delivery system for “live oil” injection. Analysis of oil droplet size 
from comparable experiments (nozzle, oil type, flow rates, injection techniques and dispersant 
product) at ambient pressure (5 m depth) and high-pressure conditions (1750 m depth/172 bars; 
such as are encountered by deep water platforms in the Gulf of Mexico) showed no significant 
difference in droplet sizes as a function of water depth (Brandvik et al., 2019b). 

A number of key experiments with oil and dispersants under DWH-simulated ambient conditions 
have also been conducted at the high-pressure facility at the Technical University of Hamburg, 
Germany (TUHH). The nucleus of TUHH’s High-Pressure Test Center is a 99-liter stainless steel 
autoclave (Figure 7.6) which provides the experiment space for specialized test modules. This 
pressure vessel has several hydraulic, electric and mechanical interfaces that allow the 
manipulation of the experiments as well as the injection of fluids into the vessel. The pressure 
generation (maximum pressure of 55 MPa) is carried out by a pneumatic amplifier that 
compresses tap water and routes it into the main pressure vessel (Seeman et al. 2014). The 
experimental module for the investigation of droplet size distributions (“Jet Module”) consists of 
an acrylic cylinder (190 mm inner diameter, 600 mm height) filled with artificial seawater that  
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Figure 7.6 High-Pressure Test Center at Hamburg University of Technology. SOURCE: TUHH. 

 

can be placed within the high-pressure steel autoclave. The autoclave is then filled and 
pressurized with tap water. Pressure equalitzation occurs through a flexible membrane connected 
to the acrylic cylinder, thereby creatingisobaric conditions between test volume (within the 
acrylic cylinder) and autoclave. Oil or gas is released into the test volume via a 1.5 mm nozzle 
from a pressurized reservoir positioned outside the autoclave (Seeman et al. 2014; (Malone et al., 
2018)). The “Jet Module” is equipped with several temperature and pressure sensors to monitor 
conditions both within the seawater and in the oil reservoir. Oil and gas flow is monitored by a 
Coriolis mass flow meter. Data is recorded at a sampling rate of 300 Hz, sampling rates up to 24 
kHz are possible (Malone et al., 2018). Endoscopic cameras measure droplet size distributions 
and behavior. An important advance with this facility is the ability to test “live” (e.g., methane 
saturated) oil, and to simulate realistic effects of pressure drops as occur during actual deepwater 
blowouts. Gas saturated oil droplets fracture into many smaller droplets when such pressure 
drops are simulated, consistent with observations of a similar magnitude pressure drop at DWH 
(Malone et al., 2018; 2019). 

The accuracy of modeling tools for the depiction of deep-sea oil spills and the prediction of the 
ensuing three-dimensional distribution of the hydrocarbons in the ocean relies on precise input 
parameters. One of the most important influencing quantities to be determined is the rise velocity 
of the fluid particles originating from the blowout. To meet this challenge, a high-pressure 
counter-current flow cell has been designed, constructed and commissioned at Hamburg 
University of Technology (TUHH) in Hamburg, Germany in collaboration with the company 
Eurotechnica GmbH, Bargteheide, Germany to conduct experimental investigations of bubble 
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and droplet rise behavior under simulated deep-sea conditions using substance mixtures of 
interest. Varying combinations of pressure (up to 15 MPa) and temperature (4 to 35°C) have 
been investigated for different systems, i.e. pure and methane-saturated crude oil in artificial 
seawater (Pesch et al., 2017; Malone et al., 2018). 

 

Field Studies 

State of the Art and Pitfalls 

As noted throughout this report, it is challenging to simulate many of the important complexities 
of a real spill in the laboratory or in a mathematical model. For instance, hydrodynamic 
processes measured in the lab must be scaled to the field and this requires various assumptions. 
As another example, it is extremely challenging to conduct lab studies of oil effects on large 
animals or those living at high pressure. 

Given the limitations of laboratory and model studies, numerous attempts have been made to 
take measurements during actual spills (what we will refer to as “Spills of Opportunity” or 
SOOs) and there have been several dedicated field studies, e.g. DeepSpill (Johansen et al., 2003), 
TROPICS (Renegar et al., 2017). While field studies capture more of the real-world complexity 
than lab or model studies, they have their own set of challenges which include: 

1. Legal and Regulatory. A dedicated oil spill field study must receive authorization to 
purposely release oil into the environment and this is often a daunting undertaking. In the 
case of a SOO, scientific activities are also inherently limited by safety concerns and the 
fact that experiments cannot interfere with the response efforts and there is a concern 
about liability for the relative portion of natural resource damages. 

2. Logistical Constraints. Conducting an experiment in the open ocean presents many 
logistical challenges especially in the case of a SOO where science will always have 
lower priority than safety and response activities. Access to the casualty site is a frequent 
constraint, e.g. in a blowout, droplet size should be measured near the well head but the 
response operators are reluctant to allow such access for fear that it will interfere with the 
well control operations. 

3. Uncontrolled Complexity. In the lab, a scientist can reasonably hope to control or 
monitor all the important variables that could affect the experiment’s outcome. That is 
not the case in a field experiment and even less so in a SOO. In the latter case, a scientist 
may not even have baseline data and by the time scientists are on scene, it may be too late 
to collect relevant information. 

4. Size. Even a modest-sized spill can cover huge volumes of ocean with open boundaries 
often dominated by complex currents, winds, etc. Monitoring all the potentially important 
variables with sufficient temporal and spatial resolution is costly at best, and frequently 
impracticable. For instance, doing a simple mass balance of oil in the water column 
during a blowout is a significant logistical challenge, even in a modestly sized dedicated 
field experiment. 

5. Cost. The cost of a field study in the open ocean is high. This can limit the duration of the 
scientific program, the spatial and temporal resolution, and the ability to systematically 
study the sensitivity of the dependent variables of interest to changes in independent 
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variables. For a SOO, replicated scientific sensitivity studies are unlikely though 
sometimes conditions do fortuitously provide for them. 

In the case of a SOO another challenge is in initiating the monitoring in a timely manner. It will 
usually take days or weeks to get the necessary scientific equipment in place to get meaningful 
measurements of an unanticipated spill. Key information can be lost during this preparation 
period. Of course, the time delay can be substantially decreased by pre-positioning monitoring 
equipment such as outlined by Aurand et al. (2001; 2004) but to the Committee’s knowledge no 
one has ever executed such a program at a large scale. A major reason for this is that substantial 
spills are fairly rare occurrences and few funders or investigators are able to maintain stand-by 
capacity for long periods of inactivity. 

DWH is the most recent example of a SOO in which many scientific observations were taken. 
However, the limitations of this dataset are numerous and well documented in the preceding 
chapters of this report. While the DWH dataset did shed considerable light on many important 
science questions, it has left a long list of key, unanswered questions. This outcome illustrates 
the difficulty of overcoming many of the limitations outlined above. 

 

Emerging Issues and Advances 

Despite all the challenges of conducting a dedicated field experiment or monitoring a SOO, there 
are numerous reasons why these efforts are worthy of consideration. Some examples identified in 
this report are: 

1. Validation of integrated models. As noted in Chapter 5, integrated oil spill models are 
widely used to calculate the fate of oil and more recently to calculate the effects on biota. 
The integrated models are composed of submodels, many of which have been validated 
to some degree but the models as a whole, remain poorly validated because of a paucity 
of high quality, unambiguous datasets from actual spills. This is especially true of the 
newest generation of integrated models which incorporate effects. 

2. Validation of droplet size models. As discussed in Chapters 2 and 6, oil droplet size is 
possibly the single-most important factor affecting the fate of oil in a blowout. Much 
work has been done in improving droplet size models but the question of how well these 
models scale up to the field remains largely unanswered. Field-scale measurements are 
probably impossible to make in the laboratory but with recent advances in key 
instrumentation (e.g., Davis et al. 2017), such measurements are now feasible in the 
field.24 

3. Health Impacts on Response Workers. One cannot purposefully expose humans to most 
of the substances a response worker encounters during an actual spill. Thus, a SOO is a 
unique chance to take measurements of real-world concentrations of oil spill pollutants 

                                                            
24 It should be noted that there are many other questions concerning droplet size that can probably be answered 
more economically in a large-scale lab facility. These questions concern the dependence of droplet size on 
BOP pressure gradients, degassing of live oil, churn flow, and tip-streaming. Indeed, these phenomena could 
be very difficult to study in the field because of logistical and cost constraints. Hence, the reason for the call 
for the development of a large-scale lab facility in the recommendations of Chapter 2. 
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and their effects on workers. As pointed out in Chapter 4, many questions remain 
concerning the concentration and effects of various pollutants on workers.  

4. Validation of Response Decision-Making Tools. A number of semi-quantitative 
approaches (e.g., CERA, SIMA, etc.) have been developed to assist responders in 
considering trade-off decisions when faced with choices of response options, and 
especially considering the use of surface- or SSDI-based dispersant applications. Field-
scale experiments can assist in understanding whether such apparent trade-offs are true or 
false dichotomies by observing system behavior under differing response approaches. 

5. Systems Approach to Determine Hidden Effects. Since an ecosystem is greater than the 
sum of its parts, simplified lab studies can miss hidden synergies and complexities that 
occur in the real world. Modern advances in sensors and molecular techniques now make 
it much more more probable that a careful field study can uncover these complexities. 

 

Validation of Droplet Models 

State of the Art 

Since the DWH spill, a great deal of work has been done on developing models of oil droplet 
sizes emanating from a deepwater blow-out. Chapter 2 shows that for DWH-like scales there is a 
discrepancy of up to 4x between the three models examined. 

Emerging Issues and Advances 

All the existing droplet models reviewed in Chapter 2 use one or more tunable coefficients that 
must be determined by comparing the model results to observations and backing out the tunable 
coefficients using some kind of error minimization. This is commonly called the calibration step. 
Sound statistical practices then dictate that the next step should be to use these coefficients and 
compare the model against a totally new set of observations, preferably covering a different 
range of diameters, flow rates, etc. then the observations used to calibrate the coefficients. This is 
commonly referred to as the “validation” step and it can be used to estimate the confidence limits 
on the model droplet size estimates. A close review of the papers describing the models shows 
that they have often stopped at the calibration step and have generally based their calibration on a 
small sub-set of available observations. In Chapter 2, this Committee provides a recommendation 
that existing and future models be more thoroughly calibrated and validated using the wealth of 
experimental observations now available, and that validation should be continued as new 
observations become available. 

Another issue affecting droplet model accuracy is the lack of droplet observations during 
realistic blow-out conditions especially with SSDI activated. Without such observations it is hard 
to validate a droplet model but more importantly, to establish the accuracy of the various models 
at full field scale. As noted in a Chapter 2 recommendation, there is a need to do further large-
scale droplet measurements. 
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ENVIRONMENTAL AND AQUATIC TOXICITY 

Toxicity Testing 

State of the Art and Potential Pitfalls 

It is important to note that a more extensive discussion of toxicity testing protocols can also be 
found in Chapter 3. The primary difficulty with the current state of toxicity testing is the 
improper use of test designs that are appropriate for a single compound for which the dissolved 
concentration can be separated. Oil is a partially miscible mixture of many components of widely 
varying solubility and toxicity. The dissolved components need to be measured and aggregated 
into a proper dose metric. 

Toxic units (as discussed in Chapter 3) have been demonstrated to properly weight each 
component and is a proper dose metric. However, the commonly used arithmetic sum of either 
Total Petroleum Hydrocarbons (TPH) or the sum restricted to only the Polycyclic Aromatic 
Hydrocarbon (PAH) concentrations (Total PAH or TPAH) is not a proper weighting since (1) 
TPAH ignores all the other hydrocarbons that are contributing to toxicity and (2) TPH and 
TPAH ignores the orders of magnitude difference in all the component toxicity since it weights 
them equally (Equations 2-4 Chapter 3). Therefore, TPH or TPAH, even if they use dissolved 
concentrations, is not proper dose metrics. 

The usual Water Accommodated Fraction (WAF) preparation methods leaves a residual of 
undissolved microdroplets as well as the dissolved concentrations. These microdroplets greatly 
complicate the analysis of the toxicity test results for two key reasons. First, measuring the 
concentration in the WAF includes both dissolved and microdroplet components, which 
substantial overestimate the concentration of the less soluble components. Second, when the 
WAF is diluted, it is assumed that concentrations decrease in proportion to the dilution. While 
this is true for the total (dissolved + microdroplet) concentration, it is not true for the dissolved 
fractions as concentrations are elevated by the dissolution of the components in the 
microdroplets. The elevation can exceed orders of magnitude in concentration (Chapter 3 Figure 
3.14A). Since this effect depends on the concentration of microdroplets in the WAF, it co-varies 
with other test variables (e.g. presence vs absence of a dispersant). If the microdroplet effect is 
not properly quantified the results of toxicity test cannot be unambiguously assigned to the effect 
being investigated, e.g. whether the dispersant increases toxicity. 

Protocols for the Preparation of WAFs 

Prior to the Deepwater Horizon spill, Chemical 67 Response to Oil Spills Ecological Effects 
Research Forum (CROSERF) protocols (Singer et al., 2001) had been in place to describe the 
best practices for the preparation of WAFs and Chemically Enhanced WAFs (CEWAFs) for use 
in toxicity testing. As described by (Singer et al., 2001), “test media must be reproducible over 
time and between laboratories with standardized analytical methods to characterize the oil and 
quantify its components”. When mixing the dilution water and oil, the duration and energy must 
be sufficient to ensure equilibration of the dissolved mixture constituents in the water. The 
intensity of the mixing energy also influences the composition of the WAF, therefore, 
WAF/CEWAF preparation protocols need to generate solutions that are reproducible, 
comparable to earlier data and relevant to field conditions to be able to use in risk assessments 
and other oil spill decision making tasks. 
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Figure 7.7 The number of toxicity tests that used a particular mixing system to prepare stock and test solutions of oil 
in water. Some studies used more than one mixing system in a single experiment (N=226). Commercial blender 
(CB); Hand mixing (H); Magnetic stirring (MS); Orbital shaker (OS); Propeller (P); Pump (PU); Sonicator (S); 
Upwelling dilution (UD); Water recirculation (WR); Mixing systems occurring three or fewer times in publications 
(Other); Mixing system Not Specified explicitly in the publication (NS). One paper was omitted as there was no 
mixing of oil and water. SOURCE: Adams et al. (2017). 

 

Since 2010, a variety of new methods were developed that resulted in a myriad of different 
media preparation protocols. (Adams et al., 2017) reviewed the oil mixing system (the equipment 
and/or method used to prepare test solutions) in 144 published toxicity tests and found a total of 
226 mixing methods to generate solutions. The most common mixing instrument or method was 
the magnetic stirrer and CROSERF was the most common method stated. However, a variety of 
other mixing methods including commercial blending, hand mixing, orbital shaking, propeller 
mixing, pump mixing, sonication, upwelling dilution, water recirculation were also identified, 
and there were studies where the mixing method was not specified. These are depicted in Figure 
7.7. 

In addition to the type of mixing methods that have been employed in recent years, there have 
been numerous modifications to the CROSERF method to create new types of WAFs. In a 2013 
paper (Incardona et al., 2013), the authors state that the High Energy WAF (HEWAF) 
standardized protocol was intended to produce WAFs that more closely emulate the dispersion of 
oil droplets under high pressure (i.e., the DWH spill). Studies conducted in 2017 to further 
examine HEWAF were done by making serial dilutions from a stock solution, however only the 
stock solution was analyzed via fluorescence in order to reduce analytical testing (Forth et al., 
2017). 
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Another research team suggested that the HEWAF method required further standardization 
(Sandoval et al., 2017). This study examined three key factors: the presence or absence of oil 
microdroplets; dispersion stability over the time interval used in toxicity testing; and the 
chemical composition (PAHs) in relation to potential environmental relevance. This team 
determined that the CROSERF method for WAFs and CEWAFs had greater stabilityand were 
more representative of both dissolved components (WAFs) and oil-water mixtures containing 
microdroplets (CEWAFs).  

Yet a third team (Stubblefield, et al 2017) characterized test solutions of even more types of 
WAFs, including Low Energy (LEWAFs); No Energy (NEWAFs); Medium Energy (MEWAFs), 
Intermediate Energy (IEWAFs) in addition to HEWAFs. Given the large differences in the 
various WAF composition, the authors concluded that it is imperative to accurately characterize 
and quantify exposures both in the laboratory and in the field to assess potential environmental 
impacts. The authors also concluded that adequate chemical analysis is required to generate data 
for empirically based toxicity models (e.g., the target lipid model and PETROTOX, see Chapter 
3 for a detailed discussion). 

 

Emerging Issues and Advances 

There is a large quantity of available experimental toxicity data that could be analyzed to 
continue to investigate the question: whether exposure media containing chemically dispersed oil 
is more toxic than that of physically dispersed oil. Most of these data are from variable dilution 
preparation methods. The analysis would need to include a quantitative estimate of the 
microdroplet concentration at each dilution, estimates of the dissolved concentrations, and the 
use of toxic units as the dose metric. Methods are available to do this analysis. Chapter 3 
provides a more detailed discussion of the problems that can occur when using different media 
preparation methods and the reader is encouraged review that information. 

 One promising new protocol for oil dosing, known as passive dosing, could potentially eliminate 
the confusion caused by use of varying WAF methods (see Chapter 3 for details). The added 
advantage of this approach is that it minimizes the interference introduced in toxicity data by oil 
microdroplets, thus generating exposures based on truly dissolved components that partition 
through permeable membranes. These soluble fractions are known to the primary drivers of 
hydrocarbon toxicity. 

 

HUMAN HEALTH 

Consideration of Human Health in Oil Spills 

State of the art 

Integration of human and ecological health continues to be a major topic of interest among 
scientists and policy makers, including efforts by the National Research Council particularly 
aimed at coastal areas (IOM, 2014; NRC, 2013), and by federal agencies (Sandifer et al., 2015). 
These reviews focus primarily on understanding the role of human activities in degrading coastal 
and oceanic ecosystems, and the value of a healthy ocean and coast in supporting human health 
and well-being. 
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However, oil spills and the response to oil spills present a slightly different challenge, but 
nevertheless requires a similar systems approach that integrates across multiple disciplines.  

Existing Net Environmental Benefit Analysis tools like Spill Impact Mitigation Assessment or 
Comparative Risk Assessment (see Chapter 5) do not consistently include human health. Some 
have argued that it is unnecessary as human health considerations override all others throughout 
an oil spill response. There is extensive literature about the challenges of integrating human 
health considerations in standard Environmental Impact Statements (EIS). These include debates 
about whether human health is best incorporated within an EIS or should be separate in the form 
of a Health Impact Analysis or similar instrument. Deciding how best to incorporate health into 
the systems approach, which is the basis for effective decision-making in response to oil spills, 
has begun and merits further consideration. 

 

Potential Pitfalls and Methodological Challenges 

Study of the potential impact of environmental factors on human health presents a number of 
methodological challenges (see Chapter 4) that are at least partially distinguishable from studies 
of ecosystem effects. These include:  

• an inability to perform a fully controlled epidemiology study for environmental risks; 
• implications of health effects in individual humans;  
• implications of the wide variety in human vulnerability; and 
• ethical issues particularly germane to human studies.  

Epidemiology Studies for Environmental Risks 

The gold standard for epidemiological methodology, the double-blind randomized control trial, 
is not possible for usual environmental epidemiology. A randomized control trial of a potential 
therapeutic agent for a specific disease usually consists of randomly assigning half of a group of 
volunteers with the disease to the agent and the other half to a placebo. The participants are not 
aware of which group they are in—nor is the medical team. Endpoints indicative of therapeutic 
efficacy and toxicity are then compared between the two groups. This controlled experimental 
design is not possible for environmental epidemiology for which most studies take advantage of 
uncontrolled differences in exposures. Whether the difference is geographical or temporal, 
numerous potential confounding factors limit interpretation of any observed association between 
cause and effect. Accordingly, the acceptability of a cause and effect relationship is often 
determined by having multiple studies that replicate the original finding, preferably performed 
by different investigators using different methodology in different populations with different 
sources of exposure to the agent of concern. Determining the potential human health impact of 
dispersant use during an oil spill, which is not predictable as to place and time, is very 
challenging. Also crucial to acceptability of an observed association is the biological plausibility 
of the association for which toxicological studies in laboratory animals or in vitro are central. 
The criteria involved in considering causality are usually assigned to Bradford Hill (Hill, 1965; 
Schunemann et al., 2011). 
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Implications of health effects in individual humans 

Consideration of tradeoffs is central to response decisions (see Chapter 5). In general, the health 
of individual humans carries greater weight than the health of individual members of an 
ecosystem, although not necessarily to an entire ecosystem, which arguably itself has benefits to 
human well-being. The oil spill response process clearly guides the Response Coordinator to 
avoid obvious risk of adverse human health consequences, but the tradeoff is less clear when it is 
between ecosystem effects and a lower level of human health risk to workers and to community 
members, particularly among those who suffer from pre-existing conditions that increase their 
vulnerability. 

Issues related to the wide variability in human vulnerability also include the difficulty in 
extrapolation of epidemiological and toxicological findings to those at highest risk. Vulnerable 
populations of particular societal concern include pregnant women and young children. Workers 
who enlist in the response effort may have pre-existing health conditions that are not adequately 
determined prior to joining this work force. While toxicological studies are valuable in 
comparing the relative toxicity among dispersants, extrapolating from animal or in vitro studies 
to humans, and particularly to vulnerable populations, presents challenges. 

 

Ethical Issues Germane to Human Studies 

Before beginning a study of workers and community members potentially affected by an oil 
spill, approval is required of an Institutional Review Board (IRB) that has the goal of protecting 
the welfare and privacy of all human subjects. Further, the study must comply with HIPAA 
privacy rules. IRB approvals require significant planning. For an oil spill this is complicated by 
the fact that often the most effective approach requires collaboration among multiple academic 
and governmental institutions, each one having their own IRB which must approve the protocol 
in advance. After the difficulties encountered for the DWH studies, NIEHS and CDC have 
worked on developing off-the-shelf documents that can speedily be adapted for the next oil 
spill25. 

 

Emerging Issues and Challenges to Exposure Assessments for Dispersants 

Delays due to the need for IRB and other clearances specific to human studies are among the 
challenges to assessing human exposure resulting from an oil spill as compared to studies of non-
human biota. Biological markers of exposure which can be detected in human blood or urine can 
be particularly useful in determining the extent of exposure to crude oil components, including 
some for PAHs that have been recently developed in NIEHS-supported studies (Huang et al., 
2014) and an analytical method for DOSS that conceivably could be useful in evaluation of 
human-derived biospecimens (El Said et al., 2010, Flurer et al., 2010). However, as a rule, 
biomarkers relevant to oil spill response only persist in the human body for short time periods. 
Accordingly, significant delay in initiating studies, as happened following the DWH spill, 
preclude dependence on biomarkers. 

Delays in starting the studies also complicate the ability of workers to clearly remember whether 
they were exposed to dispersants when filling out a questionnaire at a later date. The accuracy of 
                                                            
25 https://disasterinfo.nlm.nih.gov/content/files/RAPIDD%20Protocol_v8.0_2015-07-16_508_CLEAN.pdf 
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questionnaire responses is also complicated by a number of other factors. These include the fact 
that the response to potential exposure to dispersants does not substantially differ from that to 
crude oil and its derivatives, being dependent on similar good industrial hygiene practices. This 
means that in the relatively hurried nature of any spill response, keeping track of whether 
dispersant was potentially present may not be sufficiently important to inform the worker. 

Questionnaire studies also are notoriously susceptible to what is known as recall or response 
bias. In situations of uncertainty, people are more likely to respond positively to questions about 
potential exposure, particularly when the issue has been publicized as one of concern – such as 
with dispersants. It is unclear as whether the possibility of future litigation leading to funding for 
those exposed may contribute to recall bias in a situation such as the DWH spill response. 

Development of badges or other monitors of dispersant exposure may be helpful for future 
exposure studies of workers or of community members. 

 

Indirect Implications of Dispersant Use on Worker Health and Safety and on Community 
Health and Resilience: Temporal Factors. 

A major but indirect health impact of an oil spill is on the psychosocial health and resilience of 
communities suffering from concerns about their health, about the shorter term economic, 
cultural and environmental impacts, and about the possible long-term implications of the 
existence of an offshore oil industry. It is a reasonable assumption that the duration of the oil 
spill and the resultant response activity is directly related to the extent of adverse psychosocial 
effects on individuals and communities. If in fact dispersant use speeds up the recovery process, 
presumably it would mitigate against longer term psychosocial impacts and will improve 
community confidence in their longer-term prospects. Similarly, the risk of worker injury and 
illness presumably is related to the duration of response activities.  

 

Implication of Dispersant Use on the Toxicity of Crude Oil Components: Benzene and 
PAHs 

The carcinogenic components of crude oil are benzene and PAHs. Benzene is relatively volatile 
such that exposure of workers and, less likely, of community members would occur via 
inhalation. PAHs generally remain in the water. As PAHs are of concern because of their uptake 
into seafood eaten by humans, closure of fisheries, with attendant psychosocial, economic and 
cultural impacts, are particularly problematic. Dispersants change the distribution of crude oil 
components, enhancing the dissolution of both PAHs and benzene. Greater dissolution of 
benzene in the water column could reduce the health risk to responders exposed to the volatile oil 
components in the air. Conversely, increased PAHs in the water column could raise the level of 
PAHs in seafood species, thereby affecting fishery closures and seafood consumption. As an 
additional complication, dissolution may differ depending upon the avenue of delivery of the 
dispersant (e.g., subsea vs surface) or other local factors. While there is some inferential 
evidence that benzene is more likely to remain in water rather than be volatilized with subsea 
dispersant application, the committee was unable to find equivalent evidence of a change in PAH 
levels in seafood as a result of dispersant use.  
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TOOLS FOR OIL SPILL RESPONSE DECISION-MAKING 

Risk Assessment Tools 

State of the Art 

The Distinction between Operational versus Environmental Monitoring 

Monitoring during an oil spill response is typically divided into two different categories: 

• Operational Monitoring (or Type I monitoring), which collects near real-time data that is 
directly relevant to ongoing response operations or is needed to evaluate ongoing 
response strategies; and 

• Environmental Monitoring (or Type II monitoring), which may include short – and long-
term damage assessments, surveying recovery, and other purely scientific studies during 
and after an oil spill. 

The Australian Maritime Safety Authority Spill Monitoring Handbook (AMSA, 2003) provides a 
comprehensive overview on all aspects of spill monitoring – both operational and environmental 
(see Figure 7.8). In 2013, both the National Response Team (NRT, 2013) and the American 
Petroleum Institute (API, 2013) released guidelines focused on dispersant and dispersed oil 
monitoring. The API plan was specific to SSDI, while the National Response Team plan 
addressed both surface and SSDI and included operational monitoring as well as some damage 
assessment data collection. 

In 2014, a multi-organization team in the UK released a guide for monitoring subsea oil releases 
and dispersant releases in UK waters (Law et al., 2014), and a review of new and emerging 
monitoring technologies suggests that future operational monitoring may be greatly assisted by 
use of unmanned, remotely operated, and autonomous surveillance equipment. 

The underlying theme in these spill monitoring documents is that a good operational monitoring 
plan should incorporates the elements in Figure 7.8. 

 

Shipboard Dispersant Operational Monitoring Protocols 

During the DWH oil spill, a sizable number of assets (ships, equipment, personnel) were 
deployed for operational monitoring, environmental effects monitoring, and damage assessment 
monitoring. While many of the latter studies (effects and damage assessment) were initiated later 
into the response (weeks or months after the spill response had started), operational monitoring 
was initiated within days of spill onset. Operational monitoring is intended to directly inform 
operational decision-making during the response. There are several key elements to a dispersant 
operational monitoring plan. They include being: 

• rapidly deployable; 
• flexible and allow for “phased deployment”, based on needs and operational timelines; 
• scientifically based; 
• robust, using existing, proven technologies; and 
• clear as to “action thresholds” for continued dispersant response operations. 
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Figure 7.8 Description of Monitoring by Stage of the Spill. SOURCE: AMSA (2003).  

 

Potential pitfalls 

In 2013, two sets of guidelines were published for dispersant operational monitoring. The API 
guidelines, Industry Recommended Subsea Dispersant Monitoring Plan (API, 2013), were 
specific to subsea dispersant injection. The National Response Team guidelines, Environmental 
Monitoring for Atypical Dispersant Operations, included guidance for both subsea dispersant 
injection and prolonged surface dispersant application (NRT, 2013). Both documents are 
intended to support development of operational, incident-specific monitoring plans, but have 
often been confused with the USCG Special Monitoring of Applied Response Technologies 
protocols that are aimed at monitoring surface dispersant application at smaller, ephemeral oil 
spills. Having three different dispersant monitoring documents, authored by different 
organizations, with varying procedures for data collection and reporting, can be problematic.  

The API plan focuses purely on operational monitoring while the National Response Team plan 
addresses both operational and NRDA monitoring. There are two potential pitfalls when merging 
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operational and NRDA data needs. First, the plans have different scientific objectives that may 
conflict with each other. Second, collection of samples that support NRDA, but are not needed 
for operational monitoring, can delay reporting of operational effectiveness back to the Unified 
Area Command if both types of data are being collected from a single research vessel.  

Despite these challenges, both documents provide a flexible framework for incident-specific 
monitoring plan development and recommend the type of data that should be collected. 
However, these plans are not a replacement for detailed shipboard Field Test Plans which should 
be developed prior to an operational monitoring research cruise. With limited time to deploy this 
type of field monitoring in the early hours of a spill response involving dispersants, it is essential 
that the operational monitoring protocols are standardized to ensure that the three main 
objectives of dispersant operational monitoring are achieved: 

Objective 1: Confirmation of dispersant effectiveness under present spill conditions (e.g., 
meteorology and (physical) oceanography conditions, oil type, weathering state, particulate 
matter, and ‘marine snow’ production). 

Objective 2: Initial field screening characterization of the dispersed oil concentrations at depths 
within the water column. These data can be very useful in calculating toxic units and therefore 
characterizing toxicity (as explained in Chapter 3). 

Objective 3: Detailed laboratory chemical characterizing of relevant water samples, which allows 
decision-makers to refine estimates on potential toxicity or other biological effects that may have 
occurred.  

Proper field protocols are essential to ensure: 

• safe deployment of the research team and equipment;  
• proper use of field equipment;  
• consistent field sample collection, preparation and analysis; and  
• accurate, timely reporting across multiple research vessels back to the decision-makers 

within the Unified Area Command.  

Capturing these field protocols in a comprehensive shipboard research plan that is available for 
deployment prior to an incident occurring is essential. Important information for inclusion in the 
plan includes:  

• minimum required training for all shipboard research personnel; 
• shipboard cruise hazards identification; 
• safety data sheets for all chemical components used onboard; 
• OSHA monitoring requirements for inhalation of volatile organic compounds (e.g., real-

time BTEX detection);  
• required field collection permits; 
• proper manufacturer instructions for operation of all scientific equipment; 
• sample handling, labeling and chain of custody procedures;  
• weather contingencies; 
• prioritization of all sampling since there will be times when not all parameters can be 

sampled for various reasons, so the team needs to know what is the highest priority 
samples and parameters to the overarching goals of the sampling mission. 
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Emerging Issues 

Rapid Field Screening for Hydrocarbons 

One of the challenges with meeting Objective 2 (Initial Field Screening of hydrocarbons) is the 
reliance on traditional analytical methods such as gas chromatography coupled to either flame 
ionization detection (GC-FID) or mass spectrometry (GC-MS). During the DWH spill response, 
tens of thousands of water samples were collected and shipped to analytical laboratory 
laboratories across the US for later analysis (OSAT, 2010). Laboratories were inundated, and 
some samples were not analyzed until long after the spill response had ended. A review of 
chemistry reports indicates that many of those backlogged samples contained no detectable 
petroleum compounds ((OSAT, 2010)). These delays posed challenges for the Unified Area 
Command, as they lacked information that could inform ongoing response operations. 

The implementation of rapid field screening protocols could minimize the “bottleneck effect” of 
backlogged samples in the future. The use of rapid screening methods is not new, with early 
publications on this topic dating back to the mid-1990s (Owens et al., 1997). Since that time, 
several new technologies have debuted that would enable shipboard personnel to conduct rapid 
screening of water samples to help focus the collection of samples for Objective 3 (Detailed 
laboratory chemical characterization). If rapid field monitoring could eliminate locations or 
water depths where “non-detects” are observed, collection of relevant samples of oil and 
dispersed oil could be more strategic. In other words, collect relevant samples via use of “quick 
screening” to determine where sample collection should be focused. Several portable 
hydrocarbon analyzers and hand-held gas chromatography flame ionization detectors are 
available that could effectively meet Objective 2, while also optimizing sampling strategies for 
Objective 3. 

During Deepwater Horizon, BP was directed to develop and implement a water column 
monitoring program that included shipboard toxicity testing. However, it is difficult to conduct 
shipboard toxicity testing due to logistical requirements such as space availability, temperature 
control, animal culturing, stability, exposure to ship exhaust, and time requirements. Many 
organisms are very sensitive and cannot withstand the physical turbulence of shipboard testing, 
and even the most rapid tests require a 24-hour incubation period. The Rotox M kit (MicroBio 
Tests, Inc.), utilizing rotifers as the test organism, was selected to meet these criteria because it is 
commercially available, requires very little space or special equipment, has no feeding 
requirement, and can withstand unfavorable conditions at sea. A review of 1242 samples (1047 
collected samples, 195 controls) indicated that only 26 samples had mortality greater than 20 
percent (22 collected field samples and 4 controls). Most of the mortality corresponded to 
adverse weather and/or poor lab conditions which increased the physical trauma to the organisms 
being tested (OSAT, 2010). There is no evidence that shipboard toxicity testing yielded any 
actionable information for the decision-makers within the Unified Command. Instead, 
implementation of a “quick screening” protocol for collecting hydrocarbon data for use in a 
toxicity model to generate Toxic Units, would yield useful information to support ongoing 
dispersant operations. 
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FINDINGS AND RECOMMENDATIONS 

Finding: Great strides have been made in the quantification of petroleum and dispersant related 
compounds, but there is a gap between this technology development and subsequent application 
to oil spills.  

Recommendation: Relevant federal authorities including NOAA and USCG should track 
emerging technologies and provide support and opportunities for those technologies to be tested 
for applicability to marine oil spill response. Promising technologies should be supported and 
brought to a state of application readiness, perhaps with support from industrial partners. 
Responsible agencies should further coordinate such analyses during a major spill, perhaps with 
input from the scientific community, so as to achieve additive benefit from complementary 
approaches.  

Finding: The capacity to quantify discharge and dissolution from an aerial platform, as 
demonstrated during the DWH spill, provides a powerful tool to the response community, which 
has since been applied to two additional blowout scenarios (the North Sea Elgin blowout and the 
Porter Ranch gas blowout). Despite proven utility and the potential of this tool to quantify 
dispersant efficacy during a blowout scenario, this capacity remains ad hoc and has not been 
funded as a response tool by relevant authorities. 

Recommendation: Relevant response authorities including USCG and NOAA, with support 
from industrial partners and other agencies, should formally incorporate and support aerial 
hydrocarbon quantification capabilities such as those demonstrated by Ryerson et al., (2011) as a 
flexible spill response tool to quantify discharge rate and transport processes. 

Finding: Molecular tools as direct (culture-independent) techniques to determine microbial 
community structure, functional capabilities of the environment, stress responses, protein 
identity and abundance, and the relationship between specific organisms and substrate 
compounds has been advancing rapidly. This has been largely due to rapidly declining costs of 
these methods from many thousands of dollars to only a few dollars per sample. In addition, the 
speed at which analyses can be performed has decreased from months to hours. These techniques 
are also enabling an environmental systems biology approach to oil spills and the use of 
dispersants which will enable faster response times and better understanding at a systems level.  

Recommendation: Molecular tools should be encouraged but only so long as the underlying 
assumptions of each assay is understood. Because these techniques can have biases, multiple 
assays and multiple lines of evidence are necessary to ensure the conclusions from these 
techniques are correct. Developing detailed Field Sampling Plans with these molecular 
techniques and updating them on a regular basis with teams of experts is critical to avoid making 
incorrect conclusions about oil/dispersant efficacy for dispersion and bioremediation. 

Finding: The 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. 
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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 taking these 
measurements. Given its long-term funding and mandate, the National Academies Gulf Research 
Program26, 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. 

Recommendation: Analyze the large quantity of available experimental toxicity data to 
investigate the question: whether exposure media containing chemically dispersed oil is more 
toxic than that of physically dispersed oil. The analysis would need to include a quantitative 
estimate of the microdroplet concentration at each dilution, estimates of the dissolved 
concentrations, and the use of toxic units as the dose metric (see Chapter 3 for methods). 

Finding: There are several limitations to methods used to assess human health effects of 
previous oil spills, making it difficult to determine causal relationships.  

Recommendation: Establish and maintain baseline health metrics, readily available and 
deployable biomarkers of exposure and effect, and study protocols that are activated at the start 
of an oil spill for recruitment and collection of biospecimens from response workers and affected 
shoreline communities. 

  

  

                                                            
26 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. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

 

 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

 

PREPUBLICATION COPY 
245 

REFERENCES 
 
Adams, W. J., R. A. Kimerle and R. G. Mosher. 1985. Aquatic Safety Assessment of Chemicals 

Sorbed to Sediments. Aquatic Toxicology and Hazard Assessment: Seventh Symposium. 
R. P. R.D. Cardwell, and R.C. Bahner. Philadelphia PA, ASTM International, STP 854: 
429-429-25. 

Adams, E. E., S. A. Socolofsky, and M. Boufadel. 2013. Comment on “Evolution of the 
Macondo well blowout: simulating the effects of the circulation and synthetic dispersants 
on the subsea oil transport”, in Environmental Science & Technology. 

Adams, J., K. Charbonneau, D. Tuori, R. S. Brown, and P. V. Hodson. 2017. Review of Methods 
for Measuring the Toxicity to Aquatic Organisms of the Water Accommodated Fraction 
(WAF) and Chemically-Enhanced Water Accommodated Fraction (CEWAF) of 
petroleum. Canadian Science Advisory Secretariat Research Document 64:i-xi, 1-110.  

Adeyemo, O. K., K. J. Kroll, and N. D. Denslow. 2015. Developmental abnormalities and 
differential expression of genes induced in oil and dispersant exposed Menidia beryllina 
embryos. Aquatic Toxicology 168:60-71. DOI: 10.1016/j.aquatox.2015.09.012. 

AEA Technology. 1994. International calibration of laboratory dispersant test methods against 
sea trials. Oxfordshire, UK: AEA Technology. 

AEA Technology. 1995. International calibration of laboratory dispersant test methods against 
sea trials. Field trial report. July 1995 sea trials. Oxfordshire, UK: AEA Technology. 

Aeppli, C., C. A. Carmichael, R. K. Nelson, K. L. Lemkau, W. M. Graham, M. C. Redmond, D. 
L. Valentine, and C. M. Reddy. 2012. Oil weathering after the Deepwater Horizon 
disaster led to the formation of oxygenated residues. Environmental Science & 
Technology 46(16):8799-8807. DOI: 10.1021/es3015138. 

Aeppli, C., R. K. Nelson, J. R. Radović, C. A. Carmichael, D. L. Valentine, and C. M. Reddy. 
2014. Recalcitrance and Degradation of Petroleum Biomarkers upon Abiotic and Biotic 
Natural Weathering of Deepwater Horizon Oil. Environmental Science & Technology 
48(12):6726-6734. DOI: 10.1021/es500825q. 

Afshar-Mohajer, N., C. Li, A. M. Rule, J. Katz, and K. Koehler. 2018. A laboratory study of 
particulate and gaseous emissions from crude oil and crude oil-dispersant contaminated 
seawater due to breaking waves. Atmospheric Environment 179:177-186. DOI: 
10.1016/j.atmosenv.2018.02.017. 

Aguilera, F., J. Méndez, E. Pásaro, and B. Laffon. 2010. Review on the effects of exposure to 
spilled oils on human health. Journal of Applied Toxicology 30(4):291-301. DOI: 
10.1002/jat.1521. 

Ajijolaiya, L. O., P. S. Hill, A. Khelifa, R. M. Islam, and K. Lee. 2006. Laboratory investigation 
of the effects of mineral size and concentration on the formation of oil–mineral 
aggregates. Marine Pollution Bulletin 52(8):920-927. DOI: 
https://doi.org/10.1016/j.marpolbul.2005.12.006. 

Albers, P. H., and T. Loughlin. 2003. Effects of PAHs on marine birds, mammals and reptiles. In 
PAHs: an ecotoxicological perspective. Douben, P. E. T., eds. Chichester, England: John 
Wiley & Sons Ltd. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

246 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Aldenberg, T. and W. Slob. 1993. Confidence limits for hazardous concentrations based on 
logistically distributed NOEC toxicity data. Ecotoxicology and Environmental Safety 
25(1): 48-63. 

Alexander, M., L. S. Engel, N. Olaiya, L. Wang, J. Barrett, L. Weems, E. G. Schwartz, and J. A. 
Rusiecki. 2018. The deepwater horizon oil spill coast guard cohort study: A cross-
sectional study of acute respiratory health symptoms. Environmental Research 162:196-
202. DOI: 10.1016/j.envres.2017.11.044. 

Aliseda, A., P. Bommer, P. Espina, O. Flores, J. C. Lasheras, B. Lehr, I. Leifer, A. Possolo, J. 
Riley, O. Savas, F. Schaffer, S. Wereley, and P. Yapa. 2010. Deepwater Horizon Release 
Estimate of Rate by PIV. 

Allen, A. A., D. Jaeger, N. J. Mabile, and D. Costanzo. 2011. The Use of Controlled Burning 
during the Gulf of Mexico Deepwater Horizon MC-252 Oil Spill Response. International 
Oil Spill Conference Proceedings 2011(1):abs194. DOI: 10.7901/2169-3358-2011-1-194. 

American Petroleum Institute (API). 2013. Industry Recommended Subsea Dispersant 
Monitoring Plan. Version 1.0. API TECHNICAL REPORT 1152. 

Amrani, A., A. L. Sessions, and J. F. Adkins. 2009. Compoun -Specific δ34S Analysis of 
Volatile Organics by Coupled GC/Multicollector-ICPMS. Anal. Chem. 81: 9027-9034.  

Amrani, A., A. Deev, A. L. Sessions, Y. Tang, J. F. Adkins, R. J. Hill, J. M. Moldowan, Z. Wei. 
2012. The sulfur-isotopic compositions of benzothiophenes and dibenzothiophenes as a 
proxy for thermochemical sulfate reduction. Geochimica et Cosmochemica Acta 84: 152-
164.  

AMSA (Australian Maritime Safety Authority). 2003. Oil Spill Monitoring Handbook. Prepared 
by Wardrop Consulting and the Cawthron Institute for the Australian Maritime Safety 
Authority (AMSA) and the Marine Safety Authority of New Zealand (MSA). Published 
by AMSA, Canberra. 

Anderson, S. E., J. Franko, E. Lukomska, and B. J. Meade. 2011. Potential immunotoxicological 
health effects following exposure to COREXIT 9500A during cleanup of the Deepwater 
Horizon oil spill. Journal of Toxicology and Environmental Health - Part A: Current 
Issues 74(21):1419-1430. DOI: 10.1080/15287394.2011.606797. 

Ankley, G. T., R. J. Erickson, G. L. Phipps, V. R. Mattson, P. A. Kosian, B. R. Sheedy, and J. S. 
Cox. 1995. Effects of light intensity on the phototoxicity of fluoranthene to a benthic 
macroinvertebrate. Environmental Science & Technology 29(11):2828-2833. DOI: 
10.1021/es00011a019. 

Arata, C. M., J. S. Picou, G. D. Johnson, and T. S. McNally. 2000. Coping with Technological 
Disaster: An Application of the Conservation of Resources Model to the Exxon Valdez 
Oil Spill. Journal of Traumatic Stress 13(1):23-39. DOI: 10.1023/A:1007764729337. 

Arfsten, D. P., D. J. Schaeffer, and D. C. Mulveny. 1996. The Effects of Near Ultraviolet 
Radiation on the Toxic Effects of Polycyclic Aromatic Hydrocarbons in Animals and 
Plants: A Review. Ecotoxicology and Environmental Safety 33(1):1-24. DOI: 
http://dx.doi.org/10.1006/eesa.1996.0001. 

Arp, H. P., S. E. Hale, M. E. Kruså, G. Cornelissen, C. B. Grabanski, D. J. Miller and S. B. 
Hawthorne. 2015. Review of polyoxymethylene passive sampling methods for 
quantifying freely dissolved porewater concentrations of hydrophobic organic 
contaminants. Environmental Toxicology and Chemistry 34(4): 710-720. 

ASCE Task Committee. 1996. "State-of-the-art review of modeling transport and fate of oil 
spills." Journal of Hydraulic Engineering 122(11): 594-609. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 247 

PREPUBLICATION COPY 

ASTM. 2013. ASTM Standard Number F2532 - 13: Standard Guide for Determining Net 
Environmental Benefit of Dispersant Use. ASTM International. 

ASTM. 2014. Standard Guide for Determining Net Environmental Benefit of Dispersant Use. 
Designation: F2532-13. ASTM International: Wet Conshohocken, PA. 

Atlas, R. M. and T. C. Hazen. 2011. Oil Biodegradation and Bioremediation: A Tale of the Two 
Worst Spills in US History. Environmental Science & Technology 45(16):6709-6715. 
DOI: 10.1021/es2013227. 

ATSDR (Agency for Toxic Substances and Disease Registry). Toxicological Profile for 
Benzene, August, 2007 https://www.atsdr.cdc.gov/toxprofiles/tp.asp?id=40&tid=14 
(accessed August 21, 2018) 

Aurand, D.V. 1995. The application of ecological risk principles to dispersant use planning. Spill 
Science & Technology Bull 2 (4): 241-247. 

Aurand, D. and G. Coelho (Compilers). 2003. Ecological Risk Assessment: Consensus 
Workshop. Environmental Tradeoffs Associated With Oil Spill Response Technologies. 
U.S. and British Virgin Islands. A report to US Coast Guard District 7. Ecosystem 
Management & Associates, Inc., Lusby, MD 20657. Report 03-03, 34 pages. 

Aurand, D. and G. M. Coelho. 2005. Cooperative aquatic toxicity testing of dispersed oil and the 
Chemical Response to Oil Spills: Ecological Effects Research Forum (CROSERF). 
Technical Report. EM&A Inc., Lusby, MD: 79. 

Aurand, D., L. Walko, and R. Pond. 2000. Developing Consensus Ecological Risk Assessments: 
Environmental Protection in Oil Spill Response Planning, A Guidebook. United States 
Coast Guard. Washington, D.C. 148p. 

Aurand, D., M. Hitchings, L. Walko, J. Clark, J. Bonner, C. Page, R. Jamail & R. Martin. 2001. 
Justification for the Proposed Texas General Land Office “Spill of Opportunity” Testing 
Program. Regional Response Team 6 Review Draft. p.^pp. 66. Ecosystem Management 
& Assoc., Inc., Lusby, Maryland. 

Aurand, D., M. Hitchings, L. Walko, J. Clark, J. Bonner, C. Page, R. Jamail & R. Martin. 2004. 
Texas General Land Office “Spill of Opportunity” Dispersant Demonstration Project 
Description. Final Report. p.^pp. 156. Ecosystem Management & Assoc., Inc., Lusby, 
Maryland. 

Aveyard, R., B. P. Binks, and J. H. Clint. 2003. Emulsions stabilised solely by colloidal particles. 
Advances in Colloid and Interface Science 100-102(SUPPL.):503-546. DOI: 
10.1016/S0001-8686(02)00069-6. 

Baca, B. J., and C. D. Getter. 1984. The toxicity of oil and chemically dispersed oil to the 
seagrass Thalassia testudinum. In Oil spill chemical dispersants: research, experience, 
and recommendations. Allen, T. E., eds. Philadelphia, PA: American Society for Testing 
and Materials. 

Baca, B., E. Rosch, E. D. DeMicco, and P. A. Schuler. 2014. TROPICS: 30-year Follow-up and 
Analysis of Mangroves, Invertebrates, and Hydrocarbons. International Oil Spill 
Proceedings (2014) 1: 1734-1748. 

Bacosa, H. P., et al. 2015. Natural Sunlight Shapes Crude Oil-Degrading Bacterial Communities 
in Northern Gulf of Mexico Surface Waters. Frontiers in microbiology 6, 1325 DOI: 
10.3389/fmicb.2015.01325 

Bacosa, H. P., et al. 2015. "Differentiating the roles of photooxidation and biodegradation in the 
weathering of Light Louisiana Sweet crude oil in surface water from the Deepwater 
Horizon site." Marine Pollution Bulletin 95(1): 265-272. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

248 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Bælum, J., S. Borglin, R. Chakraborty, J. L. Fortney, R. Lamendella, O. U. Mason, M. Auer, M. 
Zemla, M. Bill, M. E. Conrad, S. A. Malfatti, S. G. Tringe, H.-Y. Holman, T. C. Hazen, 
and J. K. Jansson. 2012. Deep-sea bacteria enriched by oil and dispersant from the 
Deepwater Horizon spill. Environmental Microbiology 14(9):2405-2416. DOI: 
10.1111/j.1462-2920.2012.02780.x. 

Bagby, S. C., C. M. Reddy, C. Aeppli, G. B. Fisher, and D. L. Valentinea. 2017. Persistence and 
biodegradation of oil at the ocean floor following deepwater horizon. Proceedings of the 
National Academy of Sciences of the United States of America 114(1):E9-E18. DOI: 
10.1073/pnas.1610110114. 

Bagi, A., D. M. Pampanin, O. G. Brakstad, and R. Kommedal. 2013. Estimation of hydrocarbon 
biodegradation rates in marine environments: A critical review of the Q(10) approach. 
Marine Environmental Research 89:83-90. 

Ballou, T. G., S. C. Hess, R. E. Dodge, A. H. Knap, and T. D. Sleeter. 1989. Effects of untreated 
and chemically dispersed oil on tropical marine communities: a long-term field 
experiment. Presented at International Oil Spill Conference. 

Bandara, U. C., P. D. Yapa, and H. Xie. 2011. Fate and transport of oil in sediment laden marine 
waters. Journal of Hydro-Environment Research 5(3):145-156. DOI: 
10.1016/j.jher.2011.03.002. 

Bandele, O. J., M. F. Santillo, M. Ferguson, and P. L. Wiesenfeld. 2012. In vitro toxicity 
screening of chemical mixtures using HepG2/C3A cells. Food and Chemical Toxicology.  

Barker, C. 2011. "A statistical outlook for the Deepwater Horizon oil spill." Geophysical 
Monograph Series 195: 237-244. 

Barron, M. O. 2003. Photoenhanced toxicity of oil in spill response and impact assessment. 
Proceedings of the 26 Arctic and Marine Oilspill Program (AMOP) Technical Seminar, 
(p. 1116). Canada: Environment Canada. 

Barron, M. G., and E. Holder. 2003. Are exposure and ecological risks of PAHs underestimated 
at petroleum contaminated sites? Human and Ecological Risk Assessment, 9(6), 1533-
1545. Retrieved from 
https://search.proquest.com/docview/200044488?accountid=152665 

Barron, M. G., and L. Ka’aihue. 2003. Critical evaluation of CROSERF test methods for oil 
dispersant toxicity testing under subarctic conditions. Marine Pollution Bulletin 
46(9):1191-1199. DOI: 10.1016/S0025-326X(03)00125-5. 

Barron, M. G., M. J. Hemmer, and C. R. Jackson. 2013. Development of aquatic toxicity 
benchmarks for oil products using species sensitivity distributions. Integrated 
environmental assessment and management 9(4):610-615. DOI: 10.1002/ieam.1420. 

Beegle-Krause, C. J., H. Simmons, M. McPhee, R. L. Daae, and M. Reed. 2013. The Fate of 
Dispersed Oil Under Ice. Arctic Response Technology – Oil Spill Preparedness. 

Bejarano, A. C. 2018. Critical Review and Analysis of Aquatic Toxicity Data on Oil Spill 
Dispersants. Environmental Toxicology and Chemistry. DOI: 10.1002/etc.4254. 

Bejarano, A. C., and M. G. Barron. 2014. Development and practical application of petroleum 
and dispersant interspecies correlation models for aquatic species. Environmental Science 
& Technology 48(8):4564-4572. DOI: 10.1021/es500649v. 

Bejarano, A. C., and J. Michel. 2016. Oil spills and their impacts on sand beach invertebrate 
communities: A literature review. Environmental Pollution 218:709-722. DOI: 
10.1016/j.envpol.2016.07.065. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 249 

PREPUBLICATION COPY 

Bejarano, A. C., E. Levine, and A. Mearns. 2013. Effectiveness and potential ecological effects 
of offshore surface dispersant use during the Deepwater Horizon oil spill: a retrospective 
analysis of monitoring data. Environmental Monitoring and Assessment 185(12):10281-
10295. DOI: 10.1007/s10661-013-3332-y. 

Bejarano, A. C., V. Chu, J. Dahlin, and J. Farr. 2014. Development and Application of DTox: A 
Quantitative Database of the Toxicity of Dispersants and Chemically Dispersed Oil. 
Presented at International Oil Spill Conference. 

Bejarano, A. C., J. R. Clark, and G. M. Coelho. 2014. Issues and challenges with oil toxicity data 
and implications for their use in decision making: a quantitative review. Environmental 
Toxicology and Chemistry 33(4):732-742. DOI: 10.1002/etc.2501. 

Bejarano, A. C., J. K. Farr, P. Jenne, V. Chu, and A. Hielscher. 2016. The Chemical Aquatic 
Fate and Effects database (CAFE), a tool that supports assessments of chemical spills in 
aquatic environments. Environmental Toxicology and Chemistry 35(6):1576-1586. DOI: 
10.1002/etc.3289. 

Bejarano, A. C., W. W. Gardiner, M. G. Barron, and J. Q. Word. 2017. Relative sensitivity of 
Arctic species to physically and chemically dispersed oil determined from three 
hydrocarbon measures of aquatic toxicity. Marine Pollution Bulletin 122(1-2):316-322. 
DOI: 10.1016/j.marpolbul.2017.06.064.  

Belore, R. 2014. Subsea chemical dispersant research. Proceedings of the 37th AMOP Tec. Sem. 
On Env. Contamination and Response, Environment Canada, Canmore, Alberta, pp 618-
650. 

Belore, R., A. Lewis, A. Guarino., and J. Mullin. 2008. Dispersant Effectiveness Testing on 
Viscous, US Outer Continental Shelf Crude Oils and Water-in-Oil Emulsions at Ohmsett. 
Presented at International Oil Spill Conference Proceedings. 

Belore, R. C., K. Trudel, J. V. Mullin, and A. Guarino. 2009. Large-scale cold water dispersant 
effectiveness experiments with Alaskan crude oils and Corexit 9500 and 9527 
dispersants. Marine Pollution Bulletin 58(1):118-128. DOI: 
10.1016/j.marpolbul.2008.08.013.  

Bence, A. E , K. A. Kvenvolden, and M.C. Kennicutt. 1996. Organic chemistry applied to 
environmental assessments of Prince William Sound, Alaska, after the Exxon Valdez oil 
spill—A review. Organic Geochemistry 24: 7–42. 

Benignus, V. A., P. J. Bushnell, and W. K. Boyes. 2011. Estimated rate of fatal automobile 
accidents attributable to acute solvent exposure at low inhaled concentrations. Risk 
Analysis 31:1935-1948. 

Benner Jr, R. A., K. R El Said, E. Jester, R. A. Flurer, B. L. Boyd, B. Gamble, S. Gratz, K. J. 
Mulligan, D. T. Heitkemper, D. Burrows, D. A. M. Da, M. M. Krahn, W. L. Reichert, G. 
Ylitalo, S. M. Plakas, V. Seyfert-Margolis, and R. Dickey. 2018. Investigation of 
Corexit® 9500 Dispersant in Gulf of Mexico Seafood Species. 

Bera, G., T. Parkerton, A. Redman, N. R. Turner, D. A. Renegar, J. L. Sericano, and A. H. Knap. 
2018. Passive dosing yields comparable dissolved aqueous exposures of crude oil as 
CROSERF water accommodated fraction method. Environmental Toxicology and 
Chemistry 37: 2810-2819. doi:10.1002/etc.4263 

Berdugo-Clavijo, C., and L. M. Gieg. 2014. Conversion of crude oil to methane by a microbial 
consortium enriched from oil reservoir production waters. Frontiers in Microbiology 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

250 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

5:197. DOI: 10.3389/fmicb.2014.00197. 
Bianchi, T. S., R. L. Cook, E. M. Perdue, P. E. Kolic, N. Green, Y. Zhang, R. W. Smith, A. S. 

Kolker, A. Ameen, G. King, L. M. Ojwang, C. L. Schneider, A. E. Normand, and R. 
Hetland. 2011. Impacts of diverted freshwater on dissolved organic matter and microbial 
communities in Barataria Bay, Louisiana, U.S.A. Marine Environmental Research 
72(5):248-257. DOI: 10.1016/j.marenvres.2011.09.007. 

Bingham et al 1981 “Carcinogenic potential of petroleum hydrocarbons: a critical review of the 
literature”. J. of Env. Pathology and Toxicology 3(1-2): 483-563 

Blackall, P. J., and G. A. Sergy. 1981. The BIOS project—Frontier Oil Spill Countermeasures 
research. Presented at Proceedings of the 1981 International Oil Spill Conference, 
Atlanta, Georgia. 

Blanchard, D. C. and A. H. Woodcock. 1980. “The Production, Concentration, and Vertical 
Distribution of the Sea-Salt Aerosol*.” Annals of the New York Academy of Sciences 
338(1): 330-347. 

Bobra, M. 1992. A study of the evaporation of petroleum oils, Environment Canada, 
Environmental Protection Directorate, River Road Environmental Technology Centre. 

Bocard C, Castaing G, Gatellier C (1984) Chemical oil dispersion in trials at sea and in laboratory tests: 
the key role of dilution processes. In: Allen TE (ed) Oil spill chemical dispersants, research, 
experience, and recommendation. American Society for Testing and Materials, Philadelphia, pp 
125–142 

Bock, M., H. Robinson, R. Wenning, D. French-McCay, J. Rowe, and A. H. Walker. 2018. 
Comparative risk assessment of oil spill response options for a deepwater oil well 
blowout: Part II. Relative risk methodology. Marine Pollution Bulletin 133:984-1000. 
DOI: https://doi.org/10.1016/j.marpolbul.2018.05.032. 

Boehm, P. D. and P. D. Carragher. 2012. Location of natural oil seep and chemical fingerprinting 
suggest alternative explanation for deep sea coral observations. Proceedings of the 
National Academy of Sciences 109(40): E2647. 

Boehm P.D., M.S. Steinhauer, D.R.Green, B. Fowler, B. Humphrey, D.L. Fiest, W.J. Cretney. 
1987. Comparative fate of chemically dispersed and beached crude oil in subtidal 
sediments of the arctic nearshore. Arctic. 1:133-48 

Boehm, P. D., K. J. Murray, and L. L. Cook. 2016. Distribution and Attenuation of Polycyclic 
Aromatic Hydrocarbons in Gulf of Mexico Seawater from the Deepwater Horizon Oil 
Accident. Environmental Science & Technology 50(2):584-592. DOI: 
10.1021/acs.est.5b03616. 

Bombardelli, F. A., G. C. Buscaglia, C. R. Rehmann, L. E. Rincon, and M. H. Garcia. 2007. 
Modeling and scaling of aeration bubble plumes: A two-phase flow analysis. Journal of 
Hydraulic Research 45(5):617-630. DOI: 10.1080/00221686.2007.9521798. 

Boufadel, M. C., P. Reeser, M. T. Suidan, B. A. Wrenn, J. Cheng, X. Du, T. L. Huang, and A. D. 
Venosa. 1999. Optimal Nitrate Concentration for the Biodegradation of n-Heptadecane in 
a Variably-Saturated Sand Column. Environmental Technology 20(2):191-199. DOI: 
10.1080/09593332008616808. 

Boufadel, M. C., R. D. Bechtel, and J. Weaver. 2006. The movement of oil under non-breaking 
waves. Marine Pollution Bulletin 52(9):1056-1065. DOI: 
10.1016/j.marpolbul.2006.01.012. 

Boufadel, M. C., K. Du, V. Kaku, and J. Weaver. 2007. Lagrangian simulation of oil droplets 
transport due to regular waves. Environmental Modelling and Software 22(7):978-986. 
DOI: 10.1016/j.envsoft.2006.06.009. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 251 

PREPUBLICATION COPY 

Boufadel, M. C., E. Wickley-Olsen, T. King, Z. Li, K. Lee, and A. D. Venosa. 2008. Theoretical 
foundation for predicting dispersion effectiveness due to waves. Presented at 
International Oil Spill Conference - IOSC 2008, Proceedings. 

Boufadel, M. C., A. Abdollahi-Nasab, X. Geng, J. Galt, and J. Torlapati. 2014. Simulation of the 
landfall of the deepwater horizon oil on the shorelines of the Gulf of Mexico. 
Environmental Science and Technology 48(16):9496-9505. DOI: 10.1021/es5012862. 

Boufadel, M. C., Z. Pan, B. Wartell, and T. Steffek. 2017. Chemical Characterization of the 
Ohmsett tank water: Filtration and potential impact on dispersion effectiveness. Presented 
at Proceedings of the 40th Arctic and Marine Oil Spill, Alberta, Canada, October 2017. 

Boufadel, M., Z. Pan, B. Wartell, T. Steffek, and A. Guarino. 2017. Chemical characterization of 
the ohmsett tank water: Filtration and potential impact on dispersion effectiveness. 
Presented at 40th AMOP Technical Seminar on Environmental Contamination and 
Response. 

 Boufadel, M. C., F. Cui, J. Katz, T. Nedwed, and K. Lee. 2018. On the transport and modeling 
of dispersed oil under ice. Marine Pollution Bulletin 135:569-580. DOI: 
10.1016/j.marpolbul.2018.07.046. 

Boufadel, M. C., F. Gao, L. Zhao, T. Özgökmen, R. Miller, T. King, B. Robinson, K. Lee, and I. 
Leifer. 2018. Was the Deepwater Horizon Well Discharge Churn Flow? Implications on 
the Estimation of the Oil Discharge and Droplet Size Distribution. Geophysical Research 
Letters 45(5):2396-2403. DOI: 10.1002/2017GL076606. 

Boxall, J. A., C. A. Koh, E. D. Sloan, A. K. Sum, and D. T. Wu. 2012. Droplet size scaling of 
water-in-oil emulsions under turbulent flow. Langmuir 28(1):104-110. DOI: 10.1021/ 
la202293t 

Bragg, J. R. and E. H. Owens. 1995. "Shoreline Cleansing by Interactions Between Oil and Fine 
Mineral Particles.” International Oil Spill Conference Proceedings 1995(1): 219-227. 

Bragg, J. R., and S. H. Yang. 1995. Clay-oil flocculation and its role in natural cleansing in 
Prince William Sound following the Exxon Valdez oil spill. United States: American 
Society for Testing and Materials. 

Brakstad, O. G., et al. 2014. "Depletion and biodegradation of hydrocarbons in dispersions and 
emulsions of the Macondo 252 oil generated in an oil-on-seawater mesocosm flume 
basin." Marine Pollution Bulletin 84(1-2): 125-134. 

Brakstad, O. G., T. Nordtug, and M. Throne-Holst. 2015. Biodegradation of dispersed Macondo 
oil in seawater at low temperature and different oil droplet sizes. Marine Pollution 
Bulletin 93(1):144-152. DOI: https://doi.org/10.1016/j.marpolbul.2015.02.006. 

Brakstad, O.G., A. Lewis, and C.J. Beegle-Krause. 2018. A critical review of marine snow in the 
context of oil spills and oil spill dispersant treatment with focus on the Deepwater 
Horizon oil spill. Marine Pollution Bulletin 135: 346-356. 

Brakstad, O. G., U. Farooq, D. Ribicic, and R. Netzer. 2018. Dispersibility and biotransformation 
of oils with different properties in seawater. Chemosphere 191:44-53. DOI: 
10.1016/j.chemosphere.2017.10.012. 

Brandvik, P. J., J. L. M. Resby, P. S. Daling, F. Leirvik, and J. Fritt-Rasmussen. 2010. Meso-
scale weathering of oil as a function of ice conditions - Oil properties, dispersibility and 
in situ burnability of weathered oil as a function of time SINTEF. (19).  

Brandvik, P. J., Ø. Johansen, F. Leirvik, U. Farooq, and P. S. Daling. 2013. Droplet breakup in 
subsurface oil releases – Part 1: Experimental study of droplet breakup and effectiveness 
of dispersant injection. Marine Pollution Bulletin 73(1):319-326. DOI: 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

252 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

https://doi.org/10.1016/j.marpolbul.2013.05.020. 
Brandvik, P. J., O. Johansen, U. Farooq, G. Angell, and F. Leirvik. 2014a. Sub-surface oil 

releases – Experimental study of droplet distributions and different dispersant injection 
techniques – Version 2, SINTEF Report A26122, unrestricted distribution, Trondheim, 
Norway. 

Brandvik, P. J., O. Johansen, U. Farooq, E. Davies, D. Krause, and F. Leirvik. 2014b. Subsurface 
oil releases – experimental study of droplet size distributions Phase II, SINTEF Report 
102001616, unrestricted distribution, Trondheim, Norway. 

Brandvik, P. J., E. Davies, D. F. Krause, P. A. Beynet, M. Agrawal, and P. Evans. 2016. Subsea 
Mechanical Dispersion, Adding to the Toolkit of Oil Spill Response Technology. Society 
of Petroleum Engineers Conference on Health, Safety, Security, Environment and Social 
Responsibility Proceedings (Norway). doi:10.2118/179331-MS 

Brandvik, P. J., E. Davies, C. Storey, F. Leirvik, and D. Krause. 2017a. Subsurface oil releases – 
Verification of dispersant effectiveness under high pressure using combined releases of 
live oil and natural gas, SINTEF Report OC2017 A-090, unrestricted distribution, 
SINTEF, Trondheim Norway. 

Brandvik, P. J., E. Davies, O. Johansen, F. Leirvik, and R. Belore. 2017b. Subsea Dispersant 
Injection – Large-scale experiments to improve algorithms for initial droplet formation 
(modified Weber scaling), SINTEF Report OC2017 A-087, unrestricted distribution, 
SINTEF, Trondheim, Norway. 

Brandvik, P. J., O. Johansen, F. Leirvik, D. F. Krause, and P. S. Daling. 2018. Subsea dispersants 
injection (SSDI), effectiveness of different dispersant injection techniques – an 
experimental approach, Mar. Poll. Bull. 136, 385-393, 
https://doi.org/10.1016/j.marpolbul.2018.09.021 

Brandvik, P. J., C. Storey, E. J. Davies, and F. Lervik. 2019a. Quantification of oil droplets under 
high pressure laboratory experiments simulating deep water oil releases and subsea 
dispersants injection (SSDI), Marine Pollution Bulletin 138, 520-525, 
https://doi.org/10.1016/j.marpolbul.2018.11.020  

Brandvik, P. J., C. Storey, E. J. Davies, and O. Johansen, 2019b, Combined Releases of Oil and 
Gas Under Pressure: The Influence of Live Oil and Natural Gas on Initial Oil Droplet 
Formation, in press, Marine Pollution Bulletin.  

Brezonik, P. L. 1993. Chemical Kinetics and Process Dynamics in Aquatic Systems: 1st Edition. 
CRC Press. 

Brock, C. A., D. M. Murphy, R. Bahreini, and A. M. Middlebrook. 2011. Formation and growth 
of organic aerosols downwind of the Deepwater Horizon oil spill. Geophysical Research 
Letters 38(17). DOI: 10.1029/2011GL048541. 

Broje, V., and A. A. Keller. 2006. Improved Mechanical Oil Spill Recovery Using an Optimized 
Geometry for the Skimmer Surface. Environmental Science & Technology 40(24):7914-
7918. DOI: 10.1021/es061842m. 

Brooks, G. R., R. A. Larson, P. T. Schwing, I. Romero, C. Moore, G. J. Reichart, T. Jilbert, J. P. 
Chanton, D. W. Hastings, W. A. Overholt, K. P. Marks, J. E. Kostka, C. W. Holmes, and 
D. Hollander. 2015a. Sedimentation pulse in the NE Gulf of Mexico following the 2010 
DWH blowout. PLoS One 10(7):e0132341. DOI: 10.1371/journal.pone.0132341. 

Brooks, J. P., C. P. Gerba, and I. L. Pepper. 2015b. Chapter 26 - Land Application of Organic 
Residuals: Municipal Biosolids and Animal Manures. In Environmental Microbiology 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 253 

PREPUBLICATION COPY 

(Third Edition). Pepper, I. L., C. P. Gerba and T. J. Gentry, eds. San Diego: Academic 
Press. 

Brutsaert, W. 1982. Evaporation into the atmosphere: Theory, History, and Applications. 
Springer Netherlands, Dordrecht. DOI: 10.1007/978-94-017-1497-6. Available at: 
https://www.springer.com/us/book/9789027712479 

Budnitz, R. J., G. Apostolakis, D. M. Boore, L. S. Cluff, K. J. Coppersmith, C. A. Cornell, and P. 
A. Morris. 1998. Use of technical expert panels: applications to probabilistic seismic 
hazard analysis. Risk Analysis 18(4):463-469.  

Buist, I., S. Potter, L. Zabilansky, A. Guarino, and J. Mullin. 2008. Recent Mid-Scale Research 
on Using Oil Herding Surfactants to Thicken Oil Slicks in Pack Ice for In-Situ Burning. 
Presented at Oil Spill Response: A Global Perspective, Dordrecht, 2008. 

Buist, I., S. Potter, T. Nedwed, and J. Mullin. 2011. Herding surfactants to contract and thicken 
oil spills in pack ice for in situ burning. Cold Regions Science and Technology 67(1):3-
23. DOI: https://doi.org/10.1016/j.coldregions.2011.02.004. 

Burgess, R. M., W. J. Berry, D. R. Mount and D. M. Di Toro. 2012. Mechanistic sediment 
quality guidelines based on contaminant bioavailability: Equilibrium partitioning 
sediment benchmarks. Environmental Toxicology and Chemistry 32(1): 102-114. 

Burmaster, D. E., and P. D. Anderson. 1994. Principles of good practice for the use of Monte 
Carlo techniques in human health and ecological risk assessments. Risk Analysis 14(4): 
477-481. 

Butler, J. D., T. F. Parkerton, A. D. Redman, D. J. Letinski, and K. R. Cooper. 2016. Assessing 
Aromatic-Hydrocarbon Toxicity to Fish Early Life Stages Using Passive-Dosing 
Methods and Target-Lipid and Chemical-Activity Models. Environmental Science & 
Technology 50(15):8305-8315. DOI: 10.1021/acs.est.6b01758. 

Butler, J. D., T. F. Parkerton, D. J. Letinski, G. E. Bragin, M. A. Lampi, and K. R. Cooper. 2013. 
A novel passive dosing system for determining the toxicity of phenanthrene to early life 
stages of zebrafish. Science of the Total Environment 463:952-958. DOI: 
10.1016/j.scitotenv.2013.06.079. 

Caetano, C. and D. White. 2017. The Evolution of a Dispersant Spraying Platform from Turboprop 
to Jet Engine Aircraft, IOSC Proceedings. 

Cai, Z., J. Fu, W. Liu, K. Fu, S. E. O'Reilly, and D. Zhao. 2017. Effects of oil dispersants on 
settling of marine sediment particles and particle-facilitated distribution and transport of 
oil components. Marine Pollution Bulletin 114(1):408-418. DOI: 
https://doi.org/10.1016/j.marpolbul.2016.09.057. 

Calabrese, R. V., et al. 1986. Drop breakup in turbulent stirred-tank contactors. Part I: Effect of 
dispersed-phase viscosity. AIChE Journal 32(4): 657-666. 

Calabrese, R. V., et al. 1986. Drop breakup in turbulent stirred-tank contactors. Part III: 
Correlations for mean size and drop size distribution. AIChE Journal 32(4): 677-681. 

Calvert, J. G., and J. N. Pitts. 1966. Photochemistry. John Wiley and Sons, Inc. New York. 
Camilli, R., C. M. Reddy, D. R. Yoerger, B. A. S. Van Mooy, M. V. Jakuba, J. C. Kinsey, C. P. 

McIntyre, S. P. Sylva, and J. V. Maloney. 2010. Tracking Hydrocarbon Plume Transport 
and Biodegradation at Deepwater Horizon. Science 330(6001):201-204. DOI: 
10.1126/science.1195223. 

Campbell, D., D. Cox, J. Crum, K. Foster, P. Christie, and D. Brewster. 1993. Initial effects of 
the grounding of the tanker Braer on health in Shetland. The Shetland Health Study 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

254 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Group. British Medical Journal 307(6914):1251. 
Campbell, D., D. Cox, J. Crum, K. Foster, and A. Riley. 1994. Later effects of grounding of 

tanker Braer on health in Shetland. BMJ : British Medical Journal 309(6957):773-774.  
Campo, P., A. D. Venosa, and M. T. Suidan. 2013. Biodegradability of Corexit 9500 and 

Dispersed South Louisiana Crude Oil at 5 and 25 °C. Environmental Science & 
Technology 47(4):1960-1967. DOI: 10.1021/es303881h. 

Cao, Y., R. A. Chastain, E. A. Eloe, Y. Nogi, C. Kato, and D. H. Bartlett. 2014. Novel 
psychropiezophilic oceanospirillales species profundimonas piezophila gen. nov., sp. 
nov., isolated from the deep-sea environment of the puerto rico trench. Applied and 
Environmental Microbiology 80(1):54-60. DOI: 10.1128/AEM.02288-13. 

Carls, M. G., S. D. Rice, and J. E. Hose. 1999. Sensitivity to fish embryos to weathered crude 
oil: Part I. Low-level exposure during incubation causes malformations, genetic damage, 
and mortality in larval Pacific herring (Clupea pallasi). Environmental Toxicology and 
Chemistry 18(3):481-493. DOI: 10.1002/etc.5620180317. 

Carls, M. G., L. Holland, M. Larsen, T. K. Collier, N. L. Scholz, and J. P. Incardona. 2008. Fish 
embryos are damaged by dissolved PAHs, not oil particles. Aquatic Toxicology 
88(2):121-127.  

Carrasco, J. M., B. Pérez-Gómez, M. J. García-Mendizábal, V. Lope, N. Aragonés, M. J. Forjaz, 
P. Guallar-Castillón, G. López-Abente, F. Rodríguez-Artalejo, and M. Pollán. 2007. 
Health-related quality of life and mental health in the medium-term aftermath of the 
Prestige oil spill in Galiza (Spain): a cross-sectional study. BMC Public Health 7(1):245. 
DOI: 10.1186/1471-2458-7-245. 

Carter-Groves, M. 2014. Global Dispersant Stockpile: Part of the Industry Solution to Worst 
Case Scenario Readiness, IOSC Proceedings. 

Castro, M. C., G. R. Krieger, M. Z. Balge, M. Tanner, J. Utzinger, M. Whittaker, and B. H. 
Singer. 2016. Examples of coupled human and environmental systems from the 
extractive industry and hydropower sector interfaces. Proceedings of the National 
Academy of Sciences 113(51):14528. DOI: 10.1073/pnas.1605678113. 

Chakraborty, R., S. E. Borglin, E. A. Dubinsky, G. L. Andersen, and T. C. Hazen. 2012. 
Microbial Response to the MC-252 Oil and Corexit 9500 in the Gulf of Mexico. 
Frontiers in Microbiology 3:357. DOI: 10.3389/fmicb.2012.00357. 

Chan, G. K. Y., A. C. Chow, and E. E. Adams. 2015. Effects of droplet size on intrusion of sub-
surface oil spills. Environmental Fluid Mechanics 15(5):959-973. DOI: 10.1007/s10652-
014-9389-5. 

Chanton, J. P., J. Cherrier, R. M. Wilson, J. Sarkodee-Adoo, S. Bosman, A. Mickle, and W. M. 
Graham. 2012. Radiocarbon evidence that carbon from the Deepwater Horizon spill 
entered the planktonic food web of the Gulf of Mexico. Environmental Research Letters 
7(4):4. DOI: 10.1088/1748-9326/7/4/045303. 

Chanton, J., T. Zhao, B. E. Rosenheim, S. Joye, S. Bosman, C. Brunner, K. M. Yeager, A. R. 
Diercks, and D. Hollander. 2015. Using natural abundance radiocarbon to trace the flux 
of petrocarbon to the seafloor following the deepwater horizon oil spill. Environmental 
Science and Technology 49(2):847-854. DOI: 10.1021/es5046524. 

Chapman, P. M., and M. J. Riddle. 2005. Toxic effects of contaminants in polar marine 
environments. Environmental Science and Technology 39(9):200A-206A. DOI: 
10.1021/es0532537. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 255 

PREPUBLICATION COPY 

Chazot, C., and A. Rhodes. 2017. The Development of Trans-Boundary Spill Response 
Cooperation Across West, Central and Southern Africa, IOSC Proceedings. 

Chen, Z., C. S. Zhan, K. Lee, Z. K. Li, and M. Boufadel. 2009. Modeling oil droplet formation 
and evolution under breaking waves. Energy Sources, Part A: Recovery, Utilization and 
Environmental Effects 31(5):438-448. DOI: 10.1080/15567030701531295. 

Chen, L., Y. Zhou, X. Wang, T. Zwicker, and J. Lu. 2013. Enhanced oil-mineral aggregation 
with modified bentonite. Water Science and Technology 67(7):1581-1589. DOI: 
10.2166/wst.2013.013. 

Cheong, H.-K., M. Ha, J. S. Lee, H. Kwon, E.-H. Ha, Y.-C. Hong, Y. Choi, W.-C. Jeong, J. Hur, 
S.-M. Lee, E.-J. Kim, and H. Im. 2011. Hebei Spirit Oil Spill Exposure and Subjective 
Symptoms in Residents Participating in Clean-Up Activities. Environmental Health and 
Toxicology 26:e2011007. DOI: 10.5620/eht.2011.26.e2011007. 

Chopra, A., and T. S. Coolbaugh. 2016. Recent Technology Advances for Effective Oil Spill 
Response. AMOP Technical Seminar on Environmental Contamination and Response. 

Clark, J. R., G. E. Bragin, R. Febbo, and D. J. Letinski. 2001. Toxicity of physically and 
chemically dispersed oils under continuous and environmentally realistic exposure 
conditions: Applicability to dispersant use decisions in spill response planning. Presented 
at Proceedings of the 2001 International Oil spill Conference, American Petroleum 
Institute, Tampa, FL, USA, March 26-29, 2001  

Coastal Response Research and Centern (CRRC) and Center for Spills and Environmental 
Hazards. 2016. State-of-Science for Dispersant Use in Arctic Waters. CRRC, a 
partnership between NOAA and the University of New Hampshire. 

Coastal Response Research Center (CRRC). 2017. State-of the Science of Dispersants and 
Dispersed Oil (DDO) in U.S. Arctic Waters: Degradation and Fate. Vol. 3 p.^pp. 
University of New Hampshire, Coastal Response Research Center.  

Coelho, G. 2014. Subsea Dispersant Injection NEBA and Monitoring: Evolution of the Process. 
Invited Speaker In: 2014 CCA-OSRL Technical Forum "Understanding Dispersants in 
Oil Spill Response".  Fort Lauderdale, FL. November 2014.   

Coelho, G. M., D. V. Aurand, G. S Petch, and D. M. Jones. 1998. Toxicity bioassays on 
dispersed oil in the North Sea: June 1996 field trials. Ecosystem Management & 
Associates, Inc., Purcellville, VA. EM&A Report 96-02. 

Coelho, G. M., D. V. Aurand, A. Slaughter, L. Robinson, and B. C. Jones. 2011. Rapid Toxicity 
Evaluations of Several Dispersants: A Comparison of Results. Presented at International 
Oil Spill, February 22, 2011. 

Coelho, G., J. Clark, and D. Aurand. 2013. Toxicity testing of dispersed oil requires adherence to 
standardized protocols to assess potential real world effects. Environmental Pollution 
177:185-188. DOI: 10.1016/j.envpol.2013.02.004. 

Coelho, G., D. Aurand, J. Staves, E. Miller, and A. Slaughter. 2015. Net Environmental Benefit 
Analysis in Support of the Shelburne Basin Venture Exploration Drilling Project.  

Coelho, G., A. Slaughter, and J. Staves. 2017a. Spill Impact Mitigation Assessment in Support of 
Statoil Canada Ltd Drilling Program in the Flemish Pass. Sponson Group Inc. Technical 
Report 17-02. Mansfield, TX, USA. 

Coelho, G., J. Staves ad D. Fritz. 2017b. Putting Oil Spill Impact Mitigation Assessment (SIMA) 
into Action for Spill Response Planning, In: 2017 IOSC, Long Beach, CA, USA  

Cole, J., D. M. Beare, A. P. W. Waugh, E. Capulas, K. E. Aldridge, C. F. Arlett, M. H. L. Green, 
J. E. Crum, D. Cox, R. C. Garner, K. H. Dingley, E. A. Martin, K. Podmore, R. Heydon, 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

256 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

and P. B. Farmer. 1997. Biomonitoring of possible human exposure to environmental 
genotoxic chemicals: Lessons from a study following the wreck of the oil tanker Braer. 
Environmental and Molecular Mutagenesis 30(2):97-111. DOI: 10.1002/(SICI)1098-
2280(1997)30:2<97::AID-EM2>3.0.CO;2-9. 

Conmy, R. N., P. G. Coble, J. Farr, A. M. Wood, K. Lee, W. S. Pegau, I. D. Walsh, C. R. Koch, 
M. I. Abercrombie, M. S. Miles, M. R. Lewis, S. A. Ryan, B. J. Robinson, T. L. King, C. 
R. Kelble, and J. Lacoste. 2014. Submersible Optical Sensors Exposed to Chemically 
Dispersed Crude Oil: Wave Tank Simulations for Improved Oil Spill Monitoring. 
Environmental Science & Technology 48(3):1803-1810. DOI: 10.1021/es404206y. 

Conmy, R. N., T. King, B. Robinson, S. Ryan, Y. Lu, M. Abercrombie, M. Boufadel, and H. 
Niu. 2016. Dispersant Effectiveness, In-Situ Droplet Size Distribution and Numerical 
Modeling to Assess Subsurface Dispersant Injection as a Deepwater Blowout Oil Spill 
Response Option and Evaluation of Oil Fluorescence Characteristics to Improve 
Forensic Response Tools. U.S. Environmental Protection Agency, Washington, DC. 

Conmy, R. N., B. Robinson, T. King, M. Boufadel, S. Ryan, C. McIntyre, M. I. Abercrombie, 
and K. Lee. 2017. Oil plume simulations: Tracking oil droplet size distribution and 
fluorescence within high-pressure release jets. International Oil Spill Conference 
Proceedings 2017(1):1230-1250. DOI: 10.7901/2169-3358-2017.1.1230. 

Coolbaugh, T., et al. 2014. The IMO/IPIECA Global Initiative: Expanding Government and 
Industry Cooperation into New Regions, IOSC Proceedings. 

Coolbaugh, T., et al. 2017. Global Dispersant Approvals in Asia Pacific – Current Status and On 
Going Challenges, IOSC Proceedings. 

Cooper, C., D. Danmeier, S. Frolov, G. Stuart, S. Zuckerman, S. Anderson, and N. Sharma. 
2016. Real time observing and forecasting of Loop/Eddy currents in 2015, Proc. Off. 
Tech. Conf, OTC-25920-MS. 

Coughlin, S. S. 1990. Recall bias in epidemiologic studies. Journal of Clinical Epidemiology 
43(1):87-91. DOI: https://doi.org/10.1016/0895-4356(90)90060-3. 

Crespo-Medina, M., C. D. Meile, K. S. Hunter, A. R. Diercks, V. L. Asper, V. J. Orphan, P. L. 
Tavormina, L. M. Nigro, J. J. Battles, J. P. Chanton, A. M. Shiller, D. J. Joung, R. M. W. 
Amon, A. Bracco, J. P. Montoya, T. A. Villareal, A. M. Wood, and S. B. Joye. 2014. The 
rise and fall of methanotrophy following a deepwater oil-well blowout. Nature 
Geoscience 7(6):423. DOI: 10.1038/ngeo2156  

Crespo-Medina, M., C. D. Meile, K. S. Hunter, A. R. Diercks, V. L. Asper, V. J. Orphan, P. L. 
Tavormina, L. M. Nigro, J. J. Battles, J. P. Chanton, A. M. Shiller, D. J. Joung, R. M. W. 
Amon, A. Bracco, J. P. Montoya, T. A. Villareal, A. M. Wood, and S. B. Joye. 2015. 
Addendum: The rise and fall of methanotrophy following a deepwater oil-well blowout. 
Nature Geoscience 8:490. DOI: 10.1038/ngeo2447 
https://www.nature.com/articles/ngeo2447#supplementary-information. 

Cronin, M. A., and J. W. Bickham. 1998. A Population Genetic Analysis of the Potential for a 
Crude Oil Spill to Induce Heritable Mutations and Impact Natural Populations. 
Ecotoxicology 7(5):259-278. DOI: 10.1023/A:1008887712459. 

Crowley, D., D. French-McCay, L. Santos, B. Chowdhury, and R. Markussen. 2018. Modeling 
atmospheric volatile organic compound concentrations resulting from a deepwater oil 
well blowout – Mitigation by subsea dispersant injection. Marine Pollution Bulletin 
136:152-163. DOI: https://doi.org/10.1016/j.marpolbul.2018.09.001. 

Curd, H. 2011. The use of dispersant for the control of volatile organic compounds. Presented at, 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 257 

PREPUBLICATION COPY 

Proceedings of the 2011 International Oil Spill Conference. 
D’Andrea, M. A., and G. K. Reddy. 2013. Health Consequences among Subjects Involved in 

Gulf Oil Spill Clean-up Activities. The American Journal of Medicine 126(11):966-974. 
DOI: 10.1016/j.amjmed.2013.05.014. 

D’Andrea, M. A., and G. K. Reddy. 2018. The Development of Long-Term Adverse Health 
Effects in Oil Spill Cleanup Workers of the Deepwater Horizon Offshore Drilling Rig 
Disaster. Frontiers in Public Health 6(117):117. DOI: 10.3389/fpubh.2018.00117. 

D’Asaro, E. A., A. Y. Shcherbina, J. M. Klymak, J. Molemaker, G. Novelli, C. M. Guigand, A. 
C. Haza, B. K. Haus, E. H. Ryan, G. A. Jacobs, H. S. Huntley, N. J. M. Laxague, S. 
Chen, F. Judt, J. C. McWilliams, R. Barkan, A. D. Kirwan, Jr., A. C. Poje, and T. M. 
Özgökmen. 2018. Ocean convergence and the dispersion of flotsam. Proceedings of the 
National Academy of Sciences of the United States of America 115(6):1162-1167. DOI: 
10.1073/pnas.1718453115. 

D’Auria, M., Emanuele, L., Racioppi, R., Velluzzi, V. 2009. Photochemical degradation of crude 
oil: comparison between direct irradiation, photocatalysis, and photocatalysis on zeolite. 
Journal of Hazardous Materials 164 (1), 32–38. 

Dabestani, R., and I. N. Ivanov. 1999. A compilation of physical, spectroscopic and 
photophysical properties of polycyclic aromatic hydrocarbons. Photochemistry and 
photobiology 70(1):10-34.  

Daling, P., A. Holumsnes, C. Rasmussen, P. J. Brandvik, and F. Leirvik. 2010. Development and 
field testing of a flexible system for application of dispersants on oil spills in ice. 

Daly, K. L., U. Passow, J. Chanton, and D. Hollander. 2016. Assessing the impacts of oil-
associated marine snow formation and sedimentation during and after the Deepwater 
Horizon oil spill. Anthropocene 13:18-33. DOI: 10.1016/j.ancene.2016.01.006. 

Danaei, G., S. Vander Hoorn, A. D. Lopez, C. J. Murray, M. Ezzati, and Comparative Risk 
Assessment collaborating group (Cancers). 2005. Causes of cancer in the world: 
comparative risk assessment of nine behavioural and environmental risk factors. The 
Lancet 366(9499): 1784-1793. 

Davies, E., P. J. Brandvik, O. Johansen, I. Nagamine, D. Dunnebier, S. Masutani, and F. Leirvik. 
2016. Fate of subsea dispersed oil droplets, SINTEF Report 102004240, unrestricted 
distribution, SINTEF, Trondheim Norway. 

Davis, E. J., D. A. E. Engelbertha Dunnebier, O. Johansen, P. J. Brandvik, S. Masutani, and I. 
Nagamine. 2017. Shedding from chemically-treated oil droplets rising in sea water, 
unrestricted distribution, SINTEF, Trondheim Norway. 

de Gouw, J. A., A. M. Middlebrook, C. Warneke, R. Ahmadov, E. L. Atlas, R. Bahreini, D. R. 
Blake, C. A. Brock, J. Brioude, D. W. Fahey, F. C. Fehsenfeld, J. S. Holloway, M. Le 
Henaff, R. A. Lueb, S. A. McKeen, J. F. Meagher, D. M. Murphy, C. Paris, D. D. Parrish, 
A. E. Perring, I. B. Pollack, A. R. Ravishankara, A. L. Robinson, T. B. Ryerson, J. P. 
Schwartz, J. R. Spackman, A. Srinivasan, and L. A. Watts. 2011. Organic Aerosol 
Formation Downwind from the Deepwater Horizon Oil Spill. Science 331(6022):1295-
1299. DOI: 10.1126/science.1200320. 

de Hoop, L., A. M. Schipper, R. S. Leuven, M. A. Huijbregts, G. H. Olsen, M. G. Smit, and A. J. 
Hendriks. 2011. Sensitivity of polar and temperate marine organisms to oil components. 
Environmental Science & Technology 45(20):9017-9023. DOI: 10.1021/es202296a. 

Decker, J. A., D. G. DeBord, B. Bernard, G. S. Dotson, J. Halpin, C. J. Hines, M. Kiefer, K. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

258 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Myers, E. Page, P. Schulte, and J. Snawder. 2013. Recommendations for Biomonitoring 
of Emergency Responders: Focus on Occupational Health Investigations and 
Occupational Health Research. Military medicine 178(1):68-75.  

Deepwater Horizon Natural Resource Damage Assessment Trustees. 2016. Deepwater Horizon 
oil spill: Final Programmatic Damage Assessment and Restoration Plan and Final 
Programmatic Environmental Impact Statement. Retrieved from 
http://www.gulfspillrestoration.noaa.gov/restoration-planning/gulf-plan. 

Delvigne, G. A. L., and C. E. Sweeney. 1988. Natural dispersion of oil. Oil and Chemical 
Pollution 4(4):281-310. DOI: https://doi.org/10.1016/S0269-8579(88)80003-0. 

Dembe A. E., J. B. Erickson, R. G. Delbos, and S. M. Banks. 2005. The impact of overtime and 
long work hours on occupational injuries and illnesses: New evidence from the United 
States. Occupational and Environmental Medicine. BMJ Publishing Group Ltd. 
62(9):588-597. 

DeMicco, E., P. A. Schuler, T. Omer, and B. Baca. 2011. Net Environmental Benefit Analysis 
(NEBA) of Dispersed Oil on Nearshore Tropical Ecosystems: Tropics–the 25th Year 
Research Visit. Presented at International Oil Spill Conference Proceedings (IOSC). 

Det norske Veritas (DnV) and O. K. Bjerkemo. 2013. Recommended practices for Arctic oil spill 
prevention. Emergency Prevention, Preparedness and Response (EPPR) working group. 
Narayana Press, Denmark. 

DF Dickins Associates Ltd. 2004. Advancing Oil Spill Response in Ice- Covered Waters. 
Prepared for the Prince William Sound Oil Spill Recovery Institute (PWS-OSRI) and the 
United States Arctic Research Commission (USARC), March 2014. 

Di Toro, D. M., and J. A. McGrath. 2000. Technical Basis for Narcotic Chemicals and 
Polycyclic Aromatic Hydrocarbon Criteria. II. Mixtures and Sediments. Environ Toxicol 
Chem 19(8):1971-1982. DOI: 10.1002/etc.5620190804. 

Di Toro, D. M., et al. 1991. Technical basis for establishing sediment quality criteria for 
nonionic organic chemicals using equilibrium partitioning. Environmental Toxicology 
and Chemistry 10(12): 1541-1583. 

Di Toro, D. M., J. A. McGrath, and D. J. Hansen. 2000. Technical basis for narcotic chemicals 
and polycyclic aromatic hydrocarbon criteria. I. Water and tissue. Environmental 
Toxicology and Chemistry 19(8):1951-1970.  

Di Toro, D. M., J. A. McGrath, and W. A. Stubblefield. 2007. Predicting the Toxicity of Neat 
and Weathered Crude Oil: Toxic Potential and the Toxicity of Saturated Mixtures. 
Environ Toxicol Chem 26(1):24-36. DOI: 10.1897/06174R.1. 

Diamante, G., G. do Amaral e Silva Müller, N. Menjivar-Cervantes, E. G. Xu, D. C. Volz, A. C. 
Dias Bainy, and D. Schlenk. 2017. Developmental toxicity of hydroxylated chrysene 
metabolites in zebrafish embryos. Aquatic Toxicology 189:77-86. DOI: 
https://doi.org/10.1016/j.aquatox.2017.05.013. 

Diamond, S. A. 2003. Photoactivated toxicity in aquatic environments. UV Effects in Aquatic 
Organisms and Ecosystems.New York: Johm Wiley & Sons, Inc:219-250.  

Dickey, R. W. 2012. FDA Risk Assessment of Seafood Contamination after the BP Oil Spill. 
Environmental Health Perspectives 120(2):a54-a55. DOI: 10.1289/ehp.1104539. 

Dickey, R. W., and W. W. Dickhoff. 2012. Dispersants and Seafood Safety Assessment of the 
potential impact of COREXIT oil dispersants on seafood safety. 

Díez, S., E. Jover, J. M. Bayona, and J. Albaigés. 2007. Prestige oil spill. III. Fate of a heavy oil 
in the marine environment. Environmental science & technology, 41(9), 3075-3082.  

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 259 

PREPUBLICATION COPY 

Dissanayake, A. L., J. Gros, and S. A. Socolofsky. 2018. Integral models for bubble, droplet and 
multiphase plume dynamics in stratification and crossflow. Environ Fluid Mech:1-36. 
DOI: 10.1007/s10652-018-9591-y. 

DIVER. 2017. Web Application: Data Integration Visualization Exploration and Reporting 
Application, National Oceanic and Atmospheric Administration. Retrieved: [September, 
20, 2017], from https://www.diver.orr.noaa.gov. 

Douglas, P. M. J., D. A. Stolper, J. M. Eiler, A. L. Sessions, M. Lawson, Y. Shuai, A. Bishop, O. 
G. Podlaha, A. A. Ferreira, E. V. Santos Neto, M. Niemann, A. S. Steen, L. Huang, L. 
Chimiak, D. L. Valentine, J. Fiebig, A. J. Luhmann, W. E. Seyfried, G. Etiope, M. 
Schoell, W. P. Inskeep, J. J. Moran, and N. Kitchen. 2017. Methane clumped isotopes: 
Progress and potential for a new isotopic tracer. Organic Geochemistry 113:262-282. 
DOI: https://doi.org/10.1016/j.orggeochem.2017.07.016. 

Drieu, M., et al. 2017. One Gulf – Commitment to Preparedness. IOSC Proceedings. 
Du, M., and J. D. Kessler. 2012. Assessment of the Spatial and Temporal Variability of Bulk 

Hydrocarbon Respiration Following the Deepwater Horizon Oil Spill. Environmental 
Science and Technology 46(19):10499-10507. DOI: 10.1021/es301363k. 

Dubinsky, E. A., M. E. Conrad, R. Chakraborty, M. Bill, S. E. Borglin, J. T. Hollibaugh, O. U. 
Mason, Y. M. Piceno, F. C. Reid, W. T. Stringfellow, L. M. Tom, T. C. Hazen, and G. L. 
Andersen. 2013. Succession of Hydrocarbon-Degrading Bacteria in the Aftermath of the 
Deepwater Horizon Oil Spill in the Gulf of Mexico. Environmental Science & 
Technology 47(19):10860-10867. DOI: 10.1021/es401676y. 

Duerr, R. S., J. G. Massey, M. H. Ziccardi, and Y. N. Addassi. 2011. Physical effects of Prudhoe 
Bay crude oil water accommodated fractions (WAF) and Corexit 9500 chemically 
enhanced water accommodated fractions (CEWAF) on common murre feathers and 
California sea otter hair. Presented at, Proceedings of the 2011 International Oil spill 
Conference. 

Duke, N. C. 2016. Oil spill impacts on mangroves: recommendations for operational planning 
and action based on a global review. Marine Pollution Bulletin 109(2):700-715.  

Eames, I. 2008. Settling of particles beneath water waves. Journal of Physical Oceanography 
38(12):2846-2853. DOI: 10.1175/2008JPO3793.1. 

Ebert, T.A., et al. 2018. Summary of Studies of Corexit Dispersant Impact Behavior into Oil Slicks 
and Dispersant Droplet Evaporation. IOSC Proceedings. 

Ebrahimi, D., J. Li, and D.B. Hibbert. (2007). Classification of weathered petroleum oils by 
multi-way analysis of gas chromatography–mass spectrometry data using PARAFAC2 
parallel factor analysis. Journal of Chromatography A, 1166(1), 163-170.  

Echols, B., C. Langdon, W. Stubblefield, G. Rand, and P. Gardinali. 2018. A Comparative 
Assessment of the Aquatic Toxicity of Corexit 9500 to Marine Organisms. Archives of 
Environmental Contamination and Toxicology.  

Edwards, B. R., C. M. Reddy, R. Camilli, C. A. Carmichael, K. Longnecker, and B. A. S. Van 
Mooy. 2011. Rapid microbial respiration of oil from the Deepwater Horizon spill in 
offshore surface waters of the Gulf of Mexico. Environmental Research Letters 6(3). 
DOI: 10.1088/1748-9326/6/3/035301. 

Ehrenhauser, F.S., P. Avij, X. Shu, V. Dugas, I. Woodson, T. Liyana-Arachchi, Z. Zhang, F.R. 
Hung, and K.T. Valsaraj. 2014. Bubble bursting as an aerosol generation mechanism 
during an oil spill in the deep-sea environment: laboratory experimental demonstration of 
the transport pathway. Environmental Science: Processes & Impacts, 16(1), pp.65-73. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

260 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

El Said, K., E. Jester, R. Flurer, B. Boyd, B. Gamble, S. Gratz, K. Mulligan, D. Heitkemper, and 
D. Burrows. 2010. Investigation of Corexit® 9500 Dispersant in Gulf of Mexico Seafood 
Species.  

Elliott, A. J., N. Hurford, and C. J. Penn. 1986. Shear diffusion and the spreading of oil slicks. 
Marine Pollution Bulletin 17(7):308-313. DOI: 10.1016/0025-326X(86)90216-X. 

Engelhardt, R. R. 1983. Petroleum effects on marine mammals. Aquatic Toxicology 4(3):199-
217.  

Esbaugh, A. J., E. M. Mager, J. D. Stieglitz, R. Hoenig, T. L. Brown, B. L. French, T. L. Linbo, 
C. Lay, H. Forth, N. L. Scholz, J. P. Incardona, J. M. Morris, D. D. Benetti, and M. 
Grosell. 2016. The effects of weathering and chemical dispersion on Deepwater Horizon 
crude oil toxicity to mahi-mahi (Coryphaena hippurus) early life stages. Science of the 
Total Environment 543(Pt A):644-651. DOI: 10.1016/j.scitotenv.2015.11.068. 

B.P. Exploration and Production. 2014. Gulf Science Data, Water Chemistry Data File: 
Directory: Water; subdirectory: Water Chemistry; filename: WaterChemistry_W-01v02-
01.csv (zipped). Last modified May 2014. [cited 2015 July 28]. Available from: 
http://gulfsciencedata. bp.com.  

Hernandez, Jr., F. J., J. E. Filbrun, J. Fang, and J. T. Ransom. 2016. Condition of larval red 
snapper (Lutjanus campechanus ) relative to environmental variability and the Deepwater 
Horizon oil spill. Environmental Research Letters 11(9):094019.  

Fabisiak, J. P., and B. D. Goldstein. 2011. Oil Dispersants and Human Health Effects. 
Department of Environmental & Occupational Health, Center for Healthy Environments 
& Communities (CHEC), University of Pittsburgh Graduate School of Public Health. 
Retrieved from: 
https://crrc.unh.edu/sites/crrc.unh.edu/files/media/docs/Workshops/dispersant_forum_13/
HumanHealthEffects.pdf 

Fabregat, A., W. K. Dewar, T. M. Ozgokmen, A. C. Poje, and N. Wienders. 2015. Numerical 
simulations of turbulent thermal, bubble and hybrid plumes. Ocean Modelling 90:16-28. 
DOI: 10.1016/j.ocemod.2015.03.007. 

Fabregat, A., A. C. Poje, T. M. Öygökmen, and W. K. Dewar. 2016. Dynamics of turbulent 
plumes with mixed buoyancy sources in thermally stratified environments Physics of 
Fluids.  

FAO/WHO. 1991. Toxicological evaluation of certain food additives and contaminants. WHO 
Food Additives Series, No. 28, 1991, no. 723 on INCHEM. Geneva, Switzerland:Food 
and Agricultural Organization of the United Nations/World Health Organization. 

FAO/WHO. 1995. Toxicological evaluation of certain food additives with a review of general 
principles and of specifications. In: 44th Report of the Joint FAO/WHO Expert 
Committee on Food Additives. Technical Report Series 859. Geneva, Switzerland: Food 
and Agricultural Organization of the United Nations/World Health Organization. 

Farwell, C., C. M. Reddy, E. Peacock, R. K. Nelson, L. Washburn, and D. L. Valentine. 2009. 
Weathering and the fallout plume of heavy oil from strong petroleum seeps near Coal Oil 
Point, CA. Environmental Science and Technology 43(10):3542-3548. DOI: 
10.1021/es802586g. 

Fathalla, E. M., and J. T. Andersson. 2011. Products of polycyclic aromatic sulfur heterocycles 
in oil spill photodegradation. Environmental Toxicology and Chemistry, 30(9):2004-
2012.  

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 261 

PREPUBLICATION COPY 

Fay, J. A. 1969. The Spread of Oil Slicks on a Calm Sea. In Oil on the Sea: Proceedings of a 
symposium on the scientific and engineering aspects of oil pollution of the sea, sponsored 
by Massachusetts Institute of Technology and Woods Hole Oceanographic Institution and 
held at Cambridge, Massachusetts, May 16, 1969. Hoult, D. P., eds. Boston, MA: 
Springer US. 

The Federal Interagency Solutions Group, Oil Budget Calculator Science and Engineering Team. 
2010. Oil budget calculator deepwater Horizon.  

Findlay, G. M. 1928. Ultra-violet light and skin cancer. The Lancet 212(5491):1070-1073.  
Fingas, M. 2001. Oil Spill Dispersants: A Technical Summary. Oil Spill Science and Technology 

– Chapter 15. Gulf Professional Publishing. Pages 435-582. DOI: 10.1016/B978-1-
85617-943-0.10015-2 

Fingas, M. 2011. Chapter 15 - Oil Spill Dispersants: A Technical Summary. Oil Spill Science 
and Technology. M. Fingas. Boston, Gulf Professional Publishing: 435-582. 

Fingas, M. 2013. A review of natural dispersion models. International Oil Spill Conference 
Proceedings p. 207-224. DOI: 10.7901/2169-3358-2014-1-285471.1. 

Fingas, M. 2015. A Review of Natural Dispersion Models. Handbook of Oil Spill Science and 
Technology. 

Fiocco, R. J., and A. Lewis. 1999. Oil spill dispersants. Pure and Applied Chemistry 71(1): 27-
42. 

Fisher, C. R., P. Y. Hsing, C. L. Kaiser, D. R. Yoerger, H. H. Roberts, W. W. Shedd, E. E. 
Cordes, T. M. Shank, S. P. Berlet, M. G. Saunders, E. A. Larcom, and J. M. Brooks. 
2014. Footprint of deepwater horizon blowout impact to deep-water coral communities. 
Proceedings of the National Academy of Sciences of the United States of America 
111(32):11744-11749. DOI: 10.1073/pnas.1403492111. 

Fitzgerald, T. P., and J. M. Gohlke. 2014. Contaminant Levels in Gulf of Mexico Reef Fish after 
the Deepwater Horizon Oil Spill As Measured by a Fishermen-Led Testing Program. 
Environmental Science & Technology 48(3):1993-2000. DOI: 10.1021/es4051555. 

Fitzpatrick, F. A., M. C. Boufadel, R. Johnson, K. W. Lee, T. P. Graan, A. C. Bejarano, Z. Zhu, 
D. Waterman, D. M. Capone, E. Hayter, S. K. Hamilton, T. Dekker, M. H. Garcia, and J. 
S. Hassan. 2015. Oil-particle interactions and submergence from crude oil spills in 
marine and freshwater environments: review of the science and future research needs. 
Reston, VA: 44. 

Fiume MM, Heldreth B, Bergfeld WF, Belsito DV, Hill RA, Klaassen CD, Liebler DC, Marks Jr 
JG, Shank RC, Slaga TJ, Snyder PW. Safety Assessment of Dialkyl Sulfosuccinate Salts 
as Used in Cosmetics. International journal of toxicology. 2016 Nov;35(3_suppl):34S-
46S. 

Flurer, R. A., B. L. Boyd, B. Gamble, S. Gratz, K. J. Mulligan, R. A. Benner Jr., K. R. El Said, 
E. L. E. Jester, D. G. Burrows, D. A. M. da Silva, M. M. Krahn, W. L. Reichert, and G. 
M. Ylitalo. 2010. Determination of Dioctylsulfosuccinate in Select Seafoods Using a 
QuEChERS Extraction with Liquid Chromatography- Triple Quadrupole Mass 
Spectrometry. FDA/ORA/DFS Laboratory Information Bulletin. pp. 1-19. 

Fodrie F.J., K.W. Able, F. Galvez, K.L. Heck Jr., O.P. Jensen, P.C. López-Duarte, C.W. Martin, 
R.E. Turner, A. Whitehead. Integrating organismal and population responses of estuarine 
fishes in Macondo spill research. BioScience. 2014 Aug 29;64(9):778-88. 

Fogaca, F., C. Soares, M. Oliveira, R. Alves, A. Maulvault, V. Barbosa, P. Anacleto, J. Avelar 
Magalhães, N. Bandarra, M. Ramalhosa, S. Morais, and A. Marques. 2018. Polycyclic 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

262 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

aromatic hydrocarbons bioaccessibility in seafood: Culinary practices effects on dietary 
exposure. 

Forth, H. P., C. L. Mitchelmore, J. M. Morris, and J. Lipton. 2017. Characterization of oil and 
water accommodated fractions used to conduct aquatic toxicity testing in support of the 
Deepwater Horizon oil spill natural resource damage assessment. Environmental 
Toxicology and Chemistry 36(6):1450-1459. DOI: 10.1002/etc.3672. 

Forth, H. P., C. L. Mitchelmore, J. M. Morris, C. R. Lay, and J. Lipton. 2017. Characterization of 
dissolved and particulate phases of water accommodated fractions used to conduct 
aquatic toxicity testing in support of the Deepwater Horizon natural resource damage 
assessment. Environmental Toxicology and Chemistry 36(6):1460-1472. DOI: 
10.1002/etc.3803. 

Fraga, B., T. Stoesser, C. C. K. Lai, and S. A. Socolofsky. 2016. A LES-based Eulerian-
Lagrangian approach to predict the dynamics of bubble plumes. Ocean Modelling 97:27-
36. DOI: 10.1016/j.ocemod.2015.11.005. 

Frelichowska, J., M. A. Bolzinger, and Y. Chevalier. 2010. Effects of solid particle content on 
properties of o/w Pickering emulsions. Journal of Colloid and Interface Science 
351(2):348-356. DOI: 10.1016/j.jcis.2010.08.019. 

French�McCay, D. P. 2002. Development and application of an oil toxicity and exposure model, 
OilToxEx. Environmental Toxicology and Chemistry 21(10):2080-2094.  

French-McCay, D. 2003. Development and Application of Damage Assessment Modeling: 
Example Assessment for the North Cape Oil Spill. Marine Pollution Bulletin 47(9-
12):341-359. DOI: 10.1016/s0025-326x(03)00208-x 

French McCay, D. 2004. Oil spill impact modeling development and validation. Environ Toxicol 
Chem 23(10):2441-2456.  

French-McCay, D. and D. Crowley. 2018. Sensitivity Analysis for Oil Fate and exposure 
Modeling of a Subsea Blowout – Data Report, open source report available from 
American Petroleum Inst. 

French-McCay, D. P., C. Mueller, J. Payne, E. Terrill, M. Otero, S. Y. Kim, M. Carter, W. 
Nordhausen, M. Lampinen, and C. Ohlmann. 2008. Dispersed Oil Transport Modeling 
Calibrated By Field-Collected Data Measuring Fluorescein Dye Dispersion. International 
Oil Spill Conference Proceedings 2008(1):527-536. DOI: 10.7901/2169-3358-2008-1-
527. 

French McCay, D., K. Jayko, Z. Li, M. Horn, Y. Kim, T. Isaji, D. Crowley, M. Spaulding, L. 
Decker, C. Turner, S. Zamorski, J. Fontenault, R. Shmookler, and J. Rowe. 2015. 
WC_TR.14: Modeling Oil Fate and Exposure Concentrations in the Deepwater Plume 
and Rising Oil Resulting from the Deepwater Horizon Oil Spill. 14. 

French-McCay, D. P., M. Horn, Z. Li, K. Jayko, M. L. Spaulding, D. Crowley, and D. 
Mendelsohn. 2018. Modeling Distribution, Fate, and Concentrations of Deepwater 
Horizon Oil in Subsurface Waters of the Gulf of Mexico.683-735. DOI: 10.1016/b978-0-
12-804434-6.00031-8. 

French-McCay, D., and D. Crowley. 2018. Sensitivity Analysis for Oil Fate and Exposure 
Modeling of a Subsea Blowout – Data Report to API, unrestricted access. June, Project 
2015-110161 (has been submitted for publication) 

French-McCay, D., D. Crowley, J. J. Rowe, M. Bock, H. Robinson, R. Wenning, A. H. Walker, 
J. Joeckel, T. J. Nedwed, and T. F. Parkerton. 2018. Comparative Risk Assessment of 
spill response options for a deepwater oil well blowout: Part 1. Oil spill modeling. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 263 

PREPUBLICATION COPY 

Marine Pollution Bulletin 133:1001-1015. DOI: 
https://doi.org/10.1016/j.marpolbul.2018.05.042. 

Friedman, P. D., and J. Katz. 2002. Mean rise rate of droplets in isotropic turbulence. Physics of 
Fluids 14(9):3059-3073. DOI: 10.1063/1.1497377. 

Frometa, J., M. E. DeLorenzo, E. C. Pisarski, and P. J. Etnoyer. 2017. Toxicity of oil and 
dispersant on the deep water gorgonian octocoral Swiftia exserta, with implications for 
the effects of the Deepwater Horizon oil spill. Marine Pollution Bulletin 122(1-2):91-99. 
DOI: 10.1016/j.marpolbul.2017.06.009. 

Fu, J., Y. Gong, X. Zhao, S. E. O’Reilly, and D. Zhao. 2014. Effects of Oil and Dispersant on 
Formation of Marine Oil Snow and Transport of Oil Hydrocarbons. Environmental 
Science & Technology 48(24):14392-14399. DOI: 10.1021/es5042157. 

Fu, J., Y. Gong, Z. Cai, S. E. O'Reilly, and D. Zhao. 2017. Mechanistic investigation into 
sunlight-facilitated photodegradation of pyrene in seawater with oil dispersants. Mar. 
Pollut. Bull. 114: 751-758.  

Gallacher, J., K. Bronstering, S. Palmer, D. Fone, and R. Lyons. 2007. Symptomatology 
attributable to psychological exposure to a chemical incident: a natural experiment. 
Journal of Epidemiology and Community Health 61(6):506.  

Gallaway BJ, Konkel WJ, Norcross BL. Some thoughts on estimating change to Arctic cod 
populations from hypothetical oil spills in the eastern Alaska Beaufort Sea. Arctic 
Science. 2017 Jun 7;3(4):716-29 

Gam, K. B., R. K. Kwok, L.S. Engel, M.D. Curry, P.A. Stewart, M.R. Stenzel, J.A. McGrath, 
W.B. Jackson II, R.L. Jensen, A.P. Keil, M.Y. Lichtveld, A.K. Miller, and D.P. Sandler. 
2018. Lung Function in Oil Spill Response Workers 1–3 Years After the Deepwater 
Horizon Disaster. Epidemiology 29(3):315-322. DOI: 10.1097/ede.0000000000000808. 

Gam, K.B., R. K. Kwok, L. S. Engel, M. D. Curry, P. A. Stewart, M. Stenzel, J. A. McGrath, W. 
Braxton Jackson, R. L. Jensen, M. Lichtveld, A. K. Miller, and D. P. Sandler. 2018. 
Exposure to Oil Spill Chemicals and Lung Function in Deepwater Horizon Disaster 
Response Workers. Journal of Occupational and Environmental Medicine 60(6):e312-
e318. DOI: 10.1097/JOM.0000000000001292. 

Garcia, M. T., E. Campos, A. Marsal and I. Ribosa. 2009. Biodegradability and toxicity of 
sulphonate-based surfactants in aerobic and anaerobic aquatic environments. Water 
Research 43: 295-302. 

Gardiner, W. W., J. Q. Word, J. D. Word, R. A. Perkins, K. M. McFarlin, B. W. Hester, L. S. 
Word, and C. M. Ray. 2013. The acute toxicity of chemically and physically dispersed 
crude oil to key Arctic species under Arctic conditions during the open water season. 
Environ Toxicol Chem 32(10):2284-2300. DOI: 10.1002/etc.2307. 

Garneau, M.-È., C. Michel, G. Meisterhans, N. Fortin, T. L. King, C. W. Greer, and K. Lee. 
2016. Hydrocarbon biodegradation by Arctic sea-ice and sub-ice microbial communities 
during microcosm experiments, Northwest Passage (Nunavut, Canada). FEMS 
Microbiology Ecology 92(10):fiw130-fiw130. DOI: 10.1093/femsec/fiw130. 

Garrett, R.M., I.J. Pickering, C.E. Haith and R.C. Prince. 1998. Photooxidation of Crude Oils. 
Environmental Science and Technology 32(23):3719–3723. 

Geng, X., M. C. Boufadel, Y. R. Personna, K. Lee, D. Tsao, and E. D. Demicco. 2014. BIOB: A 
mathematical model for the biodegradation of low solubility hydrocarbons. Marine 
Pollution Bulletin 83(1):138-147. DOI: https://doi.org/10.1016/j.marpolbul.2014.04.007. 

Geng, X., M. C. Boufadel, K. Lee, S. Abrams, and M. Suidan. 2015. Biodegradation of 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

264 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

subsurface oil in a tidally influenced sand beach: Impact of hydraulics and interaction 
with pore water chemistry. Water Resources Research 51(5):3193-3218. DOI: 
10.1002/2014WR016870. 

Geng, X., M. C. Boufadel, T. Ozgokmen, T. King, K. Lee, Y. Lu, and L. Zhao. 2016. Oil 
droplets transport due to irregular waves: Development of large-scale spreading 
coefficients. Marine Pollution Bulletin 104(1-2):279-289. DOI: 
10.1016/j.marpolbul.2016.01.007. 

George, S.E., G.M. Nelson, M.J. Kohan, S.H. Warren, B.T. Eischen and L.R. Brooks. 2001. Oral 
treatment of Fischer 344 rats with weathered crude oil and a dispersant influences 
intestinal metabolism and microbiota. Journal of Toxicology and Environmental Health, 
Part A 63:297–316 

Geraci, J., and D. Aubin. 1988. Synthesis of effects of oil on marine mammals. Department of 
the Interior, Minerals Management Service Atlantic OCS Region:99-0049.  

Gerhard, L., and J. A. Anello. 1969. Effect of Polysorbate Hydrolysis Products on Biologic 
Membrane Permeability. Journal of Pharmaceutical Sciences 58(4):494-495. DOI: 
https://doi.org/10.1002/jps.2600580426 

Gieg, L. M., and C. R. A. Toth. 2018. Anaerobic Biodegradation of Hydrocarbons: 
Metagenomics and Metabolomics. In Consequences of Microbial Interactions with 
Hydrocarbons, Oils, and Lipids: Biodegradation and Bioremediation. Steffan, R., eds. 
Cham: Springer International Publishing. 

Giesy, J. P., J. L. Newsted, and J. T. Oris. 2013. Photo�Enhanced Toxicity: Serendipity of a 
Prepared Mind And Flexible Program Management. Environmental Toxicology and 
Chemistry 32(5):969-971.  

Gilfillan, E. S., D. Page, and J. Foster. 1986. Tidal area dispersant project: fate and effects of 
chemically dispersed oil in the nearshore benthic environment. Final Report, Publication 
Number 4440. American Petroleum Institute, Washington, D.C. American Petroleum 
Institute. 

Gilson D. Report on the Non-Mechanical Response for the T/V Exxon Valdez Oil Spill. 
Submitted for the Oil Spill Prevention and Response Committee(OSPR) of the Prince 
William Sound Regional Citizens’ Advisory Council. 2006 Aug 30. 

Glover, C.M., S. P. Mezyk, K. G. Linden, and F. L. Rosario-Ortiz. 2014. Photochemical 
degradation of Corexit components in ocean water. Chemosphere 111:596-602. 

Gohlke, J. M., D. Doke, M. Tipre, M. Leader, and T. Fitzgerald. 2011. A Review of Seafood 
Safety after the Deepwater Horizon Blowout. Environmental Health Perspectives 
119(8):1062-1069. DOI: 10.1289/ehp.1103507. 

Goldstein, B. D. 2010. Benzene as a cause of lymphoproliferative disorders. Chemico-Biological 
Interactions 184(1):147-150. DOI: https://doi.org/10.1016/j.cbi.2009.12.021. 

Goldstein, B. D. 2010. Understanding the Effects of Oil Spills on Human Health: In Assessing 
the Effects of the Gulf of Mexico Oil Spill on Human Health, A Summary of the June 
2010 Workshop.  

Goldstein, B. D. 2016. Relevance of Transparency to Sustainability and to Pennsylvania’s 
Marcellus Shale Act 13: In J.C. Dernbach & J.R. May (Eds.) Shale Gas and the Future of 
Energy: Law and Policy for Sustainability.  

Goldstein, B. D., H. J. Osofsky, and M. Y. Lichtveld. 2011. The Gulf Oil Spill. New England 
Journal of Medicine 364(14):1334-1348. DOI: 10.1056/NEJMra1007197. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 265 

PREPUBLICATION COPY 

Golshan, R., A. E. Tejada-Martínez, M. J. Juha, and Y. Bazilevs. 2017. LES and RANS 
simulation of wind- and wave-forced oceanic turbulent boundary layers in shallow water 
with wall modeling. Computers and Fluids 142:96-108. DOI: 
10.1016/j.compfluid.2016.05.016. 

Golshan, R., M. C. Boufadel, V. A. Rodriguez, X. Geng, F. Gao, T. King, B. Robinson, and A. 
E. Tejada-Martínez. 2018. Oil droplet transport under non-breaking waves: An eulerian 
RANS approach combined with a lagrangian particle dispersion model. Journal of 
Marine Science and Engineering 6(1). DOI: 10.3390/jmse6010007. 

Gong, Y., X. Zhao, Z. Cai, S. E. O'Reilly, X. Hao and D. Zhao. 2014. A review of oil, dispersed 
oil and sediment interactions in the aquatic environment: Influence on the fate, transport 
and remediation of oil spills. Marine Pollution Bulletin 79(1-2): 16-33. DOI: 
10.1016/j.marpolbul.2013.12.024. 

Gong, Y., J. Fu, S.E. O’Reilly and D. Zhao. 2015. Effects of oil dispersants on photodegradation 
of pyrene in marine water. J. Hazardous Materials. 287: 142-150.  

Gopalan, B., and J. Katz. 2010. Turbulent Shearing of Crude Oil Mixed with Dispersants 
Generates Long Microthreads and Microdroplets. Physical Review Letters 
104(5):054501. DOI: 10.1103/PhysRevLett.104.054501. 

Goss, K. U. 2005. Predicting the equilibrium partitioning of organic compounds using just one 
linear solvation energy relationship (LSER). Fluid Phase Equilibria 233(1): 19-22. 

Gräbsch, C. 2015. Health effects of mineral oil, dispersants and oil-dispersant-mixtures. In The 
Use of Dispersants to Combat Oil Spills in Germany at Sea. Grote, M., A. Nagel, N. 
Hartmut, J. Rauterberg, D.-S. Wahrendorf (eds.) Federal Institute for Risk Assessment, 
Berlin, Germany. 

Grace, H. P. 1982. Dispersion Phenomena in High Viscosity Immiscible Fluid Systems and 
Application Of Static Mixers As Dispersion Devices In Such Systems. Chemical 
Engineering Communications 14(3-6):225-277. DOI: 10.1080/00986448208911047. 

Granger, M. M. 2014. "Use (and abuse) of expert elicitation in support of decision making for 
public policy." Proceedings of the National Academy of Sciences 201319946. 

Gratz, S., A. Mohrhaus, B. Gamble, J. Gracie, D. Jackson, J. Roetting, L. Ciolino, H. McCauley, 
G. Schneider, D. Crockett, W. Krol, T. Arsenault, J. White, M. Flottmeyer, Y. Johnson, 
D. Heitkemper, and F. Fricke. 2010. Screen For The Presence Of Polycyclic Aromatic 
Hydrocarbons In Select Seafoods Using LC-Fluorescence. FDA/ORA/DFS 4475:1-39.  

Grenvald, J. C., T. G. Nielsen, and M. Hjorth. 2013. Effects of pyrene exposure and temperature 
on early development of two co-existing Arctic copepods. Ecotoxicology 22(1):184-198.  

Gros, J., C. M. Reddy, R. K. Nelson, S. A. Socolofsky, and J. S. Arey. 2016. Simulating Gas–
Liquid−Water Partitioning and Fluid Properties of Petroleum under Pressure: 
Implications for Deep-Sea Blowouts. Environmental Science & Technology 50(14):7397-
7408. DOI: 10.1021/acs.est.5b04617. 

Gros, J., S. A. Socolofsky, A. L. Dissanayake, I. Jun, L. Zhao, M. C. Boufadel, C. M. Reddy, and 
J. S. Arey. 2017. Petroleum dynamics in the sea and influence of subsea dispersant 
injection during Deepwater Horizon. Proceedings of the National Academy of Sciences 
114(38):10065-10070. DOI: 10.1073/pnas.1612518114. 

Grote, M., G. Schüürmann, and R. Altenburger. 2005. Modeling photoinduced algal toxicity of 
polycyclic aromatic hydrocarbons. Environmental Science & Technology 39(11):4141-
4149.  

Grote, M., W. Brack, H. A. Walter, and R. Altenburger. 2005. Light as a Confounding Factor for 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

266 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Toxicity Assessment of Complex Contaminated Sediments. Environmental Toxicology 
and Chemistry 24 (12): 3143–52. https://doi.org/10.1897/04-550r.1. 

Grote, M., C. van Bernem, B. Böhme, U. Callies, I. Calvez, B. Christie, K. Colcomb, H.-P. 
Damian, H. Farke, C. Gräbsch, A. Hunt, T. Höfer, J. Knaack, U. Kraus, S. Le Floch, G. 
Le Lann, H. Leuchs, A. Nagel, H. Nies, W. Nordhausen, J. Rauterberg, D. Reichenbach, 
G. Scheiffarth, F. Schwichtenberg, N. Theobald, J. Voß, and D.-S. Wahrendorf. 2018. 
The potential for dispersant use as a maritime oil spill response measure in German 
waters. Marine Pollution Bulletin 129(2):623-632. DOI: 
https://doi.org/10.1016/j.marpolbul.2017.10.050. 

Gründger, F., N. Jiménez, T. Thielemann, N. Straaten, T. Lüders, H.-H. Richnow, and M. 
Krüger. 2015. Microbial methane formation in deep aquifers of a coal-bearing 
sedimentary basin, Germany. Frontiers in Microbiology 6:200. DOI: 
10.3389/fmicb.2015.00200. 

Gullett, B. K., M. D. Hays, D. Tabor, and R. V. Wal. 2016. Characterization of the particulate 
emissions from the BP Deepwater Horizon surface oil burns. Marine Pollution Bulletin 
107(1):216-223. DOI: https://doi.org/10.1016/j.marpolbul.2016.03.069. 

Guo, F., D. M. L. Stebbins, T. Peng, R. Falahat, W. Zhao, S. Thomas, R. Toomey, and N. 
Alcantar. 2014. Effect of a Natural Cactus-Based Mucilage Dispersant on the Surface 
Tension and Droplet Size of Dispersed Crude Oil. AIChE Proceedings.  

Gustitus, S. A., and T. P. Clement. 2017. Formation, Fate, and Impacts of Microscopic and 
Macroscopic Oil-Sediment Residues in Nearshore Marine Environments: A Critical 
Review. Reviews of Geophysics 55(4):1130-1157. DOI: 10.1002/2017RG000572. 

Gustitus, S. A., G. F. John, and T. P. Clement. (2017). Effects of weathering on the dispersion of 
crude oil through oil-mineral aggregation. Science of the Total Environment 587-588: 36-
46. 

Guyomarch, J., F. X. Merlin, and P. Bernanose. 1999. Oil interaction with mineral fines and 
chemical dispersion: behaviour of the dispersed oil in coastal or estuarine conditions. In 
Arctic and Marine Oilspill Program Technical Seminar (Vol. 1, pp. 137-150). Ministry of 
Supply and Services, Canada. 

Guyomarch, J., S. L. Floch, and R. Jézéquel. 2012. Oil Weathering, Impact Assessment and 
Response Option Studies at the Pilot Scale: Improved Methodology and Design of a New 
Dedicated Flume Test. Presented at Proceedings of the Thirty-fifth AMOP Technical 
Seminar on Environmental Contamination and Response, Ottawa, Canada. 

Ha, M., H. Kwon, H.-K. Cheong, S. Lim, S. J. Yoo, E.-J. Kim, S. G. Park, J. Lee, and B. C. 
Chung. 2012. Urinary metabolites before and after cleanup and subjective symptoms in 
volunteer participants in cleanup of the Hebei Spirit oil spill. Science of the Total 
Environment 429:167-173. DOI: https://doi.org/10.1016/j.scitotenv.2012.04.036. 

Hall, R., A. Belisle, and L. Sileo. 1983. Residues of petroleum hydrocarbons in tissues of sea 
turtles exposed to the Ixtoc I oil spill. Journal of Wildlife Diseases 19(2):106.  

Hall, G. J., G. S. Frysinger, C. Aeppli, C. A. Carmichael, J. Gros, K. L. Lemkau, R. K. Nelson, 
and C. M. Reddy. 2013. Oxygenated weathering products of Deepwater Horizon oil come 
from surprising precursors. Marine Pollution Bulletin, 75(1):140-149.  

Hansel, T. C., H. Osofsky, E. Baumgartner, S. Bradberry, L. Brown, K. Kirkland, J. 
Langhinrichsen-Rohling, J. Osofsky, A. H. Speier, and B. D. Goldstein. 2017. Social and 
Environmental Justice as a Lens to Approach the Distribution of $105 Million of 
Directed Funding in Response to the Deepwater Horizon Oil Disaster. Environmental 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 267 

PREPUBLICATION COPY 

Justice 10(4):119-127. DOI: 10.1089/env.2016.0039. 
Hansen, B. H., D. Altin, S. F. Rørvik, I. B. Øverjordet, A. J. Olsen, and T. Nordtug. 2011. 

Comparative study on acute effects of water accommodated fractions of an artificially 
weathered crude oil on Calanus finmarchicus and Calanus glacialis (Crustacea: 
Copepoda). Science of the Total Environment 409(4):704-709.  

Hansen, B. H., D. Altin, A. J. Olsen, and T. Nordtug. 2012. Acute toxicity of naturally and 
chemically dispersed oil on the filter-feeding copepod Calanus finmarchicus. 
Ecotoxicology and Environmental Safety 86:38-46. DOI: 10.1016/j.ecoenv.2012.09.009. 

Hansen, B. H., D. Altin, I. B. Øverjordet, T. Jager, and T. Nordtug. 2013. Acute exposure of 
water soluble fractions of marine diesel on Arctic Calanus glacialis and boreal Calanus 
finmarchicus: Effects on survival and biomarker response. Science of the Total 
Environment 449:276-284.  

Harms, H., et al. 2011. "Untapped potential: Exploiting fungi in bioremediation of hazardous 
chemicals." Nature Reviews Microbiology 9(3): 177-192. 

Hastings, D. W., et al. 2016. "Changes in sediment redox conditions following the BP DWH 
blowout event." Deep-Sea Research Part II: Topical Studies in Oceanography 129: 167-
178. 

Hatcher, P. G., W. Obeid, A. S. Wozniak, C. Xu, S. Zhang, P. H. Santschi, and A. Quigg. 2018. 
Identifying oil/marine snow associations in mesocosm simulations of the Deepwater 
Horizon oil spill event using solid-state 13C NMR spectroscopy. Marine Pollution 
Bulletin 126:159-165. DOI: 10.1016/j.marpolbul.2017.11.004. 

Hayworth JS, Clement TP. Provenance of Corexit-related chemical constituents found in 
nearshore and inland Gulf Coast waters. Marine pollution bulletin. 2012 Oct 
1;64(10):2005-14. 

Hazen, T. C. 1997. Bioremediation. In Microbiology of the Terrestrial Subsurface. Amy, P. and 
D. Haldeman, eds. Boca Raton: CRC Press. 

Hazen, T. C. 2010. Biostimulation. In Handbook of Hydrocarbon Microbiology: Microbial 
interactions with hydrocarbons, oils, fats and related hydrophobic substrates and 
products. Timmis, K. N.: Springer Verlag. 

Hazen, T. C. 2010. Cometabolic Bioremediation. In Handbook of Hydrocarbon and Lipid 
Microbiology: Microbial interactions with hydrocarbons, oils, fats and related 
hydrophobic substrates and products. Timmis, K. N., eds. Berlin, Germany: Springer 
Verlag. 

Hazen, T. C. 2010. In Situ Groundwater Bioremediation. In Handbook of Hydrocarbon 
Microbiology: Microbial interactions with hydrocarbons, oils, fats and related 
hydrophobic substrates and products. Timmis, K. N.: Springer Verlag. 

Hazen, T. C. 2018. Cometabolic Bioremediation. In Consequences of Microbial Interactions 
with Hydrocarbons, Oils, and Lipids: Biodegradation and Bioremediation. Steffan, R., 
eds. Cham: Springer International Publishing. 

Hazen, T. C., and G. S. Sayler. 2015. Environmental Systems Microbiology of Contaminated 
Environments.5.1.6-1-5.1.6-10. DOI: 10.1128/9781555818821.ch5.1.6. 

Hazen, T. C., and G. S. Sayler. 2016. Environmental Systems Microbiology of Contaminated 
Environments. In Manual of Environmental Microbiology, Fourth Edition: American 
Society of Microbiology. 

Hazen, T. C., and S. M. Techtmann. 2018. Oil Biodegradation in Deep Marine Basins. In 
Handbook of Hydrocarbon and Lipid Microbiology. Steffan, R., eds. Springer, Cham: 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

268 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Springer. 
Hazen, T. C., R. Chakraborty, J. M. Fleming, I. R. Gregory, J. P. Bowman, L. Jimenez, D. 

Zhang, S. M. Pfiffner, F. J. Brockman, and G. S. Sayler. 2009. Use of gene probes to 
assess the impact and effectiveness of aerobic in situ bioremediation of TCE. Arch 
Microbiol 191(3):221-232. DOI: 10.1007/s00203-008-0445-8. 

Hazen, T. C., E. A. Dubinsky, T. Z. DeSantis, G. L. Andersen, Y. M. Piceno, N. Singh, J. K. 
Jansson, A. Probst, S. E. Borglin, J. L. Fortney, W. T. Stringfellow, M. Bill, M. E. 
Conrad, L. M. Tom, K. L. Chavarria, T. R. Alusi, R. Lamendella, D. C. Joyner, C. Spier, 
J. Baelum, M. Auer, M. L. Zemla, R. Chakraborty, E. L. Sonnenthal, P. D'Haeseleer, H. 
Y. N. Holman, S. Osman, Z. M. Lu, J. D. Van Nostrand, Y. Deng, J. Z. Zhou, and O. U. 
Mason. 2010. Deep-Sea Oil Plume Enriches Indigenous Oil-Degrading Bacteria. Science 
330(6001):204-208. DOI: 10.1126/science.1195979. 

Hazen, T. C., A. M. Rocha, and S. M. Techtmann. 2013. Advances in monitoring environmental 
microbes. Current Opinion in Biotechnology 24(3):526-533. DOI: 
10.1016/j.copbio.2012.10.020. 

Hazen, T. C., R. C. Prince, and N. Mahmoudi. 2016. Marine Oil Biodegradation. Environmental 
Science & Technology 50(5):2121-2129. DOI: 10.1021/acs.est.5b03333. 

Head, I. M., N. D. Gray, and S. R. Larter. 2014. Life in the slow lane; biogeochemistry of 
biodegraded petroleum containing reservoirs and implications for energy recovery and 
carbon management. Frontiers in Microbiology 5(566). DOI: 10.3389/fmicb.2014.00566. 

Heintz, R. A., J. W. Short, and S. D. Rice. 1999. Sensitivity of fish embryos to weathered crude 
oil: Part II. Increased mortality of pink salmon (Oncorhynchus gorbuscha) embryos 
incubating downstream from weathered Exxon Valdez crude oil. Environmental 
Toxicology and Chemistry 18(3):494-503.  

Helton, J. C. 2011. Quantification of margins and uncertainties: Conceptual and computational 
basis. Reliability Engineering & System Safety, 96(9), 976-1013. 

Hemmer, M. J., M. G. Barron, and R. M. Greene. 2010. Comparative Toxicity of Eight Oil 
Dispersant Products on Two Gulf of Mexico Aquatic Test Species. U.S. Environmental 
Protection Agency, Washington, DC, EPA/600/R-11/113, 2010. 

Hemmer, M. J., M. G. Barron, and R. M. Greene. 2011. Comparative toxicity of eight oil 
dispersants, Louisiana sweet crude oil (LSC), and chemically dispersed LSC to two 
aquatic test species. Environ Toxicol Chem 30(10):2244-2252. DOI: 10.1002/etc.619. 

Herdter, E. S., D. P. Chambers, C. D. Stallings, and S. A. Murawski. 2017. Did the Deepwater 
Horizon oil spill affect growth of Red Snapper in the Gulf of Mexico? Fisheries Research 
191:60-68. DOI: https://doi.org/10.1016/j.fishres.2017.03.005. 

Hermens, J. L. 1989. Quantitative structure-activity relationships of environmental pollutants. In 
Handbook of EnvironmentalChemistry, Vol 2E, Reactions and Processes. Hutzinger O: 
Springer-Verlag, Berlin, Germany. 

Hernandez, F. J., J. E. Filbrun, J. Fang and J. T. Ransom. 2016. Condition of larval red snapper 
(Lutjanus campechanus) relative to environmental variability and the Deepwater Horizon 
oil spill. Environmental Research Letters 11(9): 094019. 

Hill, A. B. 1965. The Environment and Disease: Association or Causation? Proceedings of the 
Royal Society of Medicine 58(5):295-300.  

Hill, P. S., A. Khelifa, and K. Lee. 2002. Time Scale for Oil Droplet Stabilization by Mineral 
Particles in Turbulent Suspensions. Spill Science & Technology Bulletin 8(1):73-81. DOI: 
https://doi.org/10.1016/S1353-2561(03)00008-2. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 269 

PREPUBLICATION COPY 

Hill, T. M., J. P. Kennett, D. L. Valentine, Z. Yang, C. M. Reddy, R. K. Nelson, R. J. Behl, C. 
Robert, and L. Beaufort. 2006. Climatically driven emissions of hydrocarbons from 
marine sediments during deglaciation. Proceedings of the National Academy of Sciences 
of the United States of America 103(37):13570-13574. DOI: 10.1073/pnas.0601304103. 

Hinze, J. O. 1955. Fundamentals of the hydrodynamic mechanism of splitting in dispersion 
processes. AIChE Journal 1(3):289-295. DOI: 10.1002/aic.690010303. 

Hjorth, M., and T. G. Nielsen. 2011. Oil exposure in a warmer Arctic: potential impacts on key 
zooplankton species. Marine Biology 158(6):1339-1347.  

Hodson, P. V., Adams, J. and Brown, R. S. 2018. Oil toxicity test methods must be improved. 
Environ Toxicol Chem. doi:10.1002/etc.4303 

Hoffman, F. O., and J. S. Hammonds. 1994. Propagation of uncertainty in risk assessments: the 
need to distinguish between uncertainty due to lack of knowledge and uncertainty due to 
variability. Risk Analysis 14(5): 707-712. 

Hokstad J. N., P. S. Daling, S. Johnsen, and M. Buffagni. 1998. Chemical and toxicological 
characterisation of water accommodated fractions relevant for oil spill situations. 
Computational Mechanics Publications Ltd, Southampton. 

Holland-Bartels, L., and B. Pierce. 2011. An Evaluation of the Science Needs to Inform 
Decisions on Outer Continental Shelf Energy Development in the Chukchi and Beaufort 
Seas, Alaska.  

Hoult, D. P. 1972. Oil Spreading on the Sea. Annual Review of Fluid Mechanics 4(1):341-368. 
DOI: 10.1146/annurev.fl.04.010172.002013. 
https://www.nature.com/articles/nmicrobiol201793#supplementary-information. 

Houma ICP Aerial Dispersant Group. 2010. After Action Report: Deepwater Horizon MC252 
Aerial Dispersant Response. 

Hsu, C. S., C. L. Hendrickson, R. P. Rodgers, A. M. McKenna, and A. G. Marshall. 2011. 
Petroleomics: advanced molecular probe for petroleum heavy ends. Journal of Mass 
Spectrometry 46(4): 337-343 

Hu P., E. A. Dubinsky, A. J. Probst, J. Wang, C. M. K. Sieber, L. M. Tom, P. R. Gardinali, J. F. 
Banfield, R. M. Atlas and G. L. Andersen. 2017. Simulation of Deepwater Horizon oil 
plume reveals substrate specialization within a complex community of hydrocarbon 
degraders. Proceedings of the National Academy of Sciences of the United States of 
America 114: 7432-7437. 

Hu, C., R. H. Weisberg, Y. Liu, L. Zheng, K. L. Daly, D. C. English, J. Zhao, and G. A. Vargo. 
2011. Did the northeastern Gulf of Mexico become greener after the Deepwater Horizon 
oil spill? Geophysical Research Letters 38(9). DOI: 10.1029/2011GL047184. 

Huang M., I. A. Blair, and T. M. Penning. 2014. Metabolism of a representative alkylated 
petrogenic polycyclic aromatic hydrocarbon (PAH) 6-ethyl-chrysene associated with the 
Deepwater Horizon oil spill in human hepatoma (HepG2) cells. Abstracts of Papers of 
the American Chemical Society 248:1. 

Huang, X. D., S. N. Krylov, L. Ren, B. J. McConkey, D. G. Dixon, and B. M. Greenberg. 1997. 
Mechanistic quantitative structure–activity relationship model for the photoinduced 
toxicity of polycyclic aromatic hydrocarbons: II. An empirical model for the toxicity of 
16 polycyclic aromatic hydrocarbons to the duckweed Lemna gibba L. G�3. 
Environmental Toxicology and Chemistry 16(11):2296-2303.  

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

270 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Huijbregts, M. A. J., Z. J. N. Steinmann, P. M. F. Elshout, G. Stam, F. Verones, M. Vieira, M. 
Zijp, A. Hollander, and R. van Zelm. 2017. "ReCiPe2016: a harmonised life cycle impact 
assessment method at midpoint and endpoint level." The International Journal of Life 
Cycle Assessment 22(2): 138-147. 

Hunt, J. S. Petroleum Geochemistry and Geology;W.H.Freeman: New York, 1996 
Incardona, J. P., T. K. Collier, and N. L. Scholz. 2004. Defects in cardiac function precede 

morphological abnormalities in fish embryos exposed to polycyclic aromatic 
hydrocarbons. Toxicology and Applied Pharmacology 196(2):191-205.  

Incardona, J. P., T. K. Collier, and N. L. Scholz. 2011. Oil spills and fish health: exposing the 
heart of the matter. Journal of Exposure Science and Environmental Epidemiology 
21(1):3-4. 

Incardona, J. P., T. L. Swarts, R. C. Edmunds, T. L. Linbo, A. Aquilina-Beck, C. A. Sloan, L. D. 
Gardner, B. A. Block, and N. L. Scholz. 2013. Exxon Valdez to Deepwater Horizon: 
Comparable toxicity of both crude oils to fish early life stages. Aquatic Toxicology 
142:303-316. DOI: 10.1016/j.aquatox.2013.08.011 

Incardona, J. P., L. D. Gardner, T. L. Linbo, T. L. Brown, A. J. Esbaugh, E. M. Mager, J. D. 
Stieglitz, B. L. French, J. S. Labenia, C. A. Laetz, M. Tagal, C. A. Sloan, A. Elizur, D. D. 
Benetti, M. Grosell, B. A. Block, and N. L. Scholz. 2014. Deepwater Horizon crude oil 
impacts the developing hearts of large predatory pelagic fish. Proceedings of the National 
Academy of Sciences U. S. A.:E1510-E1518.  

International Agency for Research on Cancer. 2012a. Monographs on the Evaluation of 
Carcinogenic Risks to Humans, Volume 100F-Benzene, International Agency for 
Research on Cancer, World Health Organization. Pgs. 249-294. 2930 pages 

International Agency for Research on Cancer. 2012b. Monographs on the Evaluation of 
Carcinogenic Risks to Humans, Volume 100F-Benzo(a)pyrene, International Agency for 
Research on Cancer, World Health Organization. Pgs. 111-144. 2930 pages 

IPIECA. 2000. Choosing spill response options to minimize damage. Net Environmental Benefit 
Analysis. IPIECA Report Series Volume 10. London, UK. 20 pp. 

IPIECA. 2015. Dispersants: Subsea Application - Good practice guidelines for incident 
management and emergency response personnel. IOGP Report 533. London, UK. 70 pp. 

IPIECA-IOGP. 2014. Regulatory approval of dispersant products and authorization for their use.  
IPIECA-IOGP. 2015. Response strategy development using net environmental benefit analysis 

(NEBA): Good practice guidelines for incident management and emergency response 
personnel. Available at: http://www.oilspillresponseproject.org/wp-
content/uploads/2017/01/NEBA_2016-2.pdf 

IPIECA-IOGP. 2016. Guidelines on oil characterization to inform spill planning and decision 
making. 

IPIECA-IOGP. 2017. Guidelines on implementing spill impact mitigation assessment (SIMA): A 
technical support document to accompany the IPIECA-IOGP guidance on net 
environmental benefit analysis (NEBA).  

Jaggi, A., R. W. Snowdon, A. Stopford, J. R. Radović, T. B. P. Oldenburg, and S. R. Larter. 
2017. Experimental simulation of crude oil-water partitioning behavior of BTEX 
compounds during a deep submarine oil spill. Organic Geochemistry 108:1-8. DOI: 
10.1016/j.orggeochem.2017.03.006. 

Jaligama, S., Z. Chen, J. Saravia, N. Yadav, S. M. Lomnicki, T. R. Dugas, and S. A. Cormier. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 271 

PREPUBLICATION COPY 

2015. Exposure to Deepwater Horizon Crude Oil Burnoff Particulate Matter Induces 
Pulmonary Inflammation and Alters Adaptive Immune Response. Environmental Science 
& Technology 49(14):8769-8776. DOI: 10.1021/acs.est.5b01439. 

Jamur, M. C., and C. Oliver. 2010. Permeabilization of Cell Membranes. In 
Immunocytochemical Methods and Protocols. Oliver, C. and M. C. Jamur, eds. Totowa, 
NJ: Humana Press. 

Janjua, N. Z., P. M. Kasi, H. Nawaz, S. Z. Farooqui, U. B. Khuwaja, H. Najam ul, S. N. Jafri, S. 
A. Lutfi, M. M. Kadir, and N. Sathiakumar. 2006. Acute health effects of the Tasman 
Spirit oil spill on residents of Karachi, Pakistan. BMC Public Health 6:84-84. DOI: 
10.1186/1471-2458-6-84. 

Jensen, L. K., and J. Carroll. 2010. Experimental studies of reproduction and feeding for two 
Arctic-dwelling Calanus species exposed to crude oil. Aquatic Biology 10(3):261-271. 
DOI: 10.3354/ab00286. 

Jensen, M. H., T. G. Nielsen, and I. Dahllöf. 2008. Effects of pyrene on grazing and reproduction 
of Calanus finmarchicus and Calanus glacialis from Disko Bay, West Greenland. 
Aquatic Toxicology 87(2):99-107.  

Jenssen, B. M. 1994. Review article: Effects of oil pollution, chemically treated oil, and cleaning 
on thermal balance of birds. Environmental Pollution 86(2):207-215.  

Jenssen, B. M., and M. Ekker. 1991. Effects of plumage contamination with crude oil dispersant 
mixtures on thermoregulation in common eiders and mallards. Archives of Environmental 
Contamination and Toxicology 20(3):398-403.  

Jernelov, A., and O. Linden. 1981. Ixtoc I: A case study of the world's largest oil spill. Ambio 
10(6):299-306.  

Jézéquel, R., J. Receveur, T. Nedwed, and S. Le Floch. 2018. Evaluation of the ability of calcite, 
bentonite and barite to enhance oil dispersion under arctic conditions. Marine Pollution 
Bulletin 127:626-636. DOI: https://doi.org/10.1016/j.marpolbul.2017.12.034. 

Johansen, Ø. 2003. Development and verification of deep-water blowout models. Marine 
Pollution Bulletin 47(9):360-368. DOI: https://doi.org/10.1016/S0025-326X(03)00202-9. 

Johansen, Ø., H. Rye, A. G. Melbye, H. V. Jensen, B. Serigstad, and T. Knutsen. 2001. 
DeepSpill JIP – Experimental Discharges of Gas and Oil at Helland Hansen – June 2000. 
Technical Report, DeepSpill JIP, SINTEF, Report No. STF66 F01082. 

Johansen, Ø., H. Rye, and C. Cooper. 2003. "DeepSpill-Field study of a simulated oil and gas 
blowout in deep water." Spill Science and Technology Bulletin 8(5-6): 433-443. 

Johansen, O., P. J. Brandvik, and U. Farooq. 2013. Droplet breakup in subsea oil releases - Part 
2: Prediction of droplet size distributions with and without injection of chemical 
dispersants. Marine Pollution Bulletin 73:327-335. 

Johansen, Ø., M. Reed and N. R. Bodsberg (2015). Natural dispersion revisited. Marine 
Pollution Bulletin 93(1): 20-26. 

Johansson, S., U. Larsson, and P. Boehm. 1980. The Tsesis oil spill. Impact on the pelagic 
ecosystem. Marine Pollution Bulletin 11(10):284-293. DOI: 10.1016/0025-
326X(80)90166-6. 

Jolliet, O., M. Margni, R. Charles, S. Humbert, J. Payet, G. Rebitzer, and R. Rosenbaum. 2003. 
IMPACT 2002+: a new life cycle impact assessment methodology. The international 
journal of life cycle assessment 8(6): 324. 

Jones, R. K. 1997. A simplified pseudo-component oil evaporation model. Presented at 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

272 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Conference Proceedings, Canada. 
Jones, B. C. 2010. Dispersant Studies of the Deepwater Horizon Oil Spill Response Volume 3. 

Technical Report for BP Gulf of Mexico Spill Response Unit. 25 pp. 
Jones, M., and S. Petch. 1995. A report on the analysis of hydrocarbons in sea waters and 

associated samples from trial oil spills off eastern England, July 1995. Newcastle upon 
Tyne, UK: University of Newcastle upon Tyne. 

Joye, S. B., I. R. MacDonald, I. Leifer, and V. Asper. 2011. Magnitude and oxidation potential of 
hydrocarbon gases released from the BP oil well blowout. Nature Geoscience 4(3):160-
164. DOI: 10.1038/ngeo1067. 
https://www.nature.com/articles/ngeo1067#supplementary-information. 

Judson, R. S., M. T. Martin, D. M. Reif, K. A. Houck, T. B. Knudsen, D. M. Rotroff, M. Xia, S. 
Sakamuru, R. Huang, P. Shinn, C. P. Austin, R. J. Kavlock, and D. J. Dix. 2010. Analysis 
of Eight Oil Spill Dispersants Using Rapid, In Vitro Tests for Endocrine and Other 
Biological Activity. Environmental Science & Technology 44(15):5979-5985. DOI: 
10.1021/es102150z. 

Jung, S.-C., K.-M. Kim, K.-S. Lee, S. Roh, W.-C. Jeong, S.-J. Kwak, I.-J. Lee, Y.-H. Choi, S. R. 
Noh, J.-I. Hur, and Y.-K. Jee. 2013. Respiratory Effects of the Hebei Spirit Oil Spill on 
Children in Taean, Korea. Allergy, Asthma & Immunology Research 5(6):365-370. DOI: 
10.4168/aair.2013.5.6.365. 

Kasperson, R. E., O. Renn, P. Slovic, H. S. Brown, J. Emel, R. Goble, J. X. Kasperso, and S. 
Ratick. 1988. The Social Amplification of Risk: A Conceptual Framework. Risk Analysis 
8(2):177–87. 

Katepalli, H., V. T. John, A. Tripathi, and A. Bose. 2017. Microstructure and Rheology of 
Particle Stabilized Emulsions: Effect of Particle Shape and Inter-particle Interactions. 
Colloid Interfacial Science 485:11-17. 

Kessler, J. D., W. S. Reeburgh, D. L. Valentine, F. S. Kinnaman, E. T. Peltzer, P. G. Brewer, J. 
Southon, and S. C. Tyler. 2008. A survey of methane isotope abundance (C-14, C-13, H-
2) from five nearshore marine basins that reveals unusual radiocarbon levels in 
subsurface waters. Journal of Geophysical Research-Oceans 113(C12):13. DOI: 
10.1029/2008jc004822. 

Kessler, R. C., S. Galea, M. J. Gruber, N. A. Sampson, R. J. Ursano, and S. Wessely. 2008. 
Trends in mental illness and suicidality after Hurricane Katrina. Mol Psychiatry 
13(4):374-384. DOI: 10.1038/sj.mp.4002119. 

Kessler, J. D., D. L. Valentine, M. C. Redmond, and M. Du. 2011. Response to Comment on “A 
Persistent Oxygen Anomaly Reveals the Fate of Spilled Methane in the Deep Gulf of 
Mexico”. Science 332(6033):1033. DOI: 10.1126/science.1203428 

Kessler, J. D., D. L. Valentine, M. C. Redmond, M. Du, E. W. Chan, S. D. Mendes, E. W. 
Quiroz, C. J. Villanueva, S. S. Shusta, L. M. Werra, S. A. Yvon-Lewis, and T. C. Weber. 
2011. A persistent oxygen anomaly reveals the fate of spilled methane in the deep Gulf of 
Mexico. Science 331(6015):312-315. DOI: 10.1126/science.1199697. 

Khelifa, A., P. Stoffyn-Egli, P. S. Hill, and K. Lee. 2002. Characteristics of Oil Droplets 
Stabilized by Mineral Particles: Effects of Oil Type and Temperature. Spill Science & 
Technology Bulletin 8(1):19-30. DOI: https://doi.org/10.1016/S1353-2561(02)00117-2. 

Khelifa, A., P. S. Hill, and K. Lee. 2003. A stochastic model to predict the formation of oil-
mineral aggregates. Presented at Proceedings of the 26 Arctic and Marine Oilspill 
Program (AMOP) Technical Seminar, Canada. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 273 

PREPUBLICATION COPY 

Khelifa, A., P. S. Hill, and K. Lee. 2005. A Comprehensive Numerical Approach to Predict Oil-
Mineral Aggregate (Oma) Formation Following Oil Spills in Aquatic Environments. 
International Oil Spill Conference Proceedings 2005(1):873-877. DOI: 10.7901/2169-
3358-2005-1-873. 

Khelifa, A., B. Fieldhouse, Z. Wang, C. Yang, M. Landriault, C. E. Brown, and M. Fingas. 2008. 
Effects of Chemical Dispersant on Oil Sedimentation Due to Oil-Spm Flocculation: 
Experiments With The Nist Standard Reference Material 1941? International Oil Spill 
Conference Proceedings 2008(1):627-631. DOI: 10.7901/2169-3358-2008-1-627. 

Kimes, N., A. Callaghan, D. Aktas, W. Smith, J. Sunner, B. Golding, M. Drozdowska, T. Hazen, 
J. Suflita, and P. Morris. 2013. Metagenomic analysis and metabolite profiling of deep–
sea sediments from the Gulf of Mexico following the Deepwater Horizon oil spill. 
Frontiers in Microbiology 4(50). DOI: 10.3389/fmicb.2013.00050. 

Kimes, N. E., A. V. Callaghan, J. M. Suflita, and P. J. Morris. 2014. Microbial transformation of 
the Deepwater Horizon oil spill—past, present, and future perspectives. Frontiers in 
Microbiology 5(603). DOI: 10.3389/fmicb.2014.00603. 

King, B. S., and J. D. Gibbins. 2011. Health Hazard Evaluation of Deepwater Horizon Response 
Workers. Health Hazard Evaluation Report. HETA 2010-0115 & 2010-0129-3138. 
August 2011. 

King, G. E. and D. E. King. 2013. Environmental risk arising from well construction failure: 
Difference between barrier and well failure, and estimates of failure frequency across 
common well types, locations and well age. 

King, S. M., P. A. Leaf, A. C. Olson, P. Z. Ray, and M.A. Tarr. 2014. Photolytic and 
photocatalytic degradation of surface oil from the Deepwater Horizon spill. 
Chemosphere, 95:415-422.  

King, T. L., B. Robinson, M. Boufadel, and K. Lee. 2014. Flume tank studies to elucidate the 
fate and behavior of diluted bitumen spilled at sea. Marine Pollution Bulletin 83(1):32-
37. DOI: 10.1016/j.marpolbul.2014.04.042. 

King, G. M., J. E. Kostka, T. C. Hazen, and P. A. Sobecky. 2015. Microbial Responses to the 
Deepwater Horizon Oil Spill: From Coastal Wetlands to the Deep Sea. Annual Review of 
Marine Science 7(1):377-401. DOI: 10.1146/annurev-marine-010814-015543. 

King, T. L., B. Robinson, C. McIntyre, P. Toole, S. Ryan, F. Saleh, M. C. Boufadel, and K. Lee. 
2015. Fate of Surface Spills of Cold Lake Blend Diluted Bitumen Treated with 
Dispersant and Mineral Fines in a Wave Tank. Environmental Engineering Science 
32(3):250-261. DOI: 10.1089/ees.2014.0459. 

King, T. L., B. Robinson, F. Cui, M. Boufadel, K. Lee, and J. A. C. Clyburne. 2017. An oil spill 
decision matrix in response to surface spills of various bitumen blends. Environmental 
Science-Processes & Impacts 19(7):928-938. DOI: 10.1039/c7em00118e. 

King, T. L., B. Robinson, S. Ryan, Y. Lu, Q. Zhou, L. Ju, P. Sun, and K. Lee. 2015. Fate of 
Chinese and Canadian oils treated with dispersants in a wave tank. Presented at 
Proceedings of the 38th Arctic and Marine Oil Spill Program, Vancouver, British 
Columbia, Canada. 

Kinner, N. E., L. Belden, and P. Kinner. 2014. Unexpected sink for deepwater horizon oil may 
influence future spill response: Town Hall: Marine Oil Snow Sedimentation and 
Flocculent Accumulation (MOSSFA); Mobile, Alabama, 27 January 2014. Eos 95(21): 
176. 

Kitaigorodskii, S. A., M. A. Donelan, J. L. Lumley, and E. A. Terray. 1983. Wave-Turbulence 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

274 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Interactions in the Upper Ocean. Part II. Statistical Characteristics of Wave and Turbulent 
Components of the Random Velocity Field in the Marine Surface Layer. Journal of 
Physical Oceanography 13(11):1988-1999. DOI: 10.1175/1520-
0485(1983)013<1988:WTIITU>2.0.CO;2. 

Klasing, S. A., and R. K. Brodberg. 2013. Protocol For Seafood Risk Assessment to Support 
Fisheries Re-Opening Decisions for Aquatic Oil Spills in California.  

Kleindienst, S., J. H. Paul, and S. B. Joye. 2015. Using dispersants after oil spills: Impacts on the 
composition and activity of microbial communities. Nature Reviews Microbiology 
13(6):388-396. DOI: 10.1038/nrmicro3452. 

Kleindienst, S., M. Seidel, K. Ziervogel, S. Grim, K. Loftis, S. Harrison, S. Y. Malkin, M. J. 
Perkins, J. Field, M. L. Sogin, T. Dittmar, U. Passow, P. M. Medeiros, and S. B. Joye. 
2015. Chemical dispersants can suppress the activity of natural oil-degrading 
microorganisms. Proceedings of the National Academy of Sciences 112(48):14900. 

Knap, A., N. R. Turner, G. Bera, D. A. Renegar, T. Frank, J. Sericano, and B. M. Riegl. 2017. 
Short-term toxicity of 1-methylnaphthalene to Americamysis bahia and 5 deep-sea 
crustaceans. Environmental Toxicology and Chemistry 36(12):3415-3423.  

Kover, S. C., F. L. Rosario-Ortiz, F. L., and K. G. Linden., K. G. (2014). Photochemical fate of 
solvent constituents of Corexit oil dispersants. Water Res. 50, 408–419. doi: 
10.1016/j.watres.2013.12.013 

Krajnak, K., H. Kan, S. Waugh, G. R. Miller, C. Johnson, J. R. Roberts, W. T. Goldsmith, M. 
Jackson, W. McKinney, D. Frazer, M. L. Kashon, and V. Castranova. 2011. Acute 
Effects of COREXIT EC9500A on Cardiovascular Functions in Rats. Journal of 
Toxicology and Environmental Health, Part A 74(21):1397-1404. DOI: 
10.1080/15287394.2011.606795. 

Krasnec, M. O., H. P. Forth, M. W. Carney, R. Takeshita, A. K. McFadden, I. Lipton, B. 
Wallace, K. Dean, C. R. Lay, D. Cacela, J. V. Holmes, J. Lipton and J. M. Morris. 2016. 
General Laboratory Procedures and Practices: Deepwater Horizon Laboratory Toxicity 
Testing. DWH NRDA Toxicity Technical Working Group. Prepared for National 
Oceanic and Atmospheric Administration by Abt Associates, Boulder, CO. 

Krewitt, W. 2002. External costs of energy—Do the answers match the questions?: Looking 
back at 10 years of ExternE. Energy Policy 30(10):839-848. 

Krylov, S. N., X. D. Huang, L. F. Zeiler, D. G. Dixon, and B. M. Greenberg. 1997. Mechanistic 
quantitative structure–activity relationship model for the photoinduced toxicity of 
polycyclic aromatic hydrocarbons: I. Physical model based on chemical kinetics in a 
two�compartment system. Environmental Toxicology and Chemistry 16(11):2283-2295.  

Kujawinski, E. B., M. C. Kido Soule, D. L. Valentine, A. K. Boysen, K. Longnecker, and M. C. 
Redmond. 2011. Fate of Dispersants Associated with the Deepwater Horizon Oil Spill. 
Environmental Science & Technology 45(4):1298-1306. DOI: 10.1021/es103838p. 

Kwok, R. K., J. A. McGrath, S. R. Lowe, L. S. Engel, W. B. Jackson, M. D. Curry, J. Payne, S. 
Galea, and D. P. Sandler. 2017. Mental health indicators associated with oil spill response 
and clean-up: cross-sectional analysis of the GuLF STUDY cohort. The Lancet Public 
Health 2(12):e560-e567. DOI: https://doi.org/10.1016/S2468-2667(17)30194-9. 

Kwok, R. K., L. S. Engel, A. K. Miller, A. Blair, M. D. Curry, W. B. Jackson, P. A. Stewart, M. 
R. Stenzel, L. S. Birnbaum, D. P. Sandler, and GuLF STUDY Research Team. 2017. The 
GuLF STUDY: A Prospective Study of Persons Involved in the Deepwater Horizon Oil 
Spill Response and Clean-Up. Environmental Health Perspectives 125(4):570-578. DOI: 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 275 

PREPUBLICATION COPY 

10.1289/EHP715. 
Laffon, B., E. Pásaro, and V. Valdiglesias. 2016. Effects of exposure to oil spills on human 

health: Updated review. Journal of Toxicology and Environmental Health - Part B: 
Critical Reviews 19(3-4):105-128. DOI: 10.1080/10937404.2016.1168730. 

Lampi, M. A., J. Gurska, X. D. Huang, D. G. Dixon, and B. M. Greenberg. 2007. A predictive 
quantitative structure�activity relationship model for the photoinduced toxicity of 
polycyclic aromatic hydrocarbons to Daphnia magna with the use of factors for 
photosensitization and photomodification. Environmental Toxicology and Chemistry 
26(3):406-415.  

Langmuir, I. 1938. Surface Motion of Water Induced By Wind. Science 87(2250):119.  
Laso-Pérez, R., G. Wegener, K. Knittel, F. Widdel, K. J. Harding, V. Krukenberg, D. V. Meier, 

M. Richter, H. E. Tegetmeyer, D. Riedel, H.-H. Richnow, L. Adrian, T. Reemtsma, O. J. 
Lechtenfeld, and F. Musat. 2016. Thermophilic archaea activate butane via alkyl-
coenzyme M formation. Nature 539:396. DOI: 10.1038/nature20152 
https://www.nature.com/articles/nature20152#supplementary-information. 

Law, R., J. Brant, M. Kirby, J. Lee, D. Morris, and J. Rees. 2014. Guidelines for the 
environmental monitoring and impact assessment associated with subsea oil releases and 
dispersant use in UK waters.  

Le Floch, S., J. Guyomarch, F.-X. Merlin, P. Stoffyn-Egli, J. Dixon, and K. Lee. 2002. The 
Influence of Salinity on Oil–Mineral Aggregate Formation. Spill Science & Technology 
Bulletin 8(1):65-71. DOI: https://doi.org/10.1016/S1353-2561(02)00124-X. 

Le Floch, S., S. Van Ganse, R. Mauge, and A. Laurent. 2013. Influence of dispersant addition on 
the rise of oil droplets contribution to modeling. Presented at Proceedings of the 36th 
AMOP Technical Seminar on Environmental Contamination and Response, Ottawa, 
Canada. 

Leahy J.G., R.R. Colwell. 1990. Microbial degradation of hydrocarbons in the environment. 
Microbiological reviews. 

Ledwell, J. R., R. He, Z. Xue, S. F. DiMarco, L. J. Spencer, and P. Chapman. 2016. Dispersion 
of a tracer in the deep Gulf of Mexico. Journal of Geophysical Research: Oceans 
121(2):1110-1132. DOI: 10.1002/2015JC011405. 

Lee, K. 2002. Oil–Particle Interactions in Aquatic Environments: Influence on the Transport, 
Fate, Effect and Remediation of Oil Spills. Spill Science & Technology Bulletin 8(1):3-8. 
DOI: https://doi.org/10.1016/S1353-2561(03)00006-9. 

Lee, R. F. 2003. Photo-oxidation and photo-toxicity of crude and refined oils. Spill Science & 
Technology Bulletin, 8(2):157-162. 

Lee, K., T. Lunel, P. Wood, R. Swannell, and P. Stoffyn-Egli. 1997. Shoreline Cleanup by 
Acceleration of Clay-Oil Flocculation Processes. International Oil Spill Conference 
Proceedings 1997(1):235-240. DOI: 10.7901/2169-3358-1997-1-235. 

Lee, K., P. Stoffyn-Egli, P. A. Wood, and T. Lunel. 1998. Formation and structure of oil-mineral 
fines aggregates in coastal environments. Presented at Environment Canada Arctic and 
Marine Oil Spill Program Technical Seminar (AMOP) Proceedings. 

Lee, K., P. Stoffyn-Egli, G. H. Tremblay, E. H. Owens, G. A. Sergy, C. C. Guénette, and R. C. 
Prince. 2003. Oil–Mineral Aggregate Formation on Oiled Beaches: Natural Attenuation 
and Sediment Relocation. Spill Science & Technology Bulletin 8(3):285-296. DOI: 
https://doi.org/10.1016/S1353-2561(03)00042-2. 

Lee, K., Z. Li, B. Robinson, P. E. Kepkay, X. Ma, S. E. Cobanli, T. King, M. Blouin, and B. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

276 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Doyon. 2009. In situ remediation of oil spills in ice-packed waters: Enhanced dispersion 
and biodegradation of petroleum hydrocarbons. 

Lee, C. H., Y. A. Kang, K. J. Chang, C. H. Kim, J. I. Hur, J. Y. Kim, and J. K. Lee. 2010. Acute 
Health Effects of the Hebei Oil Spill on the Residents of Taean, Korea. J Prev Med 
Public Health 43(2):166-173. DOI: 10.3961/jpmph.2010.43.2.166. 

Lee, Y.-g., M. M. Rahman, G. Kim, and S. Han. 2011. Mass Balance of Total Mercury and 
Monomethylmercury in Coastal Embayments of a Volcanic Island: Significance of 
Submarine Groundwater Discharge. Environmental Science & Technology 45(23): 9891-
9900. 

Lee, K., Y. Zheng, F. Merlin, Z. Li, H. Niu, and T. King. 2012. Combining Mineral Fines with 
Chemical Dispersants to Disperse Oil in Low Temperature and Low Mixing 
Environments, Including the Arctic. 

Lee, K. W., W. J. Shim, U. H. Yim, and J. H. Kang. 2013. Acute and chronic toxicity study of 
the water accommodated fraction (WAF), chemically enhanced WAF (CEWAF) of crude 
oil and dispersant in the rock pool copepod Tigriopus japonicus. Chemosphere 
92(9):1161-1168. DOI: 10.1016/j.chemosphere.2013.01.080. 

Lee, K., T. Nedwed, R. C. Prince, and D. Palandro. 2013. Lab tests on the biodegradation of 
chemically dispersed oil should consider the rapid dilution that occurs at sea. Marine 
Pollution Bulletin 73(1):314-318. DOI: https://doi.org/10.1016/j.marpolbul.2013.06.005. 

Lehr, W. J., R. J. Fraga, and H. M. Cekirge. 1984. A new technique to estimate initial spill size 
using a modified fay-type spreading formula. Marine Pollution Bulletin 15(9): 326-329. 

Leibovich, S. 1980. "On wave-current interaction theories of Langmuir circulations." Journal of 
Fluid Mechanics 99(04): 715-724. 

Leibovich, S. 2006. On wave-current interaction theories of Langmuir circulations. Journal of 
Fluid Mechanics 99(4):715-724. DOI: 10.1017/S0022112080000857. 

Leifer, I., G. de Leeuw, and L. H. Cohen. 2000. Secondary bubble production from breaking 
waves: The bubble burst mechanism. Geophysical Research Letters 27(24): 4077-4080. 

Leslie, H. A., A. J. P. Oosthoek, F. J. M. Busser, M. H. S. Kraak, and J. L. M. Hermens. 2002. 
Biomimetic solid-phase microextraction to predict body residues and toxicity of 
chemicals that act by narcosis. Environmental Toxicology and Chemistry 21(2):229-234. 
DOI: 10.1002/etc.5620210202. 

Lester, R. R., L. C. Green, and I. Linkov. 2007. Site�specific applications of probabilistic health 
risk assessment: Review of the literature since 2000. Risk Analysis: An International 
Journal 27(3): 635-658. 

Letinski, D., T. Parkerton, A. Redman, R. Manning, G. Bragin, E. Febbo, D. Palandro, and T. 
Nedwed. 2014. Use of passive samplers for improving oil toxicity and spill effects 
assessment. Marine Pollution Bulletin 86(1-2):274-282. DOI: 
10.1016/j.marpolbul.2014.07.006. 

Lewan, M. D., A. Warden, R. F. Dias, Z. K. Lowry, T. L. Hannah, P. G. Lillis, R. F. Kokaly, T. 
M. Hoefen, G. A. Swayze, C. T. Mills, S. H. Harris and G. S. Plumlee. 2014. Asphaltene 
content and composition as a measure of Deepwater Horizon oil spill losses within the 
first 80 days. Organic Geochemistry, 75, 54-60. 

Lewis, A. and D. Aurand. 1997. “Putting Dispersants to Work: Overcoming Obstacles.” API 
Publication No. 4652A. Washington, D. C. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 277 

PREPUBLICATION COPY 

Li, Z., P. Kepkay, K. Lee, T. King, M. C. Boufadel, and A. D. Venosa. 2007. Effects of chemical 
dispersants and mineral fines on crude oil dispersion in a wave tank under breaking 
waves. Marine Pollution Bulletin 54(7), pp.983-993. 

Li, Z., K. Lee, T. King, M. Boufadel, and A. Venosa. 2008. Oil droplet size distribution as a 
function of energy dissipation rate in an experimental wave tank. International Oil Spill 
Conference Proceedings: May 2008, Vol. 2008(1):621-626. 

Li, Z., K. Lee, T. King, M. C. Boufadel, and A. D. Venosa. 2008. Assessment of chemical 
dispersant effectiveness in a wave tank under regular non-breaking and breaking wave 
conditions. Marine Pollution Bulletin 56(5):903-912. DOI: 
https://doi.org/10.1016/j.marpolbul.2008.01.031. 

Li, Z., K. Lee, T. King, P. Kepkay, M. C. Boufadel, and A. D. Venosa. 2009. Evaluating 
Chemical Dispersant Efficacy in an Experimental Wave Tank: 1, Dispersant 
Effectiveness as a Function of Energy Dissipation Rate. Environmental Engineering 
Science 26(6):1139-1148. DOI: 10.1089/ees.2008.0377. 

Li, Z., K. Lee, T. King, M. C. Boufadel, and A. D. Venosa. 2009. Evaluating Chemical 
Dispersant Efficacy in an Experimental Wave Tank: 2—Significant Factors Determining 
In Situ Oil Droplet Size Distribution. Environmental Engineering Science 26(9):1407-
1418. DOI: 10.1089/ees.2008.0408. 

Li, Z., K. Lee, T. King, M. C. Boufadel, and A. D. Venosa. 2009. Evaluating crude oil chemical 
dispersion efficacy in a flow-through wave tank under regular non-breaking wave and 
breaking wave conditions. Marine Pollution Bulletin 58(5):735-744. DOI: 
https://doi.org/10.1016/j.marpolbul.2008.12.014. 

Li, Z., K. Lee, T. King, M. C. Boufadel, and A. D. Venosa. 2010. Effects of temperature and 
wave conditions on chemical dispersion efficacy of heavy fuel oil in an experimental 
flow-through wave tank. Marine Pollution Bulletin 60(9):1550-1559. DOI: 
10.1016/j.marpolbul.2010.04.012. 

Li, P., L. Weng, H. Niu, B. Robinson, T. King, R. Conmy, K. Lee, and L. Liu. 2016. Reynolds 
number scaling to predict droplet size distribution in dispersed and undispersed 
subsurface oil releases. Marine Pollution Bulletin 113(1-2):332-342. DOI: 
10.1016/j.marpolbul.2016.10.005. 

Li, C., J. Miller, J. Wang, S. S. Koley, and J. Katz. 2017. Size Distribution and Dispersion of 
Droplets Generated by Impingement of Breaking Waves on Oil Slicks. Journal of 
Geophysical Research: Oceans 122(10):7938-7957. DOI: 10.1002/2017JC013193. 

Li, Z., M. L. Spaulding, and D. French-McCay. 2017. An algorithm for modeling entrainment 
and naturally and chemically dispersed oil droplet size distribution under surface 
breaking wave conditions. Marine Pollution Bulletin 119(1):145-152. DOI: 
10.1016/j.marpolbul.2017.03.048. 

Li, Z., M. Spaulding, D. French McCay, D. Crowley, and J. R. Payne. 2017. Development of a 
unified oil droplet size distribution model with application to surface breaking waves and 
subsea blowout releases considering dispersant effects. Marine Pollution Bulletin 
114(1):247-257. DOI: 10.1016/j.marpolbul.2016.09.008. 

Libre, J.-M., C. Collin-Hansen, G. Kjeilen-Eilertsen, T. W. Rogstad, C. Stephansen, O. W. 
Brude, A. Bjorgesaeter, and U. Brönner. 2018. ERA Acute-Implementation of a New 
Method for Environmental Risk Assessment of Acute Offshore Oil Spills. Presented at 
SPE International Conference and Exhibition on Health, Safety, Security, Environment, 
and Social Responsibility, Abu Dhabi, UAE, 2018/4/16/. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

278 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Linton, T. and C.B. Koons. 1983. Oil dispersant field evaluation Ixtoc 1 Blowout, Bay of 
Campeche, Mexico. Oil and Petrochemical Pollution 1:183-188. 

Liu, Y.-Z., A. M. Roy-Engel, M. C. Baddoo, E. K. Flemington, G. Wang, and H. Wang. 2016. 
The impact of oil spill to lung health—Insights from an RNA-seq study of human airway 
epithelial cells. Gene 578(1):38-51. DOI: https://doi.org/10.1016/j.gene.2015.12.016. 

Liu, Y.-Z., L. Zhang, A. M. Roy-Engel, S. Saito, J. A. Lasky, G. Wang, and H. Wang. 2017. 
Carcinogenic effects of oil dispersants: A KEGG pathway-based RNA-seq study of 
human airway epithelial cells. Gene 602:16-23. DOI: 
https://doi.org/10.1016/j.gene.2016.11.028. 

Liu, J., S. M. Techtmann, H. L. Woo, D. Ning, J. L. Fortney, and T. C. Hazen. 2017. Rapid 
Response of Eastern Mediterranean Deep Sea Microbial Communities to Oil. Scientific 
Reports 7(1):5762. DOI: 10.1038/s41598-017-05958-x. 

Loh, A., W. J. Shim, S. Y. Ha, and U. H. Yim. 2014. Oil-suspended particulate matter 
aggregates: Formation mechanism and fate in the marine environment. Ocean Science 
Journal 49(4):329-341. DOI: 10.1007/s12601-014-0031-8. 

Long, E. R. 2006. Calculation and uses of mean sediment quality guideline quotients: A critical 
review. Environmental Science and Technology 40(6): 1726-1736. 

Long, E. R., D. D. Macdonald, S. L. Smith, and F. D. Calder. 1995. Incidence of adverse 
biological effects within ranges of chemical concentrations in marine and estuarine 
sediments. Environmental Management 19(1): 81-97. 

Long, E. R., L. J. Field, and D. D. Macdonald. 1998. Predicting toxicity in marine sediments 
with numerical sediment quality guidelines. Environmental Toxicology and Chemistry 
17(4): 714-727. 

Lu, Z. M., Y. Deng, J. D. Van Nostrand, Z. L. He, J. Voordeckers, A. F. Zhou, Y. J. Lee, O. U. 
Mason, E. A. Dubinsky, K. L. Chavarria, L. M. Tom, J. L. Fortney, R. Lamendella, J. K. 
Jansson, P. D'Haeseleer, T. C. Hazen, and J. Z. Zhou. 2012. Microbial gene functions 
enriched in the Deepwater Horizon deep-sea oil plume. ISME Journal 6(2):451-460. 
DOI: 10.1038/ismej.2011.91. 

Lubchenco, J., M. K. McNutt, G. Dreyfus, S. A. Murawski, D. M. Kennedy, P. T. Anastas, S. 
Chu, and T. Hunter. 2012. Science in support of the Deepwater Horizon response. 
Proceedings of the National Academy of Sciences 109(50):20212.  

Lunel, T., R. Swannell, J. Rusin, P. Wood, N. Bailey, C. Halliwell, L. Davies, M. Sommerville, 
A. Dobie, D. Mitchell, M. McDonagh, and K. Lee. 1995. Monitoring the effectiveness of 
response operations during the Sea Empress incident: a key component of the successful 
counter-pollution response. Spill Science & Technology Bulletin 2(2):99-112. DOI: 
https://doi.org/10.1016/S1353-2561(96)00011-4. 

Lutcavage, M., P. Lutz, G. Bossart, and D. Hudson. 1995. Physiologic and clinicopathologic 
effects of crude oil on loggerhead sea turtles. Archives of Environmental Contamination 
and Toxicology 28(4):417-422.  

Lutz, P., and M. Lutcavage. 1989. The effects of petroleum on sea turtles: Applicability to 
Kemp's ridley.  

Lyons, R. A., J. M. Temple, D. Evans, D. L. Fone, and S. R. Palmer. 1999. Acute health effects 
of the Sea Empress oil spill. Journal of Epidemiology and Community Health 53(5):306-
310.  

Ma, X., A. Cogswell, Z. Li, and K. Lee. 2008. Particle Size Analysis of Dispersed Oil and Oil�
Mineral Aggregates With An Automated Ultraviolet Epi�Fluorescence Microscopy 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 279 

PREPUBLICATION COPY 

System. Environmental Technology 29(7):739-748. DOI: 10.1080/09593330801987111. 
MacDonald, I. R., et al. 2015. Natural and unnatural oil slicks in the Gulf of Mexico, J. Geophys. 

Res. Oceans, 120, 8364–8380, doi:10.1002/ 2015JC011062. 
MacFadyen, A., W. G., C. Barker, and C. Beegle-Krause. 2013. Tactical Modeling of Surface 

Oil Transport During the Deepwater Horizon Spill Response. In Monitoring and 
Modeling the Deepwater Horizon Oil Spill: A Record-Breaking Enterprise. Vol. 195.  

Mackay, D., and K. Hossain. 1982. An exploratory study of naturally and chemically dispersedf 
oil. 

Macys, D., R. Carpenter, J. Risher, A. Vinegar, D. Dodd, and H. Wall. 1992. Results Of A 
Workshop On Health Effects Of Crude Oil Exposures Related To Operation Desert 
Storm.1-227.  

Mager, E. M., A. J. Esbaugh, J. D. Stieglitz, R. Hoenig, C. Bodinier, J. P. Incardona, N. L. 
Scholz, D. D. Benetti, and M. Grosell. 2014. Acute embryonic or juvenile exposure to 
Deepwater Horizon crude oil impairs the swimming performance of mahi-mahi 
(Coryphaena hippurus). Environmental Science & Technology 48(12):7053-7061.  

Major, D., Q. Zhang, G. Wang, and H. Wang. 2012. Oil-dispersant mixtures: understanding 
chemical composition and its relation to human toxicity. Toxicological & Environmental 
Chemistry 94(9):1832-1845. DOI: 10.1080/02772248.2012.730202. 

Major, D., R. S. Derbes, H. Wang, and A. Engel. 2016. Effects of corexit oil dispersants and the 
WAF of dispersed oil on DNA damage and repair in cultured human bronchial airway 
cells, BEAS-2B. 

Mallakin, A., B.J. McConkey, G. Miao, B. McKibben, V. Snieckus, D.G. Dixon and B.M. 
Greenberg. 1999. Impacts of Structural Photomodification on the Toxicity of 
Environmental Contaminants: Anthracene Photooxidation Products. Ecotoxicology and 
Environmental Safety 43: 204-212.  

Malone, K., S. Pesch, M. Schluter, and D. Krause. 2018. Oil droplet size distributions in deep-
sea blowouts: influence of pressure and dissolved gases. Environmental Science & 
Technology. 52 (11):6326–6333. DOI: 10.1021/acs.est.8b00587. 

Marietou, A., R. Chastain, F. Beulig, A. Scoma, T. C. Hazen, and D. H. Bartlett. 2018. The 
Effect of Hydrostatic Pressure on Enrichments of Hydrocarbon Degrading Microbes 
From the Gulf of Mexico Following the Deepwater Horizon Oil Spill. Frontiers in 
Microbiology 9:808. DOI: 10.3389/fmicb.2018.00808. 

Marzooghi, S., and D. M. Di Toro. 2017. A critical review of polycyclic aromatic hydrocarbon 
phototoxicity models. Environmental Toxicology and Chemistry 36(5):1138-1148.  

Marzooghi, S., B. E. Finch, W. A. Stubblefield, and D. M. Di Toro. 2018. Predicting 
phototoxicity of alkylated PAHs, mixtures of PAHs, and water accommodated fractions 
(WAF) of neat and weathered petroleum with the phototoxic target lipid model. 
Environmental Toxicology and Chemistry 37: 2165-2174. doi:10.1002/etc.4173 

Marzooghi, S., B. E. Finch, W. A. Stubblefield, O. Dmitrenko, S. L. Neal, and D. M. Di Toro. 
2017. Phototoxic target lipid model of single polycyclic aromatic hydrocarbons. 
Environmental Toxicology and Chemistry 36(4):926-937. DOI: 10.1002/etc.3601. 

Mason, O. U., T. C. Hazen, S. Borglin, P. S. G. Chain, E. A. Dubinsky, J. L. Fortney, J. Han, H. 
Y. N. Holman, J. Hultman, R. Lamendella, R. Mackelprang, S. Malfatti, L. M. Tom, S. 
G. Tringe, T. Woyke, J. H. Zhou, E. M. Rubin, and J. K. Jansson. 2012. Metagenome, 
metatranscriptome and single-cell sequencing reveal microbial response to Deepwater 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

280 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Horizon oil spill. ISME Journal 6(9):1715-1727. DOI: Doi 10.1038/Ismej.2012.59. 
Mason, O. U., N. M. Scott, A. Gonzalez, A. Robbins-Pianka, J. Bælum, J. Kimbrel, N. J. 

Bouskill, E. Prestat, S. Borglin, D. C. Joyner, J. L. Fortney, D. Jurelevicius, W. T. 
Stringfellow, L. Alvarez-Cohen, T. C. Hazen, R. Knight, J. A. Gilbert, and J. K. Jansson. 
2014. Metagenomics reveals sediment microbial community response to Deepwater 
Horizon oil spill. The Isme Journal 8(7):1464-1475. DOI: 10.1038/ismej.2013.254. 

Masutani, S.M. and E.E. Adams. 2000. Experimental study of multiphase plumes and application 
to deep ocean oil spills. Final report to the U.S. Department of Interior, Minerals 
Management Service, contract No. 1435-01-98-CT-30946.  

Mauer, M. P., K. R. Cummings, and R. Hoen. 2010. Long-term respiratory symptoms in World 
Trade Center responders. Occupational Medicine 60(2):145-151. DOI: 
10.1093/occmed/kqp176. 

Maxey, M. R., and J. J. Riley. 1983. Equation of motion for a small rigid sphere in a nonuniform 
flow. Physics of Fluids 26(4):883-889. DOI: 10.1063/1.864230. 

Mayer, P., T. F. Parkerton, R. G. Adams, J. G. Cargill, J. Gan, T. Gouin, P. M. Gschwend, S. B. 
Hawthorne, P. Helm, G. Witt, J. You, and B. I. Escher. 2014. Passive sampling methods 
for contaminated sediments: Scientific rationale supporting use of freely dissolved 
concentrations. Integrated environmental assessment and management 10(2):197-209. 
DOI: 10.1002/ieam.1508. 

McConville, M. M., J. P. Roberts, M. Boulais, B. Woodall, J. D. Butler, A. D. Redman, T. F. 
Parkerton, W. R. Arnold, J. Guyomarch, and S. LeFloch. 2018. The sensitivity of a 
deep�sea fish species (Anoplopoma fimbria) to oil�associated aromatic compounds, 
dispersant, and Alaskan North Slope crude oil. Environmental Toxicology and Chemistry.  

McDaniel, L.D., J. Basso, E. Pulster, J.H. Paul. 2015. Sand patties provide evidence for the 
presence of Deepwater Horizon oil on the beaches of the West Florida Shelf. Marine 
Pollution Bulletin 97(1-2): 67-77. 

McFarlin, K. M., R. A. Perkins, W. W. Gardiner, J. D. Word, and J. Q. Word. 2011. Toxicity of 
physically and chemically dispersed oil to selected Arctic species. Presented at 
International Oil Spill Conference Proceedings (IOSC). 

McFarlin, K. M., R. C. Prince, R. Perkins, and M. B. Leigh. 2014. Biodegradation of dispersed 
oil in Arctic seawater at -1°C. PLoS One 9(1). DOI: 10.1371/journal.pone.0084297. 

McFarlin, K. M., M. J. Perkins, J. A. Field, and M. B. Leigh. 2018. Biodegradation of Crude Oil 
and Corexit 9500 in Arctic Seawater. Frontiers in Microbiology 9(1788). DOI: 
10.3389/fmicb.2018.01788. 

McGenity, T. J. (ed) Taxonomy, Genomics and Ecophysiology of Hydrocarbon-Degrading 
Microbe. Handbook of Hydrocarbon and Lipid Microbiology. Springer, Cham 
https://doi.org/10.1007/978-3-319-60053-6 

McGowan, C. J., R. K. Kwok, L. S. Engel, M. R. Stenzel, P. A. Stewart, and D. P. Sandler. 2017. 
Respiratory, Dermal, and Eye Irritation Symptoms Associated with Corexit™ 
EC9527A/EC9500A following the Deepwater Horizon Oil Spill: Findings from the GuLF 
STUDY. Environmental Health Perspectives 125(9):097015. DOI: 10.1289/EHP1677. 

McGrath, J. A., and D. M. Di Toro. 2009. Validation of the target lipid model for toxicity 
assessment of residual petroleum constituents: Monocyclic and polycyclic aromatic 
hydrocarbons. Environmental Toxicology and Chemistry 28(6):1130-1148.  

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 281 

PREPUBLICATION COPY 

McGrath, J. A., T. F. Parkerton, F. L. Hellweger and D. M. Di Toro. 2005. Validation of the 
narcosis target lipid model for petroleum products: Gasoline as a case study. 
Environmental Toxicology and Chemistry 24(9): 2382. 

McGrath, J. A., C. J. Fanelli, D. M. Toro, T. F. Parkerton, A. D. Redman, M. L. Paumen, M. 
Comber, C. V. Eadsforth, and K. Haan. 2018. Re�evaluation of Target Lipid Model�
Derived HC5 Predictions for Hydrocarbons. Environmental Toxicology and Chemistry.  

McKinney, K. 2017. The Effect of Dispersants on Mechanical Containment and Recovery. 
Presented at Clean Gulf 2017. 

McNutt, M. K., S. Chu, J. Lubchenco, T. Hunter, G. Dreyfus, S. A. Murawski, and D. M. 
Kennedy. 2012. "Applications of science and engineering to quantify and control 
Deepwater Horizon oil spill." Proceedings of the National Academy of Sciences 109(50): 
20222. 

Mearns, A., G.Watabayashi, and J. Lankford. 2001. Dispersing oil near shore in the California 
current region. Rep. CA Coop. Ocean. Fish. Invest. 42, 97–109. 

Mearns, A., G. Watabayashi, C. O’Connor. 2003. Using a new dispersed oil model to support 
ecological risk assessment. In: International Oil Spill Conference, American Petroleum 
Institute, pp. 523–530. 

Mekenyan, O. G., G. T. Ankley, G. D. Veith, and D. J. Call. 1994. QSARs for photoinduced 
toxicity: I. Acute lethality of polycyclic aromatic hydrocarbons to Daphnia magna. 
Chemosphere 28(3):567-582.  

Meo, S. A., A. M. Al-Drees, I. M. U. Meo, M. M. Al-Saadi, and M. A. Azeem. 2008. Lung 
function in subjects exposed to crude oil spill into sea water. Marine Pollution Bulletin 
56(1):88-94. DOI: https://doi.org/10.1016/j.marpolbul.2007.09.039. 

Meo, S. A., A. M. Al-Drees, S. Rasheed, I. M. Meo, M. M. Khan, M. M. Al-Saadi, and J. R. 
Alkandari. 2009. Effect of duration of exposure to polluted air environment on lung 
function in subjects exposed to crude oil spill into sea water. Int J Occup Med Environ 
Health 22(1):35-41. DOI: 10.2478/v10001-009-0007-6. 

Meo, S., A. Al-Drees, S. Rasheed, I. Meo, M. Al-Saadi, H. Ghani, and J. Alkandari. 2009. Health 
complaints among subjects involved in oil cleanup operations during oil spillage from a 
Greek tanker "tasman Spirit". International Journal of Occupational Medicine and 
Environmental Health 22(2):143-148. DOI: 10.2478/v10001-009-0011-x. 

Michel, J., and N. Rutherford. 2014. Impacts, recovery rates, and treatment options for spilled oil 
in marshes. Marine Pollution Bulletin 82(1-2):19-25.  

Middlebrook, A. M., D. M. Murphy, R. Ahmadov, E. Atlas, R. Bahreini, D. R. Blake, J. Brioude, 
J. A. De Gouw, F. C. Fehsenfeld, G. J. Frost, J. S. Holloway, D. A. Lack, J. M. 
Langridge, R. A. Lueb, S. A. McKeen, J. F. Meagher, S. Meinardi, J. A. Neuman, J. B. 
Nowak, D. D. Parrish, J. Peischl, A. E. Perring, I. B. Pollack, J. M. Roberts, T. B. 
Ryerson, J. P. Schwartz, J. R. Spackman, C. Warneke, and A. R. Ravishankara. 2012. Air 
quality implications of the Deepwater Horizon Oil Spill. Proceedings of the National 
Academy of Sciences of the United States of America 109(50). DOI: 
10.1073/pnas.1110052108. 

Milgram, J. H. 1983. Mean flow in round bubble plumes. Journal of Fluid Mechanics 
133(AUG): 345-376. 

Mitchelmore, C., C. Bishop, and T. Collier. 2017. Toxicological estimation of mortality of 
oceanic sea turtles oiled during the Deepwater Horizon oil spill. Endangered Species 
Research 33:39-50.  

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

282 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Montagna, P. A., J. G. Baguley, C. Cooksey, I. Hartwell, L. J. Hyde, J. L. Hyland, R. D. Kalke, 
L. M. Kracker, M. Reuscher, and A. C. E. Rhodes. 2013. Deep-Sea Benthic Footprint of 
the Deepwater Horizon Blowout. PLoS One 8(8). DOI: 10.1371/journal.pone.0070540. 

Morgan, D. D., and D. Warshawsky. 1977. The photodynamic immobilization of Artemia salina 
nauplii by polycyclic aromatic hydrocarbons and its relationship to carcinogenic activity. 
Photochemistry and photobiology 25(1):39-46.  

Morgan, D. D., D. Warshawsky, and T. Atkinson. 1977. The relationship between carcinogenic 
activities of polycyclic aromatic hydrocarbons and their singlet, triplet, and singlet-triplet 
splitting energies of phosphorescence lifetimes. Photochemistry and photobiology 
25(1):31-38.  

Morita, A., Y. Kusaka, Y. Deguchi, A. Moriuchi, Y. Nakanaga, M. Iki, S. Miyazaki, and K. 
Kawahara. 1999. Acute Health Problems among the People Engaged in the Cleanup of 
the Nakhodka Oil Spill. Environmental Research 81(3):185-194. DOI: 
https://doi.org/10.1006/enrs.1999.3979. 

Morris, J.M., M.Gielazyn, M.O. Krasnec, R. Takeshita, H.P. Forth, J.S. Labenia, T.L. Linbo, 
B.L. French, J.A. Gill, D.H. Baldwin, and N.L.Scholz. 2018. Crude oil cardiotoxicity to 
red drum embryos is independent of oil dispersion energy. Chemosphere, 213, pp.205-
214. 

Murphy, D. W., X. Xue, K. Sampath, and J. Katz. 2016. Crude oil jets in crossflow: Effects of 
dispersant concentration on plume behavior. Journal of Geophysical Research: Oceans 
121(6): 4264-4281. 

Murphy, D., B. Gemmell, L. Vaccari, C. Li, H. Bacosa, M. Evans, C. Gemmell, T. Harvey, M. 
Jalali, and T. H. Niepa. 2016. An in-depth survey of the oil spill literature since 1968: 
Long term trends and changes since Deepwater Horizon. Mar Pollut Bull 113(1-2):371-
379. DOI: 10.1016/j.marpolbul.2016.10.028. 

Murray, J. A., L. C. Sander, S. A. Wise, and C. M. Reddy. 2016. Gulf of Mexico Research 
Initiative 2014/2015 Hydrocarbon Intercalibration Experiment: Description and Results 
for SRM 2779 Gulf of Mexico Crude Oil and Candidate SRM 2777 Weathered Gulf of 
Mexico Crude Oil. DOI: 10.6028/NIST.IR.8123  

Nagamine, S.I. 2014. The effects of chemical dispersants on buoyant oil droplets. Master of 
Science, Dept. of Mechanical Engineering. (Honolulu, HI: University of Hawaii) 

NASEM (National Academies of Sciences, Engineering, and Medicine). 2016. Spills of Diluted 
Bitumen from Pipelines: A Comparative Study of Environmental Fate, Effects, and 
Response – Chapter 5: Comparing Properties Affecting Transport, Fate, Effects, and 
Response. Washington, DC: The National Academies Press. 

National Commission (National Commission on the BP Deepwater Horizon Oil Spill and 
Offshore Drilling). 2011. Deep Water: The Gulf Oil Disaster and the Future of Offshore 
Drilling. Washington, DC. 

Nedwed, T., G. P. Canevari, R. Belore, J. Clark, T. Coolbaugh, A. Tidwell. 2011. New 
Dispersant Gel Effective on Cold, Viscous Oils. IOSC Proceedings (March 2011) 
2011(1) pp. abs109.  

Nel, A., T. Xia, and N. Li. 2006. Toxic Potential of Materials at the Nanolevel. Science 
311(5761): 622. 

Nelson, RK, KM Gosselin, DJ Hollander, SA Murawski, A Gracia , CM Reddy, JR Radović 
2019. Exploring the Complexity of Two Iconic Crude Oil Spills in the Gulf of Mexico 
(Ixtoc I and Deepwater Horizon) Using Comprehensive Two-dimensional Gas 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 283 

PREPUBLICATION COPY 

Chromatography (GC×GC). Energy & Fuels (in press). 
Newsted, J. L., and J. P. Giesy. 1987. Predictive models for photoinduced acute toxicity of 

polycyclic aromatic hydrocarbons to Daphnia magna, Strauss (Cladocera, Crustacea). 
Environmental Toxicology and Chemistry 6(6):445-461.  

Norwegian ResearchCouncil. 2012. Long term environmentalimpact of discharges from the Norwegian 
petroleum industry. Review of a 10-year research program. The Norwegian Research Council, 
February 2012, Oslo, ISBN 978-82-12-03027-5 (pdf). 

Nicol, J.-P., W. R. Wise, F. J. Molz, and L. D. Benefield. 1994. Modeling biodegradation of 
residual petroleum in a saturated porous column. Water Resources Research 
30(12):3313-3325. DOI: 10.1029/94WR01879. 

NIEHS (National Institute of Environmental Health Sciences). 2018. NIH Disaster Research 
Response (DR2). https://dr2.nlm.nih.gov/ 

Nissanka, I. D., and P.D. Yapa. 2016. Calculation of oil droplet size distribution in an 
underwater oil well blowout. Journal of Hydraulic Research 54(3):307-320.  

Niu, H., Z. Li, K. Lee, P. Kepkay, and J. V. Mullin. 2011. Modelling the Transport of Oil–
Mineral-Aggregates (OMAs) in the Marine Environment and Assessment of Their 
Potential Risks. Environmental Modeling & Assessment 16(1):61-75. DOI: 
10.1007/s10666-010-9228-0. 

NOAA. 2012. Review of Subsurface Dispersed Oil and Oxygen Levels Associated with the 
Deepwater Horizon MC252 Spill of National Significance. NOAA Technical Report 
NOS OR&R 27, pp. 95. Joint Analysis Group, Deepwater Horizon Oil Spill. 

NOAA/ERD (National Oceanic and Atmospheric Administration, Emergency Response 
Division). 2015. Chemical Aquatic Fate and Effects (CAFE) Database. Version 1.1 
[Computer Software]. NOAA/ERD, Office of Response and Restoration, Seattle, WA.  

NOAA/FDA (National Oceanic and Atmospheric Administration/Food and Drug 
Administration). 2010. Protocol for Interpretation and Use of Sensory Testing and 
Analytical Chemistry Results for Re-opening Oil-impacted Areas Closed to Seafood 
Harvesting. Available: https://www.fda.gov/Food/ucm217601.htm 

Noh, S. R., H.-K. Cheong, M. Ha, S.-Y. Eom, H. Kim, Y.-H. Choi, and D. Paek. 2015. Oxidative 
stress biomarkers in long-term participants in clean-up work after the Hebei Spirit oil 
spill. Science of the Total Environment 515-516:207-214. DOI: 
https://doi.org/10.1016/j.scitotenv.2015.02.039. 

Nordtug, T., A. J. Olsen, D. Altin, S. Meier, I. Overrein, B. H. Hansen, and Ø. Johansen. 2011. 
Method for generating parameterized ecotoxicity data of dispersed oil for use in 
environmental modelling. Marine Pollution Bulletin 62(10):2106-2113.  

North, E. W., E. E. Adams, A. E. Thessen, Z. Schlag, R. He, S. A. Socolofsky, S. M. Masutani, 
and S. D. Peckham. 2015. The influence of droplet size and biodegradation on the 
transport of subsurface oil droplets during the Deepwater Horizon spill: A model 
sensitivity study. Environmental Research Letters 10(2). DOI: 10.1088/1748-
9326/10/2/024016. 

NPC (National Petroleum Council). 2015. Arctic Potential: Realizing the Promise of U.S. Arctic 
Oil and Gas Resources.  

NRC (National Research Council). 1983. Risk assessment in the federal government: managing 
the process. Washington, DC: National Academy Press. 

NRC. 1989. Using oil spill dispersants on the sea. Washington, DC: National Academy Press. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

284 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

NRC. 1994. Science and judgment in risk assessment. Washington, DC: National Academy 
Press. 

NRC. 2003. Oil in the Seda III.Washington, DC: National Academies Press. 
NRC. 2005. Oil spill dispersants: efficacy and effects. Washington, DC: National Academy 

Press. 
NRC. 2013. An ecosystem services approach to assessing the impacts of the Deepwater Horizon 

oil spill in the Gulf of Mexico. Washington, DC: National Academy Press. 
NRC. 2014. Responding to Oil Spills in the U.S. Arctic Marine Environment. Washington, DC: 

National Academy Press. DOI: 10.17226/18625. 
NRT (National Response Team). 2013. Environmental Monitoring for Atypical Dispersant 

Operations.  
O’Connor, B. S., F. E. Muller-Karger, R. W. Nero, C. Hu, E. B. Peebles. 2016. The role of 

Mississippi River discharge in offshore phytoplankton blooming in the northeastern Gulf 
of Mexico during August 2010. Remote Sensing of Environment 173: 133–44. 
https://doi.org/10.1016/j.rse.2015.11.004. 

O’Hara, P. D., and L. A. Morandin. 2010. Effects of sheens associated with offshore oil and gas 
development on the feather microstructure of pelagic seabirds. Marine Pollution Bulletin 
60(5):672-678.  

O'Laughlin, C. M., B. A. Law, V. S. Zions, T. L. King, B. Robinson, and Y. Wu. 2017. Settling 
of dilbit-derived oil-mineral aggregates (OMAs) & transport parameters for oil spill 
modelling. Marine Pollution Bulletin 124(1):292-302. DOI: 
10.1016/j.marpolbul.2017.07.042. 

O'Laughlin, C. M., B. A. Law, V. S. Zions, T. L. King, B. Robinson, and Y. Wu. 2017. The 
dynamics of diluted bitumen derived oil-mineral aggregates, Part II. Canadian Technical 
Report of Fisheries and Aquatic Sciences 3209:1-49.  

Oldenburg, C. M., B. M. Freifeld, K. Pruess, L. Pan, S. Finsterle, and G. J. Moridis. 2012. 
Numerical simulations of the Macondo well blowout reveal strong control of oil flow by 
reservoir permeability and exsolution of gas. Proceedings of the National Academy of 
Sciences 109(50):20254-20259. DOI: 10.1073/pnas.1105165108. 

Olsen, G. H., M. G. Smit, J. Carroll, I. Jæger, T. Smith, and L. Camus. 2011. Arctic versus 
temperate comparison of risk assessment metrics for 2-methyl-naphthalene. Marine 
Environmental Research 72(4):179-187.  

Olsen, G. H., N. Coquille, S. Le Floch, P. Geraudie, M. Dussauze, P. Lemaire, and L. Camus. 
2016. Sensitivity of the deep-sea amphipod Eurythenes gryllus to chemically dispersed 
oil. Environ Sci Pollut Res Int 23(7):6497-6505. DOI: 10.1007/s11356-015-5869-5. 

Omotoso, O. E., V. A. Munoz, and R. J. Mikula. 2002. Mechanisms of Crude Oil–Mineral 
Interactions. Spill Science & Technology Bulletin 8(1):45-54. DOI: 
https://doi.org/10.1016/S1353-2561(02)00116-0. 

Oris, J. T., and J. P. Giesy Jr. 1985. The photoenhanced toxicity of anthracene to juvenile sunfish 
(Lepomis spp.). Aquatic Toxicology 6(2):133-146.  

OSAT (Operational Science Advisory Team). 2010. Unified Area Command. Summary report 
for sub-sea and sub-surface oil and dispersant detection: Sampling and monitoring. 
Retrieved 15 April 2017, from 
http://www.restorethegulf.gov/sites/default/files/documents/pdf/OSAT_Report_FINAL_1
7DEC.pdf. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 285 

PREPUBLICATION COPY 

OSHA (Occupational Safety and Health Administration). 2018. Occupational Safety and Health 
Administration (OSHA) Activities During the Deepwater Horizon Oil Spill. OSHA 
Combined Sampling Results and Coast Guard Laboratory Analysis Results OSHA 
Archived websites: https://web.archive.org/web/20170428151739/https://www.osha.gov/ 
oilspills/index_sampling.html 

Owens, E. H., and K. Lee. 2003. Interaction of oil and mineral fines on shorelines: review and 
assessment. Marine Pollution Bulletin 47(9):397-405. DOI: 
https://doi.org/10.1016/S0025-326X(03)00209-1. 

Owens, E. H., and G. A. Sergy. 1997. Application of Recent Technical Advances to the Decision 
Process for Shoreline Treatment. International Oil Spill Conference Proceedings 
1997(1):289-295. DOI: 10.7901/2169-3358-1997-1-289. 

Palinkas, L. A., J. S. Petterson, J. Russell, and M. A. Downs. 1993. Community patterns of 
psychiatric disorders after the Exxon Valdez oil spill. The American Journal of 
Psychiatry 150(10):1517-1523. DOI: 10.1176/ajp.150.10.1517. 

Palinkas, L. A., M. A. Downs, J. S. Petterson, and J. Russell. 1993. Social, Cultural, and 
Psychological Impacts of the "Exxon Valdez" Oil Spill. Human Organization 52(1):1-13.  

Panetta, P. D., L. G. Bland, G. Cartwright, and C. T. Friedrichs. 2012. Acoustic scattering to 
measure dispersed oil droplet size and sediment particle size. Presented at 2012 Oceans, 
14-19 Oct. 2012. 

Panetta, P. D., D. McElhone, L. Carr, K. Winfield, G. G. Cartwright, and C. T. Friedrichs. 2013. 
Acoustic Assessment of Subsea Chemical Dispersant Efficacy. US Department of the 
Interior Bureau of Safety and Environmental Enforcement (BSEE), Washington, DC. 

Paris, C. B., M. L. Hénaff, Z. M. Aman, A. Subramaniam, J. Helgers, D. P. Wang, V. H. 
Kourafalou, and A. Srinivasan. 2012. Evolution of the Macondo well blowout: 
Simulating the effects of the circulation and synthetic dispersants on the subsea oil 
transport. Environmental Science and Technology 46(24):13293-13302. DOI: 
10.1021/es303197h. 

Parkerton, T. F., M. A. Stone, and D. J. Letinski. 2000. Assessing the aquatic toxicity of complex 
hydrocarbon mixtures using solid phase microextraction. Toxicology letters 112:273-282. 
DOI: 10.1016/s0378-4274(99)00237-4. 

Passow, U. 2014. Formation of rapidly-sinking, oil-associated marine snow. Deep-Sea Research 
II: doi:10.1016/j.dsr2.2014.10.001 

Passow, U. 2016. Formation of rapidly-sinking, oil-associated marine snow. Deep-Sea Research 
Part II: Topical Studies in Oceanography 129:232-240. DOI: 
10.1016/j.dsr2.2014.10.001. 

Passow, U. and K. Ziervogel. 2016. Marine snow sedimented oil released during the Deepwater 
Horizon spill. Oceanography 29(3): 118-125. 

Passow, U., K. Ziervogel, V. Asper, and A. Diercks. 2012. Marine snow formation in the 
aftermath of the Deepwater Horizon oil spill in the Gulf of Mexico. Environmental 
Research Letters 7(3):035301.  

Passow, U., J. Sweet, and A. Quigg. 2017. How the dispersant Corexit impacts the formation of 
sinking marine oil snow. Marine Pollution Bulletin 125(1-2):139-145. DOI: 
10.1016/j.marpolbul.2017.08.015. 

Payne, J. R., & Phillips, C. R. 1985. Photochemistry of petroleum in water. Environmental 
Science & Technology, 19(7):569-579. 

Payne, J., B. Kirstein, J. Clayton, C. Clary, R. Redding, D. McNabb, and G. Farmer. 1987. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

286 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Integration of suspended particulate matter and oil transportation study, final report to the 
Minerals Management Service.  

Payne, J. R., J. John R. Clayton, J. G. Daniel McNabb, B. E. Kirstein, C. L. Clary, R. T. 
Redding, J. S. Evans, E. Reimnitz, and E. W. Kempema. 1989. Oil-ice Sediment 
Interactions During Freeze-up and Break-up: Final Report.  

Payne, J. R. 1989. Oil-ice Sediment Interactions During Freeze-up and Break-up: Final Report, 
US Department of Commerce, National Oceanic and Atmospheric Administration, Ocean 
Assessments Division, Alaska Office. 

Payne, J. R., J. R. Clayton, and B. E. Kirstein. 2003. Oil/Suspended Particulate Material 
Interactions and Sedimentation. Spill Science & Technology Bulletin 8(2):201-221. DOI: 
https://doi.org/10.1016/S1353-2561(03)00048-3. 

Pegau, W.S., J. Garron, L. Zabilansky, C. Bassett, J. Bello, J. Bradford, R. Carns, Z. Courville, 
H. Eicken, B. C. Elder, P. Eriksen, A. C. Lavery, B. Light, T. Maksym, H.-P. Marshall, 
M. Oggier, D. Perovich, P. Pocwiardowski, H. Singh, D. Tang, C. Wiggins, and J. 
Wilkinson. 2017. Detection of oil in, with, and under ice. IOSC Proceedings. 

Pepper, I., C. Gerba, and T. Gentry. 2015. Environmental Microbiology (Third Edition). Pepper, 
I. L., C. P. Gerba and T. J. Gentry, eds. San Diego: Academic Press. 

Perez-Cadahia, B., B. Laffon, M. Porta, A. Lafuente, T. Cabaleiro, T. Lopez, A. Caride, J. 
Pumarega, A. Romero, E. Pasaro, and J. Mendez. 2008. Relationship between blood 
concentrations of heavy metals and cytogenetic and endocrine parameters among subjects 
involved in cleaning coastal areas affected by the 'Prestige' tanker oil spill. Chemosphere 
71(3):447-455. DOI: 10.1016/j.chemosphere.2007.10.053. 

Pérez-Cadahía, B., B. Laffon, V. Valdiglesias, E. Pásaro, and J. Méndez. 2008. Cytogenetic 
effects induced by Prestige oil on human populations: The role of polymorphisms in 
genes involved in metabolism and DNA repair. Mutation Research/Genetic Toxicology 
and Environmental Mutagenesis 653(1):117-123. DOI: 
https://doi.org/10.1016/j.mrgentox.2008.04.002. 

Perkins, M. J., S. B. Joye, and J. A. Field. 2017. Selective quantification of DOSS in marine 
sediment and sediment-trap solids by LC-QTOF-MS. Analytical and bioanalytical 
chemistry, 409, 971-978. 

Perkins, R. A., S. Rhoton, and C. Behr-Andres. 2005. Comparative marine toxicity testing: A 
cold-water species and standard warm-water test species exposed to crude oil and 
dispersant. Cold Regions Science and Technology 42(3):226-236. DOI: 
10.1016/j.coldregions.2005.02.001. 

Pesch, S., P. Jaeger, A. Jaggi, K. Malone, M. Hoffman, D. Krause, T. B. P. Oldenburgm and M. 
Schlüter. 2017. Rise Velocity of Live-Oil Droplets in Deep-Sea Oil Spills. Environmental 
Engineering Science 35(4): 289-299. doi: 10.1089/ees.2017.0319. 

Peters, K. K., C. C. Walters, and J. M. Moldowan. 2005. The Biomarker Guide: Volume 2, 
Biomarkers and Isotopes in Petroleum Systems and Earth History. 2(2nd Edition).  

Pew Charitable Trusts. 2013. Arctic standards: Recommendations on oil spill prevention, 
response, and safety in the U.S. Arctic Ocean.  

Pew Environment Group. 2010. Oil Spill Prevention and Response in the U.S. Arctic Ocean 
Unexamined Risks, Unacceptable Consequences.  

Piacentino, J., S. Silver, B. Bernard, D. G. DeBord, R. Funk, and J. Decker. 2014. Study 
Methodology Prevents Interpretation of Findings in Workers Involved in Gulf Oil Spill 
Cleanup Activities. The American Journal of Medicine 127(9):e25-e26. DOI: 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 287 

PREPUBLICATION COPY 

https://doi.org/10.1016/j.amjmed.2013.11.028. 
Picou, S., D. Gill, C. L. Dyer, and E. W. Curry. 1992. Disruption and Stress in an Alaskan 

Fishing Community: Initial and Continuing Impacts of the Exxon Valdez Oil Spill. 
Place, B., B. Anderson, A. Mekebri, E. T. Furlong, J. L. Gray, R. Tjeerdema, J. Field. 2010. A 

role for analytical chemistry in advancing our understanding of the occurrence, fate, and 
effects of Corexit oil dispersants. Environ. Sci. Technol. 44, 6016e6018. 

Place, B. J., M. J. Perkins, E. Sinclair, A. L. Barsamian, P. R. Blakemore, and J. A. Field. 2016. 
Trace analysis of surfactants in Corexit oil dispersant formulations and seawater. Deep 
Sea Research Part II: Topical Studies in Oceanography 129:273-281. DOI: 
https://doi.org/10.1016/j.dsr2.2014.01.015. 

Popovech, M. 2017. Analysis of Hazards of Dispersant Constituents and Review of 
Toxicological Studies. International Oil Spill Conference Proceedings: May 2017, Vol. 
2017, No. 1, pp. 311-330. 

Prince, R. C., and J. D. Butler. 2014. A protocol for assessing the effectiveness of oil spill 
dispersants in stimulating the biodegradation of oil. Environmental Science and Pollution 
Research 21(16):9506-9510. DOI: 10.1007/s11356-013-2053-7. 

Prince, R. C., R. M. Garrett, R. E. Bare, M. J. Grossman, T. Townsend, J. M. Suflita, K. Lee, E. 
H. Owens, G. A. Sergy, J. F.Braddock, J. E. Lindstrom, and R. R. Lessard. 2003. The 
roles of photooxidation and biodegradation in long-term weathering of crude and heavy 
fuel oils. Spill Science and Technology Bulletin 8(2): 145-156. 

Prince, R. C., K. M. McFarlin, J. D. Butler, E. J. Febbo, F. C. Y. Wang, and T. J. Nedwed. 2013. 
The primary biodegradation of dispersed crude oil in the sea. Chemosphere 90(2):521-
526. DOI: 10.1016/j.chemosphere.2012.08.020. 

Prince, R. C., T. S. Coolbaugh, and T. F. Parkerton. 2016. Oil dispersants do facilitate 
biodegradation of spilled oil. Proceedings of the National Academy of Sciences of the 
United States of America 113(11):E1421. DOI: 10.1073/pnas.1525333113. 

Rabl, A., and J. V. Spadaro. 1999. Damages and costs of air pollution: an analysis of 
uncertainties. Environment International 25(1): 29-46.  

Radović, J. R., C. Aeppli, R. K. Nelson, N. Jimenez, C. M. Reddy, J. M. Bayona, and J. 
Albaigés. 2014. "Assessment of photochemical processes in marine oil spill 
fingerprinting." Marine Pollution Bulletin 79(1-2): 268-277. 

Rand, G. M., and S. R. Petrocelli. 1985. Fundamentals of aquatic toxicology: Methods and 
applications. Washington: Hemisphere Pub. Corp. 

Rangwala, A.S., et al. 2015. A Novel Experimental Approach to Enhance Burning of Oil-Water 
Emulsions by Immersed Objects, BSEE Final Report OSRR-1049. (Available at: 
https://www.bsee.gov/research-record/osrr-1049-novel-experimental-approach-enhance-
burning-oil-water-emulsions-immersed Accessed 10/10/18) 

Reddy, C. M., J. S. Arey, J. S. Seewald, S. P. Sylva, K. L. Lemkau, R. K. Nelson, C. A. 
Carmichael, C. P. McIntyre, J. Fenwick, G. T. Ventura, B. A. Van Mooy, and R. Camilli. 
2012. Composition and fate of gas and oil released to the water column during the 
Deepwater Horizon oil spill. Proceedings of the National Academy of Sciences of the 
United States of America 109(50):20229-20234. DOI: 10.1073/pnas.1101242108. 

Reddy, C. M., S. A. Wise, L. C. Sander, and J. A. Murray. 2015. Summary of results from the 
2014/2015 Hydrocarbon Intercalibration Experiment (HIE).  

Reddy C, S.A. Wise, L.C. Sander, and J.A. Murray. 2016. Summary of results from the 
2014/2015 Hydrocarbon Intercalibration Experiment (HIE). p.^pp. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

288 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Redman, A. D., and T. F. Parkerton. 2015. Guidance for improving comparability and relevance 
of oil toxicity tests. Marine Pollution Bulletin 98(1-2):156-170. DOI: 
10.1016/j.marpolbul.2015.06.053. 

Redmond, M. C., and D. L. Valentine. 2012. Natural gas and temperature structured a microbial 
community response to the Deepwater Horizon oil spill. Proceedings of the National 
Academy of Sciences 109(50):20292-20297. DOI: 10.1073/pnas.1108756108. 

Redman, A. D., J. A. McGrath, W. A. Stubblefield, A. W. Maki, and D. M. Di Toro. 2012. 
Quantifying the concentration of crude oil microdroplets in oil–water preparations. 
Environmental Toxicology and Chemistry 31(8):1814-1822.  

Redman, A. D., T. F. Parkerton, J. A. McGrath, and D. M. Di Toro. 2012. PETROTOX: An 
aquatic toxicity model for petroleum substances. Environmental Toxicology and 
Chemistry 31(11):2498-2506. DOI: 10.1002/etc.1982. 

Redman, A. D., T. F. Parkerton, D. J. Letinski, R. G. Manning, J. E. Adams, and P. V. Hodson. 
2014. Evaluating toxicity of heavy fuel oil fractions using complementary modeling and 
biomimetic extraction methods. Environmental Toxicology and Chemistry 33(9):2094-
2104.  

Redman, A. D., J. D. Butler, D. J. Letinski, and T. F. Parkerton. 2017. Investigating the role of 
dissolved and droplet oil in aquatic toxicity using dispersed and passive dosing systems. 
Environmental Toxicology and Chemistry 36(4):1020-1028. DOI: 10.1002/etc.3624. 

Redman, A. D., J. D. Butler, D. J. Letinski, D. M. Di Toro, M. Leon Paumen, and T. F. 
Parkerton. 2018. Technical basis for using passive sampling as a biomimetic extraction 
procedure to assess bioavailability and predict toxicity of petroleum substances. 
Chemosphere 199:585-594. DOI: 10.1016/j.chemosphere.2018.02.024. 

Reed, M., and B. Hetland. 2002. DREAM: a dose-related exposure assessment model technical 
description of physical-chemical fates components, S. Petrol. Engr., SPE 73856. 

Reed, M., and H. Rye. 1995. A Three-Dimensional Oil and Chemical Spill Model for 
Environmental Impact Assessment. International Oil Spill Conference Proceedings 
1995(1):61-66. DOI: 10.7901/2169-3358-1995-1-61. 

Reed, M., Ø. Johansen, P. J. Brandvik, P. Daling, A. Lewis, R. Fiocco, D. Mackay, and R. 
Prentki. 1999. Oil Spill Modeling towards the Close of the 20th Century: Overview of the 
State of the Art. Spill Science & Technology Bulletin 5(1):3-16. DOI: 
https://doi.org/10.1016/S1353-2561(98)00029-2. 

Rehder, G., I. Leifer, P. G. Brewer, G. Friederich, and E. T. Peltzer. 2009. Controls on methane 
bubble dissolution inside and outside the hydrate stability field from open ocean field 
experiments and numerical modeling. Marine Chemistry 114(1-2):19-30. DOI: 
10.1016/j.marchem.2009.03.004. 

Reilly, T. I., and R. K. York. 2001. Guidance on Sensory Testing and Monitoring of Seafood for 
Presence of Petroleum Taint Following an Oil Spill. 

Reissman, D. B., and J. Howard. 2008. Responder safety and health: Preparing for future 
disasters. Mount Sinai Journal of Medicine: A Journal of Translational and Personalized 
Medicine 75(2):135-141. DOI: 10.1002/msj.20024. 

Renegar, D. A., N. R. Turner, B. M. Riegl, R. E. Dodge, A. H. Knap, and P. A. Schuler. 2017. 
Acute and subacute toxicity of the polycyclic aromatic hydrocarbon 1-methylnaphthalene 
to the shallow-water coral Porites divaricata: Application of a novel exposure protocol. 
Environmental Toxicology and Chemistry 36(1):212-219. DOI: 10.1002/etc.3530. 

Renegar, D. A., P. Schuler, N. Turner, R. Dodge, B. Riegl, A. Knap, G. Bera, R. Jézéquel, and B. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 289 

PREPUBLICATION COPY 

Benggio. 2017. Tropics Field Study (Panama), 32-Year Site Visit: Observations and 
Conclusions for Near Shore Dispersant Use Neba and Tradeoffs. International Oil Spill 
Conference Proceedings 2017(1):3030-3050. DOI: 10.7901/2169-3358-2017.1.3030. 

Ribicic, D., R. Netzer, T. C. Hazen, S. M. Techtmann, F. Drablos, and O. G. Brakstad. 2018. 
Microbial community and metagenome dynamics during biodegradation of dispersed oil 
reveals potential key-players in cold Norwegian seawater. Marine Pollution Bulletin 
129(1):370-378. DOI: 10.1016/j.marpolbul.2018.02.034. 

Rich, V. I., and R. M. Maier. 2015. Chapter 6 - Aquatic Environments. In Environmental 
Microbiology (Third Edition). Pepper, I. L., C. P. Gerba and T. J. Gentry, eds. San Diego: 
Academic Press. 

Rivers, A. R., S. Sharma, S. G. Tringe, J. Martin, S. B. Joye, and M. A. Moran. 2013. 
Transcriptional response of bathypelagic marine bacterioplankton to the Deepwater 
Horizon oil spill. ISME Journal 7(12):2315-2329. DOI: 10.1038/ismej.2013.129. 

Roberts, J. R., J. S. Reynolds, J. A. Thompson, E. J. Zaccone, M. J. Shimko, W. T. Goldsmith, 
M. Jackson, W. McKinney, D. G. Frazer, A. Kenyon, M. L. Kashon, G. Piedimonte, V. 
Castranova, and J. S. Fedan. 2011. Pulmonary effects after acute inhalation of oil 
dispersant (COREXIT EC9500A) in rats. Journal of Toxicology and Environmental 
Health, Part A 74.21: 1381-1396. 

Roberts, J. R., S. E. Anderson, H. Kan, K. Krajnak, J. A. Thompson, A. Kenyon, W. T. 
Goldsmith, W. McKinney, D. G. Frazer, M. Jackson, and J. S. Fedan. 2014. Evaluation of 
Pulmonary and Systemic Toxicity of Oil Dispersant (COREXIT EC9500A®) following 
Acute Repeated Inhalation Exposure. Environmental Health Insights 8s1:EHI.S15262. 
DOI: 10.4137/EHI.S15262. 

Robinson, A. L., N. M. Donahue, M. K. Shrivastava, E. A. Weitkamp, A. M. Sage, A. P. 
Grieshop, T. E. Lane, J. R. Pierce, and S. N. Pandis. 2007. Rethinking Organic Aerosols: 
Semivolatile Emissions and Photochemical Aging. Science 315(5816):1259-1262. DOI: 
10.1126/science.1133061. 

Rodríguez-Trigo, G., J. Zock, F. Pozo-Rodríguez, and et al. 2010. HEalth changes in fishermen 2 
years after clean-up of the prestige oil spill. Annals of Internal Medicine 153(8):489-498. 
DOI: 10.7326/0003-4819-153-8-201010190-00279. 

Romero, I. C., G. Toro-Farmer, A. R. Diercks, P. Schwing, F. Muller-Karger, S. Murawski, and 
D. J. Hollander. 2017. Large-scale deposition of weathered oil in the Gulf of Mexico 
following a deep-water oil spill. Environmental Pollution 228:179-189. DOI: 
10.1016/j.envpol.2017.05.019. 

Romero, I. C., P. T. Schwing, G. R. Brooks, R. A. Larson, D. W. Hastings, G. Ellis, E. A. 
Goddard, and D. J. Hollander. 2015. Hydrocarbons in deep-sea sediments following the 
2010 Deepwater Horizon blowout in the northeast Gulf of Mexico. PLoS One 10(5). 
DOI: 10.1371/journal.pone.0128371. 

Ross, J. L., R. J. Ferek, and P. V. Hobbs. 1996. Particle and Gas Emissions from an In Situ Burn 
of Crude Oil on the Ocean. Journal of the Air and Waste Management Association 
46(3):251-259. DOI: 10.1080/10473289.1996.10467459. 

Ross, S. L. 2016. Meso-scale flume testing of dispersant effectieness in frazil ice. For Bureau of 
Safety and Environmental Enforcement (BSEE), U.S. Department of the Interior. 
https://www.bsee.gov/sites/bsee.gov/files/research-reports//1047aa.pdf 

Ross, S. L., and Buist, I. 1995. Preliminary Laboratory Study to Determine the Effect of 
Emulsification on Oil Spill Evaporation. S.L. Ross Environmental Research Ltd. Ottawa, 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

290 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Ontario, Canada. http://www.slross.com/publications/amop/1995-
EmulsionEvaporation.pdf. 

Rotkin-Ellman, M., K. Wong Karen, and M. Solomon Gina. 2012. Seafood Contamination after 
the BP Gulf Oil Spill and Risks to Vulnerable Populations: A Critique of the FDA Risk 
Assessment. Environmental Health Perspectives 120(2):157-161. DOI: 
10.1289/ehp.1103695. 

Rubin-Blum, M., C. P. Antony, C. Borowski, L. Sayavedra, T. Pape, H. Sahling, G. Bohrmann, 
M. Kleiner, M. C. Redmond, D. L. Valentine, and N. Dubilier. 2017. Short-chain alkanes 
fuel mussel and sponge Cycloclasticus symbionts from deep-sea gas and oil seeps. 
Nature Microbiology 2:17093. DOI: 10.1038/nmicrobiol.2017.93 

Rusiecki, J. A., M. Alexander, E. G. Schwartz, L. Wang, L. Weems, J. Barrett, K. Christenbury, 
D. Johndrow, R. H. Funk, and L. S. Engel. 2017. The Deepwater Horizon Oil Spill Coast 
Guard Cohort study. Occup Environ Med 0:1-11.  

Rusina T. P., P. Carlsson, B. Vrana, F. Smedes. 2017. Equilibrium Passive Sampling of POP in 
Lipid-Rich and Lean Fish Tissue: Quality Control Using Performance Reference 
Compounds. Environmental Science & Technology. 51(19):11250-7. 

Ryerson, T. B., K. C. Aikin, W. M. Angevine, E. L. Atlas, D. R. Blake, C. A. Brock, F. C. 
Fehsenfeld, R.-S. Gao, J. A. de Gouw, D. W. Fahey, J. S. Holloway, D. A. Lack, R. A. 
Lueb, S. Meinardi, A. M. Middlebrook, D. M. Murphy, J. A. Neuman, J. B. Nowak, D. 
D. Parrish, J. Peischl, A. E. Perring, I. B. Pollack, A. R. Ravishankara, J. M. Roberts, J. 
P. Schwarz, J. R. Spackman, H. Stark, C. Warneke, and L. A. Watts. 2011. Atmospheric 
emissions from the Deepwater Horizon spill constrain air-water partitioning, hydrocarbon 
fate, and leak rate. Geophysical Research Letters 38(7). DOI: 10.1029/2011GL046726. 

Ryerson, T. B., R. Camilli, J. D. Kessler, E. B. Kujawinski, C. M. Reddy, D. L. Valentine, E. 
Atlas, D. R. Blake, J. de Gouw, S. Meinardi, D. D. Parrish, J. Peischl, J. S. Seewald, and 
C. Warneke. 2012. Chemical data quantify Deepwater Horizon hydrocarbon flow rate 
and environmental distribution. Proceedings of the National Academy of Sciences of the 
United States of America 109(50):20246-20253. DOI: 10.1073/pnas.1110564109. 

Sabucedo, J. M., C. Arce, C. Senra, G. Seoane, and I. Vázquez. 2010. Symptomatic profile and 
health-related quality of life of persons affected by the Prestige catastrophe. Disasters 
34(3):809-820. DOI: 10.1111/j.1467-7717.2010.01170.x. 

Sabucedo, J. M., C. Arce, M. J. Ferraces, H. Merino, and M. Durán. 2009. Psychological impact 
of the Prestige catastrophe. International Journal of Clinical and Health Psychology 
9(1):105-116.  

Sampath, K., N. Afshar-Mohajer, W.-S. Heo, J. Gilbert, D. Austin, K. Koehler, and J. Katz. 
2017. Aerosolization of crude oil and dispersant slicks due to bubble bursting. Bulletin of 
the American Physical Society.  

Sandifer, P. A., A. E. Sutton-Grier, and B. P. Ward. 2015. Exploring connections among nature, 
biodiversity, ecosystem services, and human health and well-being: Opportunities to 
enhance health and biodiversity conservation. Ecosystem Services 12:1-15. DOI: 
https://doi.org/10.1016/j.ecoser.2014.12.007. 

Sandoval, K., Y. Ding, and P. Gardinali. 2017. Characterization and environmental relevance of 
oil water preparations of fresh and weathered MC-252 Macondo oils used in toxicology 
testing. Science of the Total Environment 576:118-128. DOI: 
10.1016/j.scitotenv.2016.09.171. 

Santamaria, F., G. Boffetta, M. Martins Afonso, A. Mazzino, M. Onorato, and D. Pugliese. 2013. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 291 

PREPUBLICATION COPY 

Stokes drift for inertial particles transported by water waves. EPL 102(1). DOI: 
10.1209/0295-5075/102/14003. 

Sathiakumar N, Tipre M, Turner-Henson A, Chen L, Leader M, Gohlke J. Post-deepwater 
horizon blowout seafood consumption patterns and community-specific levels of concern 
for selected chemicals among children in Mobile County, Alabama. International journal 
of hygiene and environmental health. 2017 Jan 1;220(1):1-7. 

Schaum, J., M. Cohen, S. Perry, R. Artz, R. Draxler, J. B. Frithsen, D. Heist, M. Lorber, and L. 
Phillips. 2010. Screening Level Assessment of Risks Due to Dioxin Emissions from 
Burning Oil from the BP Deepwater Horizon Gulf of Mexico Spill. Environmental 
Science & Technology 44(24):9383-9389. DOI: 10.1021/es103559w. 

Schünemann, H., S. Hill, G. Guyatt, E. A. Akl, and F. Ahmed. 2011. The GRADE approach and 
Bradford Hill’s criteria for causation. Journal of Epidemiology and Community Health 
65(5):392.  

Schwacke, L. H., C. R. Smith, F. I. Townsend, R. S. Wells, L. B. Hart, B. C. Balmer, T. K. 
Collier, S. De Guise, M. M. Fry, and L. J. Guillette Jr. 2013. Health of common 
bottlenose dolphins (Tursiops truncatus) in Barataria Bay, Louisiana, following the 
Deepwater Horizon oil spill. Environmental Science & Technology 48(1):93-103.  

Schwing, P. T., G. R. Brooks, R. A. Larson, C. W. Holmes, B. J. O’Malley, and D. J. Hollander. 
2017. Constraining the Spatial Extent of Marine Oil Snow Sedimentation and Flocculent 
Accumulation Following the Deepwater Horizon Event Using an Excess 210Pb Flux 
Approach. Environmental Science & Technology 51(11):5962-5968. DOI: 
10.1021/acs.est.7b00450. 

Schwing, P. T., I. C. Romero, G. R. Brooks, D. W. Hastings, R. A. Larson, and D. J. Hollander. 
2015. A decline in benthic foraminifera following the deepwater horizon event in the 
northeastern Gulf of Mexico. PLoS One 10(3). DOI: 10.1371/journal.pone.0120565. 

Schwing, P. T., B. J. O’Malley, and D. J. Hollander. 2018. Resilience of benthic Foraminifera in 
the northern Gulf of Mexico following the Deepwater Horizon event (2011-2015). 
Ecological Indicators 84: 753-764, http://dx.doi.org/10.1016/j.ecolind.2017.09.044 

Seemann, R.; Malone, K.; Laqua, K.; Schmidt, J.; Meyer, A.; Krause, D.; Schlüter, M: A new 
high-pressure laboratory setup for the investigation of deep-sea oil spill scenarios under 
in-situ conditions, Proceedings of the 7th International Symposium on Environmental 
Hydraulics, Singapore (2014), pp. 340-343 

Sellin Jeffries, M. K., C. Claytor, W. Stubblefield, W. H. Pearson, and J. T. Oris. 2013. 
Quantitative risk model for polycyclic aromatic hydrocarbon photoinduced toxicity in 
pacific herring following the Exxon Valdez oil spill. Environmental Science & 
Technology 47(10):5450-5458.  

Shiller, A. M., E. W. Chan, D. J. Joung, M. C. Redmond, and J. D. Kessler. 2017. Light rare 
earth element depletion during Deepwater Horizon blowout methanotrophy. Scientific 
Reports 7(1):10389. DOI: 10.1038/s41598-017-11060-z. 

Short, J. W. Susceptibility of Diluted Bitumen Products from the Alberta Tar Sands to Sinking in 
Water; A51148; JWS Consulting LLC: 2013. Report to the National Energy Board of 
Canada. D72-80-2 Gitxaala Nation https://apps.neb-
one.gc.ca/REGDOCS/Search?txthl=Susceptibility%20of%20diluted%20bitumen%20pro
ducts%20from%20the%20alberta%20tar%20sands%20to%20sinking%20in%20water. 

Singer, M. M., D. Aurand, G. E. Bragin, J. R. Clark, G. M. Coelho, M. L. Sowby, and R. S. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

292 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Tjeerdema. 2000. Standardization of the preparation and quantitation of water-
accommodated fractions of petroleum for toxicity testing. Marine Pollution Bulletin 
40(11):1007-1016. DOI: 10.1016/s0025-326x(00)00045-x. 

Singer, M. M., D. V. Aurand, G. M. Coelho, G. E. Bragin, J. R. Clark, M. Sowby, and R. S. 
Tjeerdema. 2001. Making, Measuring, and Using Water-Accommodated Fractions of 
Petroleum for Toxicity Testing. International Oil Spill Conference Proceedings 
2001(2):1269-1274. DOI: 10.7901/2169-3358-2001-2-1269. 

Singer, M., D. Aurand, G. Bragin, J. Clark, G. Coelho, M. Sowby, and R. Tjeerdema. 2000. 
Standardization of the preparation and quantitation of water-accommodated fractions of 
petroleum for toxicity testing. Marine Pollution Bulletin 40(11):1007-1016.  

Skancke, J., O. Johansen, P. J. Brandvik, and O. G. Brakstad. 2016. Implementing new features 
in OSCAR; oil temperature and viscosity during droplet formation and area specific 
biodegradation. SINTEF Report A27807, unrestricted access, Trondheim, Norway. 

Slaughter, A., G. Coelho, and J. Stave. 2017. Spill Impact Mitigation Assessment (SIMA) In 
Support Of BP Canada Energy Group ULC, Scotian Basin Exploration Project. Sposon 
Group Technical Report 17-03. 

Sloan, C. A., D. W. Brown, R. W. Pearce, R. H. Boyer, J. L. Bolton, D. G. Burrows, D. P. 
Herman, and M. M. Krahn. 2004. Extraction, Cleanup, and Gas Chromatography/Mass 
Spectrometry Analysis of Sediments and Tissues for Organic Contaminants.  

Slovic, P. 1987. Perception of Risk. Science 236(4799):280–285. DOI: 10.1126/science.3563507 
Socolofsky, S. A., and E. E. Adams. 2002. Multi-phase plumes in uniform and stratified 

crossflow. Journal of Hydraulic Research 40(6):661-672. DOI: 
10.1080/00221680209499913. 

Socolofsky S. A., and E. E. Adams. 2005. Role of Slip Velocity in the Behavior of Stratified 
Multiphase Plumes. Journal of Hydraulic Engineering 131(4):273-282. DOI: 
10.1061/(ASCE)0733-9429(2005)131:4(273). 

Socolofsky, S. A., E. E. Adams, and C. R. Sherwood. 2011. Formation dynamics of subsurface 
hydrocarbon intrusions following the Deepwater Horizon blowout. Geophysical Research 
Letters 38(9). DOI: 10.1029/2011GL047174. 

Socolofsky, S. A., E. E. Adams, M. C. Boufadel, Z. M. Aman, Ø. Johansen, W. J. Konkel, D. 
Lindo, M. N. Madsen, E. W. North, C. B. Paris, D. Rasmussen, M. Reed, P. Rønningen, 
L. H. Sim, T. Uhrenholdt, K. G. Anderson, C. Cooper, and T. J. Nedwed. 2015. 
Intercomparison of oil spill prediction models for accidental blowout scenarios with and 
without subsea chemical dispersant injection. Marine Pollution Bulletin 96(1):110-126. 
DOI: https://doi.org/10.1016/j.marpolbul.2015.05.039. 

Solsberg, L. 2008. Countermeasures for the Beaufort Transition Season. Presented at Oil Spill 
Response: A Global Perspective, Dordrecht, 2008. 

Sørhus, E., R. B. Edvardsen, Ø. Karlsen, T. Nordtug, T. van der Meeren, A. Thorsen, C. Harman, 
S. Jentoft, and S. Meier. 2015. Unexpected interaction with dispersed crude oil droplets 
drives severe toxicity in atlantic haddock embryos. PLoS One 10(4):e0124376.  

Soto, L.A., A.V. Botello, S. Licea-Durán, M. Lizárraga-Partida, A. Yáñez-Arancibia. 2014. The 
environmental legacy of the Ixtoc-1 oil spill in Campeche Sound, southwestern Gulf of 
Mexico. Frontiers in Marine Science 1:1-9. 

Spaulding, M., Z. Li, D. Mendelsohn, D. Crowley, D. French-McCay, and A. Bird. 2017. 
Application of an Integrated Blowout Model System, OILMAP DEEP, to the Deepwater 
Horizon (DWH) Spill. Mar Pollut Bull 120(1-2):37-50. DOI: 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 293 

PREPUBLICATION COPY 

10.1016/j.marpolbul.2017.04.043. 
Sponson Group. 2017. Scotian Basin Spill Impact Mitigation Assessment. Technical Report 17-

03. Mansfield, Texas.  
Sriram, K., G. X. Lin, A. M. Jefferson, W. T. Goldsmith, M. Jackson, W. McKinney, D. G. 

Frazer, V. A. Robinson, and V. Castranova. 2011. Neurotoxicity Following Acute 
Inhalation Exposure to the Oil Dispersant Corexit EC9500A. Journal of Toxicology and 
Environmental Health. Part A 74(21):1405-1418. DOI: 10.1080/15287394.2011.606796. 

Steffek, T., K. Bittler, and A. Guarino. 2016. Comparative Testing of Corexit EC9500A, Finasol 
OSR 52, Accell Clean DWD, and ZI 400 at Ohmsett in a Simulated Arctic Environment. 
U.S. Department of Interior, Bureau of Safety and Environmental Enforcement. 

Stephan, C. E., D. I. Mount, D. J. Hansen, J. Gentile, G. A. Chapman and W. A. Brungs. 1985. 
Guidelines for deriving numerical national water quality criteria for the protection of 
aquatic organisms and their uses. US Environmental Protection Agency. Washington, 
DC. 

Sterling Jr, M. C., J. S. Bonner, C. A. Page, C. B. Fuller, A. N. S. Ernest, and R. L. Autenrieth. 
2004. Modeling crude oil droplet - Sediment aggregation in nearshore waters. 
Environmental Science and Technology 38(17):4627-4634. DOI: 10.1021/es035467z. 

Stevens, C. C., L. J. Thibodeaux, E. B. Overton, K. T. Valsaraj, K. Nandakumar, A. Rao, and N. 
D. Walker. 2015. Sea Surface Oil Slick Light Component Vaporization and Heavy 
Residue Sinking: Binary Mixture Theory and Experimental Proof of Concept. 
Environmental Engineering Science 32(8):694-702. DOI: 10.1089/ees.2015.0022. 

Stevens, L., and D. Aurand. 2008. Criteria for Evaluating Oil Spill Planning and Response 
Operations.  

Stewart, P. A., M. R. Stenzel, G. Ramachandran, S. Banerjee, T. B. Huynh, C. P. Groth, R. K. 
Kwok, A. Blair, L. S. Engel, and D. P. Sandler. 2017. Development of a total 
hydrocarbon ordinal job-exposure matrix for workers responding to the Deepwater 
Horizon disaster: The GuLF STUDY. Journal of Exposure Science and Environmental 
Epidemiology 28:223. DOI: 10.1038/jes.2017.16 
https://www.nature.com/articles/jes201716#supplementary-information. 

Stieglitz, J. D., E. M. Mager, R. H. Hoenig, D. D. Benetti, and M. Grosell. 2016. Impacts of 
Deepwater Horizon crude oil exposure on adult mahi-mahi (Coryphaena hippurus) swim 
performance. Environmental Toxicology and Chemistry 35(10):2613-2622. DOI: 
10.1002/etc.3436. 

Stiver, W. and D. MacKay. 1984. Evaporation Rate of Spills of Hydrocarbons and Petroleum 
Mixtures. Environmental Science and Technology 18(11):834-840. DOI: 
10.1021/es00129a006. Available at: https://pubs.acs.org/doi/abs/10.1021/es00129a006. 

Stoffyn-Egli, P., and K. Lee. 2002. Formation and Characterization of Oil–Mineral Aggregates. 
Spill Science & Technology Bulletin 8(1):31-44. DOI: https://doi.org/10.1016/S1353-
2561(02)00128-7. 

Stolper, D. A., A. M. Martini, M. Clog, P. M. Douglas, S. S. Shusta, D. L. Valentine, A. L. 
Sessions, and J. M. Eiler. 2015. Distinguishing and understanding thermogenic and 
biogenic sources of methane using multiply substituted isotopologues. Geochimica et 
Cosmochimica Acta 161:219-247. DOI: https://doi.org/10.1016/j.gca.2015.04.015. 

Stone, K., and A. G. Guarino. 2017. Realistic Stable Water-In-Oil Emulsions at OHMSETT.. 
International Oil Spill Conference Proceedings 2017(1):2826-2850. DOI: 10.7901/2169-

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

294 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

3358-2017.1.2826. 
Stout, S. A., and C. R. German. 2018. Characterization and flux of marine oil snow settling 

toward the seafloor in the northern Gulf of Mexico during the Deepwater Horizon 
incident: Evidence for input from surface oil and impact on shallow shelf sediments. 
Marine Pollution Bulletin 129(2):695-713. DOI: 
https://doi.org/10.1016/j.marpolbul.2017.10.059. 

Stout, S. A. and J. R. Payne. 2016. Macondo oil in deep-sea sediments: Part 1 – sub-sea 
weathering of oil deposited on the seafloor. Marine Pollution Bulletin 111(1-2): 365-380. 

Stout, S. A., and J. R. Payne. 2016. Chemical composition of floating and sunken in-situ burn 
residues from the Deepwater Horizon oil spill. Marine Pollution Bulletin 108(1-2):186-
202. DOI: 10.1016/j.marpolbul.2016.04.031. 

Stout, S. A., and J. R. Payne. 2017. Footprint, weathering, and persistence of synthetic-base 
drilling mud olefins in deep-sea sediments following the Deepwater Horizon disaster. 
Marine Pollution Bulletin 118(1-2):328-340. DOI: 10.1016/j.marpolbul.2017.03.013. 

Stout, S. A., J. R. Payne, R. W. Ricker, G. Baker, and C. Lewis. 2016. Macondo oil in deep-sea 
sediments: Part 2 — Distribution and distinction from background and natural oil seeps. 
Marine Pollution Bulletin 111(1-2):381-401. DOI: 10.1016/j.marpolbul.2016.07.041. 

Stout, S. A., S. Rouhani, B. Liu, J. Oehrig, R. W. Ricker, G. Baker, and C. Lewis. 2017. 
Assessing the footprint and volume of oil deposited in deep-sea sediments following the 
Deepwater Horizon oil spill. Marine Pollution Bulletin 114(1):327-342. DOI: 
10.1016/j.marpolbul.2016.09.046. 

Strøm-Kristiansen, T., J.N. Hokstad, A. Lewis, and P.J. Brandvik. 1997. NOFO 1996 oil on 
water exercise – analysis of sample material. SINTEF Data report number STF66 
A97050. Trondheim, Norway. 

Stubblefield, W., and B. De Jourdan. 2017. Differences in exposure media profile and toxicity 
following preparation of water-accommodated fractions along an energy continuum. 
Presented at SETAC EUROPE 27th Annual Meeting, Brussels, Belgium, May 2017. 

Suárez, B., V. Lope, B. Pérez-Gómez, N. Aragonés, F. Rodríguez-Artalejo, F. Marqués, A. 
Guzmán, L. J. Viloria, J. M. Carrasco, J. M. Martín-Moreno, G. López-Abente, and M. 
Pollán. 2005. Acute health problems among subjects involved in the cleanup operation 
following the Prestige oil spill in Asturias and Cantabria (Spain). Environmental 
Research 99(3):413-424. DOI: https://doi.org/10.1016/j.envres.2004.12.012. 

Subedi R. K., S. Y. Oh, M. K. Chun, and H. K. Choi. 2010. Recent advances in transdermal drug 
delivery. Archives of Pharmacal Research 33(3):339-51. doi: 10.1007/s12272-010-0301-
7.  

Suja, L. D., S. Summers, and T. Gutierrez. 2017. Role of EPS, Dispersant and Nutrients on the 
Microbial Response and MOS Formation in the Subarctic Northeast Atlantic. Frontiers in 
Microbiology 8(676). DOI: 10.3389/fmicb.2017.00676. 

Sun, J., and X. Zheng. 2009. A review of oil-suspended particulate matter aggregation—a natural 
process of cleansing spilled oil in the aquatic environment. Journal of Environmental 
Monitoring 11(10):1801-1809. DOI: 10.1039/B904829B. 

Sun, J., A. Khelifa, X. Zheng, Z. Wang, L. L. So, S. Wong, C. Yang, and B. Fieldhouse. 2010. A 
laboratory study on the kinetics of the formation of oil-suspended particulate matter 
aggregates using the NIST-1941b sediment. Marine Pollution Bulletin 60(10):1701-1707. 
DOI: https://doi.org/10.1016/j.marpolbul.2010.06.044. 

Sun, J., A. Khelifa, C. Zhao, D. Zhao, and Z. Wang. 2014. Laboratory investigation of oil-

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 295 

PREPUBLICATION COPY 

suspended particulate matter aggregation under different mixing conditions. The Science 
of the total environment 473-474:742-749. DOI: 10.1016/j.scitotenv.2013.12.078. 

Sun, S., C. Hu, O. Garcia-Pineda, V, Kourafalou, M. Le Hénaff, Y. Androulidakis. 2018. Remote 
sensing assessment of oil spills near a damaged platform in the Gulf of Mexico. 
https://doi.org/10.1016/j.marpolbul.2018.09.004. 

Sunagawa, S., L. P. Coelho, S. Chaffron, J. R. Kultima, K. Labadie, G. Salazar, B. Djahanschiri, 
G. Zeller, D. R. Mende, A. Alberti, F. M. Cornejo-Castillo, P. I. Costea, C. Cruaud, F. 
D'Ovidio, S. Engelen, I. Ferrera, J. M. Gasol, L. Guidi, F. Hildebrand, F. Kokoszka, C. 
Lepoivre, G. Lima-Mendez, J. Poulain, B. T. Poulos, M. Royo-Llonch, H. Sarmento, S. 
Vieira-Silva, C. Dimier, M. Picheral, S. Searson, S. Kandels-Lewis, E. Boss, M. Follows, 
L. Karp-Boss, U. Krzic, E. G. Reynaud, C. Sardet, M. Sieracki, D. Velayoudon, C. 
Bowler, C. De Vargas, G. Gorsky, N. Grimsley, P. Hingamp, D. Iudicone, O. Jaillon, F. 
Not, H. Ogata, S. Pesant, S. Speich, L. Stemmann, M. B. Sullivan, J. Weissenbach, P. 
Wincker, E. Karsenti, J. Raes, S. G. Acinas, and P. Bork. 2015. Structure and function of 
the global ocean microbiome. Science 348(6237). DOI: 10.1126/science.1261359. 

Sutton, O.G. 1934. Wind Structure and Evaporation in a Turbulent Atmosphere. Proceedings of 
the Royal Society of London. A 146 (858): 701-722. Available at: 
https://www.jstor.org/stable/2935619?seq=1#metadata_info_tab_contents. 

Swan, B. K., B. Tupper, A. Sczyrba, F. M. Lauro, M. Martinez-Garcia, J. M. Gonźalez, H. Luo, 
J. J. Wright, Z. C. Landry, N. W. Hanson, B. P. Thompson, N. J. Poulton, P. Schwientek, 
S. G. Acinas, S. J. Giovannoni, M. A. Moran, S. J. Hallam, R. Cavicchioli, T. Woyke, 
and R. Stepanauskas. 2013. Prevalent genome streamlining and latitudinal divergence of 
planktonic bacteria in the surface ocean. Proceedings of the National Academy of 
Sciences of the United States of America 110(28):11463-11468. DOI: 
10.1073/pnas.1304246110. 

Takeshita, R., L. Sullivan, C. Smith, T. Collier, A. Hall, T. Brosnan, T. Rowles, and L. 
Schwacke. 2017. The Deepwater Horizon oil spill marine mammal injury assessment. 
Endangered Species Research 33:95-106.  

Tarnecki, J. H., and W. F. Patterson. 2015. Changes in Red Snapper Diet and Trophic Ecology 
Following the Deepwater Horizon Oil Spill. Marine and Coastal Fisheries 7(1):135-147. 
DOI: 10.1080/19425120.2015.1020402. 

Taylor, G. I. 1953. Dispersion of soluble matter in solvent flowing slowly through a tube. 
Proceedings of the Royal Society of London. Series A. Mathematical and Physical 
Sciences 219(1137):186.  

Teal, J. M., and R. W. Howarth. 1984. Oil spill studies: A review of ecological effects. 
Environmental Management 8(1):27-43. DOI: 10.1007/BF01867871. 

Techtmann, S. M., M. Zhuang, P. Campo, E. Holder, M. Elk, T. C. Hazen, R. Conmy, and J. W. 
Santo Domingo. 2017. Corexit 9500 Enhances Oil Biodegradation and Changes Active 
Bacterial Community Structure of Oil-Enriched Microcosms. Applied and Environmental 
Microbiology 83(10):e03462-03416.  

Temkin, A. M., R. R. Bowers, M. E. Magaletta, S. Holshouser, A. Maggi, P. Ciana, L. J. 
Guillette, J. A. Bowden, J. R. Kucklick, J. E. Baatz, and D. D. Spyropoulos. 2016. Effects 
of Crude Oil/Dispersant Mixture and Dispersant Components on PPARγ Activity in Vitro 
and in Vivo: Identification of Dioctyl Sodium Sulfosuccinate (DOSS; CAS #577-11-7) as 
a Probable Obesogen. Environmental Health Perspectives 124(1):112-119. DOI: 
10.1289/ehp.1409672. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

296 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Testa, J. M., E. Eric Adams, E. W. North, and R. He. 2016. Modeling the influence of deep water 
application of dispersants on the surface expression of oil: A sensitivity study. Journal of 
Geophysical Research: Oceans 121(8):5995-6008. DOI: 10.1002/2015JC011571. 

Townsend, A. A. 1980. The response of sheared turbulence to additional distortion. Journal of 
Fluid Mechanics 98(1): 171-191. 

Trudel, B. K., R. C. Belore, A. Guarino, A. Lewis, and J. Mullin. 2005. Determining the 
Viscosity Limits for Effective Chemical Dispersion: Relating Ohmsett Results to Those 
from Tests At-Sea. International Oil Spill Conference Proceedings 2005(1):71-76. DOI: 
10.7901/2169-3358-2005-1-71. 

Trudel, K., R. C. Belore, J. V. Mullin, and A. Guarino. 2010. Oil viscosity limitation on 
dispersibility of crude oil under simulated at-sea conditions in a large wave tank. Marine 
Pollution Bulletin 60(9):1606-1614. DOI: 10.1016/j.marpolbul.2010.01.010. 

Tseng, Y.-H., and A. Prosperetti. 2015. Local interfacial stability near a zero vorticity point. 
Journal of Fluid Mechanics 776:5-36. DOI: 10.1017/jfm.2015.246. 

Turner, N. R., and D. A. Renegar. 2017. Petroleum hydrocarbon toxicity to corals: A review. 
Marine Pollution Bulletin 119(2):1-16.  

USARC (United States Arctic Research Commission). 2012. Oil spills in Arctic waters: An 
introduction and inventory of research activities and USARC Recommendations.  

USCG (United States Coast Guard). 2011. On Scene Coordinator Report Deepwater Horizon Oil 
Spill. Available at: https://repository.library.noaa.gov/view/noaa/283 (accessed: March 
27, 2019). 

USEPA (U.S. Environmental Protection Agency). 1994. Benzo[a]pyrene (BaP) (CASRN 50-32-
8). Available: http://www.epa.gov/iris/subst/0136.htm [accessed 15 November 2010]. 

USEPA. 1998. Carcinogenic Effects of Benzene: An Update (Draft Report). U.S. Environmental 
Protection Agency, Office of Research and Development, National Center for 
Environmental Assessment, Washington Office, Washington, DC, EPA/600/P-97/001F 

USEPA. 2003. Procedures for the derivation of equilibrium partitioning sediment benchmarks 
(ESBs) for the protection of benthic organisms: PAH mixtures. EPA 600/R-02/013. 
Technical Report, Washington, DC. 

USEPA. 2017. Toxicological Review of Benzo[a]pyrene [CASRN 50-32-8]. 
https://cfpub.epa.gov/ncea/iris/iris_documents/documents/toxreviews/0136tr.pdf 

Valentine, D. 2010. Measure methane to quantify the oil spill. Nature 465:421. DOI: 
10.1038/465421a. 

Valentine, D. L., J. D. Kessler, M. C. Redmond, S. D. Mendes, M. B. Heintz, C. Farwell, L. Hu, 
F. S. Kinnaman, S. Yvon-Lewis, M. Du, E. W. Chan, F. G. Tigreros, and C. J. 
Villanueva. 2010. Propane respiration jump-starts microbial response to a deep oil spill. 
Science 330(6001):208-211. DOI: 10.1126/science.1196830. 

Valentine, D. L., I. Mezić, S. Maćešić, N. Črnjarić-Žic, S. Ivić, P. J. Hogan, V. A. Fonoberov, 
and S. Loire. 2012. Dynamic autoinoculation and the microbial ecology of a deep water 
hydrocarbon irruption. Proceedings of the National Academy of Sciences 109(50):20286.  

Valentine, D. L., G. B. Fisher, S. C. Bagby, R. K. Nelson, C. M. Reddy, S. P. Sylva, and M. A. 
Wood. 2014. Fallout plume of submerged oil from Deepwater Horizon. Proceedings of 
the National Academy of Sciences of the United States of America 111(45):15906-15911. 
DOI: 10.1073/pnas.1414873111. 

van Eenennaam, J. S., Y. Wei, K. C. F. Grolle, E. M. Foekema, and A. J. Murk. 2016. Oil spill 
dispersants induce formation of marine snow by phytoplankton-associated bacteria. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 297 

PREPUBLICATION COPY 

Marine Pollution Bulletin 104(1-2):294-302. DOI: 10.1016/j.marpolbul.2016.01.005. 
van Eenennaam, J. S., S. Rahsepar, J. R. Radović, T. B. P. Oldenburg, J. Wonink, A. A. M. 

Langenhoff, A. J. Murk, and E. M. Foekema. 2018. Marine snow increases the adverse 
effects of oil on benthic invertebrates. Marine Pollution Bulletin 126:339-348. DOI: 
10.1016/j.marpolbul.2017.11.028. 

Van Leeuwen, C. J., P. T. Van Der Zandt, T. Aldenberg, H. J. Verhaar, and J. L. Hermens. 1992. 
Application of QSARs, extrapolation and equilibrium partitioning in aquatic effects 
assessment. I. Narcotic industrial pollutants. Environmental Toxicology and Chemistry 
11(2):267-282.  

Van Meter, R. J., J. R. Spotila, and H. W. Avery. 2006. Polycyclic aromatic hydrocarbons affect 
survival and development of common snapping turtle (Chelydra serpentina) embryos and 
hatchlings. Environmental Pollution 142:466-475.  

Varanasi U. Metabolism of polycyclic aromatic hydrocarbons in the aquatic environment. CRC 
Press; 1989 Mar 31. 

Veith, G. D., D. J. Call, and L. Brooke. 1983. Structure–toxicity relationships for the fathead 
minnow, Pimephales promelas: Narcotic industrial chemicals. Canadian Journal of 
Fisheries and Aquatic Sciences 40(6):743-748.  

Veith, G. D., O. G. Mekenyan, G. T. Ankley, and D. J. Call. 1995. A QSAR analysis of 
substituent effects on the photoinduced acute toxicity of PAHs. Chemosphere 
30(11):2129-2142.  

Venkatesh, S., H. El�Tahan, G. Comfort, and R. Abdelnour. 1990. Modelling the behaviour of 
oil spills in ice�infested waters. Atmosphere-Ocean 28(3):303-329. DOI: 
10.1080/07055900.1990.9649380. 

Venosa, A. D., and E. L. Holder. 2007. Biodegradability of dispersed crude oil at two different 
temperatures. Marine Pollution Bulletin 54(5):545-553. DOI: 
https://doi.org/10.1016/j.marpolbul.2006.12.013. 

Venosa, A. D., M. T. Suidan, B. A. Wrenn, K. L. Strohmeier, J. R. Haines, B. L. Eberhart, D. 
King, and E. Holder. 1996. Bioremediation of an Experimental Oil Spill on the Shoreline 
of Delaware Bay. Environmental Science & Technology 30(5):1764-1775. DOI: 
10.1021/es950754r. 

Venosa, A. D., P. Campo, and M. T. Suidan. 2010. Biodegradability of Lingering Crude Oil 19 
Years after the Exxon Valdez Oil Spill. Environmental Science & Technology 
44(19):7613-7621. DOI: 10.1021/es101042h. 

Verbruggen, E. M. J., W. H. J. Vaes, T. F. Parkerton, and L. M. Hermens. 2000. Polyacrylate 
coated SPME fibers as a tool to simulate body residues and target concentrations of 
complex organic mixtures for estimation of baseline toxicity. Environmental Science & 
Technology 34(2):324-331. DOI: 10.1021/es990616s. 

Vergeynst, L., K. U. Kjeldsen, P. Lassen, and S. Rysgaard. 2018. Bacterial community 
succession and degradation patterns of hydrocarbons in seawater at low temperature. 
Journal of Hazardous Materials 353:127-134. DOI: 
https://doi.org/10.1016/j.jhazmat.2018.03.051. 

Vergeynst, L., S. Wegeberg, J. Aamand, P. Lassen, U. Gosewinkel, J. Fritt-Rasmussen, K. 
Gustavson, and A. Mosbech. 2018. Biodegradation of marine oil spills in the Arctic with 
a Greenland perspective. Science of the Total Environment 626:1243-1258. DOI: 
https://doi.org/10.1016/j.scitotenv.2018.01.173. 

Vignier, J., P. Soudant, F. L. Chu, J. M. Morris, M. W. Carney, C. R. Lay, M. O. Krasnec, R. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

298 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Robert, and A. K. Volety. 2016. Lethal and sub-lethal effects of Deepwater Horizon slick 
oil and dispersant on oyster (Crassostrea virginica) larvae. Mar Environ Res 120:20-31. 
DOI: 10.1016/j.marenvres.2016.07.006. 

Vilcáez, J., L. Li, and S. S. Hubbard. 2013. A new model for the biodegradation kinetics of oil 
droplets: application to the Deepwater Horizon oil spill in the Gulf of Mexico. 
Geochemical Transactions 14:4-4. DOI: 10.1186/1467-4866-14-4. 

Vinardell, M. P., and M. R. Infante. 1999. The relationship between the chain length of non-ionic 
surfactants and their hemolytic action on human erythrocytes. Comparative Biochemistry 
and Physiology Part C: Pharmacology, Toxicology and Endocrinology 124(2):117-120. 
DOI: https://doi.org/10.1016/S0742-8413(99)00057-2. 

Visser, A. 1997. Using random walk models to simulate the vertical distribution of particles in a 
turbulent water column. 

Viveros, D., R. Jones, and M. Boufadel. 2015. Development of a new oil biodegradation 
algorithm for NOAA's oil spill modelling suite (GNOME/ADIOS). 

von Netzer F, Pilloni G, Kleindienst S, Kruger M, Knittel K, Grundger F & Lueders. 2013. 
Enhanced Gene Detection Assays for Fumarate-Adding Enzymes Allow Uncovering of 
Anaerobic Hydrocarbon Degraders in Terrestrial and Marine Systems. Applied and 
Environmental Microbiology 79: 543-552. 

Vonk, S. M., D. J. Hollander, and A. J. Murk. 2015. Was the extreme and wide-spread marine 
oil-snow sedimentation and flocculent accumulation (MOSSFA) event during the 
Deepwater Horizon blow-out unique? Marine Pollution Bulletin 100(1):5-12. DOI: 
10.1016/j.marpolbul.2015.08.023. 

Walker, A. H., R. Pavia, A. Bostrom, T. M. Leschine, and K. Starbird. 2015. Communication 
Practices for Oil Spills: Stakeholder Engagement During Preparedness and Response. 
Human and Ecological Risk Assessment: An International Journal 21(3):667-690. DOI: 
10.1080/10807039.2014.947869. 

Walker, A. H., C. Stern, D. Scholz, E. Nielsen, F. Csulak, and R. Gaudiosi. 2016. Consensus 
Ecological Risk Assessment of Potential Transportation-related Bakken and Dilbit Crude 
Oil Spills in the Delaware Bay Watershed, USA. Journal of Marine Science and 
Engineering 4(1). DOI: 10.3390/jmse4010023. 

Walker, A.H., D. Scholz, M. McPeek, D. French-McCay, J. Rowe, M. Bock, H. Robinson, and 
R. Wenning. 2018. Comparative Risk Assessment of Spill Response Options for a 
Deepwater Oil Well Blowout: Part III. Stakeholder Engagement. Mar. Pollut. Bull. 
133:970–983. https://doi.org/10.1016/j.marpolbul.2018.05.009. 

Walker, A.H., D. Scholz, A. C. Bejarano, A. M. Hess (Compilers). 2018. Hawaii Net 
Environmental Benefit Analysis: Consensus Evaluation of Tradeoffs Associated with Oil 
Spill Response Options. A Report to the Oceania Regional Response Team. SEA 
Consulting Group, Cape Charles, VA, 23310. 182 pages with appendices. 

Wammer, K. H., and C. A. Peters. 2005. Polycyclic aromatic hydrocarbon biodegradation rates: 
A structure-based study. Environmental Science and Technology 39(8):2571-2578. DOI: 
10.1021/es048939y. 

Wang, D., and E. E. Adams. 2016. Intrusion dynamics of particle plumes in stratified water with 
weak crossflow: Application to deep ocean blowouts. Journal of Geophysical Research: 
Oceans 121(6):3820-3835. DOI: 10.1002/2015JC011324. 

Wang, C. Y. and R. V. Calabrese. 1986. Drop breakup in turbulent stirred-tank contactors. Part 
II: Relative influence of viscosity and interfacial tension. AIChE Journal 32(4): 667-676. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 299 

PREPUBLICATION COPY 

Wang, W., Y. Zheng, Z. Li, and K. Lee. 2011. PIV investigation of oil–mineral interaction for an 
oil spill application. Chemical Engineering Journal 170(1):241-249. DOI: 
https://doi.org/10.1016/j.cej.2011.03.062. 

Wang, H., Y. Shi, D. Major, and Z. Yang. 2012. Lung epithelial cell death induced by oil-
dispersant mixtures. Toxicology in Vitro 26(5):746-751. DOI: 
https://doi.org/10.1016/j.tiv.2012.03.011. 

Wang, W., Y. Zheng, and K. Lee. 2013. Chemical dispersion of oil with mineral fines in a low 
temperature environment. Marine Pollution Bulletin 72(1):205-212. DOI: 
https://doi.org/10.1016/j.marpolbul.2013.03.042. 

Wang, B., S. A. Socolofsky, J. A. Breier, and J. S. Seewald. 2016. Observations of bubbles in 
natural seep flares at MC 118 and GC 600 using in situ quantitative imaging. Journal of 
Geophysical Research: Oceans 121(4):2203-2230. DOI: 10.1002/2015JC011452  

Wang, J., K. Sandoval, Y. Ding, D. Stoeckel, A. Minard-Smith, G. Andersen, E. A. Dubinsky, R. 
Atlas, and P. Gardinali. 2016. Biodegradation of dispersed Macondo crude oil by 
indigenous Gulf of Mexico microbial communities. Science of the Total Environment 
557-558:453-468. DOI: https://doi.org/10.1016/j.scitotenv.2016.03.015. 

Wang, Z., S. F. DiMarco, and S. A. Socolofsky. 2016. Turbulence measurements in the northern 
gulf of Mexico: Application to the Deepwater Horizon oil spill on droplet dynamics. 
Deep-Sea Research Part I: Oceanographic Research Papers 109:40-50. DOI: 
10.1016/j.dsr.2015.12.013. 

Ward, C. P., C. J. Armstrong, R. N. Conmy, D. P. French-Mccay, and C. M. Reddy. 2018. 
Photochemical Oxidation of Oil Reduced the Effectiveness of Aerial Dispersants Applied 
in Response to the Deepwater Horizon Spill. Environmental Science and Technology 
Letters 5(5):226-231. DOI: 10.1021/acs.estlett.8b00084. 

Ward, C. P., C. M. Sharpless, D. L. Valentine, D. P. French-McCay, C. Aeppli, H. K. White, R. 
P. Rodgers, K. M. Gosselin, R. K. Nelson, and C. M. Reddy. 2018. Partial Photochemical 
Oxidation Was a Dominant Fate of Deepwater Horizon Surface Oil. Environmental 
Science and Technology 52(4):1797-1805. DOI: 10.1021/acs.est.7b05948. 

Wardlaw, G. D., J. S. Arey, C. M. Reddy, R. K. Nelson, G. T. Ventura, and D. L. Valentine. 
2008. Disentangling oil weathering at a marine seep using GCxGC: Broad metabolic 
specificity accompanies subsurface petroleum biodegradation. Environmental Science 
and Technology 42(19):7166-7173. DOI: 10.1021/es8013908. 

Wardlaw GD, R.K. Nelson, C.M. Reddy, D.L. Valentine. 2011. Biodegradation preference for 
isomers of alkylated napthalenes and benzothiophenes in marine sediment contaminated 
with crude oil. Organic Geochemistry. 42, 630-639.  

Warren, C.J., A. MacFadyen, C. Henry. 2014. Mapping oil for the destroyed Taylor Energy site 
in the Gulf of Mexico. In: International Oil Spill Conference Proceedings. vol. 2014, No. 
1. pp. 299931 http://refhub.elsevier.com/S0025-326X(18)30644-1/rf0290 

Warzinski, R. P., R. Lynn, I. Haljasmaa, I. Leifer, F. Shaffer, B. J. Anderson, and J. S. Levine. 
2014. Dynamic morphology of gas hydrate on a methane bubble in water: Observations 
and new insights for hydrate film models. Geophysical Research Letters 41(19):6841-
6847. DOI: 10.1002/2014GL061665  

Waterman, D. M., and M. H. Garcia. 2015. Laboratory Tests of Oil-Particle Interactions in a 
Freshwater Riverine Environment with Cold Lake Blend Weathered Bitumen. US EPA 
Archive Document.  

Wawrik, B., M. Mendivelso, V. A. Parisi, J. M. Suflita, I. A. Davidova, C. R. Marks, J. D. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

300 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

Nostrand, Y. Liang, J. Zhou, B. J. Huizinga, D. Strąpoć, and A. V. Callaghan. 2011. Field 
and laboratory studies on the bioconversion of coal to methane in the San Juan Basin. 
FEMS Microbiology Ecology 81(1):26-42. DOI: 10.1111/j.1574-6941.2011.01272.x. 

Weise, A. M., C. Nalewajko, and K. Lee. 1999. Oil-Mineral Fine Interactions Facilitate Oil 
Biodegradation in Seawater. Environmental Technology 20(8):811-824. DOI: 
10.1080/09593332008616877. 

Wenning, R. J. 2005. Use of sediment quality guidelines and related tools for the assessment of 
contaminated sediments, SETAC, Pensacola, FL p. 

White, P. A., S. Robitaille and J. B. Rasmussen. 1999. Heritable reproductive effects of 
benzo[a]pyrene on the fathead minnow (Pimephales promelas). Environmental 
Toxicology and Chemistry 18(8): 1843-1847. 

White, H. K., P. Y. Hsing, W. Cho, T. M. Shank, E. E. Cordes, A. M. Quattrini, R. K. Nelson, R. 
Camilli, A. W. J. Demopoulos, C. R. German, J. M. Brooks, H. H. Roberts, W. Shedd, C. 
M. Reddy, and C. R. Fisher. 2012. Impact of the Deepwater Horizon oil spill on a deep-
water coral community in the Gulf of Mexico. Proceedings of the National Academy of 
Sciences of the United States of America 109(50):20303-20308. DOI: 
10.1073/pnas.1118029109. 

White, H. K., S. L. Lyons, S. J. Harrison, D. M. Findley, Y. Liu, and E. B. Kujawinski. 2014. 
Long-Term Persistence of Dispersants following the Deepwater Horizon Oil Spill. 
Environmental Science & Technology Letters 1(7):295-299. DOI: 10.1021/ez500168r. 

White, H.K., R.N Conmy, I.R. MacDonald, C.M. Reddy. 2016. Methods of Oil Detection in 
Response to the Deepwater Horizon Oil Spill. Oceanography 29(3) Special Issue on 
GoMRI Deepwater Horizon Oil Spill and Ecosystem Science (SEPTEMBER 2016), pp. 
76-87.  

Whitehead, A., B. Dubansky, C. Bodinier, T. I. Garcia, S. Miles, C. Pilley, V. Raghunathan, J. L. 
Roach, N. Walker, R. B. Walter, C. D. Rice and F. Galvez (2011). Genomic and 
physiological footprint of the Deepwater Horizon oil spill on resident marsh fishes. 
Proceedings of the National Academy of Sciences 109(50): 20298-20302. DOI: 
10.1073/pnas.1109545108. 

Whitmer, E. R., B. A. Elias, D. J. Harvey, and M. H. Ziccardi. 2017. An Experimental Study of 
the Effects of Chemically Dispersed Oil on Feather Structure and Waterproofing in 
Common Murres (Uria aalge). Journal of Wildlife Diseases.  

Wickliffe, J., E. Overton, S. Frickel, J. Howard, M. Wilson, B. Simon, S. Echsner, D. Nguyen, 
D. Gauthe, D. Blake, C. Miller, C. Elferink, S. Ansari, H. Fernando, E. Trapido, and A. 
Kane. 2014. Evaluation of Polycyclic Aromatic Hydrocarbons Using Analytical Methods, 
Toxicology, and Risk Assessment Research: Seafood Safety after a Petroleum Spill as an 
Example. Environmental Health Perspectives 122(1):6-9. DOI: 10.1289/ehp.1306724. 

Wilkinson, J., C. J. Beegle-Krause, K.-U. Evers, N. Hughes, A. Lewis, M. Reed, and P. 
Wadhams. 2017. Oil spill response capabilities and technologies for ice-covered Arctic 
marine waters: A review of recent developments and established practices. Ambio 
46(3):423-441. DOI: 10.1007/s13280-017-0958-y. 

Wincele Demian, E., A. Wrenn Brian, and D. Venosa Albert. 2004. Sedimentation of Oil-
Mineral Aggregates for Remediation of Vegetable Oil Spills. Journal of Environmental 
Engineering 130(1):50-58. DOI: 10.1061/(ASCE)0733-9372(2004)130:1(50). 

Wise, C. F., J. T. F. Wise, S. S. Wise, W. D. Thompson, J. P. Wise, and J. P. Wise. 2014. 
Chemical dispersants used in the Gulf of Mexico oil crisis are cytotoxic and genotoxic to 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 301 

PREPUBLICATION COPY 

sperm whale skin cells. Aquatic Toxicology 152:335-340. DOI: 
https://doi.org/10.1016/j.aquatox.2014.04.020. 

Wood, P. A., T. Lunel, F. Daniel, R. Swannell, K. Lee, and P. Stoffyn-Egli. 1998. Influence of 
oil and mineral characteristics on oil-mineral interaction. 

Wooten, K. J., B. E. Finch, and P. N. Smith. 2012. Embryotoxicity of Corexit 9500 in mallard 
ducks (Anas platyrhynchos). Ecotoxicology 21(3):662-666.  

Xia, K., G. Hagood, C. Childers, J. Atkins, B. Rogers, L. Ware, K. Armbrust, J. Jewell, D. Diaz, 
N. Gatian, and H. Folmer. 2012. Polycyclic Aromatic Hydrocarbons (PAHs) in 
Mississippi Seafood from Areas Affected by the Deepwater Horizon Oil Spill. 
Environmental Science & Technology 46(10):5310-5318. DOI: 10.1021/es2042433. 

Xie, H., P. D. Yapa, and K. Nakata. 2007. Modeling emulsification after an oil spill in the sea. 
Journal of Marine Systems 68(3-4): 489-506. 

Xu, E. G., E. M. Mager, M. Grosell, C. Pasparakis, L. S. Schlenker, J. D. Stieglitz, D. Benetti, E. 
S. Hazard, S. M. Courtney, G. Diamante, J. Freitas, G. Hardiman, and D. Schlenk. 2016. 
Time- and Oil-Dependent Transcriptomic and Physiological Responses to Deepwater 
Horizon Oil in Mahi-Mahi (Coryphaena hippurus) Embryos and Larvae. Environmental 
Science & Technology 50(14):7842-7851. DOI: 10.1021/acs.est.6b02205. 

Yang, C., G. Zhang, Z. Wang, Z. Yang, B. Hollebone, M. Landriault, K. Shah, and C. E. Brown. 
2014. Development of a methodology for accurate quantitation of alkylated polycyclic 
aromatic hydrocarbons in petroleum and oil contaminated environmental samples. 
Analytical Methods 6(19):7760-7771.  

Yang, D., B. Chen, S. A. Socolofsky, M. Chamecki, and C. Meneveau. 2016. Large-eddy 
simulation and parameterization of buoyant plume dynamics in stratified flow. Journal of 
Fluid Mechanics 794:798-833. DOI: 10.1017/jfm.2016.191. 

Yang, Z., B. P. Hollebone, C. E. Brown, C. Yang, Z. Wang, G. Zhang, P. Lambert, M. 
Landriault, and K. Shah. 2016. The photolytic behavior of diluted bitumen in simulated 
seawater by exposed to the natural sunlight. Fuel 186:128-139.  

Yang, Z., G. Zhang, B. P. Hollebone, C. E. Brown, C. Yang, P. Lambert, Z. Wang, M. 
Landriault, and K. Shah. 2017. Fate of oxygenated intermediates in solar irradiated 
diluted bitumen mixed with saltwater. Environmental Pollution 231:622-634.  

Yassine, M. H., M. T. Suidan, and A. D. Venosa. 2013. Microbial kinetic model for the 
degradation of poorly soluble organic materials. Water Research 47(4):1585-1595. DOI: 
https://doi.org/10.1016/j.watres.2012.12.013. 

Yender, R., J. Michel, and C. Lord. 2002. Managing Seafood Safety after an Oil Spill.  
Yergeau, E., C. Maynard, S. Sanschagrin, J. Champagne, D. Juck, K. Lee, and C. W. Greer. 

2015. Microbial Community Composition, Functions, and Activities in the Gulf of 
Mexico 1 Year after the Deepwater Horizon Accident. Applied and Environmental 
Microbiology 81(17):5855.  

Yergeau, E., C. Michel, J. Tremblay, A. Niemi, T. L. King, J. Wyglinski, K. Lee, and C. W. 
Greer. 2017. Metagenomic survey of the taxonomic and functional microbial 
communities of seawater and sea ice from the Canadian Arctic. Scientific Reports 
7:42242. DOI: 10.1038/srep42242 
https://www.nature.com/articles/srep42242#supplementary-information. 

Ylitalo, G. M., M. M. Krahn, W. W. Dickhoff, J. E. Stein, C. C. Walker, C. L. Lassitter, E. S. 
Garrett, L. L. Desfosse, K. M. Mitchell, B. T. Noble, S. Wilson, N. B. Beck, R. A. 
Benner, P. N. Koufopoulos, and R. W. Dickey. 2012. Federal seafood safety response to 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

302 The Use of Dispersants in Marine Oil Spill Response 

PREPUBLICATION COPY 

the Deepwater Horizon oil spill. Proceedings of the National Academy of Sciences 
109(50):20274.  

Yvon-Lewis, S. A., L. Hu, and J. Kessler. 2011. Methane flux to the atmosphere from the 
Deepwater Horizon oil disaster. Geophysical Research Letters 38(1). DOI: 
10.1029/2010GL045928. 

Zeinstra-Helfrich, M., W. Koops, and A. J. Murk. 2017. Predicting the consequence of natural 
and chemical dispersion for oil slick size over time. Journal of Geophysical Research: 
Oceans 122(9):7312-7324. DOI: 10.1002/2017JC012789. 

Zhang, H., M. Khatibi, Y. Zheng, K. Lee, Z. Li, and J. V. Mullin. 2010. Investigation of OMA 
formation and the effect of minerals. Marine Pollution Bulletin 60(9):1433-1441. DOI: 
10.1016/j.marpolbul.2010.05.014. 

Zhao, L., M. C. Boufadel, S. A. Socolofsky, E. Adams, T. King, and K. Lee. 2014. Evolution of 
droplets in subsea oil and gas blowouts: Development and validation of the numerical 
model VDROP-J. Marine Pollution Bulletin 83(1):58-69. DOI: 
https://doi.org/10.1016/j.marpolbul.2014.04.020. 

Zhao, L., J. Torlapati, M. C. Boufadel, T. King, B. Robinson, and K. Lee. 2014. VDROP: A 
comprehensive model for droplet formation of oils and gases in liquids - Incorporation of 
the interfacial tension and droplet viscosity. Chemical Engineering Journal 253:93-106. 
DOI: https://doi.org/10.1016/j.cej.2014.04.082. 

Zhao, L., M. C. Boufadel, E. Adams, S. A. Socolofsky, T. King, K. Lee, and T. Nedwed. 2015. 
Simulation of scenarios of oil droplet formation from the Deepwater Horizon blowout. 
Marine Pollution Bulletin 101(1):304-319. DOI: 10.1016/j.marpolbul.2015.10.068. 

Zhao, L., M. Boufadel, K. Lee, T. King, N. Loney, and X. Geng. 2016. Evolution of bubble side 
Distribution from gas blowout in shallow water. Journal of Geophysical Research: 
Oceans 121(3):1573-1599. 

Zhao, L., M. C. Boufadel, X. Geng, K. Lee, T. King, B. H. Robinson, and F. A. Fitzpatrick. 
2016. A-DROP: A predictive model for the formation of oil particle aggregates (OPAs). 
Marine Pollution Bulletin 106(1-2):245-259. DOI: 10.1016/j.marpolbul.2016.02.057. 

Zhao, X., W. Liu, J. Fu, Z. Cai, S.E. O'Reilly and D. Zhao. 2016. Dispersion, sorption and 
photodegradation of petroleum hydrocarbons in dispersant-seawater-sediment systems. 
Marine Pollution Bulletin 109: 526-538. 

Zhao, L., M. C. Boufadel, T. King, B. Robinson, P. Gao, S. A. Socolfosky, K. Lee. 2017a. 
Droplet and bubble formation of combined oil and gas releases in subsea blowouts, Mar. 
Poll. Bull.  

Zhao, L., F. Gao, M. C. Boufadel, T. King, B. Robinson, K. Lee, and R. Conmy. 2017b. Oil jet 
with dispersant: Macro-scale hydrodynamics and tip streaming. AIChE J., 63: 5222–
5234. doi:10.1002/aic.15864 

Zhao, L., M. C. Boufadel, J. Katz, G. Haspel, K. Lee, T. King, and B. Robinson. 2017. A New 
Mechanism of Sediment Attachment to Oil in Turbulent Flows: Projectile Particles. 
Environmental Science & Technology 51(19):11020-11028. DOI: 
10.1021/acs.est.7b02032. 

Zheng, L., and P. D. Yapa. 2000. Buoyant velocity of spherical and nonspherical 
bubbles/droplets. Journal of Hydraulic Engineering 126(11):852-854. DOI: 
10.1061/(ASCE)0733-9429(2000)126:11(852). 

Zheng, L., and P. D. Yapa. 2002. Modeling gas dissolution in deepwater oil/gas spills. Journal of 
Marine Systems 31(4):299-309. DOI: 10.1016/S0924-7963(01)00067-7. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

References 303 

PREPUBLICATION COPY 

Zock, J. P., G. Rodríguez-Trigo, E. Rodríguez-Rodríguez, A. Espinosa, F. Pozo-Rodríguez, F. 
Gómez, C. Fuster, G. Castaño-Vinyals, J. M. Antó, and J. A. Barberà. 2012. Persistent 
respiratory symptoms in clean-up workers 5 years after the Prestige oil spill. 
Occupational and Environmental Medicine 69(7):508-513. DOI: 10.1136/oemed-2011-
100614. 

Zock, J.-P., G. Rodríguez-Trigo, E. Rodríguez-Rodríguez, A. Souto-Alonso, A. Espinosa, F. 
Pozo-Rodríguez, F. P. Gómez, C. Fuster, G. Castaño-Vinyals, J. M. Antó, and J. A. 
Barberà. 2014. Evaluation of the persistence of functional and biological respiratory 
health effects in clean-up workers 6years after the Prestige oil spill. Environment 
International 62:72-77. DOI: https://doi.org/10.1016/j.envint.2013.09.020. 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

 

PREPUBLICATION COPY 
304 

APPENDIX A 

COMMITTEE AND STAFF BIOGRAPHIES 
 

COMMITTEE 
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NOAA) on the use of science in supporting dispersant use, policy, and decision making. Dr. Coelho 
focuses on integrating dispersant and dispersed oil research into spill contingency planning, and serves as 
an expert on regulatory outreach and community engagement strategies on dispersant issues, both in the 
US and abroad. She previously served as the President of Ecosystem Management & Associates, Inc. and 
as a Principal Professional Associate and Offshore Oil and Gas Sector Director for HDR Inc. Most 
recently, she has worked as a Principal Senior Scientist for Sponson Group, Inc. Dr. Coelho was Chief 
Scientist on the Deepwater Horizon monitoring of subsurface dispersant injection, and served as a 
scientific liaison between BP and the Trustees on dispersant issues during and after the spill response. In 
addition, she has worked on other spills in US waters. She received a B.A. in Biology from St. Mary’s 
College of Maryland, completed her graduate coursework through the University of Maryland, 
Chesapeake Biological Laboratory, and received her Ph.D. in Ecology/Environmental Science from 
Bircham International University in Madrid, Spain. 

Thomas S. Coolbaugh is an Oil Spill Response Advisor for Exxon Mobil Corporation’s Safety, Security, 
Health and Environment Support organization where he provides technical guidance and training on the 
full suite of oil spill response strategies in support of global operations. Dr. Coolbaugh has extensive 
experience in a variety of research settings as a scientist and leader. He is a Vice Chair of IPIECA’s Oil 
Spill Working Group (immediate past Chair), a member of the American Petroleum Industry (API) Spills 
Advisory Group, the Marine Preservation Association Dispersant Advisory Committee, and the Science 
Advisory Panel of the University of New Hampshire/NOAA Coastal Response Research Center. He 
served on the National Academy of Sciences’ Committee on Responding to Oil Spills in Arctic 
Environments and was an invited subject matter expert for a Consensus Environmental Risk Assessment 
project led by US Coast Guard Sector Delaware Bay relating to potential incidents involving Bakken 
crude and diluted bitumen. His focus is often on the scientific understanding and regulatory aspects of the 
use of dispersants during an oil spill response and communicating with a variety of groups on the topics. 
Dr. Coolbaugh received his B.A. in chemistry from Amherst College, a Ph.D. in chemistry from the 
California Institute of Technology (Advisor: Professor Robert Grubbs, 2005 Nobel Laureate), and an 
M.S. in the Management of Technology from New York University. He has been with ExxonMobil since 
1988. 
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Cortis Cooper retired after over 27 years of service as a Fellow with Chevron Energy Technology 
Company, one of 22 Chevron scientists who advise corporate managers about science-related issues. Over 
his career in the offshore industry, he has focused on quantifying winds, waves, and currents that are used 
by engineers to operate and design offshore facilities at various locations around the world. His research 
has included the study of the fate of oil spills, modeling hurricane alleys in the Gulf of 
Mexico, forecasting the Loop Current and associated eddies in the Gulf of Mexico, supervising the 
development of ocean current models in the Gulf of Mexico, and investigating the fate of oil and gas from 
deepwater blowouts. Dr. Cooper was a member of the National Research Council’s’ Committee on Oil in 
the Sea: Inputs, Fates, and Effects, and he formerly served as a member of the Ocean Studies Board. He 
earned a Ph.D. in environmental engineering from the University of Maine in 1987, and a M.Sc. and B.S. 
in civil engineering from the Massachusetts Institute of Technology in 1977 and 1975, respectively. 

Dominic Di Toro (NAE) is the Edward C. Davis Professor of Civil and Environmental Engineering in 
the Department of Civil and Environmental Engineering at the University of Delaware. He has 
specialized in the development and application of mathematical and statistical models to stream, lake, 
estuarine, and coastal water and sediment quality problems. He has participated in the development of 
water and sediment quality criteria for the U.S. Environmental Agency (EPA), sediment flux models for 
nutrients and metals, and integrated hydrodynamic, sediment transport, and water quality models. 
Recently he has participated in developing models for predicting environmental partitioning and toxicity 
parameters from molecular structure. He is a member of the National Academy of Engineering and served 
on the NRC Committee on Sediment Dredging at Superfund Megasites, and Committee on the Evaluation 
of Chesapeake Bay Program Implementation for Nutrient Reduction to Improve Water Quality. He 
received a B.E.E. from Manhattan College, an M.A. in electrical engineering from Princeton University, 
and a Ph.D. in civil and geological engineering from Princeton University. 

Julia Gohlke is an Associate Professor in the Department of Population Health Sciences at Virginia 
Tech. Her research utilizes spatial epidemiology, risk assessment, and toxicology approaches to 
characterize human health implications of global environmental change and large-scale environmental 
disasters, including the Deepwater Horizon blowout. She has served on several advisory boards related to 
environmental health, including for federal agencies such as the USEPA, NIEHS, and CDC. She received 
a B.S. in Biology at the University of Michigan and a M.S. and Ph.D. in Environmental Health at the 
University of Washington. 

Bernard Goldstein is Emeritus Dean and Emeritus Professor of Environmental and Occupational Health 
at the University of Pittsburgh Graduate School of Public Health. He is an elected member of the National 
Academy of Medicine (NAM), and has chaired over a dozen NAM or National Research Council 
Committees. He has also chaired committees related to environmental health for the World Health 
Organization and the United Nations Environmental Program. His past experience includes service as 
Assistant Administrator for Research and Development of the U.S. Environmental Protection Agency, 
1983-1985, and President of the Society for Risk Analysis. His involvement in the Deepwater Horizon oil 
spill includes serving as an Advisory Board member of the National Academies Gulf Research Program 
and as the original chair of the Coordinating Committee of the Gulf Research Health Outreach Program. 
He is also active on shale gas issues and on issues related to the science/policy interface.  

Terry Hazen currently holds a joint appointment with the University of Tennessee –Knoxville’s College 
of Engineering’s Civil and Environmental Engineering Department and the College of Arts and Sciences’ 
departments of Microbiology and Earth and Planetary Sciences. He also serves as a Faculty Fellow at the 
University of Tennessee -Oak Ridge National Laboratory’s Joint Institute for Biological Sciences and the 
Center for Environmental Biotechnology. Specializing in bioremediation and bioenergy, Hazen’s research 
more narrowly focuses on how naturally occurring bacteria can sometimes break down and detoxify 
hazardous material. He also works with a team of researchers who have developed a method of using 
bacteria to help test for the presence of a wide array of pollutants. He previously served as the Program 
Director for the Deepwater Horizons Oil Spill Systems Biology program at the Energy Biosciences 

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

Appendix A: Committee and Staff Biographies 307 
 

PREPUBLICATION COPY 

Institute at the University of California, Berkeley. Dr. Hazen received his B.S. and M.S. in 
Interdepartmental Biology, specializing in Parasitology, from Michigan State University in 1973 and 
1974, respectively. He then went on to earn his Ph.D in Parasitology-Ecology at Wake Forest University 
in 1978. 

Kenneth Lee is the National Senior Science Advisor for Oil Spill Research, Preparedness and Response 
for Fisheries and Oceans Canada. Until recently the was the Director of Oceans and Atmosphere in the 
Commonwealth Scientific and Industrial Research Organisation (CSIRO—Australia's national science 
agency) with the goal to enhance Australia’s prosperity and wellbeing through research to underpin 
sustainable economic, social, and environmental use of Australia’s marine estate and the management of 
its atmospheric environment. He also served on the Australian Government’s National Plan for Maritime 
Environmental Emergencies Committee. Dr. Lee’s research activities include studies on the transport, 
biotransformation and biodegradation of organic and inorganic contaminants, development of 
toxicological and modelling approaches to assess the potential impact of the offshore oil and gas industry 
(including accidental oil spills), and the development and validation of oil spill countermeasure 
technologies. He has served on the National Research Council’s Committee on the Effects of the 
Deepwater Horizon Mississippi Canyon-252 Oil Spill on Ecosystem Services in the Gulf of Mexico, and 
the Committee on Arctic Oil Spill Response. In 2016, Dr. Lee chaired the Royal Society of Canada’s 
Expert Panel on the The Behaviour and Environmental Impacts of Crude Oil Released Into Aqueous 
Environments. Dr. Lee received a Ph.D. and M.Sc. in botany/environmental studies from the University 
of Toronto in 1982 and 1977, respectively, and a B.Sc. in biology from Dalhousie University in 1975. 

Steve Murawski is Professor and Peter Betzer Endowed Chair of Biological Oceanography in the 
College of Marine Science at the University of South Florida. His research group aims to understand the 
impacts of human activities on the sustainability of ocean ecosystems. He has developed approaches for 
understanding the impacts of fishing on marine fish complexes exploited in mixed-species aggregations, 
with the goal to help inform investments to rebuild the Gulf of Mexico from effects of the Deepwater 
Horizon Oil Spill, loss of nursery areas, nutrient enrichment, and overfishing. Dr. Murawski serves as 
Director of the Center for Integrated Analysis and Modeling of Gulf Ecosystems, is a USA Delegate of 
the International Council for the Exploration of the SEA, and is a member of the National Academy of 
Sciences’ Ocean Studies Board, in addition to being appointed to serve on the committee for Decadal 
Survey of Ocean Sciences 2015. He received a B.S. and M.S. in Fisheries Biology and a Ph.D. in 
Fisheries and Wildlife Biology from the University of Massachusetts at Amerst. 

W. Scott Pegau is a Research Scientist and Research Program Manager at the Oil Spill Recovery 
Institute (OSRI). His research aims to develop novel oil spill detection and tracking approaches to 
understand the fate and behavior of oil spilled in the Arctic and sub-Arctic. At OSRI, he monitors grant 
contracts and provides leadership in planning research programs. Prior to joining OSRI, Dr. Pegau was a 
Senior Scientist and Research Coordinator at the Kachemak Bay Research Reserve in Alaska. He 
received a B.S. in Physics from the University of Alaska Fairbanks and a Ph.D. in Oceanography from 
Oregon State University.  

Ronald Tjeerdema is the Associate Dean of Environmental Sciences and Donald G. Crosby Endowed 
Chair in Environmental Chemistry at the University of California, Davis. With a focus on marine and 
freshwater ecosystems, Dr. Tjeerdema’s areas of expertise range from chemical fate in the environment, 
sensitive life stage bioassays, and biochemical mechanisms of toxicity. He has also worked extensively 
with pesticides, petroleum hydrocarbons, dispersants, and marine algal toxins. Notably, his research on oil 
spills and dispersants resulted in the development of the widely-used standardized CROSERF methods 
for toxicity assessment. During the aftermath of the Deepwater Horizon oil spill, Dr. Tjeerdema served on 
several NOAA panels advising response plans. He currently serves as co editor-in-chief on the flagship 
journal Aquatic Toxicology. He completed his Ph.D in pharmacology and toxicology, with an emphasis in 
environmental toxicology, in 1987 from the University of California, Davis 
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David Valentine is a Professor of geochemistry and microbiology, and holds the Norris Presidential 
Chair in Earth Science at the University of California, Santa Barbara. His main research interest is the 
interactions of microbes and the Earth system, and more specifically, the Archaea, biogeochemistry and 
microbial ecology of hydrocarbons, and the development of novel isotopic approaches to study microbes 
and geochemical processes. Dr. Valentine’s Lab currently works on projects probing the global methane 
and hydrogen cycles, with field sites from Alaska to the Coal Oil Point seep field in California. He is well 
known for his contributions to understanding the fate of hydrocarbons and bacteria from the Deepwater 
Horizon oil spill. He was the recipient of the National Science Foundation CAREER award and is a 
fellow of the Aldo Leopold Leadership Program. After receiving his M.S and B.S degrees in chemistry 
from the University of California at San Diego, Dr. Valentine went on to earn another M.S and a Ph.D. in 
earth system sciences from the University of California at Irvine.  

Helen White White is an Associate Professor of Chemistry and Environmental Studies at Haverford 
College in Haverford, Pennsylvania. Dr. White’s research interests examine the sources, sinks, and 
cycling of human-derived compounds in the marine environment with a focus on how chemical structure, 
physical associations, and bioavailability determine the persistence of specific organic compounds. Dr. 
White has investigated persistent oil residues in the Gulf of Mexico following the Deepwater Horizon oil 
spill, as well as in Prince William Sound, Alaska. Dr. White is a recipient of the National Academies of 
Sciences Gulf Research Program Early-Career fellowship, and a Henry Dreyfus Teacher-Scholar Award. 
Dr. White received her M.Chem degree in Chemistry from the University of Sussex, UK, and her Ph.D in 
Chemical Oceanography from the Massachusetts Institute of Technology and the Woods Hole 
Oceanographic Institution. Following her graduate studies, Dr. White was awarded the Microbial Science 
Initiative Postdoctoral Fellowship at Harvard University.  

 

STAFF 

Susan Roberts is the Director of the Ocean Studies Board at the U.S. National Academies of Sciences, 
Engineering, and Medicine.  She started as a Program Officer for the Ocean Studies Board in 1998 and 
became the Director of the Board in 2004. Dr. Roberts specializes in the science and management of 
living marine resources. She has served as study director for eighteen reports produced by the National 
Academies on topics covering a broad range of ocean science, marine resource management, and science 
policy issues.  Her research publications include studies on fish physiology and biochemistry, marine 
bacterial symbioses, and cell and developmental biology.  Dr. Roberts received her Ph.D. in Marine 
Biology from the Scripps Institution of Oceanography. Prior to her position at the Ocean Studies Board, 
she worked as a postdoctoral researcher at the University of California, Berkeley and as a senior staff 
fellow at the National Institutes of Health. Recently, she served on the editorial panel for UNESCO’s 
Intergovernmental Oceanographic Commission Global Ocean Science Report (2017) and currently is a 
member of the editorial panel for the second edition. Dr. Roberts is an elected Fellow of the American 
Association for the Advancement of Science (AAAS) and the Washington Academy of Sciences. 

Constance Karras is a program officer with the Ocean Studies Board. She joined the National 
Academies of Science, Engineering, and Medicine in 2012 as a fellow, and served as a research associate 
for the Ocean Studies Board between 2013 and 2015. She then served as an associate program officer 
until 2016, when she took on her current role. She received her B.A. in marine affairs and policy with 
concentrations in biology and political science from the University of Miami in 2007. The following year 
she received an M.A. in marine affairs and policy from the University of Miami’s Rosenstiel School of 
Marine and Atmospheric Science. In 2012, she earned her J.D. from the University of Virginia, School of 
Law. 

Trent Cummings graduated in August 2015 from The George Washington University in Washington, 
D.C., where he received a B.A. in environmental studies, sustainability. Prior to working at the National 
Academies of Sciences, Engineering, and Medicine, he interned with the Business Network for Offshore 
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Wind covering the completion of the Block Island Wind Farm. He joined the Ocean Studies Board as a 
program assistant in December 2017. 
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APPENDIX B 

DISCLOSURE OF CONFLICT OF INTEREST 
 

In accordance with Section 15 of the Federal Advisory Committee Act, the "Academy shall 
make its best efforts to ensure that no individual appointed to serve on [a] committee has a 
conflict of interest that is relevant to the functions to be performed, unless such conflict is 
promptly and publicly disclosed and the Academy determines that the conflict is unavoidable." A 
conflict of interest refers to an interest, ordinarily financial, of an individual that could be 
directly affected by the work of the committee. As specified in the Academy's policy and 
procedures (http://www.nationalacademies.org/coi/index.html), an objective determination is 
made for each provisionally appointed committee member whether or not a conflict of interest 
exists given the facts of the individual's financial and other interests and the task being 
undertaken by the committee. A determination of a conflict of interest for an individual is not an 
assessment of that individual's actual behavior or character or ability to act objectively despite 
the conflicting interest.  
We have concluded that for this committee to accomplish the tasks for which it was established, 
its membership must include among others, at least one person who has current practical 
experience with and broad expertise in dispersant chemistry and oil spill response strategies in 
support of global oil and gas industry operations. To meet the need for this expertise and 
experience, Dr. Thomas Coolbaugh is proposed for appointment to the committee even though 
we have concluded that he has a conflict of interest in relation to his service on the committee 
because he is employed by ExxonMobil Research and Engineering Company whose financial 
interests could be affected by the outcome of the study.  
As described in his biographical summary, Dr. Coolbaugh has over 25 years of experience in 
scientific research and oil spill response strategies from the perspective of the oil and gas 
industry. Dr. Coolbaugh has a singular combination of expertise in the chemistry of dispersant-
oil mixtures, risk assessment, and practical industry experience in aerial and subsea use of 
dispersants. We believe that Dr. Coolbaugh can serve effectively as a member of the committee 
and that the committee can produce an objective report, taking into account the composition of 
the committee, the work to be performed, and the procedures to be followed in completing the 
work.  
After an extensive search, we have been unable to find another individual with the equivalent 
experience and technical expertise as Dr. Coolbaugh who does not have a similar conflict of 
interest. Therefore, we have concluded that this conflict is unavoidable. 
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ACRONYMS AND ABBREVIATIONS 
 

ADE—Advection Diffusion Equation 

ANS—Alaska North Slope 

API—American Petroleum Institute 

BLS—Bureau of Labor Statistics 

BSEE—Bureau of Safety and Environmental Enforcement  

BTEX—Benzene, Toluene, Ethylbenzene, and Xylene 

CBI—Confidential Business Information 

CDC—Center for Disease Control 

CDOG - Clarkson Deep Oil and Gas 

CEOSSIM—Canadian Environmental Oil Spill Simulator 

CERA—Consensus Ecological Risk Assessment  

CEWAF—Chemically Enhanced Water Accommodated Fraction 

CNR—Center for Natural Resource 

CRA—Comparative Risk Assessment 

CRRC—Coastal Response Research Center 

DDO—Dispersants and Dispersed Oil 

DFO—Fisheries and Oceans Canada (Department of Fisheries and Oceans)  

DMP2—Dispersant Mission Planner 2 

DOR—Dispersant-to-Oil Ratio 

DOSS—Dioctyl Sodium sulfosuccinate 

DSD—Droplet Size Distribution 

DWH—Deepwater Horizon 

ECCC—Environment and Climate Change Canada 

EIS—Environmental Impact Statement 

EPS—Extracellular Polymeric Substances 

ES—Ecosystem Services 

ESA—Ecosystem Services Analysis 

FDA—Food and Drug Administration  

FOSC—Federal On Scene Coordinator 

GDS—Global Dispersant Stockpile 
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GI—Global Initiative  

GOR—Gas-to-Oil Ratio 

GRIIDC—Gulf of Mexico Research Initiative Information & Data Cooperative 

HEWAF—High Energy Water Accommodated Fraction 

HIA—Health Impact Analysis 

ICS—Incident Command System 

IDLH—Immediate Danger to Life and Helath 

IEWAF—Intermediate Energy Water Accommodated Fraction 

IFT—Interfacial Tension 

IMO—International Maritime Organization 

IMS—Incident Management System 

IOGP—International Oil and Gas Producers 

IRB—Institutional Review Board 

IRIS—Integrated Risk Information System 

ISB—In-situ Burning 

IVOCs—Intermediate-volatility organic compounds 

JEM—Job Exposure Matrix 

LES—Large-eddy Simulation 

LEWAF—Low Energy Water Accommodated Fraction 

LISST—Laser In-Situ Scattering and Transmissometer 

LN—Log-Normal 

LOC—Level of Concern 

LSM—Lagrangian Stochastic Models  

MAR—Mass Accumulation Rates 

MEWAF—Medium Energy Water Accommodated Fraction 

MEXUS—Mexico-United States 

MMS—Minerals and Management Service (now now Bureau of Ocean Energy Management/Bureau of 
Safety and Environmental Enforcement) 

MODU—Mobile Offshore Drilling Unit 

MOS—Marine Oil Snow 

MOSSFA—Marine Oil Snow Sedimentation and Flocculent Accumulation 

NAPL—Non-Aqueous Phase Liquid 

NEBA—Net Environmental Benefit Analysis 

NEWAF—No Energy Water Accommodated Fraction 

NHANES—National Health and Nutrition Examination Survey 
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NIEHS—National Institute of Environmental Health Sciences 

NIOSH—National Institute of Occupational Safety and Health 

NOAA—National Oceanic and Atmospheric Administration 

NRDA—National Resource Damage Assessment 

NRDA—Natural Resources Damage Assessment 

NRT—National Response Team 

OIILS—Occupational Injury and Illness Classification System 

OMA—Oil-mineral Aggregates 

OPA—Oil-particle Aggregates 

OPA 90—Oil Pollution Act of 1990 

OPRC—Oil Pollution Preparedness, Response, and Cooperation 

OSA—Oil-sediment Aggregate 

OSAs—Oil-suspended Particulate Matter Aggregates 

PAH—Polycyclic Aromatic Hydrocarbons 

PAHs - Polycyclic Aromatic Hydrocarbons 

PPE—Personal Protective Equipment 

RANS - Reynolds Average Navier Stokes 

RCT—Randomized Control Trial 

REL—Recommended Exposure Level  

RR—Rosin-Rammler 

SARA—Saturates, Aromatics, Resins, and Asphaltenes 

SGS—Subgrid-scale 

SIMA—Spill Impact Mitigation Assessment 

SOAs—Secondary Organic Aerosols 

SSD—Species Sensitivity Distribution  

SSD—Species Sensitivity Distribution 

SSDI—Subsea Dispersant Injection 

STEL—Short-Term Exposure Limit 

SVOCs—Semi-volatile Organic Compounds (no “organic” listed on pg 2) 

TAMOC—Texas A & M Oil Spill Calculator 

TEP—Transparent Exopolymeric Particles 

THC—Total Hydrocarbon Concentration 

TPAH—Total Polycyclic Aromatic Hydrocarbons 

TPH—Total Petroleum Hydrocarbons 

TROPICS—Tropical Oil Pollution Investigations in Coastal Systems 
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TU—Toxic Unit Concentration 

UNCLOS—United Nations Convention on the Law of the Sea 

VC—Valued Component 

VEC—Valued Ecosystem Components 

VOCs—Volatile Organic Compounds 

WAF—Water Accommodated Fraction 
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APPENDIX D 

MINORITY REPORT 

 
Assessment of Uncertainty in Droplet Size Models and Its Impact on 

Calculated Oil Fate 
 

By Cortis Cooper and Eric Adams 

 

BACKGROUND 

Task 6 of the Committee’s Statement of Work calls for an assessment of the adequacy of the 
existing information (tools) to support risk-based decision-making. The intent of the discussion 
below is to assess the uncertainty of the droplet size estimates made by five published models. 
Published work does not provide the type of assessment needed to satisfy Task 6. To satisfy Task 
6, one needs to compare the models with a wide range of observations. Some limited 
comparisons have been done by most of the modeler authors but as described below these are 
frequently limited or flawed. Given these factors and the several hundred high quality laboratory 
observations made since DWH, a more detailed comparison by a neutral party is called for. 

In our comparisons we use some observations which have not yet been published in peer 
reviewed journals though they are thoroughly documented in detailed technical reports publicly 
available for several years (Brandvik et al., 2014, Brandvik et al. 2017). These observations also 
use the same techniques utilized in the observations that have been widely used by the modelers 
in their published comparisons (Brandvik et al., 2013, 2018, 2019a,b). A review of the 
unpublished reports shows numerous replicates with demonstrable repeatability. We use some of 
these replicates to show that Committee concerns about possible fractionation in the Brandvik et 
al. (2017) dataset are unsubstantiated.  

The additional analysis described below has not been published but there is a long history of 
similar analysis done in NRC reports, e.g. estimates of the single-most important source of oil in 
the sea were developed by the Oil in the Sea III Committee (NRC, 2003). As in that report, we 
have provided the details and references that would be needed to reproduce our results. Finally, 
we are not attempting to choose a “winning” droplet model but rather to better quantify the 
uncertainty of the existing droplet models and then, most importantly, to understand how that 
uncertainty propagates into the oil fates calculated by an integrated model.  

As stated above, previous assessment of droplet model accuracy has been done by the authors of 
the respective models but it has often been limited in scope or used flawed methods for 
validation. For example, Oildroplets (Nissanka and Yapa, 2017) was compared against only 11 
observations and VDROP-J to 9 oil jet experiments (Zhao et al. 2014)). ASA’s model (Li et al., 
2017) did a similar number of comparisons with oil jets. Paris et al. (2012) used the model of 
Boxall et al. (2012) who did many experiments but utilized a stirred reactor, not oil jetting into 
water. SINTEF’s model (Johansen et al. 2013) was originally compared against 8 observations 
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but a year later the calibration coefficients were adjusted using 14 more experiments (Brandvik, 
et al. 2018). These coefficients compared well to subsequent experiments (Brandvik et al, 2014, 
2017, and 2019a) though recently the A coefficient was slightly modified to better fit 
measurements with live oil (Brandvik et al. 2019b). Further refinements have been made in the 
calculation of oil properties and in the droplet size distribution to account for large flow rates 
(Skancke et al., 2016).  

With that in mind, we have reviewed the available observations and identified roughly 80 of 
them which were deemed of high quality and non-redundant. We then proceeded to program the 
three equilibrium models (SINTEF, ASA, and Paris) and compare them to these observations. 
We would have liked to do a similar comparison for the two population models, VDROP-J and 
Oildroplets, but their authors were unwilling to participate. Given the complexity of those 
models and our time constraints we could not include them. Nevertheless, we have been able to 
get some insights by examining published values for DeepSpill and DWH.  

The next section compares the three equilibrium models to lab experiments and the DeepSpill 
experiment. It is followed by a look at DWH. The fourth section provides a summary followed 
by our conclusions. The last section is basically an appendix that briefly describes the laboratory 
observations used in our comparisons with special attention to the measurements of Brandvik et 
al. (2017) since these are so useful in testing the models at larger scale. 

 

COMPARISON BETWEEN MODELS AND EXPERIMENTS 

Figure D.1 compares three of the equilibrium models to the 80 experimental observations 
described in the last section. The figure shows that the Paris et al. (2012) model (green) 
underestimates droplet sizes by several orders of magnitude - consistent with the findings of 
Adams et al. (2013). The models of SINTEF and ASA show good predictive ability with a 
correlation coefficient squared of about 0.98. Both models are biased slightly low (model 
averages 2-3% lower than observations). The average absolute percentage difference between 
model and observation for the SINTEF (Li) model is 24% (35%) with 90% confidence limits of 
roughly 50% (70%). However, a look at Figure D.1 shows that at times there are sizeable errors 
which is reflected in the high coefficient of variation (mean/standard deviation) of ~1 for both 
models. These statistics become meaningless for the Paris model since predictions are an order 
of magnitude or more smaller than the observations.  

Of particular interest is the DeepSpill field measurement (heart symbol) since it comes closest to 
DWH-like scales. The SINTEF model overestimates the observations by about 50% while the 
ASA model makes a perfect forecast. However, this perfection comes as no accident because 
ASA used the DeepSpill measurement to fit their model coefficients. Paris underpredicts by 2 
orders of magnitude following the trend seen in Figure D.1 for the lab experiments. VDROP-J 
and Oildroplets have also been compared to DeepSpill in their respective publications and those 
are shown in row 2 of Table D.1.  
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Figure D.1 Predicted vs. observed d50 from 3 models: SINTEF (black), ASA (red), Paris (green). Most of the Paris 
model predictions are less than 1 um. 

 

The DeepSpill comparison for VDROP-J comes from Zhao et al. (2014) and is marked as 
questionable. That’s because a careful reading of their paper shows that they used an optimized 
calibration coefficient, Kb, to calculate the 4500 µm value. In a practical application of the model 
they would not be able to use an optimized fit but would have to use their equation 33 to 
calculate Kb. How much difference would it make if they had used the predicted Kb instead of 
the best-fit? We don’t know for sure without running the model again but we can get a sense for 
its importance from their Figure 10 which suggests d50=0.5 mm, or nearly an order of magnitude 
less than their estimate using the best-fit Kb27. This estimate assumes linear extrapolation which 
is arguable but is taken here to show that the d50 calculated from VDROP-J is quite sensitive to  

                                                            
27 Equation 33 gives Kb=0.100 using the properties listed in their Table 1. Figure 10 shows curves for three values 
of Kb. The curve for Kb=0.028 shows a d50=5mm while the curve for Kb=0.05 gives a d50=3.5. Using these 
values and assuming linear extrapolation means a Kb=0.10 gives d50=0.5 mm.  
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Table D.1. The d50 in µm predicted by models for both untreated and treated oil during DWH and untreated oil 
during DeepSpill. 

Case DOR% SINTEF28 
Um 

Spaulding29 ASA30 VDROP-
J31 

Paris 
um 

Oildroplets 

DeepSpill 0 6,700 N.A. 4,300 4,500? 32 ~4,000 
DWH 0 5,800 2,600 10,200 4,200 190 N.A. 
DWH 0.4 1,800 100/2,600 3,400 1,300 70 N.A 
DWH 1.0 530 200/2,600 740 140 10 N.A 

 

Kb. If VDROP-J were re-run with the predicted Kb from Equation 33 it would predict a d50 
substantially smaller than observed; hence the question mark in Table D.1.  

Zhao et al. (2014) used best-fit Kb’s when comparing VDROP-J to all the observations in their 
paper (see their Figures 6 to 13). This was a necessary first step to calibrate Kb and develop 
Equation 33. However, they never truly validated the predictive ability of the model by 
comparing it to a new set of observations using Equation 33. Though a less rigorous validation 
step, they could have at least compared the model to the calibration dataset using Equation 33 to 
calculate Kb. Had they done so they would have found the uncertainty bounds to be substantial 
given the sensitivity of VDROP-J’s d50 estimate to variations in Kb (see DeepSpill example in 
previous paragraph) coupled with the considerable uncertainty in Equation 33 (see Figure 14). It 
is noteworthy that Zhao et al. (2017a) and Nissanka and Yapa (2016) repeated this same process. 
In summary, the two population models have been calibrated, but not truly validated. 

 

COMPARISONS BETWEEN MODELS AND DWH OBSERVATIONS 

Table D.1 also compares the models for DWH cases with different DORs. Unfortunately, there 
are no direct measures of droplet size but the work of Gros et al. (2017) suggests that a d50 of 
about 1 mm would satisfy their observed dataset which corresponds to 0.4% DOR. This dataset 
is largely based on analyzed hydrocarbon concentration measurements integrated over time and 
space using the hydrocarbon fractionation methodology recommended in Chapter 5.1. By 
integrating over time and normalizing the concentration data by conservative constituents they 
remove many of the problems one runs into by comparing to raw time series. As shown in 
further runs by Socolofsky and Gros commissioned by this Committee (henceforth referred to as 
SG and shown in Appendix E) their dataset is remarkably good at discriminating between 
proposed droplet sizes.  

The third row of Table D.1 shows the case of 0.4% DOR and indicates that both VDROP-J and 
the SINTEF model fall close to the 1 mm value suggested by Gros et al. thus providing some 

                                                            
28 Calculated using ρo=763kg/m3, µ=0.7cp, GOR=0.4,3, σ=24.5 cp (DOR=0%), σ=4.54mN/m (0.4%), σ=0.24mN/m 
(1%). Uses the SINTEF models described in Skancke et al. (2016) except that we have not accounted for 
temperature effects on oil viscosity.  

29 These are approximate peaks taken from Fig 9 of Spaulding et al. (2017). The 0.4% DOR case in the table comes 
from their “Best Estimate” while the 1% comes from their “high dispersant” case. The dual peaks in the DSD arise 
because they have assumed only partial mixing of the dispersant.  

30 These are estimates assuming oil characteristics at the surface as per Li et al. (2017). ρo=862 kg/m3, µ=0.74cp, 
GOR=0.4, σ=24.5 mN/m (DOR=0%), σ=4.54 mN/m (0.4%), σ=0.24 mN/m (1%) 

31 From Gros et al. (2017) 
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validation for those models. The value from Spaulding et al. (2017) assumes a dual-peaked 
droplet size distribution for the dispersed cases based on their argument that the dispersant was 
not thoroughly mixed. The follow-on modeling by SG does not reproduce the Gros et al. dataset 
well. At 3.4 mm, the ASA model is considerably larger than 1 m but SG did not make a run with 
3.4 mm so we can’t say for sure how it would compare to their dataset. However, the CRA-2 
study described in Chapter 6 (Figure 6.9a) does suggest that the difference between 1 and 3.4 
mm would not substantially affect degradation, evaporation or oil in the water column implying 
that the ASA estimate might not compare too badly to the Gros dataset.  

Table D.1 shows that the Paris model predicts a d50 of 70 um. SG ran a case with a d50=115 µm 
for DWH and found virtually no oil made it to the surface, and far too much oil was found 
subsurface. In short, the Paris result is clearly inconsistent with the Gros et al. (2017) dataset and 
numerous other sources such as Ryerson et al. (2012) showing substantial oil at the surface. 

One noteworthy point to make is that the two droplet models (VDROP-J and SINTEF, and 
arguably32 ASA’s model) replicate the Gros et al. dataset and do so without including some of 
the complicating processes conjectured in Chapter 2 (large pressure gradients, churn flow, or tip 
streaming). This suggests that those processes were not substantial for DWH. That is not to say 
that these processes couldn’t be important in other scenarios.  

In summary, both the VDROP-J and SINTEF models indicate a d50 that compares well with what 
we consider to be the best available estimate of the DWH d50 available to date inferred by Gros 
et al. (2017). The ASA model is a bit on the high side though it would likely still compare fairly 
well with the Gros dataset. On the other hand, the Paris d50 is too small by an order of magnitude.  

Table D.1 also shows d50 values for a 0 and 1% DOR so it is interesting to compare VDROP-J, 
ASA, and SINTEF for these other values even though we do not have any observations for these 
cases from DWH. The ratios among the three models are remarkably constant at 0% and 0.4% 
DOR, i.e. the SINTEF model is 1.4x of the VDROP-J value while the ASA model is near 2.5. 
However, that trend stops at 1% DOR where these factors more than double. In other words, 
VDROP-J reduces the d50 at 1% far more than the other two models. Which model is correct? 
There are no observations to help us but it is worth noting that VDROP-J was calibrated with 
only two experiments where dispersant was applied (Zhao et al., 2014, 2017a). In contrast the 
SINTEF and ASA models have now been compared to 33 experiments in Figure D.1 with SSDI 
applied 

How much do the differences in predicted droplet size between the three models affect the 
calculated fate? For the 0% and 0.4% DOR, the answer is probably not much. This is based on 
the CRA-2 study described in Chapter 6. Figure 6.9a taken from that study shows that at 1500 m 
there is little change in the volumes going to evaporation and degradation for droplets greater 
than 1 mm. However, at 1%, Figure 6.9a shows that there is a sizable difference. For example, 
the SINTEF (530 µm) and ASA models (740 µm) result in a degradation of 10-15% of the total 
spill volume while VDROP-J (140 µm) is 40-50%. In short, one walks away with a very 
different picture of SSDI effectiveness at 1% DOR if one uses VDROP-J instead of the others. 

 

                                                            
32 The ASA d50 for 0.4% DOR is nearly 3x larger than VDROP-J so could reproduce the Gros et al. dataset about as 
well as VDROP-J especially if one used a fairly large width parameter for the DSD. 
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SUMMARY 

Though the five droplet models mentioned in Chapter 2 have been compared to observations by 
their authors, all but the SINTEF model have considered a relatively small set of about a dozen 
oil jet experiments. There are now roughly 200 oil jet experiments available for comparisons, 
mostly from Brandvik et al. (2013, 2014, 2017, 2018, 2019a,b). These experiments cover a wide 
range of scales and conditions - discharge diameters of 0.5 to 50 mm and flow rates of 0.2 to 400 
l/min, pressure ranges of 2 to 1500 m of water, multiple DOR values, multiple oil densities, 
multiple GORs, and live oils. Further details are given in the last section.  

We selected 80 experiments from this large set of observations and compared three equilibrium 
models to those. These comparisons show that both the ASA and SINTEF models compare well 
with a correlation coefficient squared of about 0.98 though there is considerable scatter as 
indicated by 90% confidence limits of up to 70%. The Paris model underestimates the 
observations by orders of magnitude for reasons identified in Adams et al. (2013).  

Some might argue that the good performance of the ASA and SINTEF model is because they 
have tuned their calibration coefficients to the observations. A close look at the sequence of 
publications of these models shows that they based their calibration coefficients on a dozen or so 
observations that did not include the vast majority of the measurements in our Figure D.1. 

The authors of the two population models, VDROP-J and Oildroplets, were unwilling to 
participate in our comparison. Given the model complexity, we could not program them within 
our time constraints. However, we were able to gather some insights about these models from 
published results for DeepSpill and DWH and further runs by SG.  

Comparisons with the DeepSpill experiment reveal a number of important findings. First, the 
SINTEF model over-predicts the droplet size by about 50% though this is not too bad in light of 
the uncertainty in the observations. The Paris model predicts a droplet size two orders of 
magnitude too low. The ASA prediction is perfect but not insightful since they calibrated to the 
DeepSpill measurement. Finally, the authors of the two population models claim to closely 
match the DeepSpill experiment, but a close look at their comparisons reveals that they 
optimized their calibration coefficient to achieve that fit. If they had done a blind prediction, the 
error would have been larger. In the case of VDROP-J, we have done an estimate that suggests it 
would have underestimated the droplet size by a sizable amount.  

Comparisons with the DWH dataset also gives some insights in several of the droplet models. 
Gros et al.et al. (2017) and follow-on modeling by SG suggest the d50 for DWH was about 1 mm. 
Both the VDROP-J and SINTEF models predict roughly 1.5 mm while the ASA model predicts a 
value about 2x larger. Unfortunately, SG did not run the ASA value but a look at the CRA-2 
study suggests it might still compare reasonably well to the Gros dataset. The SG results show 
the Paris model prediction of 0.07 mm is far too small and that the dual-peaked droplet size 
distribution of Spaulding et al. (2017) compares less well than the VDROP-J and SINTEF 
models. 

We also compared the models at two other DORs (0% and 1%) for the DWH conditions and 
found that VDROP-J gives a much smaller droplet size than the other two models at 1% DOR. 
There are no observations to check which model is correct but it is worrisome that VDROP-J 
was calibrated with only two observations that used dispersant. Since VDROP-J suggests such a 
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substantial decrease in droplet size from 0% to 1% DOR, it makes SSDI look a lot more 
appealing than do the other two models.  

Finally, we need to comment on the droplet size distribution. As pointed out in Chapter 2, the 
equilibrium models only predict the d50 and then use a heuristic method to calculate the droplet 
distribution. In contrast, the population models predict both the d50 and the distribution. 
Furthermore, the equilibrium models redistribute droplets in bin sizes greater than the largest 
stable droplet size using an ad hoc approach. The authors of the equilibrium models have spent 
little effort validating these assumptions so this is a topic that should be investigated more 
thoroughly. That said, it is reassuring to note that the sensitivity studies by French-McCay et al. 
(2018) show that the ultimate fate of the oil is fairly insensitive to the details of the size 
distribution. It is also reassuring that the SINTEF d50 compares so well to the experimental 
observations since in several of those cases the modelled d50 is shifted by as much as 2x by their 
ad hoc method of dealing with droplets exceeding the maximum stable droplet size.  

 

CONCLUSIONS 

At last we are in a position to address Task 6 of the Committee Work Scope with regard to 
droplet models. We conclude that both the ASA and SINTEF models probably can estimate 
droplet sizes with confidence limits of roughly 70% for simple jets. Given their firmer physical 
basis, VDROP-J and Oildroplets could perform even better but this is conjecture until these 
models are more thoroughly calibrated and truly validated using predicted calibration 
coefficients. It is reassuring that the VDROP-J and SINTEF models compare well with each 
other and the definitive DWH dataset of Gros et al. (2017) . That said it is troubling that 
VDROP-J suddenly breaks with the SINTEF and ASA models at a DOR of 1% and predicts a 
much smaller droplet size. This discrepancy is important because fate benefits will look far more 
positive with VDROP-J than with the other two models.  

What are the implications of this uncertainty in the droplet models? Of course, we can’t answer 
that for a generic site but we can gain some insights for a large blowout by looking at the results 
of the CRA-2 study described in Chapter 6. Figure 6.9 shows the impact of droplet size on the 
peak volume of the oil during a blowout in a DWH-like setting. The upper panel applies to a site 
in 1400 m of water while the lower panel is set in 500 m of water. For undispersed oil, one 
would expect a droplet size in the multi-mm range for a large blow-out in either water depth. 
Using our confidence limit estimate of 70% and assuming d50=5 mm gives a range of 1.5-8.5 
mm. Looking at the upper and lower panels of Figure 6.9, this range of d50 shows that the droplet 
uncertainty has negligible impact on the calculated fate in either water depth. These relatively 
big droplets rise so quickly to the surface that it really doesn’t matter if they are 1 mm or 8 mm. 
On the other hand, for dispersed oil a reasonable droplet size might be 0.5 mm giving a range of 
0.15-0.85 mm. Referring to Figure 6.9, we now see dramatically different fates at both 500 and 
1400 m depth. For example, in 1400 m of water, roughly 50% of the oil mass ends up in the 
water column with d50=0.15mm; it is about half that with d50=0.85mm. While the CRA-2 
focused on the Gulf of Mexico, the sensitivity to errors in droplet size will likely apply to many 
other parts of the world. 

Based on this analysis we conclude: 
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1. The two equilibrium models from SINTEF and ASA predict 80 available observations from 
high quality lab experiments with a mean error of less than 35% though with a fairly 
substantial scatter as reflected by the 90% confidence limits of 70%.  

2. The published comparisons between observations and the two population models, VDROP-J 
and Oildroplets, are promising but inadequate because of their limited number and their use 
of calibration coefficients that were optimized to fit the individual experiments. Further 
comparisons are needed to truly validate the models for a wide range of conditions. Once this 
is done, the population models are likely to outperform the equilibrium models, in part 
because they predict: both droplet and bubble sizes, the entire size distribution not just the 
d50, and the time evolution of the droplet/bubble sizes. 

3. Comparisons with DWH suggest both the VDROP-J and SINTEF models predict reasonable 
droplet sizes though the uncertainty of the observed dataset remains a question mark as does 
the rather low d50 predicted by VDROP-J for the 1% DOR case.  

4. The uncertainty in predicted d50 estimated in item 1 probably has little impact in calculating 
the droplet size for untreated oil in many high-volume blowout scenarios but that uncertainty 
can dramatically affect the modeled fate for treated (dispersed) oil. Hence, there is a 
demonstrable need for further research to remove uncertainty in droplet models especially 
for dispersed oil.  

 

SUPPLEMENTAL INFORMATION: DESCRIPTION OF EXPERIMENTAL 
OBSERVATIONS 

Table D.2 summarizes the experiments used in the comparisons and the attached spreadsheet 
documents the key properties used as model input. The first column of the spreadsheet includes a 
“symbol” that can be used to trace that particular experiment to Figure D.1. All of the 
experiments involved jetting of oil into seawater though some also included methane either as 
free gas or saturated in the oil (live oil). We have not included any data from stirred autoclaves 
as there is no evidence to suggest that these generate similar turbulence fields or droplets to a jet. 
Indeed, the fact that the Paris et al. (2012) model, based on autoclave measurements, 
underestimates observed droplets by orders of magnitude (see green symbols in Figure D.1) 
supports the contention of Adams et al. (2013) that autoclaves generate a very different 
turbulence field (and hence droplet size) than jets. There are a number of other experimental 
observations of jets, e. g. Masutani and Adams (2000), Zhao et al. (2017b) and Belore et al. 
(2014) but these are unsuitable for various reasons33.  

The lab experiments in Table D.2 (first 6 entries) span a wide range of conditions including 
discharge orifice scales of 1.5 to 50 mm and flow rates from 0.2 to 400 liters/min. Most of the 
experiments come from Brandvik et al, (2014, 2017, 2018, 2019a, b) who have conducted 
roughly 200 individual experiments since 2011. Though none of the papers by Brandvik et al. 
provide error estimates on their measurements, they did numerous replicates that demonstrate the 
consistency of their observations. We did not use all their experiments because there were so 
many replicates and we had to do all data entry manually. SINTEF 0 was not included because it 

                                                            
33 Masutani and Adams had difficulty measuring the oil droplets because of limitations with their PDPA instrument. 
Zhao et al. were impacted by major fractionation due to their use of a horizontal jet. Belore et al. studied a 
multiphase horizontal jet of gas and oil. Fractionation was an issue for them as one the inability of their primary 
measurement device (LISST) to differentiate between droplets and bubbles.  
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Table D.2 Summary of observations of droplet size formed by a subsurface jet. 

Name Facility Press. 
(m) 

Flow 
(l/min) 

Well 
Φ 

(mm) 

Fluids References 

SINTEF 0 SINTEF Tower 5 0.2-5 0.5-3 Oil, air, Corexit Brandvik et al. (2013) 
SINTEF 1 SINTEF Tower 5 1.2 1.5 Oil, Corexit Brandvik et al. (2018) 
SINTEF 2 SINTEF Tower 5 1.2 1.5 Oil, dispersant Brandvik et al. (2014) 
SINTEF 

3 
SWRI, Sintef T. 5-1750 1.2 1.5 Oil, dispersant Brandvik et al. 

(2019a) 
SINTEF 5 SWRI, Sintef T. 5-1750 1.2 1.5 Live oil, gas, 

Corexit 
Brandvik et al, 

(2019b) 
C-IMAGE Hamburg 

autoclave 
1500 1-2 1.5 Oil, methane, n-

dec. 
Malone et al. (2018) 

SINTEF 6 OHMSETT 2 50-400 25-50 Oil, methane, 
Corexit 

Brandvik et al, (2017 ) 

DeepSpill Norwegian Sea 844 17 120 Diesel, LNG Johansen et al, (2001) 
 

has been used extensively by almost all the models to calibrate them. It is also reassuring that the 
experiments of Malone et al. (2017) fit the same trend line as the similar experiments from 
Brandvik et al.(2013, 2014). 

SINTEF 0, 1, 3, and 6 have been published in peer-reviewed journals and the remaining SINTEF 
work is documented in technical reports that have been available to the public for several years. 
The unpublished reports use similar methods, facilities, and instrumentation to SINTEF 0 and 1. 
Note that VDROP-J, Oildroplets, and the ASA models have used several of the experiments 
from SINTEF 0 in their model validation efforts, an implicit acceptance of the general 
methodologies employed by SINTEF.  

SINTEF 0, 1, and 2 consisted of roughly 10-50 individual experiments each involving the release 
of an oil jet into sea water in the so-called SINTEF Tower Basin, a 6 m high by 3 m diameter 
cylinder. Droplet sizes were measured with a LISST located at 2 m above the discharge orifice. 
Some of the experiments had a second LISST located at 4m.  

SINTEF 3 focused on the effects of pressure on the droplet size of dead oil and was the precursor 
for SINTEF 5, which considered pressure, gas and live oil. Most of the experiments were 
conducted in the large high-pressure chamber at Southwest Research Institute (SWRI) which 
consists of a 5.8m long cylinder with a 2.3m diameter capable of reaching pressures of 1750m of 
water. The Silhouette Camera (Davis et al., 2017, henceforth referred to as the “SilCam”) was 
used and represented a major advance over a LISST-type device because: i) it was capable of 
simultaneously measuring both droplets and bubbles of any size above a few µm and ii) it could 
measure much higher concentrations than the LISST.  

The other small-scale set of observations comes from Malone et al. (2018) who conducted 8 
experiments in a pressurized column of 99 liters. Flow rates and discharge orifice size were 
similar to SINTEF 0, 1, and 2.  

An inherent weakness with these small-scale studies is their small discharge pipe and low flow 
rate which were several orders of magnitude smaller than a DWH-like spill. The smaller scale 
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means that models calibrated with this data are extrapolating several orders of magnitude to get 
to field scales.  

To get to larger scales, SINTEF ran two sets of replicate experiments, one in the SINTEF Tower 
Basin used in the earlier studies and the other in the Ohmsett flow facility using a vertical 
discharge pipe. They looked at flow rates and discharge orifices which were at least an order of 
magnitude higher than in earlier studies. While Ohmsett is 200 m long by 20 m wide, it is only 
2.4 m deep so it was necessary to apply a horizontal current (0.25-1.07 m/s), simulated by towing 
the discharge pipe, in order to dilute the oil sufficiently to take droplet measurements. For the 
Tower Basin, the layout was identical to SINTEF 0-2 except that two SilCams were used instead 
of the LISST, and the SilCams were placed at 5 m above the discharge to allow for sufficient 
dilution. The introduction of SilCams into the Tower Basin allowed for much higher flow rates 
and droplet sizes then explored in SINTEF 0, 1, and 2. 

The overriding uncertainty for the Ohmsett experiments comes from the potential for significant 
droplet fractionation which is the natural consequence of the fact that the oil plume gets pushed 
over to the side by the horizontal current. Zhao et al. (2017b) has shown how important 
fractionation can be with horizontal plumes. To counter the possible effects of fractionation, 
SINTEF 6 did extensive calculations (Brandvik et al, 2017 ) to determine where to position the 
SilCam so as to ensure that it was in the center of the oil plume.  

Ultimately, the importance of fractionation in the Ohmsett experiments was not a concern. There 
were 12 experiments that were conducted in both the Tower Basin the Ohmsett tank; the d50s are 
compared in Figure D.2. The data points are color coded with red indicating questionable results 
(as determined by Brandvik et al., 2017) generally caused by oil clouding the limited volume of 
the Tower Basin. Even including these questionable data, the correlation coefficient squared is 
nearly 0.9. There is a slight bias with the Ohmsett d50 being 20-30% larger than the Tower d50 
at the larger d50’s. That said, that bias is coming from the questionable Tower results as denoted 
by the red symbols. The generally good comparison between the Ohmsett and Tower 
observations suggests that fractionation is of modest importance in the Ohmsett data at the larger 
droplet sizes. Hence, SINTEF 6 represents a valuable dataset for model calibration and 
validation, especially because its scales are more than order of magnitude larger than the 
previous measurements.  

The other large-scale dataset comes from the DeepStar field experiment which consisted of four 
one-hour field experiments in which gas and gas/oil mixtures were injected through a 12 cm 
nozzle at a depth of 840 m off the Norwegian Coast (Johansen et al., 2001, 2003). The most 
relevant of these is the second release involving a mixture of natural gas and marine diesel. 
Droplet volume distributions were reported on pages 63 and 64 of Johansen et al. (2001) for 
elevations of 4-5m, 9-10m, 14-22m, and 34-55m above the discharge (designated as Cases 5-8 
respectively). There is considerable scatter in these cases but no obvious correlation to 
measurement height so we have simply averaged the d50 from all levels.  
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Figure D.2 Comparison of the d50 measured from replicate experiments in the Ohmsett and Tower facilities taken 
during SINTEF 6. Solid line is the least squares fit. Red indicates questionable Tower data, blue indicates 
“acceptable”, green indicates “excellent” as judged by Brandvik et al. (2017b).  
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Table D.3 Summary of Experiments used in Figure D.2. 

Exp. 
Name 

Pipe 
Φ mm 

Oil 
Flow 
L/min 

Temp 
C◦ 

IFT 
mN/m 

GOR 
m3/m3 

Oil ρ 
kg/m3 

Visc 
cp 

DOR 
% 

Source 

\heartsuit 120 1000 4 25.00 0.50 854 3.9 0.0 DeepSpill 
\vartheta 1.5 1.2 13 13.40 0.00 832 7.1 0.0 SINTEF 2 

\iota 1.5 1.2 13 2.30 0.00 832 7.1 1.0 SINTEF 2 
\kappa 1.5 1.2 13 0.01 0.00 832 7.1 2.0 SINTEF 2 

\lambda 1.5 1.2 75 13.40 0.00 832 2.8 0.0 SINTEF 2 
\mu 1.5 1.2 75 6.80 0.00 832 2.8 1.0 SINTEF 2 
\nu 1.5 1.2 75 0.10 0.00 832 2.8 2.0 SINTEF 2 
\xi 1.5 1.2 50 12.20 0.00 832 4.1 0.0 SINTEF 2 
\pi 1.5 1.2 50 13.10 0.00 832 4.1 1.0 SINTEF 2 

\rho 1.5 1.2 50 0.02 0.00 832 4.1 2.0 SINTEF 2 
\sigma 1.5 1.2 23 17.50 0.00 832 6.0 0.0 SINTEF 2 

\varsigma 1.5 1.2 23 1.90 0.00 832 6.0 1.0 SINTEF 2 
\tau 1.5 1.2 23 0.01 0.00 832 6.0 2.0 SINTEF 2 
\phi 1.5 1.2 18 10.00 0.00 900 20.0 0.0 SINTEF 2 
\psi 1.5 1.2 18 3.50 0.00 900 20.0 1.0 SINTEF 2 
A 1.5 1.2 78 10.70 0.00 900 20.0 0.0 SINTEF 2 
B 1.5 1.2 85 3.70 0.00 900 20.0 1.0 SINTEF 2 
C 1.5 1.2 13 15.00 0.00 797 4.0 0.0 SINTEF 2 
D 1.5 1.2 13 0.06 0.00 797 4.0 2.0 SINTEF 2 
E 0.5 0.2 13 15.50 0.00 839 10.0 0.0 SINTEF 1 
F 1.5 1.0 13 15.50 0.00 839 10.0 0.0 SINTEF 1 
G 1.5 1.5 13 15.50 0.00 839 10.0 0.0 SINTEF 1 
H 1.5 1.5 13 0.05 0.00 839 10.0 2.0 SINTEF 1 
I 1.5 1.5 13 0.09 0.00 839 10.0 4.0 SINTEF 1 
J 2.0 5.0 13 15.50 0.00 839 10.0 0.0 SINTEF 1 
K 3.0 5.0 13 15.50 0.00 839 10.0 0.0 SINTEF 1 
L 3.0 1.5 22 19.30 0.00 700 0.9 0.0 SINTEF 5 
M 3.0 1.5 26 18.20 0.23 700 0.8 0.0 SINTEF 5 
N 3.0 1.5 27 18.20 1.00 706 0.8 0.0 SINTEF 5 
O 3.0 1.5 28 21.60 3.67 705 0.8 0.0 SINTEF 5 
P 3.0 1.5 28 2.80 0.17 695 0.8 1.0 SINTEF 5 
Q 3.0 1.5 32 3.27 0.67 695 0.7 1.0 SINTEF 5 
R 3.0 1.5 36 3.87 2.33 690 0.7 1.0 SINTEF 5 
S 3.0 1.5 27 3.87 0.00 700 0.8 1.0 SINTEF 5 
T 3.0 1.5 27 18.60 0.00 776 0.8 0.0 SINTEF 5 
U 3.0 1.5 37 21.00 0.43 774 0.7 0.0 SINTEF 5 
V 3.0 1.5 36 21.50 1.13 773 0.7 0.0 SINTEF 5 
W 3.0 1.5 49 19.50 4.00 773 0.6 0.0 SINTEF 5 
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X 3.0 1.5 50 1.77 3.93 772 0.5 1.0 SINTEF 5 
Y 3.0 1.5 45 3.37 0.87 772 0.6 1.0 SINTEF 5 
Z 3.0 1.5 41 3.37 0.40 773 0.6 1.0 SINTEF 5 
a 3.0 1.5 40 3.57 0.00 773 0.6 1.0 SINTEF 5 
b 3.0 1.5 22 22.00 0.00 764 0.8 0.0 SINTEF 5 
c 3.0 1.5 30 20.00 0.93 773 0.7 0.0 SINTEF 5 
d 3.0 1.5 31 21.30 0.00 775 0.7 0.0 SINTEF 5 
e 3.0 1.5 34 20.00 0.80 755 0.6 0.0 SINTEF 5 
f 3.0 1.5 38 2.87 1.00 753 0.6 1.0 SINTEF 5 
g 3.0 1.5 39 2.87 0.00 754 0.5 1.0 SINTEF 5 
h 3.0 1.5 35 3.27 0.00 752 0.6 1.0 SINTEF 5 
i 3.0 1.5 37 0.57 0.87 770 0.6 1.0 SINTEF 5 
j 25.0 50.0 13 20.00 0.00 826 4.6 0.0 SINTEF 6 
k 25.0 80.0 13 20.00 0.00 826 4.6 0.0 SINTEF 6 
l 25.0 80.0 4 20.00 0.00 826 5.1 0.0 SINTEF 6 

m 25.0 50.0 5 20.00 0.00 826 5.0 0.0 SINTEF 6 
n 25.0 80.0 5 20.00 0.00 826 5.0 0.0 SINTEF 6 
o 25.0 120.0 6 20.00 0.00 826 5.0 0.0 SINTEF 6 
p 25.0 120.0 6 20.00 0.00 826 4.9 0.0 SINTEF 6 
q 25.0 50.0 5 0.20 0.00 826 5.0 1.0 SINTEF 6 
r 25.0 80.0 5 0.20 0.00 826 5.0 1.0 SINTEF 6 
s 25.0 120.0 6 0.20 0.00 826 5.0 1.0 SINTEF 6 
t 32.0 300.0 6 20.00 0.00 826 4.9 0.0 SINTEF 6 
u 32.0 120.0 13 20.00 0.00 826 4.6 0.0 SINTEF 6 
v 32.0 80.0 13 20.00 0.00 826 4.6 0.0 SINTEF 6 
w 32.0 300.0 5 0.20 0.00 826 5.0 1.0 SINTEF 6 
x 32.0 120.0 7 0.20 0.00 826 4.9 1.0 SINTEF 6 
y 32.0 120.0 7 0.02 0.00 826 4.9 2.0 SINTEF 6 
z 32.0 120.0 3 0.20 0.00 826 20.0 1.0 SINTEF 6 
1 50.0 200.0 13 20.00 0.00 826 4.6 0.0 SINTEF 6 
2 50.0 300.0 13 20.00 0.00 826 4.6 0.0 SINTEF 6 
3 50.0 300.0 7 20.00 0.00 826 4.9 0.0 SINTEF 6 
4 50.0 400.0 7 20.00 0.00 826 4.9 0.0 SINTEF 6 
5 50.0 300.0 15 0.20 0.00 826 4.2 1.0 SINTEF 6 

\alpha 1.5 2.1 20 22.00 0.00 864 15.7 0.0 Malone 1.1 
\beta 1.5 2.1 20 22.00 0.00 864 15.7 0.0 Malone 1.2 

\gamma 1.5 2.0 20 32.00 0.00 817 1.3 0.0 Malone 2.1 
\delta 1.5 2.1 20 32.00 0.00 817 1.30 0.0 Malone 2.2 

\epsilon 1.5 1.1 20 55.00 0.00 741 1.10 0.0 Malone 3.1 
\zeta 1.5 1.2 20 55.00 0.00 741 1.10 0.0 Malone 3.2 
\eta 1.5 1.1 20 44.00 0.00 662 0.39 0.0 Malone 4.1 

\theta 1.5 1.2 20 44.00 0.00 662 0.39 0.0 Malone 4.2 
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APPENDIX E 

CONSULTANT’S REPORT 
 

Note from the Committee: The work described in this Appendix was commissioned by the 
Committee with the purpose of better evaluating droplet size models – a key tool in modeling the 
oil fate in a subsea release. As discussed at length in Chapter 2, droplet models have been 
compared to varying degrees to laboratory experiments and one field study, but major questions 
remain as to how well these models scale to field conditions. Shortly after this Committee began 
its work, Gros et al. (2017), published a dataset derived from the DWH measurements which, 
after close review, this Committee felt represented a reasonable benchmark for testing droplet 
models. Gros et al. (2017) only looked at two scenarios (0 and 0.4% DOR) of SSDI using the 
VDROP-J model. The Committee wanted to extend their original work by running the model 
with a DOR of 1%; a value which recent work suggests is much more optimal (Brandvik et al. 
2014b). It also ran cases using droplet distributions by Spaulding et al. (2015, DWH NRDA) as 
well as a distribution predicted by the C-Image Consortium. Results from the consultants report 
are discussed in Chapter 6. 
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REPORT ON DEEPWATER HORIZON SIMULATIONS WITH DIFFERENT  
DROPLET SIZE DISTRIBUTIONS 

 

Scott A. Socolofsky 
Zachry Department of Civil Engineering, Texas A&M University, College Station, TX 77845, 

USA 

Jonas Gros 
Zachry Department of Civil Engineering, Texas A&M University, College Station, TX 77845, 

USA, presently at GEOMAR Helmholtz Centre for Ocean Research, 24148 Kiel, Germany 

 

Introduction 

We have completed simulations for the Deepwater Horizon blowout using different choices of 
subsea dispersant application rate and bubble and droplet size prediction models, as prescribed 
by the National Academies Committee on Dispersants. Each of these runs make predictions for 
June 8, 2010 using our simulation package, the Texas A&M Oil spill Calculator (TAMOC) 
(Gros et al. 2017) and our 279 pseudo-component model of the Deepwater Horizon reservoir 
fluid (Gros et al. 2016). Model output includes dissolved concentrations in the deepwater 
intrusion layer, mass flow rate of compounds to the air/water interface, and water column 
concentrations between the intrusion layer and sea surface. All model parameters except for 
bubble and droplet size and interfacial tension matched those used in our paper (Gros et al. 
2017), published in the Proceedings of the National Academy of Sciences. 

Table E.1 presents a description of each case simulated in this study. We report here the model 
results for all cases in Table 1; Case 3 was not defined and has been deleted. Each case in the 
table represents a different approach for predicting the droplet size distribution and/or a different 
assumed dispersant-to-oil ratio (DOR). For some methods (Cases 1 and 5), only the median 
droplet size d50 is provided by the method. In these cases, the size distribution is estimated from 
a log-normal distribution of log standard deviation ߪே provided in the table. For Case 1, this 
approach predicts droplet sizes larger than the maximum stable droplet size. For this case, we 
truncate the distribution in order to retain the desired d50. 

This report is organized as follows. Sections 1 to 6 report the results of each simulation case 
using the data comparison and analysis formats already reported in Gros et al. (2017). These 
sections compare measured and predicted fractionation indices for several compounds in the 
deepwater intrusion layer and at the sea surface. These sections also report the petroleum fluids 
mass balance among the deepwater intrusion, mid-ocean water column, and the sea surface. 
Throughout this report, we consider the term petroleum fluids to mean the whole reservoir fluid, 
including the C1-C5 compounds. Section 7 explains our method to compute dissolved 
concentrations between the intrusion layer and the sea surface, where individual Lagrangian 
bubbles and droplets transit the water column. This section also shows sample results for 
benzene. We conclude this report with a short discussion in Section 8. 

 

  

http://www.nap.edu/25161


The Use of Dispersants in Marine Oil Spill Response

Copyright National Academy of Sciences. All rights reserved.

334 The Use of Dispersants in Marine Oil Spill Response 
 

PREPUBLICATION COPY 

Table E.1 Description of the cases and size distributions used in the simulations. 

Case d50 

 

[mm] 

 ࡺ࣌
 
[--] 

DOR 
 
[%] 

dmax 

Rule 
Micro 
Droplets
[%] 

Description and Source 

1 10 0.5 0 d = dmax if 
the predicted 
distribution 
has d > dmax 

 

0.2 Untreated upper limit of 
droplet size distribution 

2 vdrop-j vdrop-j 0 N/A 0.5 Untreated case already 
simulated and reported in 
Gros et al. (2017) 
 

4 vdrop-j vdrop-j 0.4 N/A 1.1 Treated case (hindcast 
value) already simulated 
and reported in Gros et al. 
(2017) 
 

5 0.17; 
3.3 

0.5 30% 
treated; 
70% 
un-
treated 
 

N/A –16.7 Bimodal distribution 
assumed using partial 
dispersant mixing. 

6 c-image N/A 0 N/A –1.7 Untreated case provided by 
C-IMAGE. Number size 
distributions were provided 
which we converted to 
volume size distributions. 
 

7 vdrop-j vdrop-j 1.0 N/A –25.2 Treated case with optimal 
DOR 

  

1. Case 1: Untreated upper-limit of droplet size distribution 

Figure E.1 shows the gas bubble sizes (top panel) and oil droplet sizes (lower panel) used in the 
simulations for Case 1, designed as the untreated upper-limit of the droplet size distribution. The 
gas bubble sizes were computed using the empirical equations in Wang et al. (2018) with the gas 
properties computed by our model without dispersant addition. The oil droplet sizes have a 
d50 = 10 mm, and the distribution is truncated at the maximum stable droplet size (Clift et al. 
1978). The oil droplet size distribution was truncated since any other redistribution of oil mass 
would change the prescribed d50-value of the distribution. Because the maximum stable bubble 
size is quite large, the bubble size distribution did not have to be truncated.  

We show the model predictions compared to measured field data in Figure E.2, using the same 
figure format as model-data comparisons in Figure 3 of our PNAS paper (Gros et al. 2017). This  
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Figure E.1 Initial bubble and droplet size distribution for Case 1. 

 

figure and all similar figures to follow are organized as follows. Panels A and B report the model 
predictions for the combined dissolved and liquid petroleum and compare the model values to 
measured data from CTD casts within 10 km of the wellhead. See the Supporting Information for 
Gros et al. (2017) for the details of the sources and time periods of the field data used here for 
comparison; we considered all data available within the 10 km radius of the wellhead and 
representative of conditions on June 8, 2010. Panel A reports the fractionation index relative to 
methane for three constituents of the released petroleum in the subsurface intrusion layer (900 m 
to 1,300 m water depth). Panel B reports fractionation indices relative to benzene in the intrusion 
layer for several additional selected components of the simulated oil. In Panel B, the blue bars 
represent the raw model output and the orange bars represent the model output with a fixed, 
constant fraction of micro-droplets added to the intrusion layer. The fraction of micro-droplets is 
adjusted for each case separately to achieve the best possible agreement between the model and 
the measurements for the 16 sparingly-soluble compounds from phenanthrene to pristane. This 
fraction of micro-droplets is reported for each case in Table 1. In Panel C, we report results for 
the fraction of spilled petroleum arriving at the sea surface in comparison to measurements by 
Ryerson et al. (2012). 

The results for Case 1 show that less of the released oil entered the intrusion as dissolved or 
liquid petroleum than was observed (under-prediction of model results in Panels A and B). 
Instead, more volatile organic compounds are predicted to reach the sea surface than observed 
(over-predictions of model results in Panel C). These results are also summarized in Figure E.3, 
which reports the model prediction of the petroleum mass budget throughout the water column 
for Case 1 without the addition of the fitted micro-droplets (e.g., similar to the blue bars in  
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Figure E.2). The large oil droplets of this case dissolve slowly (low surface area to volume ratio), 
rise quickly (have a short time to dissolve), and bring more of the light components to the sea 
surface than were observed by the atmospheric measurements. Hence, this droplet size over-
predicts the best-fit droplet size for our model for June 8th, 2010. 

 

2. Case 2: Untreated sensitivity simulation 

Figure E.4 shows the gas bubble sizes (top panel) and oil droplet sizes (lower panel) used in the 
Case 2 simulations. These sizes were predicted from the VDROP-J model using the gas and oil 
properties we predict if no dispersants were used. This case was already simulated and reported 
in our paper (Gros et al. 2017). Because dispersants were injected on this day, this case 
represents a hypothetical sensitivity study with respect to dispersant effectiveness. 

We show the model predictions compared to measured field data in Figure E.5, using the same 
figure format as in Figure E.2. In this case, the simulation under-predicts the fraction of released 
petroleum entering the intrusion layer. By adding micro-droplets, the simulation results can 
match observations for insoluble components of the oil, but the lighter compounds remain under-
predicted in the intrusion layer, suggesting less dissolution is occurring in the model than was 
observed. This is consistent with an over-predicted droplet size, and is corroborated by the 
predictions at the sea surface, which show more oil reaching the surface in the model than the 
observations. The petroleum mass budget predicted by our model for this case is shown in Figure 
E.6 without the addition of the fitted micro-droplets. Like Case 1, this droplet size over-predicts 
the best-fit droplet size for our model for June 8th, 2010.  

 

3. Case 4: Best-case hindcast simulation 

Figure E.7 shows the gas bubble sizes (top panel) and oil droplet sizes (lower panel) used in the 
Case 4 simulations. These sizes were predicted from the VDROP-J model using the gas and oil 
properties we predict for a DOR of 0.4%, our estimate of the actual DOR during this day 
assuming full mixing of dispersant with the quantity of oil exiting the broken Macondo wellhead. 
This case was already simulated and reported in our paper (Gros et al. 2017). Because 
dispersants were injected on this day, this case represents our best-case hindcast of the behavior 
of the Deepwater Horizon oil spill on this day using our model. 

We show the model predictions compared to measured field data in Figure E.8, using the same 
figure format as in Figure E.2. In the intrusion layer (Panels A and B) the model predicts the 
fractionation of light, soluble compounds well, with some constituents over-predicted (e.g., 
toluene, naphthalene) and others under-predicted (o-xylene, cyclohexane). With a small quantity 
of fitted micro-droplets (1.1%, see Table 1), the results for insoluble compounds are close to the 
observations, and the predictions for soluble compounds are mostly unchanged. At the sea 
surface (Panel C), model predictions for the fraction of oil reaching the surface corresponds well 
with the observations, with most compounds slightly under-predicted by the model. The 
petroleum mass budget predicted by our model for this case is shown in Figure E.9 without the 
addition of the fitted micro-droplets. Because these results were obtained using a DOR 
representative of June 8th, 2010 and the model results largely show good agreement with the 
observations, this droplet size corresponds to the best-fit droplet size for our model for this day. 
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Figure E.3 Simulated fate and transport of petroleum fluids for Case 1 without calibrated microdroplets. 

 

 

 
Figure E.4 Initial bubble and droplet size distribution for Case 2. 
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Figure E.6 Simulated fate and transport of petroleum fluids for Case 2 without calibrated microdroplets. 

 

 
Figure E.7 Initial bubble and droplet size distribution for Case 4. 
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Figure E.9 Simulated fate and transport of petroleum fluids for Case 4 without calibrated microdroplets. 

 

 
Figure E.10 Initial bubble and droplet size distribution for Case 5. 
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4. Case 5: Partial mixing of dispersant  

Figure E.10 shows the gas bubble sizes (top panel) and oil droplet sizes (lower panel) used in the 
Case 5 simulations. These sizes were predicted using a procedure similar to that used by RPS 
ASA used for June 8, 2010 in the NRDA documents and that was also reported in Li et al. 
(2016). Following this method, dispersant is assumed to only treat some of the oil, and for 
Case 5, we assumed that the dispersant treatment fraction was 30%. The size distribution is taken 
as the sum of the distributions for the treated fraction (with d50 of 0.17 mm, Table 1) and 
untreated fraction (with d50 of 3.3 mm, Table 1). Each size distribution was assumed log-normal 
with a log standard deviation ߪே = 0.5. Gas bubble sizes are computed using the formula in 
Wang et al. (2018) with an interfacial tension reduction factor of 5.4 times.  

We show the model predictions compared to measured field data in Figure E.11, using the same 
figure format as in Figure E.2. In this case, the simulation significantly over-predicts the fraction 
of released petroleum entering the intrusion layer, especially for the insoluble compounds. The 
slanted black lines for the fluorene predictions indicate that the actual model value plots above 
the present y-axis. By removing micro-droplets (–16.7%, see Table 1), the simulation results can 
match observations for insoluble components of the oil, but the lighter compounds remain over-
predicted in the intrusion layer, suggesting more dissolved petroleum is entering the intrusion in 
the model than was observed. The results at the sea surface (Panel C) also show a slight over-
prediction relative to the measured data of the mass flow rate to the surface of the lighter 
compounds, indicating somewhat less dissolution overall occurring in the model throughout the 
water column than observed. The petroleum mass budget predicted by our model for this case is 
shown in Figure E.12 without the addition of the fitted micro-droplets.  

We can draw several conclusions from these results. Because the model predictions in the 
intrusion layer over-predict the observations, the modeled fraction of small droplets was over-
predicted. When we subtract micro-droplets, the predictions for soluble compounds remain over-
predicted; hence, the mass fraction of oil in the small droplets was over-predicted, yielding more 
dissolution than observed. On the other hand, the model predicts too much of several VOCs 
reaching the surface, which is consistent with over-predicting the mass fraction of large droplets 
for the untreated fraction of the distribution. Together, these results suggest to us that the 
hypothesis of incomplete dispersant mixing is not supported by these simulations: there are too 
many small droplets and large droplets for this type of distribution to produce results that fit the 
observations using our model. We conclude instead that all of the oil was treated somewhat 
(which would give a smaller maximum droplet size and less VOCs reaching the surface), and 
this more dilute treatment reduced the dispersant effectiveness (which would give a larger 
minimum droplet size and less dissolved compounds sequestered in the intrusion layer). Such a 
situation agrees with the observed fractionation indices and is close to the case of complete 
dispersant mixing across the plume (e.g., Case 4, above). 
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Figure E.12 Simulated fate and transport of petroleum fluids for Case 5 without calibrated microdroplets. 

 

 

 
Figure E.13 Initial bubble and droplet size distribution for Case 6. 
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5. Case 6: Untreated size distributions prescribed by C-IMAGE 

Figure E.13 shows the gas bubble sizes (top panel) and oil droplet sizes (lower panel) used in the 
Case 6 simulations. These sizes were predicted by researchers in the C-IMAGE consortium and 
provided to us by Steve Murawski as number size distributions. We converted these number 
distributions to equivalent volume size distributions, and these latter volume size distributions 
are shown in the figure herein. Because dispersants were injected on June 8th, 2010, this 
untreated case represents a hypothetical sensitivity study with respect to the true hindcast, which 
would include the effect of dispersant injection. 

We show the model predictions compared to measured field data in Figure E.14, using the same 
figure format as in Figure E.2. In this case, the simulation strongly over-predicts the fraction of 
released petroleum entering the intrusion layer. By removing micro-droplets (–1.7%, see 
Table 1), the simulation results can match observations for the most insoluble components of the 
oil (right half of Panel B), but the lighter compounds remain over-predicted in the intrusion 
layer, suggesting more dissolution is occurring in the model than was observed. This is 
consistent with an under-predicted droplet size, and is corroborated by the predictions at the sea 
surface, which show much less oil reaching the surface in the model than the observations. The 
petroleum mass budget predicted by our model for this case is shown in Figure E.15 without the 
addition of the fitted micro-droplets. Based on these data, this droplet size under-predicts the 
best-fit droplet size for our model for June 8th, 2010. 

 

6. Case 7: Hypothetical optimal dispersant treatment scenario 

Figure E.16 shows the gas bubble sizes (top panel) and oil droplet sizes (lower panel) used in the 
Case 7 simulations. These sizes were predicted from the VDROP-J model using the gas and oil 
properties we predict for a DOR of 1.0% and assuming full mixing of dispersant with the 
quantity of oil exiting the broken Macondo wellhead. VDROP-J predicts droplet sizes in bins of 
 m; most of the bubble and droplet sizes were small for this case, which is why so few binsߤ 100
were used in the simulations. This DOR is higher than actually occurred on June 8, 2010, and 
represents an optimal DOR to achieve greater dispersant effectiveness at a low DOR. Hence, this 
case represents a hypothetical estimate of what might have resulted were a higher DOR used at 
the Deepwater Horizon oil spill on this day. 

We show the model predictions compared to measured field data in Figure E.17, using the same 
figure format as in Figure E.2. In this case, the simulation strongly over-predicts the fraction of 
released petroleum entering the intrusion layer. By removing micro-droplets (–25.2%, see 
Table 1), the simulation results can match observations for the most insoluble components of the 
oil (right half of Panel B). This suggests that up to 25% more of the released insoluble 
compounds could have been funneled to the deep intrusion if this higher DOR were used. 
Additionally, these small droplets dissolve faster, and the predictions with and without micro-
droplets over-predict the fraction of soluble petroleum entering the intrusion, also increasing the 
total amount of petroleum sequestered in the deep ocean. This is consistent with the predictions 
at the sea surface, which show almost none of the compounds of the oil plotted in Panel C 
reaching the surface in the model. The petroleum mass budget predicted by our model for this 
case is shown in Figure E.18 without the addition of the fitted micro-droplets. Hence, this droplet 
size distribution causes a significantly greater fraction of the released petroleum to be 
sequestered in the ocean than occurred at the actual DOR of 0.4% (Case 4, above). 
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Figure E.15 Simulated fate and transport of petroleum fluids for Case 6 without calibrated microdroplets. 

 

 

 
Figure E.16 Initial bubble and droplet size distribution for Case 7. 
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Figure E.18 Simulated fate and transport of petroleum fluids for Case 7 without calibrated microdroplets. 

 

7. Concentration in the water column above the main intrusion 

The simulations for each of the cases reported above tracked the concentrations of dissolved 
hydrocarbons and the masses of gas and liquid petroleum in the initial nearfield plume and the 
deepwater intrusion layer and the masses of gas and liquid petroleum in the water column 
between the intrusion layer and the sea surface. For injury assessment, the concentrations of 
dissolved hydrocarbons throughout the ocean water column are needed. These are not 
immediately available since oil droplets and gas bubbles rise as individual Lagrangian particles 
between the deep intrusion layer and the surface, and there is no associated control volume of 
seawater to use to track the dissolved concentrations. To predict these concentrations, we 
developed a new model for the dissolved phase concentration associated with a stream of 
Lagrangian particles. 

Our new model for dissolved-phase concentration in the mid-ocean water column is based on a 
solution to the advection diffusion equation in seawater with the source term of dissolved mass 
coming from the on-going dissolution of the Lagrangian particles. TAMOC predicts the steady-
state dissolution for each Lagrangian particle by the mass balance equation ݀ ሶ݉ ௜݀ݖ = ሶ݉ ௜ᇱ = − ௜ߚܣ ሶ݊ݑ௦ ൫ܥ௦,௜ −  ௔,௜൯ (1)ܥ

where ሶ݉ ௜ᇱ is the steady-state mass flow rate per unit length of chemical component i in 
Lagrangian particles of a given size, A is the surface area of the particles, ߚ is the mass transfer 
coefficient for chemical component i, ሶ݊  is the number flux of bubbles in the present particle 
class, ݑ௦ is the slip velocity of the particles, ܥ௦,௜ is the solubility of component i at the bubble-
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water interface, and ܥ௔,௜ is the concentration of component i in the ambient water, far away from 
the bubble, taken as zero for petroleum compounds.  

If we use this mass flow rate ሶ݉ ௜ᇱ as the source term in the advection diffusion equation, an 
analytical solution exists if we assume that ሶ݉ ௜ᇱ is constant with height (an assumption that is 
approximately valid locally at each water depth) and that the horizontal transport is in the 
advection-dominant regime. The analytical solution in this case for a uniform crossflow of 
velocity U is  ݔ)ܥ, (ݕ = ሶ݉ ௜ᇱ√4ܧܷݔߨ exp ቆ−  ቇ (2)ݔܧଶ4ݕܷ

where E is the turbulent eddy diffusivity, x is taken parallel with U, and the source is injected at 
the coordinate (0,0). The model in Equation (2) is valid in the advection-dominated regime, at a 
location x, a distance larger than L downstream of the bubble stream, where ܮ =  (3) ܷߙܧ

and ߙ is a parameter, greater than 10. Our observations of turbulent diffusivity in the deep Gulf 
of Mexico give values of Et = 5 x 10–4 m2/s (Wang et al. 2016); hence, L is a very short distance 
downstream at typical ocean currents in the Gulf of Mexico of between 2 to 30 cm/s.  

We compute these concentrations for each chemical component in the gas bubbles and oil 
droplets above the intrusion layer using our full 279 pseudo-component model of the Deepwater 
Horizon reservoir fluid. We compute all concentrations at a distance 10 km downstream of the 
broken Macondo wellhead, and the total concentration of a given chemical component is the 
superposition of the contributions from each bubble and droplet size in each simulation. 
Equation (2) is valid if the particles in a stream of bubbles or droplets do not spread out. 
However, in reality, the particles are already distributed across the plume width ߪ଴ before exiting 
the intrusion layer and continue to spread by horizontal turbulent diffusion between the intrusion 
layer and a height z where Equation (2) is evaluated. We account for this spreading by 
computing Equation (2) for 1000 particles Gaussian-distributed over the predicted cloud width ߪ, 
given by ߪ = ටߪ଴ଶ +  (4) ݐ௧ܧ2

where t is the travel time for a given particle from the intrusion layer to z. Since most of the 
spreading occurs in the plume (i.e., ߪ ≈  .଴), our results are weakly dependent on the value of Etߪ
The total concentration is the superposition of the contributions for each of the 1000 simulated 
bubbles or droplets.  

Figure E.19 shows a sample result from the simulation matching the parameters of Case 4, our 
best-case hindcast simulation, for benzene. In order to capture the input from each of the 
modeled bubbles and droplets, we make the calculation at a distance x = 10 km downstream of 
the Deepwater Horizon wellhead. The colormap in Figure E.19 shows the computed 
concentrations on the yz-plane normal to the currents at this location. 

The currents change direction with height, and at each depth, we assume that all bubbles are 
aligned on a single x-axis, parallel with the currents. Figure E.20 plots the currents we used for  
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Figure E.19 Concentration of benzene for Case 4 on a plane 10 km downstream of the Deepwater 
Horizon wellhead and normal to the crossflow. 
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Figure E.20 Measured ocean currents near the Deepwater Horizon wellhead on Jun 8th, 2010. 
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all our simulations, which were measured near the Deepwater Horizon wellhead by a near-
surface, down-looking acoustic Doppler current profiler (ADCP) (Gros et al. 2017). Our 
assumption that the particles are always aligned along the currents yields the largest prediction 
for the dissolved concentrations. Comparing to Equation (2), we also see that concentrations are 
maximum where the dissolution ሶ݉ ௜ᇱ is large and/or where the currents U or the plume width ߪ 
are minimum. Because this is a stead-state solution, concentrations increase as ܷ → 0, and 
because ߪ ≈  ,଴, the plume width is fairly constant. Based on these behaviors and Figure E.20ߪ
we expect the highest concentrations near the intrusion, where the currents are minimum and the 
oil and gas is the freshest (least weathered). The distribution of concentration in the map agrees 
with these expectations. 

In Figure E.21, we present the profiles benzene for Case 4 at three different depths at a distance 
of x = 10 km downstream of the Deepwater Horizon wellhead, hence, profiles extracted from 
Figure E.19. Peak concentrations occur low in the water column, close to the intrusion layer, and 
are on the order of 10–7 kg/m3 (10–9 mol/l) over a slice about 400 m wide. The width of the 
concentration cloud is also largest at 850 m depth and decreases slightly with height. The 
narrower concentration plume at shallower depth is due to the currents: oil droplets advect 
farther downstream at shallower depths; hence, the dissolved plume experiences less lateral 
diffusion between the location where the droplets are dissolving and the plane at 10 km 
downstream where the concentrations are evaluated as the depth reduces. The peak benzene 
concentrations also decrease with decreasing depth, dropping to 10–8 kg/m3 (10–10 mol/l) over a 
slice about 300 m wide at 400 m depth.  

Similar behavior is observed for each of the dissolving components, with the values of the 
concentration depending on the solubility of each component in the Lagrangian bubbles and 
droplets as their compositions evolve with height. The properties of the 279 pseudo-component 
oil model as well as results of each of these concentration calculations in the form of ascii text 
files are included in the digital appendix to this report. 

 

8. Discussion 

Herein, we have reported the results of our TAMOC simulations for the Deepwater Horizon 
accident on June 8th, 2010 for six different prescribed subsea dispersant application rates and 
bubble and droplet size prediction models. We had previously reported the results of Cases 2 (no 
subsurface dispersant injection) and 4 (reported subsurface dispersant injection) using VDROP-J 
to predict bubble and droplet size distributions in our PNAS paper, Gros et al. (2017). Here, we 
also simulated a new case, Case 7, in which VDROP-J is used to predict bubble and droplet sizes 
for a theoretical optimal subsurface dispersant injection rate of 1% DOR.  

Figure E.22 compares the results of these three cases in the format of Figure E.2, together with 
the observed data. This figure shows that, using our model, Case 4 gives a prediction that is 
closest to the observations, and Case 7 predicts that a significantly greater proportion of the 
released petroleum would have been sequestered in the ocean within a radius of 10 km of the 
Deepwater Horizon wellhead had a higher DOR been applied subsea. From Figure E.18 for 
Case 7, 52% of the released petroleum would either be dissolved in the intrusion layer or the 
water column or suspended as small droplets in the subsurface intrusion. Figures 9 and 6 show 
that the actual DOR used during Deepwater Horizon is predicted to have sequestered 27% of the  
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Figure E.21 Profiles of the concentration of benzene for Case 4 at a location 10 km downstream of the 
Deepwater Horizon at three different depths, and along lines normal to the crossflow. Note that different 
y-axis scales are used to make the plots readable.  
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Figure E.23 Vertical profiles of the maximum dissolved benzene concentration for Cases 2, 4, and 7 at a 
location 10 km downstream of the Deepwater Horizon wellhead. 

released petroleum (Case 4), and that if no dispersants had been used, 22% of the released 
petroleum would have been sequestered (Case 2). 

These different dispersant injection rates also change the concentrations of light petroleum 
hydrocarbons in the mid-ocean water column. In Figure E.23, we plot the maximum 
concentration of benzene between the intrusion layer and sea surface at 10 km downstream of the 
broken Macondo wellhead for these cases using our new method in Section 7. The maximum 
concentrations are computed at y = 0 in Equation (2) and plotted as a function of depth z. The 
differences between the baseline case of 0.4% dispersant injection (Case 4) and no-dispersant 
(Case 2) are about an order of magnitude throughout the water column, with Case 4 having 
higher concentrations due to the larger amount of benzene dissolution with dispersant injection. 
The 1000-fold reduction in atmospheric benzene emissions between these two cases results from 
the integral of this order-of-magnitude difference in benzene concentration over the full water 
depth. Similarly, Case 7, with 1% dispersant injection results in even greater benzene dissolution 
through the water column and nearly two orders-of-magnitude higher benzene concentration in 
the mid-ocean water relative to the baseline, Case 4. All of these benzene concentrations remain 
small, however, with maximum values less than 4 x 10-4 kg/m3 (5.1 ߤmol/l, or 0.4 ppm).  

The results for Cases 2 and 4 show that the actual amount of petroleum reaching the sea surface 
is fairly similar with and without subsea dispersant injection for the DOR used on June 8th, 2010 
(73% with subsea dispersant injection and 78% without). However, as we show in Gros et al. 
(2017), the composition of the surfacing petroleum is quite different due to the different 
dissolution occurring for the smaller droplets with dispersant injection. We previously reported 
that the mass flow rates of C1-C9 volatile organic compounds (VOCs) to the atmosphere reduced 
by 28% between Cases 2 and 4, and that the mass flow rate of the compound benzene reduced by 
2000 times with subsea dispersant injection (Case 2 compared to Case 4). 

Similar results for other cases simulated here can also be extracted from the model results. 
Comparing the optimal DOR of 1% (Case 7) to the case of no dispersant injection (Case 2), we 
predict a reduction of C1-C9 VOCs of 84%, and that no benzene reaches the sea surface (e.g., 
infinite reduction of benzene mass flow rate to the atmosphere). Likewise, if we compare Case 1 
(maximum possible droplet size) to Case 2 (VDROP-J no dispersant case), the flow rate of C1-
C9 VOCs differ by only 10% (Case 1 being higher), and the benzene mass flow rates differ by 
2.6 times (Case 1 being higher). If we compare Case 5 (droplet sizes following partial dispersant 
mixing) to Case 2, C1-C9 VOC emissions are reduced by 30% in Case 5 and benzene emissions 
reduce by 2 times. Hence, for the partial dispersant mixing model of subsea dispersant injection, 
one would not conclude that dispersants significantly affected atmospheric concentrations of 
VOCs. Finally, comparing Cases 6 (C-IMAGE size distribution) to Case 2, C1-C9 VOC 
emissions are reduced by 66 % and benzene mass flow rate to the atmosphere is nearly 
suppressed (3 x 106 times reduction). This is similar to performance of the optimal subsea 
dispersant injection predictions using VDROP-J at 1% DOR.  

Because the three Cases 2, 4, and 7 are all based on the same model assumptions and because 
Case 4 gives the best match between the model predictions and the observations, these cases may 
be considered as reliable predictors for the effect of subsurface dispersant injection on the 
Macondo oil during the Deepwater Horizon accident. The DORs used during the accident were 
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lower than optimal, but resulted in some liquid oil not reaching the sea surface and significantly 
improved air quality by suppressing atmospheric emissions of VOCs by 28%, including a 2000 
times reduction of benzene emission. Had a higher DOR of 1% been used, our model predicts 
that significantly more liquid oil would have remained subsea within the 10 km radius we have 
studied surrounding the Deepwater Horizon wellhead, atmospheric emissions of VOCs would 
have reduced by 84% relative to the no-dispersant case, and benzene emissions could have been 
entirely suppressed.  
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APPENDIX F 

META-ANALYSIS OF AQUATIC 
TOXICITY DATA 

 

DATA COMPILATION 

A meta-analysis of aquatic toxicity data from laboratory exposures with whole organisms was 
undertaken to better understand the effects of dispersants, and physically and chemically 
dispersed oil. While the quality of toxicity data varies considerably across studies, selection of 
data included in this meta-analysis followed a strict set of rules aimed at selecting the best 
available information. These rules followed those used to develop the Chemical Aquatic Fate and 
Effects (CAFE) database, which contains aquatic toxicity for dispersants, and both physically 
and chemically dispersed oil (NOAA/ERD, 2015; Bejarano et al., 2016), and included:  

1. Data from original scientific publications and peer review literature (primary source) rather 
than from reviews or unverifiable sources;  

2. Studies clearly stating the species’ common and/or scientific name, oil source, and dispersant 
name used in toxicity tests;  

3. Studies with complete descriptions of biological test methods, or referencing an appropriate 
published method;  

4. Acceptable effects endpoints relative to control tests, with inclusion of studies that do not 
discuss or mention the use of controls considered on a case by case basis; and  

5. Analytical methods for chemical characterization described or referenced; only toxicity data 
reported as measured concentrations are included.  

Data from studies published between 2005 and 2012 were queried directly from CAFE, while 
studies post 2012 were identified via online searches, or direct contact with researchers in the 
field. Priority was given to papers reporting toxicity for both WAF and CEWAF for the same oil 
and under the same testing conditions. In addition, this meta-analysis included NDRA data from 
the DWH oil spill collected by the Trustees, with most data queried from a public data repository 
(DIVER 2017). All references and data sources included in this meta-analysis are provided 
below. For the purpose of this meta-analyses, only median lethal and median effects 
concentrations (LC50 and EC50, respectively), were included, and to the extent possible, 
information on testing approaches tabulated and summarized. In all cases, toxicity data reported 
with qualifiers or displayed in figures, but not reported in the text, were excluded from these 
analyses. Because of the narrow focus of this meta-analysis, only chemically dispersed oil 
prepared with select dispersants for which stock piles are currently available (i.e., Corexit 9527, 
Corexit 9500, Finasol OSR 52, Dasic Slickgone, Accell Clean) are included. Dispersant-only 
toxicity data from a recent meta-analysis (Bejarano, 2018 and reference herein) that followed a 
similar approach to the one described above were used in assessments on the relative toxicity of 
the dispersants listed above. Unlike toxicity data for WAF and CEWAF, most dispersant only 
toxicity data are commonly reported as nominal concentrations, and thus, all nominally reported 
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dispersant toxicity data were used in these analyses. For consistency with the WAF/CEWAF 
meta-analysis, dispersant only toxicity data focused on the select dispersants mentioned above.  
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