mixed uniformly into the oil that was rising in the water column (Kujawinski et al., 2011). A
diagram depicting the mechanisms of transport and ultimate fate of discharged oil from a

subsurface well blowout is shown below in Figure 10.
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Figure 10. Fate and Transport of Spilled Oil in a Deep Water Subsurface Wellhead
Blowout from DWH Spill (Hazen et al., 2010).

One of the principal objectives was to reduce the potential for further environmental
injury resulting from surface oil reaching fragile ecosystems (Tamis et al., 2012). These areas
consisted of wetlands and associated salt marsh and mangrove communities, fisheries, habitat
that supports marine mammals, and the aphotic zone of the Gulf of Mexico where the most direct
impact from uninhibited crude oil discharge had occurred (NRC, 2013). Approximately
2,900,000 L or 770,000 gallons of the total 8,200,000 L or 2,170,000 gallons of chemical

A
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dispersants used during the DWH incident response were applied to this discharge at the
subsurface, and the cumulative use of dispersants over the three month period is illustrated below

in Figure 11 (Lehr et al., 2010).
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Figure 11. Cumulative Surface and Subsurface Dispersant Use during Deepwater Horizon (Lehr

et al., 2010)

Paris et al. (2012) suggested that over the course of the MC252 discharge, oil droplets >
70 um contributed to surface water plumes while droplets < 40 um contributed to deep water
plumes at around 1,000 m. Redistribution of suspended hydrocarbon particles can potentially
occur in the lower water column at depths over 1,000 m, especially if topographic conditions can
foster deep water circulation processes (Paris et al., 2012). A 3D analysis representing a spatial

distribution of such plumes at various depths over time is shown in Figure 12 below.
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Figure 12. Time Sequence for 3D Spatial Distribution of Formation of Deep and Shallow
Plumes of Oil Products from MC252 (black circle) (Paris et al., 2012).
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As discussed in Chapter 3, the SMART monitoring program implemented Tier
I/I/TII/II+ missions during the DWH incident response (Fletcher, 2014). Tiers I/IIl monitoring
techniques were useful throughout the surface application of chemical dispersants since Tier |
required aerial observations of dispersant efficacy and Tier II required water sampling at depths
of only 1 m (Fletcher, 2014). Tier III was used mostly for dispersant application monitoring for
subsurface activities, and although Tier III+ missions were not included in the SMART
Protocols, they served useful for advanced water sampling techniques (Fletcher, 2014). These
techniques were designed to increase analytical parameters of dispersant monitoring at the
subsurface, and included ship-based acoustics, LISST particle analysis, microbial analysis, dual
wavelength fluorescence, dissolved oxygen, and rototox toxicity (Fletcher, 2014). BP had
deployed a remotely operated vehicle to capture high-resolution footage of the oil and gas

surging from MC252, and a still frame from that footage is shown below in Figure 13.

Figure 13. High-resolution Still Frame of Oil and Gas Surging from MC252 at a Depth of 1.5
km (Lehr et al., 2010).
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A painful lesson regarding future monitoring protocols came at a high cost during the
2010 DWH incident. The stakeholders involved throughout the interagency response effort
unanimously agree that advanced techniques and monitoring capabilities should be addressed by
a subsurface monitoring unit, which would deploy equipment and personnel to conduct advanced

subsurface water monitoring (Fletcher, 2014).

4.4 Chapter Summary

The decision to apply chemical dispersants directly at the surging oil leaking from the
MC252 wellhead was unprecedented and was essentially given validation during the chaos of
one of the largest environmental disasters in modern history. The only case study discussed in
this chapter was the 2010 BP DWH oil spill, since that was the only recorded subsurface
application of chemical dispersants. Similar to surface application, the class of chemical
dispersant to be used along with its argued effectiveness was still subject to both physical and
chemical composition of the discharged oil and environmental conditions that could have altered
the chemical’s ability to disperse oil in the deep ocean’s water column. These conditions include
how the dispersed oil droplets enter the deep water column and are transported vertically or
horizontally, mixing energy of the deep ocean, salinity fluctuations with water depth, and
temperature of the deep water. SMART monitoring and observations during the first few days
following subsurface injection of Corexit 9500 did not provide conclusive data regarding the
effectiveness of subsurface injection (Lehr et al., 2010). After the first day of dispersant
application, the layers of crude oil had appeared to thin, but the next day the layer reverted back
to the form that it had initially been (Lehr et al. 2010). This phenomenon was likely instigated
by the fluctuating vertical transport of the oil and the changes in DSD, which then produced
observable differences in both surface water oil slicks and subsurface plumes (Lehr, et al., 2010).
Chapter 5 will transition to assess various ecosystem impacts associated with both surface and

subsurface application of chemical dispersants based on all case studies discussed earlier.
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CHAPTER 5 - ASSESSMENT OF ECOSYSTEM IMPACTS

After an oil spill incident occurs in the marine environment, the RRTs must prioritize
response strategies and adapt to the spill dynamics that are taking place. The first response
option is the containment and management of the oil that has already been discharged. The
purpose behind this action is to minimize and prevent further damage that could be inflicted onto
the marine ecosystem and local organisms. If mechanical recovery is insufficient or ineffective
in corralling and removing spilled oil, another response option is the application of chemical
dispersants that can break oil down into smaller, supposedly less harmful droplets, according to
the NCP (40 C.F.R. §300.910). This is a controversial method that has primarily been used to
treat oil slicks on the water’s surface, but has been used to treat the subsurface MC252 oil well
discharge during the DWH disaster (Spier et al., 2013).

The application of chemical dispersants is controversial because of the challenges that
relate to evaluating environmental tradeoffs associated with their use. Over the past several
decades the dispersant themselves have evolved into far less toxic formulations than had
previously been used during spill response. However, even though the chemicals used today
have succeeded in effectively dispersing oil in surface spills and in laboratory experiments,
conflicting research and data continue to circulate in the scientific community relating to
potential ecosystem impacts that stem from chemical dispersants and dispersed oil. This chapter
examines various trophic-level marine ecosystem impacts associated with surface and subsurface
dispersant application that have been studied either in laboratory experiments or in the field after
oil spill incidents discussed throughout this research. The primary concern of the ecosystem
analyses within this research are potential toxicological responses that could cause injury to
special-status, indicator, or keystone species, as well as impacts to trophic structures which could
lead to long-term or large-scale consequences. Variations in toxicological responses can occur
depending on the grade and quantity of oil spilled, class of chemical dispersant used, time of
exposure, and individual responses from the marine organisms that are exposed to spilled oil,
dispersed oil, and chemical dispersants (Chang et al., 2014). A major issue in modern studies is
the actual toxicity of chemically dispersed oil in comparison to physically dispersed oil, both in
surface and subsurface waters, and the range of findings in the toxicological effects to various

marine organisms are listed below in Table 9 (Fingas, 2014).
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Table 9. Studies on the Toxicological Effects of Chemical Dispersants on Marine

Organisms from 2011 — 2014 (Fingas, 2014).

Species or Class Effect of Dispersants Author Year
atlantic herring embryos same at same concentration Adams et al. 2014
rabbit fish 100-fold more toxic Agamy 2013
rabbit fish slightly more Agamy 2012
rabbit fish same Agamy 2012
microzooplankton significantly increased Almeda et al. 2014
copepods 1.6 times more foxic Almeda et al. 2014
mexozooplankion 2.3 t0 3.4 times more toxic Almeda et al. 2013
juvenile mud crabs significantly increased Anderson et al. 2014
Spotted sea trout larval more, juvenille l2ss than high mixing Brewton et al. 2013
eurcpean sea bass lowest growth rate of all types of exposures Claireaux et al. 2013
. d same but dispersant alone shows more
marine copepo lethality Cohen etal. 2014
. . dispersant and CEWAF causes impairment to
tambagui - & | fish
AMBEUl - fropreatiis gill ion regulation Duarte &t al. 2010
arctic marine amphipod dispersants decreased lysomal stability Faksness etal 2011
lard duck vanable but dispersant appeared to increased
maliard guck =9g= transference of compounds into eggs Finch et al. 2012
Marine plankton little effect Gao et al. 2014
Coral larvae CEWAF l=d to less setiement and Disperzant )
alone to least settlement Goodbody-Gringley etal. 2013
Morthem algae and copepods  dispersants toxic Hansen et al. 2014
od increased toxicity at low levels, decrease at
copEp high levels Hansen et al. 2012
. . . dispersant alone slightly toxic, same as
h d gilversid '
shnmp and sfversice mixture Hemmer et al. 201
diatom exposure to dispersants or DEWAF caused
membrane damage Hook et al. 2012
Genotoxicity and endocrine only very little toxicity noted with some
disruption products Judson et al. 2010
estuarine fish 1:Iisp-&:rs:3nt.e:rtpnc:nnentialh‘.I in creaseq PAH
concentrations, CEWAF more toxic than WAF Kuhl et al. 2013
. . dizpersant increased ingested oil, but this was
I t tes lankt '
pelagic tunicates (zooplankion) L ted via fecal pellets Lee atal. 2012
: Imune and detoxification affected negatively by
Pacific Oyst
achic Lyster chemical dispersants Luna-Acosta et al. 201
Mullet about the same toxicity Milinkovitch et al. 2013
Mullet about the same toxicity Milinkovitch et al. 2012
Fizh, Liza ramada CEWAF more toxic Milinkovitch et al. 2011
Mullet dispersant application likely to impair cardiac
function Milinkovitch et al. 2013
. dizpersants do not appear to have
Arctic cod
rete o transcriptional effect Olsvik et al 2012
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Table 9 continued. Studies on the Toxicological Effects of Chemical Dispersants on

Marine Organisms from 2011 — 2014, (Fingas, 2014).

Species or Class Effect of Dispersants Author Year
elegans {worm) dispersants cause genetic aberations Polli et al. 2014
Sargassum (aquatic plant) dizpersanis caused more sinking than oil alone Powers et al. 2013
bacterium, Mitrosomonas
eurspasa no difference in toxicity Radniecki et al. 2013
sea urchin embryos Some dispersants showed toxicity Rial et al. 2014
chironomid larvas some dispersants showed toxicity Rotimi et al. 2011
Top Smelt CEWAF led to mortality Yan Scoy et al. 2012
Dizpersed and undizpersed lad to similar
Salmon smolts
- metabolic profiles Yan Scoy et al. 2010
seagrass more physiclogical impact with dispersant Wilson et al. 2012
. dispersants were cytotoxic and genotoxic to
sperm whale skin cells
P aperm whale skin fibroblasts Wisze et al. 2014
dispersants were found fo be embryotoxic
mallard duck eggs when applied to duck eggs Wooten et al. 2012
_ chemical dispersion increased toxicity
rainbow trout embryos dramatically, by =35 to »300-fold, consistent
with the increase in PAHs Wu et al. 2012
- dispersant-oil mixture induced more significant
Caencrhabditis elegans effects than oil or dispersant-alone, also this
induced genetic changes Zhang et al. 2013
. expermental results show changes in
mammalian cells intracellular oxidative radicals leading to
mitochondrial dysfunctions and apoptosis Zheng et al. 2014

5.1 Surface Application

The purpose of applying chemicals to surface waters of a marine ecosystem during an oil
spill incident is to disperse the surface slick into the water column. Surface application of
dispersants is intended to reduce potential adverse impacts to the surrounding ecosystem by
removing visible oil from the water’s surface where marine mammals and sea birds frequently
pass through to breath and forage (Chang et al., 2014). Another objective is to minimize
exposure pathways to vulnerable coastal shores, which consist of both intertidal zones and sandy
beaches which provide refuge for nesting, breeding, and foraging marine organisms (Kappell et
al., 2014). The ecosystems that are examined in the following sections are located in the Gulf of
Mexico and off the Alaskan Coast. A great deal of controlled laboratory research has been
dedicated to simulating field experiments for surface oil spills to test toxicological responses

among aquatic organisms; however, it is extremely difficult to account for the variety of
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parameters that exist in an actual oil spill incident. The reoccurring point made throughout this
research has indicated how many factors are related to the efficacy of chemical dispersant
application. To reiterate, these factors include the characteristics of oil spilled, present mixing
energy, and state of the water, which all serve important functions in either enhancing or

inhibiting the formation of ideally sized oil droplets to disperse into the water column.

5.1.1 Effects on Trophic Structure

Although there is an overwhelmingly greater amount of research available related to
surface rather than subsurface application of chemical dispersants, controversy remains over
their potential ecosystem impacts and environmental tradeoffs associated with their use. A
majority of the studies performed on evaluating impacts of surface application of dispersants on
the marine trophic structure focused on lethal effects instead of broader impacts, such as
impairment to metamorphic success, reproduction, and other population dynamics (Almeda et
al., 2014b). Among these studies, there is a range of data in disagreement regarding the extent of
marine species’ toxicological responses, based on either the existence of data that used outdated
dispersant products, or the inconsistent controlling factors of each study’s laboratory exposure to
chemical dispersants or dispersed crude oil.

According to laboratory experiments conducted by George-Ares and Clark (2000), the
application of two commonly used chemical dispersants Corexit 9500 and 9527, both of which
were used individually or cooperatively in all case studies discussed earlier, resulted in a low to
moderate toxicological response from most aquatic species tested. In opposition, Almeda et al.
(2014a) found a significant reduction in survival and growth rates of planktonic larvae or
meroplanktonic that were exposed to Corexit 9500 and its dispersed oil at concentrations
determined to be similar to those that would be present in the water column after Corexit 9500
application during an actual oil spill. In the same study they also observed a high possibility for
the biotransfer of petroleum hydrocarbons throughout the coastal pelagic ecosystem, from the
lower-trophic levels of planktonic larvae to higher-trophic level marine benthic invertebrates. A
2000 study from Wolfe et al. had examined the tropic transfer and bioavailability of the crude oil
compound phenanthrene, with characteristics of not being easily soluble in water and tending to

bioaccumulate, to marine algae and rotifers.
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5.1.2 Effects on Overall Ecosystem

Although the marine resources discussed throughout this research relate to their
respective geographical regions, there is a much greater number of species affected that are
beyond these regions. The scope of environmental impacts should consider the range of life-
cycle activities that crude oil and associated petroleum products have. With that said, the marine
species that are at-risk or have already been impacted in waters off the Gulf of Mexico or Alaska
due to surface application of dispersants are examined in this section.

Similar to all other ecosystems, the effects of chemical dispersants and chemically
dispersed oil on the Arctic marine ecosystem are influenced by the oil characteristics,
concentrations of oil and dispersant, oceanic and atmospheric conditions, and species that are
exposed (Hsiao et al., 1978). Although the effectiveness of chemical dispersants are difficult to
predict under subarctic conditions, Moles et al. (2002) found that weathering, temperature, and
salinity were the most important factors in evaluating dispersant performance. In subarctic
marine waters that have lower temperature and salinity, Moles et al. (2002) found that
emulsification actually enhanced the efficacy of Corexit 9500 and 9527 on dispersing Alaska
North Slope crude oil. This is significant because emulsified oil is typically considered to
contain the most toxic properties of spilled oil, relative to fresh and weathered oil (Moles et al.,
2002).

The Gulf of Mexico is an extremely vulnerable ecosystem due to the sensitive natural
resources and the high concentration of large-scale petroleum operations that are located within
its area. Coastal wetland ecosystems have been declining at exponential rates across the U.S.,
and almost half of the remaining wetlands are located within the Gulf of Mexico (NRC, 2013).
Louisiana owns approximately 40% of this share, and unfortunately these areas are standing
targets in the event of large-scale oil or hazardous material spills (NRC, 2013). Wetland
ecosystems consisting of salt marsh and mangrove communities serve dynamic roles in
stabilizing coastlines and regulating nutrient-cycles and water quality (Pietroski et al., 2015).
Nearly 1,770 km of salt marsh wetlands which were located just 64 km from MC252, were
impacted during DWH (NRC, 2013). The acute exposure of crude oil and chemically dispersed
oil to coastal salt marshes in the Gulf of Mexico during DWH could result in long-term

impairment of vegetation (NRC, 2013).
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Exposure of crude oil by itself can be toxic to marine vegetation when it coats leaf
surfaces and plant roots (Pezeshki et al., 2001). The NRC (2013) report cited various studies that
found if root structures survived the initial toxic exposures from MC252 oil, they may be able to
recover on their own, whereas if their root structures were damaged or destroyed, they would not
be able to recover. The death of marshland vegetation due to root structure loss has resulted in
the conversion of coastal marshlands to less productive open water habitats (NRC, 2013). To
exacerbate the DWH incident, Tropical Storm Alex was upgraded to hurricane status on June
29th, 2010, and generated waves that transported weathered oil to coastal marshes and caused
additional erosion (NRC, 2013).

Evaluations for phytotoxicity or toxicological effects caused by chemical dispersants and
dispersed oil in the water column and on substrate for plant growth have largely been drawn
from research conducted after actual oil spill incidents in marine environments (Lewis and Pryor,
2013). Generalizations concerning phytotoxicity are challenging to predict due not only to most
plant and dispersant data from testing being outdated, but also the uneven range of reported
concentrations (Lewis and Pryor, 2013). Most acute phytotoxic effect concentrations for salt
water plants have been upwards of 10 parts per million (ppm), representative of a slight toxicity,
but are considered to be relatively tolerant towards the effects of chemical dispersants on the
NCP Product Schedule and dispersed oil (Lewis and Pryor, 2013). With that said, there are still
many questions unanswered pertaining to the phytotoxicity of dispersants and dispersed oil to
both salt and freshwater plants, especially if surface application of dispersants is required near

intertidal, subtidal, and other diverse ecosystems.

5.2 Subsurface Application

Chemical dispersants had been injected directly to the massive underwater plume
discharged from M(C252, with the intention of reducing the interfacial surface tension between
the deep water and oil so that the oil compounds would break down into smaller droplets and
dilute vertically and horizontally into the water column (Kujawinski et al., 2011). Because this
was a revolutionary technique, no data had existed on its effectiveness, transport of chemical
dispersants, or potential adverse impacts to the surrounding deep water marine ecosystem.
Several studies have examined the initial sizes of oil droplets and their evolution over time and

argue that the great depth and high pressure circumstances of the MC252 well blowout resulted
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in forming oil droplets that were already neutrally buoyant, and the subsurface application of
Corexit 9500 only formed smaller oil droplets that recirculated to form separate deep water
plumes (Kujawinski et al., 2011; Paris et al., 2012; Zhao et al., 2014). The driving force of the
formation of these plumes is called a fold-out, and is the result of the chemical changes that
occurred from dispersant solubility within methane and water (Fingas, 2014). The presence of
ultra-fine oil droplets with the supplement of horizontal transport could potentially have
redistributed these suspended oil droplets and other oil particulates throughout the lower sections
of the water column as well as the euphotic zone, which receives enough sunlight to permit
photosynthesis (Paris et al., 2012).

Dioctyl sulfosuccinate (DOSS) is a primary component in the formulation of Corexit
dispersants, and when broken down in water has been found to have aquatic toxicity levels twice
that of the Corexit dispersant by themselves (Gray et al., 2014). In May and June of 2010,
Kujawinski at al. (2011) measured DOSS concentrations at various water depths (10 — 1,300 m)
and distances from MC252 (0.58 — 1.9 km) from two vessels and found that refractory DOSS
compounds persisted in deep water plumes at depths up to 1,100 m in concentrations of 1 — 10
ug/L. These concentrations are typically lower than those that are tested in published
toxicological response studies, even though such research on deep ocean biota is unprecedented
in current studies of this nature (Kujawinski et al., 2011). However, in September of that year,
DOSS concentrations at the same locations were 2 — 3 orders of magnitude smaller than those
detected in May and June (Kujawinski et al., 2011). Although it is possible for biodegradation
and sedimentation to be factors in reducing DOSS concentration in water bodies, Kujawinski et
al. (2011) concluded that dilution was the primary mechanism for this reduction. DOSS
compounds were observed to dissolve during vertical transport and become detained in these
plumes through partitioning with methane, water, and gas hydrate phases (Kujawinski et al.,
2011). Because of these subsurface intrusions hydrocarbons, methane, and dispersant
compounds, a probability exists that local marine organisms and surrounding ecosystems could

be adversely affected.

5.2.1 Effects on Trophic Structure
In relatively shallow marine environments, microbial communities are capable of

digesting petroleum hydrocarbon compounds and contribute to pollution discharge remediation
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(NRC, 2013). The aphotic zone that supports deep water microbial communities was studied
near MC252, and observed to have digested crude oil and gas during its transport through the
water column (NRC, 2013). There were variations in the rate of vertical transport of dispersed
oil due to reductions of pressure from MC252, which had: 1) reduced the velocity of particle
transport; and 2) dissipated energy through water entrainment and particle transfer into the water
column (Fingas, 2014). At this point, the vertical and horizontal transport of oil varied, and
resulted in the formation of discrete plumes containing weathered and emulsified oil with
varying particle sizes (Fingas, 2014). The presence of these plumes with different oil droplet
particle sizes at varying depths could have taken a long time to rise to the water’s surface, and
remained within the water column to be potentially be absorbed by marine organisms (Fingas,
2014).

An important characteristic of the Macondo crude oil is its composition of light, readily
biodegradable hydrocarbons (Atlas and Hazen, 2011). Within the main deep water plume the
density of biodegrading bacterial cells was significantly higher at 5.51 x 104 cells per milliliter
(cells/mL) than outside of the plume at 2.73 x 104 cells/mL (Hazen et al., 2010). These
measurements were recorded approximately 5 — 7 weeks from the beginning of the MC252
wellhead blowout (Hazen et al., 2010). According to the NRC (2013) report, microbial
respiration of propane and ethane accounted for approximately 70% of depleted oxygen in the

subsurface plume.

5.2.2 Effects on Overall Ecosystem

Deep water communities in the aphotic zone where the MC252 wellhead blowout
occurred were the most vulnerable to potential adverse impacts from the discharged oil, Corexit
9500 that was injected, and the chemically dispersed oil. The aphotic zone in the Gulf of Mexico
replenishes nutrients in the photic zone depleted via photosynthetic activities, and is vital to
overlying organisms for nutrient-cycling (Pietroski et al., 2015). As dispersant pathways of
sedimentation, bioaccumulation, and biodegradation vary, they can influence species of varying
trophic levels that are exposed to them (Fingas, 2014). Even though it has been five years since
DWH, the lack of understanding regarding the deep waters of the Gulf of Mexico and findings

that draw definitive results for overall ecosystem impacts raise serious concerns about potential
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future incidents, and the requirement for additional research to address subsurface fate of
chemical dispersants.

Table 9 listed 42 toxicological studies, most of which were inspired by the 2010 DWH
disaster, which examined impacts to marine species ranging from microbial organisms,
invertebrates, fish, birds, and plants (Fingas, 2014). The general findings from these studies
appeared to be variable, even though there were observable patterns, which depended on the
controlling factors of the study, the species involved, life stage of that species, and the conditions
regarding the exposure to chemical dispersants and dispersed oil. A pivotal finding that
corresponds with many of the studies presented in Table 9 is that the toxicity of chemically
dispersed oil is generally higher than the toxicity of the dispersant by themselves. Since the only
instance of deep water subsurface injection of chemical dispersants was during the 2010 DWH
disaster, substantial studies that examine ecosystem impacts concerning this type of response are
in their stage of bourgeoning. With that said, the variety of conditions that exist in a deep water
wellhead blowout can influence the formation of dispersed oil droplets and the ability of benthic
marine organisms to bioaccumulate these potentially toxic droplets (Kujawinski et al., 2011).

One noteworthy contradiction present in Table 9 is the variation of toxicological
responses from chemical dispersants that were found in rabbit fish studies conducted by Agamy
(2012a; 2012b; 2013). The Agamy (2012a) study found that there were no adverse toxicological
effects to rabbit fish resulting from exposure to chemical dispersants, whereas the Agamy
(2012b) study found that there was indeed some toxicological effect that resulted from exposure.
Findings from the Agamy (2013) study strayed much further from the previous two, and
concluded that under the same exposure of rabbit fish to chemical dispersants, the toxicological
response increased 100 fold. These conflicting results highlight the need to not only invest more
into toxicological response research from chemical dispersant exposure, but also manage both
field studies and controlled laboratory settings such that data and results can be most precise.
Additional considerations that must be taken into account are the challenges presented when
simulating field conditions for certain species within laboratory settings, and attempting to find

definitive conclusions that can influence recommendations for toxicological exposure.
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5.3 Chapter Summary

Perhaps one of the most controversial parameters regarding the surface and subsurface
application of chemical dispersants are their potential effects on the trophic structure of the
marine environment and surrounding ecosystem impacts. The effects of chemical dispersants
and chemically dispersed oil on ecosystem are influenced by the oil characteristics,
concentrations of oil and dispersant, oceanic and atmospheric conditions, and species that are
exposed (Hsiao et al., 1978). This argument is more valid for subsurface application for oil
discharge incidents into deep water marine environments, where the physical conditions of a
wellhead blowout are difficult to predict in controlled laboratory settings. The following chapter
outlines conclusions drawn from this research based on the extensive government and academic
sources that have contributed to the studies of surface and subsurface application of chemical

dispersants.
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CHAPTER 6 - RESEARCH CONCLUSIONS

This research focuses primarily on the evolution and application of chemical dispersants
in surface and subsurface oil spills with associated ecosystem impacts, while identifying other
limiting factors related to their use. These factors mostly rely upon the region in which the spill
occurred, and include the oceanic and atmospheric conditions, severity of the spill, and political
structure. The conclusions and findings presented here are an analytical synthesis of peer-
reviewed articles and government reports. However, many of these articles and reports are
contradictory, and arguments concerning the efficacy of chemical dispersants and the toxicity of
dispersants and dispersed oil are controversial at best.

The ability of a modern, commercially available chemical dispersant to be effective in
breaking down oil droplets to ideal sizes for dilution and biodegradation has been proven both in
real-time emergency application and in controlled laboratory settings. The parameters that can
and will complicate this baseline success are the environmental conditions pertaining to surface
and especially subsurface spills. If the oceanic and atmospheric conditions permit the surface
application of chemical dispersants during an oil spill, this method has typically been successful
in its goal — dispersing large surface slicks into relatively smaller oil droplets that dilute into the
water column. In the case studies examined throughout this research, surface application had
generally been successful in the breakdown of spilled oil except in the Exxon-Valdez tanker
spill, where a storm disrupted dispersant application activities. Concerning subsurface
application, several experiments supported the hypothesis that the great depth and high pressure
of the MC252 wellhead blowout caused the subsurface oil to break down into ultra-fine
particulates that could be absorbed by the immediate marine community (Kujawinski et al.,
2011; Paris et al., 2012; Zhao et al., 2014). There are considerable limitations that exist with
surface and subsurface application of chemical dispersants, and ongoing research that both

supports and challenges the validity of their use.

6.1 Surface Application
The controversy regarding the application of chemical dispersants to surface waters does
not concern the ability to break down the oil slick into droplets, but rather the potential

toxicological effects that the dispersant and varying sizes of dispersed oil droplets entering the
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water column could have on the surrounding ecosystem. Under the right conditions related to
the window of opportunity, mixing energy, and oceanic and atmospheric conditions, applying
dispersants to surface water oil slicks can be effective in preventing the transport of the slick
towards vulnerable shorelines to inflict further injury. If weathering occurs during the first 24 —
48 hours after the spill, and the oil spilled contains simultaneous fractions of both asphaltenes
and paraffins, stable water-in-oil emulsions or mousse will likely form at the water’s surface.
Emulsification or formation of mousse increases the viscosity of the spilled oil and therefore
reduces its ability to be chemically dispersed. By increasing the ratio of surfactant in the
chemical dispersant formulation, water-in-oil emulsions can be destabilized when those
surfactants transfer the original surfactants from the interface (NRC, 1989).

It is argued that the operational evolution of policy, technology, training, and resources
used during surface application of chemical dispersants for oil spills that spanned during the last
half-century has allowed responders to use dispersants effectively so that affected communities
and ecosystems could heal faster than they would without dispersants (Tamis et al., 2012).
SMART Protocols and the three-tiered systems that are in use for surface spills contain adequate
dispersant application monitoring requirements (Fletcher, 2014). With that said, even though the
systematic framework is in place, it has not necessarily been followed through to realize its
potential during actual oil spill incidents, such as those discussed in this research. As described
in the Poseidon Pipeline Spill (2000), Eugene Island Spill (2009), and the DWH (2010) case
studies, there were significant gaps in communication and SMART Protocols between levels of
the unified command, which led to lapses in recording data during monitoring activities and
reporting this data throughout the ICS (Stoermer et al., 2001; USCG, 2009; Fletcher, 2014).
Based on these documented errors during crucial points in emergency oil spill response, and in
order for the current protocols to enhance the effectiveness of surface application of chemical
dispersants, there must be substantial improvements made regarding accountability,
communication, and monitoring.

Laboratory testing and results derived from case studies have indicated the ability for
dispersants to enhance the process of oil sedimentation when applied at the water’s surface
(Almeda et al., 2013). In turn, this dispersed oil could result both in more persistent toxicity to
marine benthic organisms and also a decrease in the rate that sedimentation occurs (Sun et al.,

2012). Other opposite effects that have been perceived during surface application relate to the
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degradation of chemically dispersed oil. The current ratio of scientific literature is split into
approximate thirds regarding the effects of chemical dispersants on biodegradation, and these are
listed below in Table 10 (Fingas, 2014). Some studies observed that when applied at the water’s
surface, chemical dispersants can enhance the rate of biodegradation into the water column,
whereas others found no differences in the rate (Tamis et al., 2012). In general, studies citing a
direct relationship between chemical dispersants and oil biodegradation found that the dispersed
oil becomes more available to biodegrading microorganisms due to the increase in oil and water
surface area relative to the size of the organisms (Fingas, 2014). The results from more recent
studies found that dispersants actually inhibit the process of oil biodegradation because of two
reasons. First, microbial growth is stagnant in open oceans where surface slicks can occur due to
limited nutrients, which hinders surfactant effectiveness and produces water-in-oil emulsions
(Fingas, 2014). The second reason is the inability of chemical dispersants to biodegrade PAHs

into the marine environment (Fingas, 2014).

Table 10. Studies on the Effects of Chemical Dispersants on Biodegradation from 2011 —
2014 (Fingas, 2014).

Type Result Detail Author Year
laboratory same rates with or without Colwellia sp. Primary Baelum et al. 2012
dispersant degraders
observe the effect of Campo et al. 2013
laboratory surface culture degraded DOS5, D55 on oil
but cryo culture had lag of 28 days  degradation
Others Laboratory _ ] Iargel;-.-' a literature Chakraborty et 2012
accelerated rates with dispersant review al.
Indirect Cu et al. 2012
agsessment extensive DO loss in spill area measured DO
Laboratory Dizpersant toxic to some species Toxicity tests on isolates Hamdan et al. 2011
of hydrocarbon-degrading bactena  from LA shoreling
Mo difference between Macias-Zamora 2014
Laboratory degradation with or without tests on sediment et al.
dispersant columns
Laboratory Dispersants appeared to increase  Questionable analytical McFariin et al. 2011
biodegradation somewhat techniques
o Moersidik et al. 2013
Laboratory Mo difference without and with Fheuc!omon:as
dispersant aeruginosa was _
biodegrading organism
biomass of ciliates in Ortmann et al. 2012
Mesocasm Addition of dispersant or dispersed mesocosm was
oil inhikited ciliates and transfer of measured as a function
carbon up the food chain of inputs
is - inhilsi Shi et al. 2014
dhpersant_ sugnlﬁu:an_tly inhikited marsh sediment =
Laboratory denitrification, but stimulated incubated
organic matter mineralization
Photooxidation and dispersants Using fluorescence Zhou et al. 2013
Laboratory may have increased degradation techniques
of alkane components
- growth rate of isclated Zolfaghari- 2012
Laboratory Variable results dependent on bacteria and fungi in Baghbaderani et

type of dispersant

incubated field samples

al.




6.2 Subsurface Application

In 2010, one of the most complex and challenging environmental disasters in modern
history occurred during the DWH MC252 wellhead blowout. Although it has currently been 5
years since this disaster, deep water subsurface application of chemical dispersants persists as a
method of unknown effectiveness and biological consequences. The regulatory framework in
place at that time was not appropriate to respond adequately to a deep water spill, and since then
all stakeholders have advocated changes to SMART Protocols to address subsurface dispersant
injection. Similar to surface application of chemical dispersants, subsurface deep water and
mixing conditions have tremendous influence on the transport and fate of spilled oil and
dispersed oil.

In preparing the Final Report for DWH, the original intent of the SMART Protocols was
considered to be adequate for “typical” chemical dispersant operations, defined as those that span
a limited geographical region and last up to several days (Fletcher, 2014). It was concluded that
the scope and intent of the SMART Protocols had not provided adequate dispersant monitoring
requirements for a deep water spill having the severity of the MC252 wellhead blowout in 2010
(Fletcher, 2014). Since the protocols, training, and equipment of SMART teams were geared
towards surface dispersant application and monitoring the water column to approximately 10 m
in depth, there were staggering differences in the monitoring efforts at the water’s surface and
subsurface (Fletcher, 2014).

During the DWH spill, components of the deep water microbial community were altered,
including its size and composition, when the microbes responded to the chemically dispersed oil
as well as the surging oil which formed underwater plumes (Atlas and Hazen, 2011). The
various mixing processes at MC252, including pressure, buoyancy, and horizontal currents,
recirculated the deep water plume that contained microbial oil degraders and caused the

accelerated biodegradation of the suspended dispersed oil particles (NRC, 2013).

6.3 Limitations of Research

Limitations of this research are not confined to the understanding of toxicological effects
and circumstantial efficacy of chemical dispersants for treating oil spills, but also expand to the
management response techniques and monitoring systems which influence many dynamics of

dispersant application. The inability to successfully draw parallels between findings of
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experimental testing and oil spill incidents has promoted a deficiency in the understanding of
chemical dispersant effectiveness and possible negative implications. The controversy that exists
with the lack of understanding presents an even bigger challenge to policy-makers and response
organizations. This figurative gap of agreement between scientific support and actual incident
response data further prolongs the process of effective governmental oversight when it comes to
regulating the approval of chemical dispersant use and monitoring their application.

Even with a combined international effort to study chemical dispersant application at the
water’s surface and subsurface, tangible effects of chemical dispersants on the properties of oil
droplets, interactions between oil and sediments, and the transport and fate of spilled oil in the
marine environment are not adequately understood to the point of consistent agreement (Tamis et
al., 2012). The extrapolation of results from controlled laboratory experiments to actual large
scale oil spills or blowouts is uncertain, and such large scale laboratory or field simulations of
spill incidents may be too costly to perform or have limits in their scope (Brandvik et al., 2013).
One of these limitations occurred during a controlled field simulation of deep water oil discharge
incidents by Zhao et al. (2014), where the dispersed oil was represented by steady-state or
equilibrium values, and did not quantify any variations in evolution of oil droplet sizes or DSD
during vertical and horizontal transport from the oil discharge point and throughout the water
column. Zhao et al. (2014) attempted to calculate the evolution of DSD by developing a
numerical model (VDROP-J), even though the formulas that were applied were purely empirical
and did not consider external controlling factors that could potentially exist in a deep water
wellhead blowout and influence the DSD in a submerged buoyant jet.

In conclusion, the inability to simulate all conditions within a marine environment in
which a spill occurs, either surface or subsurface, presents challenging obstacles for
implementing emergency response strategies which could result in lesser overall environmental
impacts. Furthermore, the lack of tangible data that existed before DWH on subsurface
dispersant use and the inconclusive data that exists today regarding its efficacy and ecosystem
impacts simply perpetuates the opaqueness of subsurface application and the need for further
research to evaluate its use. The next chapter covers several management recommendations that
could be implemented to improve current response strategies for oil spill incidents and chemical
dispersant application as well as strategies that are aimed at reducing the possibility of an oil spill

incident from occurring.
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CHAPTER 7 - MANAGEMENT RECOMMENDATIONS

The objective of this research was to describe the complex dynamic of chemical
dispersant use, while drawing parallels between the regulatory structures governing their use,
their application to surface and subsurface waters, and potential ecosystem impacts. The
efficacy of dispersant use has been more transparent during application to surface spills than
subsurface spills due to the overwhelming number of cases and research which supports that
claim. However, the ability of chemical dispersants to break down oil into dispersible droplets
that dilute into the water column is heavily dependent on external conditions that can either
enhance this process or support its failure. The oil spill incidents that have occurred throughout
the past several decades and mistakes made in cleaning them up have provided painful yet
valuable lessons on how to respond to future spill disasters more efficiently and effectively.
Environmental regulations and monitoring programs have evolved to adapt to mistakes made in
the past, and continue to do so with additional painful lessons and research that can provide
insight on the various conditions in which chemical dispersants react with spilled oil and how
responders can counter such conditions. Even though the course of nature cannot be controlled
or changed, management strategies that are aimed at reducing the risk of oil exposure to the
marine environment can be adopted. Also, efforts enhancing the current strategies of oil spill
response, improving incident command structure and monitoring programs, and continuing
research to evaluate the ultimate fate of chemical dispersants and dispersed oil in the marine

environment are warranted.

7.1 Existing Response Methods

Response methods for oil spill incidents that exist today are a direct result of lessons
learned from past oil spill incidents and collaborations geared towards more successful chemical
dispersant response. One example of a continually evolving regulation is the NCP, which was
developed in 1968 and implemented the first comprehensive incident response system. A model
of the National Product Schedule was first introduced in 1982 to list chemical dispersants that
are approved for use in U.S. waters, and is updated on an as-needed basis to add or remove
chemical dispersants, with the most current being from December of 2014. The SMART

Protocols were first developed by a convention of federal response agencies in 1997 and were
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then restructured in 2006 in order to improve the monitoring of response technologies used when
applying dispersants during oil spills into marine environments. Yet, in the 2010 DWH disaster,
significant gaps were exposed in the SMART Protocols related to monitoring subsurface
dispersant application, and it is highly recommended that a supplementary document be
developed for monitoring subsurface dispersant injection.

Even though this regulatory framework exists and is supposed to facilitate an effective
emergency response to an oil spill, responses are seldom executed flawlessly due to the potential
for a wide variety of human error or equipment malfunction. Other unpredictable circumstances
such as inclement weather or unique spill circumstances can also negatively affect the success of
an oil spill response. The primary recommendation arising from this research that concerns the
existing emergency response strategies and monitoring programs is to reinforce them. This
reinforcement expands from the resources and personnel available during the response to
communication throughout the Incident Command Structure (ICS). In regions where a pre-
authorization agreement permits the application of chemical dispersants, it would be valuable to
the relatively small time window for dispersant use to increase the number of staging areas that
contain oil spill response equipment. This equipment consists of aircraft such as helicopters and
planes, small marine vessels that are fitted with dispersant spraying systems, and a routinely
maintained stockpile of approved chemical dispersants.

The personnel whom are required to be readily available are specially trained aircraft
pilots and marine vessel captains that command support crews which direct the extent and
volume of dispersant application from aerial view, operate dispersant spraying equipment,
recover damaged natural resources or injured wildlife, and monitor the instant effects of the
chemical dispersant application. All of these support personnel should be required to record
their activities and any changing circumstances during the spill response that could hinder its
progress, as per the revised 2006 SMART Protocols. Communication throughout the incident
command structure can be improved by bridging gaps and lapses in SMART practices that had
previously occurred during the oil spill responses discussed throughout this research. The failure
of response personnel to constantly record conditions during chemical dispersant application and
report the efficacy of response technologies is a relatively resolvable issue, and comes down to
propagating accountability throughout the ranks and utilizing experienced managers with high

expectations for closely following procedures. Management decisions can be challenging due to
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the conflicting and contradicting scientific research regarding the efficacy and toxicological
impacts of chemical dispersants; however, the ability of unified command to function as a
cohesive and functional unit plays no part in this scientific controversy and should not in itself

deter the success of an oil spill response including dispersant application.

7.2 Future Operations

Aside from improving the current structure that exists in response methodologies, steps
can be taken to both reduce the risk of oil spill incidents and improve understanding of the
relationship between chemical dispersants and spilled oil in marine environments. It is no
national secret that the continued operation of the existing infrastructure, at least in the
foreseeable future, relies heavily upon the extraction, transportation, and combustion of fossil
fuels, particularly crude oil and associated petroleum products. The scale of these operations is
not dwindling, and the thirst for crude oil has lead companies and government to near
desperation on where extraction occurs. Even with the small safety net that emergency response
tactics provide, society is still perpetuating damages that stem from the life cycle of crude oil,
and by continuing to mine and transport oil to and from the furthest reaches of the planet, the
potential for risk of spills and environmental injury is as high as ever.

One facet of extraction in the life cycle of crude oil that can be regulated more stringently
is the phase in which oil and natural gas exploration and drilling operation permits are
administered to companies that mine them. The reality is that oil located in easily accessible
reservoirs is being or has already been exhausted, so exploration for oil reserves is occurring
deeper below the Earth’s surface and in more remote areas where drilling had previously been
impractical due to industrial limitations and environmental concerns. It is not reasonable to
believe that oil extraction and consumption will cease indefinitely while it still an accessible
commodity or while existing infrastructure depends on it. A more reasonable goal is to consider
limiting oil exploration and drilling in areas of environmental concern, such as deep offshore
waters, regions in close proximity to drinking water, and ecosystems containing sensitive
wildlife or economic interests. Policy-makers must address the outstanding risks associated with
extracting crude oil in these areas, and assess the benefits that could come from accepting those
risks. As mentioned in the previous chapter, laboratory or field experiments attempt to find

definitive results by simulating deep water oil spills and testing reactions with various biota that
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could be present during such a spill. It was concluded that extensive limitations exist with these
simulations, and investing more research in determining how deep water or other non-traditional
environments affect hydrocarbon dispersion and where accidental discharge is a concern, can

influence the decision for regulators to issue exploratory or drilling permits in these areas.

7.3 Alternatives

A final scenario to consider when responding to an oil spill incident is one which does
not involve the use of chemical dispersants. Figure 2 from Chapter 2 illustrated the decision-
making process for when to use chemical dispersants or when to opt for focusing on mechanical
recovery. Other than chemical dispersion or mechanical containment and recovery, additional
methods include in-situ burning, utilizing biosurfactants, microbial degradation, and natural
dispersion or no response. This section focuses on the methods of applying biosurfactants and
natural dispersion.

Although research is conflicting and findings are inconclusive, the unique properties of
biosurfactants or microbial surface active agents have been considered as a complement to or
even a replacement for chemical dispersants during an oil spill response (Kosaric, 1992). There
are several processes which are attractive for these commercially-produced agents to work in
conjunction with marine microbial communities that could enhance the biodegradation of crude
oil and associated TPHs. To begin with, biosurfactants act as agents that facilitate the contact
between bacterial cells and hydrophobic oil hydrocarbons (Matvyeyeva et al., 2014). Their
argued biodegradability and relatively low toxicity compared to chemical dispersants presents a
case for considering their functionality in oil spill remediation (Kosaric, 1992). Kosaric (1992)
also determined that when bacterial cells come in contact with hydrocarbon compounds, they
have the ability to enhance de-emulsification by destabilizing oil-in-water and water-in-oil
emulsions. The commercial success of biosurfactants is still limited by their high production
costs and general consensus over their efficacy is attributed to a lack of control over the targeted
oil spill areas in which they are applied, since varying environmental conditions directly affect
the ecosystem impacts of biosurfactants (Matvyeyeva et al., 2014).

The application of chemical dispersants can be assumed to facilitate or enhance
conditions for marine microbial community growth and oil biodegradation for two reasons.

First, the chemical dispersion of spilled oil reduces the interfacial surface tension between water
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and oil to form smaller droplets (NRC, 1989). The second reason is the degradation of these
droplets taking place at the oil-water interface, which could potentially increase the rate of
biodegradation (NRC, 1989). Sand microbial communities have a central role in nutrient cycling
throughout coastal marine ecosystems (Kappell et al., 2014). Microorganisms that inhabit these
communities are known to be early responders to anthropogenic pollution, particularly oil spills,
by degrading and decomposing oil hydrocarbons (Kappell et al., 2014).

Lu et al. (2012) analyzed various sea water samples from DWH using a functional gene
microarray, or “GeoChip,” to evaluate the effects of the marine microbial community on
hydrocarbon degradation in the deep water plume. Their results indicated that aerobic and
anaerobic degradation of oil hydrocarbon components occurred through numerous functional
genes and microbial populations (Lu et al., 2012). Based on their results from the DWH sea
water samples, Lu et al., (2012) concluded that there is high potential for oil hydrocarbon
degrading microbial populations to conduct in situ bioremediation of deep water oil plumes
which could have a significant influence on the transport and ultimate fate of subsurface oil
spills. Limitations exist with relying upon natural microbial populations for biodegradation of
oil and chemically dispersed oil. The process of applying chemical dispersants to an oil spill
introduces a new agent that could be the preferable target for microbial attack instead of the oil
itself (NRC, 1989). In addition, the potential toxicological effects on these microbial populations
from increasing the concentrations of chemical dispersants or dispersed oil in the water column
are still unclear.

Another alternative that could be considered during an emergency response is the
decision to not respond at all, meaning that the ICS could determine that the environmental
tradeoffs for applying chemical dispersants would not provide net environmental benefit to the
impacted area. In such a situation where net benefits or environmental tradeoffs are being
evaluated, response teams must consider multiple aspects of the oil spill incident, including scale
of spill, weather, mixing conditions, and proximity to sensitive natural resources, and weigh the
option for allowing the slick to disperse naturally, without use of chemicals. The magnitude of
the spill, mixing conditions, and properties of the spilled oil are perhaps the most influential
parameters for this case. A relatively small oil spill that occurs in the surface waters of a marine
environment which at the time has ideal mixing conditions from wind speeds no less than 7 — 10

knots or tidal currents ranging from 5 — 10 cm/s could possibly be dispersed naturally over a one
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week period without any anthropogenic motivation (Lewis et al., 2010). Other natural processes
that were previously mentioned, such as the type of oil spilled, water properties, and presence of
microbes or other organisms with potential to uptake, process, and degrade oil particulates, could
have an influence in inhibiting, accelerating, or even enhancing the natural dispersion of an oil
spill. Whichever option is chosen for an oil spill response, one thing is for certain. There can be
no inadequacy in the consideration of all influencing parameters of an oil spill incident, and no

shortcuts taken in the route of response.

96



ACKNOWLEDGEMENTS

The author would like to express gratitude towards the senior research advisor Dr.
Kathleen W. Jennings, Senior Environmental Scientist with the California Department of Fish
and Wildlife, Office of Spill Prevention and Response, and Adjunct Professor at the University
of San Francisco; Mr. Harry L. Allen III, Chief of Emergency Response for Region IX of the
United States Environmental Protection Agency, and Adjunct Professor at the University of San
Francisco; and Dr. Maggie Winslow, Program Manager for the Department of Environmental
Management at the University of San Francisco, for knowledge, advice, and support throughout
all stages of this research. The author would also like to acknowledge all auxiliary research that
contributed to the compilation of this research and continues to break ground in understanding

the surface and subsurface application of chemical dispersants.

CONFLICTS OF INTEREST
The author declares no conflict of interest that interferes with the objective scope of this

research paper.

97



LITERATURE CITED

Almeda, R., Bona, S., Foster, C. R., & Buskey, E. J. (2014a). Dispersant Corexit 9500A and
chemically dispersed crude oil decreases the growth rates of meroplanktonic barnacle

nauplii (Amphibalanus improvisus) and tornaria larvae (Schizocardium sp.). Marine
Environmental Research, 99, 212-217. doi:10.1016/j.marenvres.2014.06.007

Almeda, R., Hyatt, C., & Buskey, E. J. (2014b). Toxicity of dispersant Corexit 9500A and crude
oil to marine microzooplankton. Ecotoxicology and Environmental Safety, 106, 76-85.
doi:10.1016/j.ecoenv.2014.04.028

Anderson, J. W., Riley, R., Kiesser, S., & Battelle, J. G. (1987). Toxicity of Dispersed and
Undispersed Prudhoe Bay Crude Oil Fractions to Shrimp and Fish. In International Oil Spill
Conference Proceedings (pp. 235-240). Long Beach.

Atlas, R. M., & Hazen, T. C. (2011). Oil biodegradation and bioremediation: A tale of the two
worst spills in U.S. history. Environmental Science and Technology. doi:10.1021/es2013227

ATSDR. (1999). Total Petroleum Hydrocarbons. Retrieved from
http://www.atsdr.cdc.gov/toxfags/tfacts123.pdf

Bancroft, W. D. (1913). Theory of emulsification, V. The Journal of Physical Chemistry, 17,
501-509.

Bejarano, A. C., Levine, E., & Mearns, A. J. (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,
10281-10295. doi:10.1007/s10661-013-3332-y

Bobra, M., & Callaghan, S. (1990). A Catalogue of Crude Oil and Oil Product Properties.

Boufadel, M. C., & Bobo, A. M. (2011). Feasibility of high pressure injection of chemicals into
the subsurface for the bioremediation of the exxon valdez oil. Ground Water Monitoring
and Remediation. doi:10.1111/j.1745-6592.2010.01320.x

Brandvik, P. J., & Daling, P. S. (1998). Optimization of oil spill dispersant composition by
mixture design and response surface methods. Chemometrics and Intelligent Laboratory
Systems. doi:10.1016/S0169-7439(98)00009-4

Brandvik, P. J., Johansen, @., Leirvik, F., Farooq, U., & Daling, P. S. (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:10.1016/j.marpolbul.2013.05.020

98



Carls, M. G., Babcock, M. M., Harris, P. M., Irvine, G. V., Cusick, J. A., & Rice, S. D. (2001).
Persistence of oiling in mussel beds after the Exxon Valdez oil spill. Marine Environmental
Research, 51(2), 167-190.

Chandrasekar, S., Sorial, G. a., & Weaver, J. W. (2006). Dispersant effectiveness on oil spills -
impact of salinity. ICES Journal of Marine Science, 63(8), 1418-1430.
doi:10.1016/j.icesjms.2006.04.019

Chang, S. E., Stone, J., Demes, K., & Piscitelli, M. (2014). Consequences of oil spills: A review
and framework for informing planning. Ecology and Society, 19(2). doi:10.5751/ES-06406-
190226

Chapman, H., Purnell, K., Law, R. J., & Kirby, M. F. (2007). The use of chemical dispersants to
combat oil spills at sea: A review of practice and research needs in Europe. Marine
Pollution Bulletin, 54, 827-838. doi:10.1016/j.marpolbul.2007.03.012

Clayton, J. R., & Payne, J. R. (1992). Chemical oil-spill dispersants: Update state-of-the-art on
mechanisms of action and factors influencing performance with emphasis on laboratory
studies. Science Applications International Corp. San Diego.

EIA. (2015). U.S. Product Supplied for Crude Oil and Petroleum Products. Independent
Statistics and Analysis. Retrieved February 20, 2015, from
http://www.eia.gov/dnav/pet/pet_cons_psup_dc_nus_mbbl_a.htm

Fingas, M. F., Fieldhouse, B. & Wang, Z. (2003). The long term weathering of water-in-oil
emulsions. Spill Science and Technology Bulletin, 8(2) 137-143.

Fingas, M. F., & Ka’aihue, L. (2004a). Weather windows for oil spill countermeasures.
Proceedings of the Twenty-Seventh Arctic Marine Qil spill Program (AMOP), 881— 955.

Fingas, M. F., & Fieldhouse, B. (2004b). Formation of water-in-oil emulsions and application to
oil spill modeling. Journal of Hazardous Materials, 107, 37-50.

Fingas, M. F. (2014). A Review of Literature Related to Oil Spill Dispersants. Anchorage.

Fiocco, R., Daling, P. S., DeMarco, G., Lessard, R. R., & Canevari G. P. (1999). Chemical
dispersibility of heavy Bunker Fuel oil. Proceedings of the Twenty-Second Arctic and
Marine Oil Spill Program (AMOP) Technical Seminar, 173-186.

Fletcher, J. E. (2014). Modernization of SMART Technology and Methods. New London.

Franklin, C. L., & Warner, L. J. (2011). The Role and Regulation of Dispersants in Oil Spill
Response. Natural Resources & Environment, 26(2), 26-29.

George-Ares, A., & Clark, J. R. (2000). Aquatic toxicity of two Corexit dispersants.
Chemosphere, 40(8), 897-906.

99



Glover, C. M., Mezyk, S. P., Linden, K. G., & Rosario-Ortiz, F. L. (2014). Photochemical
degradation of Corexit components in ocean water. Chemosphere, 111, 596—602.
doi:10.1016/j.chemosphere.2014.05.012

Gong, Y., Zhao, X., Cai, Z., O’Reilly, S. E., Hao, X., & Zhao, D. (2014a). 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., Zhao, X., O’Reilly, S. E., Qian, T., & Zhao, D. (2014b). Effects of oil dispersant and
oil on sorption and desorption of phenanthrene with Gulf Coast marine sediments.
Environmental Pollution, 185, 240-249. doi:10.1016/j.envpol.2013.10.031

Gopalan, B., & Katz, J. (2010). Turbulent shearing of crude oil mixed with dispersants generates
long microthreads and microdroplets. Physical Review Letters, 104(February), 1-4.
doi:10.1103/PhysRevLett.104.054501

Griffin, W. C. (1954). Calculation of HLB values of nonionic surfactants. Journal of the Society
of Cosmetic Chemists, 5, 249-256.

Guyomarch, J., Merlin, F. X. & Colin, S. (1999). Study of the feasibility chemical dispersion of
viscous oils and water-in-oil emulsions. Proceedings of the Twenty-Second Arctic and
Marine Oil Spill Program (AMOP) Technical Seminar, 219-230.

Gray, J. L., Kanagy, L. K., Furlong, E. T., Kanagy, C. J., McCoy, J. W., Mason, A., &
Lauenstein, G. (2014). Presence of the Corexit component dioctyl sodium sulfosuccinate in

Gulf of Mexico waters after the 2010 Deepwater Horizon oil spill. Chemosphere, 95, 124—
130.

Hazen, T. C., Dubinsky, E. A., DeSantis, T. Z., Andersen, G. L., Piceno, Y. M., Singh, N.,
Jansson, J. K., Probst, A., Borglin, S. E., Fortney, J. L., Stringfellow, W. T., Bill, M.,
Conrad, M. E., Tom, L. M., Chavarria, K. L., Alusi, T. R., Lamendella, R., Joyner, D. C.,
Spier, C., Baelum, J., Auer, M., Zemla, M. L., Chakraborty, R., Sonnenthal, E. L.,
D’haeseleer, P., Holman, H. N., Osman, S., Lu, S., Van Nostrand, J. D., Deng, Y., Zhou, J.,
& Mason, O. U. (2010). Deep-sea oil plume enriches indigenous oil-degrading bacteria.
Science, 330, 204-207. doi:10.1126/science.1195223

Hsiao, S. L. C., Kittlet, D. W., & Foy, M. G. (1978). Effects of Crude Oils and the Oil Dispersant
Corexit on Primary Production of Arctic Marine Phytoplankton and Seaweed, (15).

Iaquinto, C. M. (2012). A Silent Spring in Deep Water?: Proposing Front-End Regulation of
Dispersants After the Deepwater Horizon Disaster. Boston College Environmental Affairs
Law Review, 39(2011), 419-449. Retrieved from
http://lawdigitalcommons.bc.edu/earl/vol39/iss2/5

100



ISCO. (2010). A Treasure Trove of Useful Information for Oil Spill Responders. International
Spill Control Organization, (263). Retrieved from
http://www.oilspillsolutions.org/evaluation.htm

ITOPE. (2011). Mechanism of dispersion and dispersant composition. London.

Johansen, @., Brandvik, P. J., & Farooq, U. (2013). Droplet breakup in subsea oil releases - Part
2: Predictions of droplet size distributions with and without injection of chemical
dispersants. Marine Pollution Bulletin, 73, 327-335. doi:10.1016/j.marpolbul.2013.04.012

Kappell, A. D., Wei, Y., Newton, R. J., van Nostrand, J. D., Zhou, J., McLellan, S. L., &
Hristova, K. R. (2014). The polycyclic aromatic hydrocarbon degradation potential of Gulf
of Mexico native coastal microbial communities after the Deepwater Horizon oil spill.
Frontiers in Microbiology, 5(May), 1-14. doi:10.3389/fmicb.2014.00205

Kaser, R. M., Gahn, J., & Henry, C. (2001). Blue Master: Use of Corexit®9500 to Disperse IFO
180 Spill. International Oil Spill Conference Proceedings, 2001(2), 815-819.

Kinner, N. E., & Ballestero, H. R. (2012). Chemical Dispersants for Oil Spill Application.
Journal of Ocean Technology, 7(4), 1-11.

Kochansky, J. (2014). C-130 Aerial Spray Operations.

Kosaric, N. (1992). Biosurfactants in industry. Pure and Applied Chemistry.
doi:10.1351/pac199264111731

Kujawinski, E. B., Kido Soule, M. C., Valentine, D. L., Boysen, A. K., Longnecker, K., &
Redmond, M. C. (2011). Fate of dispersants associated with the Deepwater Horizon oil
spill. Environmental Science and Technology, 45, 1298—1306. doi:10.1021/es103838p

Lehr, B., Bristol, S., & Possolo, A. (2010). Oil Budget Calculator: Deepwater Horizon. Review
Literature And Arts Of The Americas.

Lessard, R. R., & Demarco, G. (2000). The significance of oil spill dispersants. Spill Science and
Technology Bulletin, 6(1), 59-68. doi:10.1016/S1353-2561(99)00061-4

Lewis, A., Ken Trudel, B., Belore, R. C., & Mullin, J. V. (2010). Large-scale dispersant leaching
and effectiveness experiments with oils on calm water. Marine Pollution Bulletin, 60(2),
244-254. doi:10.1016/j.marpolbul.2009.09.019

Lewis, J. (1988). Looking Backward: A Historical Perspective on Environmental Regulations.
EPA Journal. Retrieved February 22, 2015, from http://www?2.epa.gov/aboutepa/looking-
backward-historical-perspective-environmental-regulations

101



Lewis, M., & Pryor, R. (2013). Toxicities of oils, dispersants and dispersed oils to algae and
aquatic plants: Review and database value to resource sustainability. Environmental
Pollution, 180, 345-367. doi:10.1016/j.envpol.2013.05.001

Library of Congress. (2007). The Industrial Revolution in the United States. Teacher’s Guide
Primary Source Set, 1-7.

Lu, Z., Deng, Y., Van Nostrand, J. D., He, Z., Voordeckers, J., Zhou, A., & Zhou, J. (2012).
Microbial gene functions enriched in the Deepwater Horizon deep-sea oil plume. The ISME
Journal. doi:10.1038/ismej.2011.91

Lyklema, J. (2000). Fundamentals of Interface and Colloid Science, Volume Ill: Liquid-Fluid
Inter- faces. San Diego: Academic Press, Incorporated.

Matvyeyeva, O. L., Vasylchenko, O. A., & Aliieva, O. R. (2014). Microbial Biosurfactants Role
in Oil Products Biodegradation. International Journal of Environmental Bioremediation &
Biodegradation, 2(2), 69-74. doi:10.12691/ijebb-2-2-4

Moles, A., Holland, L., & Short, J. (2002). Effectiveness in the laboratory of Corexit 9527 and
9500 in dispersing fresh, weathered, and emulsion of Alaska North Slope Crude Oil under
subarctic conditions. Spill Science and Technology Bulletin, 7(02), 241-247.
doi:10.1016/S1353-2561(02)00041-5

NOAA. (2010). Emergency Response Division (ERD).

NRC. (1989). Using Oil Spill Dispersants on the Sea. Washington, D.C.: National Academy
Press. doi:10.1016/0025-326X(89)90148-3

NRC. (2005). Oil Spill Dispersants: Efficacy and Effects. Washington, D.C.: The National
Academies Press. Retrieved from http://www.nap.edu/catalog/11283.html

NRC. (2013). An Ecosystem Services Approach to Assessing the Impacts of the Deepwater
Horizon Oil Spill in the Gulf of Mexico. Washington, D.C.: The National Academies Press.
Retrieved from http://www.nap.edu/catalog.php?record_id=18387

NRT. (1994). Update of Implementation of Recommendations from the NRT Following the
Exxon Valdez Oil Spill.

NRT. (2002). NRT-RRT Factsheet: Who Decides What Products Can be Used During an QOil
Spill Response?

Oil Spill Intelligence Report. (2009). Pipeline Leak Spills Oil in Gulf of Mexico (Vol. 32).

Paris, C. B., Hénaff, M. Le, Aman, Z. M., Subramaniam, A., Helgers, J., Wang, D. P., &
Srinivasan, A. (2012). Evolution of the Macondo well blowout: Simulating the effects of the

102



circulation and synthetic dispersants on the subsea oil transport. Environmental Science and
Technology, 46, 13293-13302. doi:10.1021/es303197h

Peterson, C. H., Anderson, S. S., Cherr, G. N., Ambrose, R. F., Anghera, S., Bay, S. & Adams,
E. E. (2012). A Tale of Two Spills: Novel Science and Policy Implications of an Emerging
New Oil Spill Model. BioScience, 62(5), 461-469. doi:10.1525/bi0.2012.62.5.7

Pezeshki, S. R., DeLaune, R. D., & Jugsujinda, a. (2001). The effects of crude oil and the
effectiveness of cleaner application following oiling on US Gulf of Mexico coastal marsh
plants. Environmental Pollution, 112, 483—-489. doi:10.1016/S0269-7491(00)00133-0

Pietroski, J. P., White, J. R., & DeLaune, R. D. (2015). Effects of dispersant used for oil spill
remediation on nitrogen cycling in Louisiana coastal salt marsh soil. Chemosphere, 119,
562-567. doi:10.1016/j.chemosphere.2014.07.050

Piper, E., & Munson, D. (1996). Project 95027 Final Report: 1995 Kodiak Archipelago
Shoreline Assessment Monitoring Surface and Subsurface Oil of EVOS.

Prince, R. C., McFarlin, K. M., Butler, J. D., Febbo, E. J., Wang, F. C. Y., & Nedwed, T. J.
(2013). The primary biodegradation of dispersed crude oil in the sea. Chemosphere, 90(2),
521-526. doi:10.1016/j.chemosphere.2012.08.020

Reddy, C. M., Arey, J. S., Seewald, J. S., Sylva, S. P., Lemkau, K. L., Nelson, R. K., & Camilli,
R. (2011). Science Applications in the Deepwater Horizon Oil Spill Special Feature:
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, 109(50), 20229-20234.
doi:10.1073/pnas. 1101242108

Sammarco, P. W., Kolian, S. R., Warby, R. a F., Bouldin, J. L., Subra, W. a., & Porter, S. a.
(2013). Distribution and concentrations of petroleum hydrocarbons associated with the
BP/Deepwater Horizon Oil Spill, Gulf of Mexico. Marine Pollution Bulletin, 73(1), 129—
143. doi:10.1016/j.marpolbul.2013.05.029

Short, J. W., Lindeberg, M. R., Harris, P. M., Maselko, J. M., Pella, J. J., & Rice, S. D. (2004).
Estimate of Oil Persisting on the Beaches of Prince William Sound 12 Years after the Exxon
Valdez Oil Spill. Environmental Science & Technology, 38(1), 19-25.
doi:10.1021/es0348694

Silva, R. D. C. F. S., Almeida, D. G., Rufino, R. D., Luna, J. M., Santos, V. a., & Sarubbo, L. A.
(2014). Applications of biosurfactants in the petroleum industry and the remediation of oil
spills. International Journal of Molecular Sciences, 15, 12523-12542.
doi:10.3390/ijms 150712523

Spier, C., Stringfellow, W. T., Hazen, T. C., & Conrad, M. (2013). Distribution of hydrocarbons
released during the 2010 MC252 oil spill in deep offshore waters. Environmental Pollution
(Barking, Essex!|: 1987), 173, 224-30. doi:10.1016/j.envpol.2012.10.019

103



Stock, A., Edgcomb, V., Orsi, W., Filker, S., Breiner, H. W., Yakimov, M. M., & Stoeck, T.
(2013). Evidence for isolated evolution of deep-sea ciliate communities through geological
separation and environmental selection. BMC Microbiology, 13(150).
http://dx.doi.org/10.1186/1471-2180-13-150.

Stoermer, S., Butler, G., & Henry, C. (2001). Application of Dispersants to Mitigate Oil Spills in
the Gulf of Mexico: The Poseidon Pipeline Spill Case Study. International Oil Spill
Conference Proceedings, 2001(2), 1227-1229.

Sun, J., Zhao, D. F., Sun, J., & Zhao, C. C. (2012). The Influence of Chemical Dispersants on the
Properties of Crude Oil. Advanced Materials Research, 608-609, 1387—-1390.
doi:10.4028/www .scientific.net/ AMR.608-609.1387

Tamis, J. E., Jongbloed, R. H., Karman, C. C., Koops, W., & Murk, A. J. (2012). Rational
application of chemicals in response to oil spills may reduce environmental damage.

Integrated Environmental Assessment and Management, 8(2), 231-241.
doi:10.1002/ieam.273

Tansel, B., Lee, M., Berbakov, J., Tansel, D. Z., & Koklonis, U. (2014). Dispersion of Louisiana
crude oil in salt water environment by Corexit 9500A in the presence of natural coastal
materials. Estuarine, Coastal and Shelf Science, 143, 58—64. doi:10.1016/j.ecss.2014.03.022

USAF. (2013). Factsheets! : Aerial Spray Mission. Retrieved March 22, 2015, from
http://www.youngstown.afrc.af.mil/library/factsheets/factsheet.asp?id=3413

USCQG. (2009). Unified Command Managing Response to Gulf Oil release. New Orleans.
USEPA. (1993). Use of Chemical Dispersants for Marine Oil Spills. Washington, D.C.
USEPA. (2011). Crude Oil Category.

USEPA. (2014a) National Oil and Hazardous Substances Overview Pollution Contingency Plan
(NCP) Overview.

USEPA. (2014b). U.S. Environmental Protection Agency National Contingency Plan Product
Schedule. Washington, D.C.

Wilson, G. (2014). Deepwater Horizon and the Law of the Sea: Was the Cure Worse Than the
Disease? Boston College Environmental Affairs Law Review, 41(1), 63—131.

Wolfe, M. F., Schlosser, J. a., Schwartz, G. J. B., Singaram, S., Mielbrecht, E. E., Tjeerdema, R.
S., & Sowby, M. L. (1998). Influence of dispersants on the bioavailability and trophic
transfer of petroleum hydrocarbons to primary levels of a marine food chain. Aquatic
Toxicology, 42, 211-227. doi:10.1016/S0166-445X(97)00096-9

104



Wolfe, M. F., Schwartz, G. J. B., Singaram, S., Mielbrecht, E. E., Tjeerdema, R. S., & Sowby,
M. L. (1996). Influence of dispersants on trophic transfer of petroleum hydrocarbons in a
marine food chain. Spill Science and Technology Bulletin, 3(4), 255-258.
doi:10.1016/S1353-2561(97)00023-6

Wolfe, M. F., Schwartz, G. J. B., Singaram, S., Mielbrecht, E. E., Tjeerdema, R. S., & Sowby,
M. L. (2000). Influence of dispersants on the bioavailability and trophic transfer of
phenanthrene to algae and rotifers. Aquatic Toxicology, 48, 13-24. doi:10.1016/S0166-
445X(99)00028-4

Wrenn, B.A., Virkus, A., Mukherjee, B., & Venosa, A. D. (2009). Dispersibility of crude oil in
fresh water. Environmental Pollution. 157, 1807-1814.

Zhao, L., Boufadel, M. C., Socolofsky, S. a., Adams, E., King, T., & Lee, K. (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:10.1016/j.marpolbul.2014.04.020

105



