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Large quantities of the chemical oil dispersant Corexit were applied in the Gulf of 

Mexico (Gulf) in response to the Deepwater Horizon oil spill. Large data gaps regarding 

the potential transport, persistence and impact of Corexit in the Gulf existed at the time of 

the emergency response. Analytical methods for the quantification of the individual 

surface-active-agent (surfactant) components of Corexit in seawater and sediments did 

not exist and needed to be developed for the support of environmental monitoring and 

laboratory experiments. The work presented in this thesis addresses important questions 

about the persistence and transport of the surfactant components of Corexit, namely 

DOSS, Span 80, Tween 80, and Tween 85 in marine systems. Unique challenges were 

uncovered and overcome along the way to answering these questions. Chapter 2 

describes laboratory microcosm experiments quantifying the biodegradation of the 

Corexit surfactants in the presence and absence of oil using large volume injection liquid 



 

 

chromatography tandem quadrupole mass spectrometry (LC-MS/MS). The extent of 

primary biodegradation differed for each surfactant and between treatments. 

Additionally, the microbial and abiotic hydrolysis of DOSS to its transformation 

intermediate EHSS was quantified. Significant biodegradation of DOSS was observed 

but mass balance with EHSS was not achieved, indicating that other transformation 

intermediates are formed during DOSS biodegradation. In contrast to a previous literature 

report, the abiotic hydrolysis of DOSS was not observed, suggesting that the abiotic 

losses observed by others were the result of the chemical biocide (sodium azide) 

employed in that study. Aqueous-phase surfactant concentrations were lower when 

Corexit was mixed with excess oil, due to partitioning of the surfactants into oil. The 

implication of this finding is that surfactant exposure concentrations depend on how 

Corexit is prepared. Chapter 3 describes the development and demonstration of an 

analytical method for the extraction and quantification of DOSS in marine sediments and 

sediment-trap materials using liquid chromatography quadrupole time of flight mass 

spectrometry (LC-QTOF). The use of QTOF resolved interferences without the need for 

sample cleanup that were observed in some samples analyzed by LC-MS/MS. Chapter 4 

describes the application of the method developed in Chapter 3 to a large set of sediments 

collected in the Gulf between 2010 and 2015. Publicly available, but unpublished data, on 

DOSS in gulf sediments generated as part of the natural resource damage assessment 

(NRDA) were also incorporated and use to identify an area of DOSS-impacted 

sediments. The temporal trend in DOSS concentration from 2010-2015 indicates long-

term persistence of DOSS with quantifiable DOSS concentrations remaining for more 

than 5 years after the application of Corexit during the Deepwater Horizon oil-spill. 

Chapter 5 describes the quantification of Corexit surfactants in aerosols generated under 

laboratory conditions that simulate bursting bubbles that occur under breaking waves. 

The ejection of the Corexit surfactants as aerosols was demonstrated. Collectively, the 

research presented in this thesis overcame analytical challenges in the measurement of 

the Corexit surfactants and informed the transport and persistence of DOSS and other 

surfactants in marine systems.  
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CHAPTER 1: INTRODUCTION 

1.1 Scope of Work 

Analytical methods for the quantification of the surfactant components of 

chemical dispersant in seawater and marine sediment are challenged by the inherent 

amphiphilic nature of surfactants and the complexity of environmental sample matrices.
3
 

However, determining the abundance and existence of surfactants in complex matrices is 

critical to toxicological studies,
4-9

 fate and transport assessments,
1, 10-21

 and potentially 

litigious investigations when used in response to oil spills.
22

 The following thesis 

describes several analytical challenges that were observed during the development of 

analytical methods to the surface-active-agents (surfactants) in oil dispersants in seawater 

and marine sediment and the application of these methods for the support of laboratory 

studies and environmental monitoring. Specifically, this thesis addresses the surfactant 

components of the chemical-oil-dispersant, Corexit, applied in the Gulf of Mexico (Gulf) 

in the aftermath of the Deepwater Horizon (DWH) Oil Spill. 

1.2 The Deepwater Horizon Oil Spill and the Decision to Use Dispersant in Response 

to DWH 

The unprecedented blowout of the oil well that was the DWH incident ultimately 

resulted in the largest accidental marine oil spill in international history.
23

 Additionally, 

the spill occurred in the deep-sea, approximately 1500 m below the surface.
24

 As a result, 

government, industry, and the scientific community were unprepared to respond quickly 

and effectively. Emergency responders were forced to make oil spill response decisions 

in the face of significant data gaps.
23

 History, however, such as the Exon Valdez, has left 

little doubt regarding the sensitivity of near-shore ecosystems to spilled oil.
25, 26

 Perhaps 

because of this response actions focused on protecting the Gulf coast ecosystems through 

the use of chemical oil dispersant. 
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1.3 Dispersant function 

Chemicals including surfactants, which are used as dispersants during an oil spill 

are intended to remove oil from the sea surface, thereby reducing the degree of shoreline 

oiling that might otherwise occur.
27

 The surfactant components of a chemical dispersant 

are key to increasing the volume of spilled oil that can be dispersed by turbulent wave 

action.
28

 Surfactants are amphiphilic and a result, when a chemical dispersant is delivered 

to a surface-oil slick, the surfactants associate at the oil-water interface and reduce the 

surface tension of the oil.
27, 29

 Sufficiently high dispersant to oil ratios (DOR) allow for 

the formation of smaller oil droplets than would form in the absence of a chemical 

dispersant (i.e. under physical dispersion alone).
30

 This occurs for two reasons: 1) smaller 

droplets are more efficiently dispersed in the water column than larger droplets due to 

their lower buoyancy, and 2) lower energy conditions are required to produce small 

droplets.
31

 

1.4 The Dispersant of Choice: Corexit 

Corexit is the brand name of the commercial surfactant mixture that was applied 

as the chemical oil dispersant in the Gulf during the DWH emergency oil spill response 

action of 2010. In reality, two formulations of Corexit were applied: Corexit 9527A 

(C9527A) and Corexit 9500A (C9500A). During the initial stages of the DWH, the 

chemical composition of the proprietary Corexit formulations were unknown to the 

public.
32

 Since then, the general formulations have been released by the EPA and specific 

components have been quantified in the whole Corexit formulation prior to application in 

the environment.
12, 32, 33

 Both formulations are composed of a carrier solvent and 

surfactants. The major difference between C9527A and C9500A is the replacement of the 

carrier solvent 2-butoxy ethanol in C9527A with dipropylene glycol butyl ether in 

C9500A.
27

 This substitution was made primarily to reduce toxicity.
27

  

The surfactant components of Corexit include the anionic surfactant bis-(2-

ethylhexyl)sulfosuccinate (DOSS) and the nonionic surfactants Span 80, Tween 80 and 

Tween 85.
27

 The nonionic surfactants are composed of complex mixtures of mono, di, tri, 
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and tetra substituted polyethylene oxide fatty acid ester and fatty alcohol ether derivatives 

of sorbitan. Further, each of these species is comprised of homologs that vary in the 

degree of ethoxylation.
34, 35

 The mass percent contribution of the surfactant constituents is 

similar between the two formulations of Corexit (DOSS, 10-22%; Span 80, 2.7-4.4%; 

Tween 80, 11-18%; and Tween 85, 4.3-4.6%).
1, 11, 33

 Impurities also exist in the whole 

formulation of Corexit (e.g. α/β-ethylhexlysulfosuccinate or EHSS, 0.28%).
1
 

1.5 Use of Corexit during the Deepwater Horizon 

Over the course of the DWH emergency response, approximately 7 million liters 

of Corexit were applied to surface-oil slicks (3.9 million L) and directly at the well-head 

(2.1 million L). Both C9527A and C9500A were applied to surface slicks, while only 

C9500A was applied at depth.
36

 The decision to apply Corexit directly at the well-head 

was made in an attempt to increase the dissolution of oil into the water column before it 

reached the surface, potentially limiting the volume of dispersant used and concurrently 

reducing the exposure of emergency responders to volatiles.
27

 Both C9527A and C9500A 

were used previously in the Gulf in small volumes (<20 thousand L each application) in 

response to seven oil spills that occurred between 1998 and 2004.
27

 However the use of 

Corexit during the DWH was unique for two reasons: this was the largest application of 

Corexit applied by several orders of magnitude and DWH was the first deep-sea 

application of a chemical oil dispersant.
23

 

1.6 Analytical Challenges Surrounding Corexit at the Time of the Spill 

At the time of the DWH blowout at the well head, there existed significant data 

gaps in the persistence and toxicological impact of Corexit and chemically-dispersed oil 

in deep-sea and pelagic (i.e. open ocean) ecosystems.
22

 Similarly, the composition of 

Corexit was proprietary and, for this reason, analytical methods for the quantitative 

analysis of the individual components of Corexit did not exist for seawater and 

sediments.
32

 As the scientific community rushed to fill these data gaps, the experimental 

challenges of laboratory experiments often focused on creating environmentally-relevant 

conditions for hydrocarbons and did not include the individual components of Corexit.
7, 8, 
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37-42
 Quantitative analytical methods for the individual components of Corexit were 

developed for seawater but focused on the carrier solvents
12, 13, 33

 and DOSS.
1, 10-14

 Only a 

single study quantified the nonionic surfactants in a limited number of samples.
1
 

Furthermore, quantitative methods for sediments were not initially developed. This thesis 

presents collaborative experiments aimed at understanding the transport and persistence 

of the Corexit surfactants in environmental systems and solutions to experimental and 

analytical challenges with a focus on the Corexit surfactants in sediment.  

1.7 Artifacts of Experimental Design: The Challenges of Complex Surfactant 

Mixtures 

The study described in Chapter 2 was intended to provide further insight into the 

biodegradation of the surfactant components of Corexit that might occur in Gulf deep-

waters. During the DWH, a prominent deep-water (~1100 m) hydrocarbon plume 

extended ~250 km south west of DWH.
43

 The plume also contained DOSS that was 

observed to persist for ~6 weeks before being diluted below detection.
10

 Chapter 2 

documents a collaborative laboratory microcosm experiment that mimicked a chemically-

dispersed, deep water hydrocarbon plume using indigenous microbial communities 

collected in Gulf deep-water (~1100 m). This study addresses data gaps by quantifying 

the degradation of all the surfactant components of Corexit 9500A. Additionally, a high-

purity standard of EHSS and its isotopically-labeled analog were synthesized at OSU
44

 

and used for the quantitative analysis of EHSS. EHSS has been reported as a microbial 

and abiotic hydrolysis product of DOSS.
45, 46

 In this research, EHSS was quantified to 

establish mass balance, or the lack thereof, for DOSS in laboratory microcosms.  

The microcosm study also demonstrates the challenges of working with complex 

mixtures of surfactants. The specifics of the experimental design are described in detail in 

Chapter 2. Briefly, two Corexit solutions we prepared that contained either Corexit in 

seawater or a chemically-dispersed oil-Corexit mixture in seawater (chemically enhanced 

water accommodated fraction or CEWAF). Significant differences in the initial aqueous 

phase surfactant composition were observed between the dispersant-only and CEWAF 

solutions. A lower surfactant concentration in CEWAF occurred because more than 98% 
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of the surfactant components partitioned out of seawater and associated with the free oil 

phase and were discarded when the aqueous phase (i.e. CEWAF) were separated from the 

seawater phase. The change in surfactant concentration and composition due to 

partitioning to the free oil phase had not been reported in peer-reviewed literature. 

Previous reports on the chemical composition of CEWAFs focus only on changes to the 

hydrocarbon composition. 

Chapter 2 also describes experiments undertaken to clarify claims of another 

group, Campo et al., specifically that DOSS undergoes rapid abiotic hydrolysis at 25° 

C.
16

 In contrast, our preliminary experiments indicated that DOSS did not hydrolyze 

easily, even under elevated temperature and pH (data not shown). We hypothesized that 

the abiotic hydrolysis observed by Campo et al. was not abiotic hydrolysis, but the result 

of adding a strong nucleophile (sodium azide) as a biocide. Therefore, additional 

experiments were undertaken to quantify the abiotic hydrolysis of DOSS over 28 days at 

25° C. 

 

1.8 Environmental Monitoring for Corexit Surfactants: The Challenges of Matrix 

Complexity 

Chapter 3 builds off the observed partitioning of surfactants to free oil 

documented in Chapter 2. Approximately half of the 4.9 million barrels of oil spilled 

during DWH rose to the surface of the Gulf and 3.1 million L of Corexit were applied to 

surface waters of the Gulf.
22

 In the aftermath of the DWH, unusually large quantities of 

marine snow were observed and resulted, in part, from the presence of aging surface oil.
47

 

These massive marine snow events are now recognized to have played a major role in the 

sedimentation of DWH surface oil to the seafloor.
48

 Therefore, DOSS could have been 

transported with surface oil to the sea floor. 

At the time of this work, there were no established methods in the literature for 

the extraction of DOSS from marine solids (sediments or sediment trap materials). 

Chapter 3 describes the development of a methanolic extraction and quantification of 
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DOSS from marine solids using large volume injection liquid chromatography tandem 

mass spectrometry (LVI-LC-MS/MS). Complications were observed in the multiple 

reaction monitoring chromatograms for DOSS and its isotopes that compromised the 

analysis of some samples by LC-MS/MS. These mass spectral interferences were 

presumably caused by matrix components that partition very similarly to DOSS. 

Ultimately, the greater selectivity of quadrupole time of flight (QTOF) mass spectrometry 

sufficiently resolved these interferences without the need for further sample cleanup. 

Chapter 3 details the sample processing, storage stability, accuracy and precision of the 

of the LC-QTOF method. Additionally, a method demonstration is provided using a 

limited number of sediment and sediment-trap materials (i.e. time course samples of 

solids actively undergoing sedimentation) collected in the Gulf. 

Chapter 4 then describes the application of the method presented in Chapter 3 to a 

larger number of sediment samples collected between 2010 and 2015. There were no 

literature reports of the presence of DOSS in deep-sea sediments at the outset of this 

work. However, a single study has been published reporting the presence of DOSS in a 

limited number (n = 9) of deep-sea sediments collected in 2010.
49

 Chapter 4 presents the 

data for a larger number of sediments collected for OSU between 2010 and 2015. 

Furthermore, publically-available, but unpublished, DOSS concentrations in sediments 

that were reported as part of the National Resource Damage Assessment (NRDA) process 

are incorporated into Chapter 4 to generate the largest dataset on sediment DOSS 

concentrations reported in the literature. The spatial and temporal trends of DOSS 

concentrations in the Gulf sediments are discussed. Importantly, the long term persistence 

of DOSS in gulf sediments within 13 km of the DWH is documented with quantifiable 

concentrations for sediments collected in 2015. 

A potential alternative fate of surface-applied DOSS is documented in Chapter 5: 

the ejection of surfactant aerosols by bursting bubbles. Aerosol production during 

turbulent wave conditions is known to contribute to particulate matter flux into the 

atmosphere.
50

 Laboratory experiments simulating breaking wave conditions previously 

demonstrated the ejection of semi-volatile and nonvolatile alkane aerosols from seawater-

crude oil mixtures by bursting bubbles.
51

 Chapter 5 describes laboratory experiments 



7 

 

 

 

undertaken to probe the potential for the ejection of surfactant aerosols from Corexit-oil 

mixtures by bubble bursting, such as that which may occur in the environment under 

turbulent conditions. Laboratory bubble column experiments conducted with crude oil 

mixed with Corexit 9500A or 9527A demonstrate for the first time that the surfactant 

constituents of Corexit (DOSS, Tween 80, Tween 85, and Span 80) are ejected as 

aerosols by bursting bubbles. Further, the presence of Corexit significantly increased the 

ejection of semi-volatile and nonvolatile alkanes relative to oil-seawater systems without 

Corexit.  
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2.1 Abstract 

In response to the Deepwater Horizon oil spill of 2010, approximately 7.1 million 

L of Corexit 9527A and 9500A (Corexit) were applied to surface-oil slicks and directly at 

the wellhead. A single component, DOSS, was documented to persist in a deep-water 

plume. Studies on the degradation of the Corexit surfactants using microbial cultures 

relevant to the Gulf are limited and are primarily focused on DOSS. Furthermore, DOSS 

has been suggested to undergo transformation to EHSS under biotic and abiotic 

conditions. High purity standards of EHSS were synthesized and the time course 

biodegradation of all of the individual surfactant components of Corexit and EHSS were 

quantified in Gulf deep-water microcosms by LC-MS/MS. Surfactant biodegradation was 

evaluated using Corexit-only and CEWAF (± nutrients) treatments. The abiotic 

hydrolysis of DOSS, or lack thereof, was also quantified at 5° and 25° C in Corexit-only 

microcosms. The abiotic hydrolysis of DOSS was not observed in this study. Rapid 

degradation of the nonionic surfactants was observed in the Corexit-only treatment but 

they were not detected in time zero CEWAF samples. No significant change in DOSS or 

EHSS were observed in the Corexit-only treatment, but microbial degradation of DOSS 

did occur (33-41%) in the CEWAF (± nutrients) treatments. No significant difference in 

EHSS was observed, indicating that other transformation intermediates are formed during 

DOSS biodegradation. In addition, this finding indicates that EHSS is not biodegraded 

under the test conditions. In contrast to previous reports, no significant abiotic loss of 

DOSS was observed. However, significant differences in the surfactant composition 

between treatments at time zero demonstrate the criticality of quantifying the individual 

surfactant components in time zero samples. Furthermore, these results demonstrate that 
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Corexit-only solutions are not suitable controls for determining the contribution of the 

Corexit surfactants to the toxicity of CEWAF.  

2.2 Introduction 

The Deepwater Horizon (DWH) oil spill resulted in the largest accidental marine 

oil spill in international history,
1
 was the first deep-sea blowout to occur (~1500 m),

2 
an 

unprecedented volume (7 million L) of chemical-oil dispersant (dispersant) was applied,
3, 

4
 and the first deep-sea application of dispersant (2.9 million L) occurred.

5 
Dispersant is 

applied to spilled oil primarily to increase the dispersion of surface oil into the water 

column, thereby reducing the potential impact of onshore oiling.
6
 Increased dispersion of 

oil occurs because the surfactant components reduce the surface tension of the oil, 

allowing smaller oil droplets to form under breaking waves.
7
 Smaller oil droplets are 

more easily retained and dispersed vertically in the water column due to their lower 

buoyancy. These droplets also form under lower energy conditions.
3
 Additionally, 

smaller droplets of oil have a larger surface area to volume ratio.
8
 Therefore, a volume of 

oil has a larger net surface area when chemically dispersed, potentially leading to higher 

rates of microbial degradation.
4, 9

 However, the effect of dispersant on the rate of crude 

oil biodegradation is controversial and still unfolding.
3, 10

 

Two dispersant formulations were applied in the Gulf of Mexico (Gulf) in 

response to DWH: Corexit 9527A and Corexit 9500A.
3
 The surfactant components 

include the anionic surfactant Bis-(2-ethylhexyl)sulfosuccinate (DOSS, 10-22%) and the 

nonionic surfactants Span 80 (2.7-4.4%), Tween 80 (11-18%) and Tween 85 (4.3-4.6%) 

(Figure A1.1 and A1.2). The surfactant components are similar in their mass percent 
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contribution between the two formulations.
11-13

 Impurities also exist in the off-the-shelf 

formulations of Corexit, including  α/β-ethylhexlysulfosuccinate (EHSS) at 0.28% in 

Corexit 9500A.
12

 EHSS was identified as a microbial and abiotic hydrolysis product of 

DOSS.
14, 15

 

In the aftermath of DWH, environmental monitoring of Corexit largely focused on a 

single component, DOSS.
12, 13, 16-18

 In particular, DOSS was characterized 
12, 16

 in a 

prominent deep-water (~1100 m) hydrocarbon plume
19

 that extended more than 250 km 

southwest of the DWH.
20

 DOSS observed in the plume was determined to have 

originated from the application of Corexit at the wellhead. Furthermore, DOSS did not 

undergo appreciable degradation before being diluted below detection over 6 weeks.
16

 

The persistence of DOSS contradicts assumptions regarding the amenability of the 

individual components of Corexit to degradation under conditions relevant to the Gulf.
4, 5

 

In contrast to field observations, Campo et al., 2013 used microbial cultures 

isolated from Gulf waters to conduct a laboratory microcosm study using Corexit-only 

and chemically dispersed Corexit-crude-oil mixtures (chemically enhanced water 

accommodated fraction, CEWAF).
21

 Common methods for the creation of a CEWAF 

involve slowly stirring a mixture of Corexit (or other oil dispersant) oil and seawater for a 

period of days. This mixture is allowed to rest for an extended period and then the 

aqueous fraction, or chemically enhanced water accommodated fraction, is separated and 

the free-phase oil is discarded. Standard methods exist for creating CEWAF are 

necessary to generate solutions in which the hydrocarbon constituents are reproducible 

and comparable.
22,23

 Campo et al., reported significant degradation of DOSS (61-99%) 
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over 28 days at 5 and 25° C. These authors also observed the presence  of EHSS but did 

not quantify EHSS or any components of Corexit other than DOSS. 

To date laboratory studies on the degradation of Corexit, the impact of Corexit on 

crude oil biodegradation and the impact of Corexit on the Gulf microbial communities 

are still limited. Therefore, microcosm experiments were conducted using Gulf deep-

water to generate Corexit 9500-only (i.e. Corexit stirred in seawater in the absence of 

oil), physically dispersed oil, or a water accommodated fraction (WAF), and CEWAF 

solutions. Standard methods for creating a WAF are the same as for a CEWAF, except 

that Corexit (or other oil dispersant) is not added to the oil-seawater mixture. The time 

course degradation of all of the surfactant components of Corexit was quantified by 

liquid chromatography tandem mass spectrometry (LC-MS/MS). Additionally, 

hydrocarbon biodegradation was quantified by GC-MS and the rate of degradation of 

representative hydrocarbons was determined using a radio tracer assay. The bulk and 

taxonomic response of the microbial community was also monitored. The impact of 

Corexit 9500 on hydrocarbon degradation and the microbial community, as well as the 

surfactant data necessary to support those results, are presented in the study of 

Kleindienst et al.
10

  

In the present study, the surfactant data is examined in greater detail. Specifically, 

a high purity standard of α-EHSS and a 
13

C4-labelled analog of DOSS were synthesized 

at OSU,
24

 used to quantify EHSS and  to evaluate the mass balance, or lack of mass 

balance, of DOSS. The primary biodegradation of the nonionic surfactants is also 

quantified. Experiments were conducted to clarify observations made by Campo et al.; 

namely, that DOSS undergoes rapid abiotic hydrolysis at elevated temperatures (i.e. 25° 
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C). The results of the present study indicates  that DOSS does not readily undergo abiotic 

hydrolysis. Rather, the abiotic loss of DOSS observed by Campo et al., may result from 

the addition of the biocide, sodium azide. Additionally, in the present study, significant 

differences in the aqueous phase surfactant composition were observed between the 

Corexit-only and CEWAF solutions at time zero. These compositional differences are not 

currently addressed in the CEWAF literature
22, 23, 25-28

 and these findings imply that 

surfactant exposure concentrations depend on how Corexit is prepared. 

2.3 Experimental 

2.3.1 Chemicals and Standards. Solid (98.1%) bis-(2-ethylhexyl) sodium sulfosuccinate 

(DOSS); liquid standards of sorbitan monooleate (Span 80; purity: 70.5%), sorbitan 

monooleate polyethoxylate (Tween 80; purity:74%), and sorbitan monooleate 

polyethoxylate (Tween 85; purity:67%); as well as high purity ammonium acetate were 

obtained from Sigma Aldrich (Saint Louis, MO, USA). MS-grade isopropanol and 

acetonitrile were obtained from Fisher Scientific (Pittsburg, PA, USA). A standard of 

13
C4–DOSS was provided by Ed Furlong and James Gray of the United States Geological 

Survey National Water Quality Laboratory (Denver, CO, USA) that had been synthesized 

by Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). High purity standards of 

α-ethylhexylsulfosuccinate (α-EHSS) and the 
13

C4-α-EHSS labelled analog were 

synthesized in house.
24

 Corexit 9500A was obtained from Nalco Environmental Solutions 

(Sugar Land, TX, USA). Laboratory 18-MΩ, deionized (DI) water was obtained by an in-

house Millipore Synergy unit with an LC-Pak polisher (EMD Millipore Corp, Billerica, 

MA). Instant Ocean was purchased at PetSmart (Phoenix, AZ, USA). Parent stock 



18 

 

 

 

standards were prepared in methanol (DOSS), isopropanol (nonionics) or water (EHSS) 

within 30 days of analysis. Analytical standards were prepared in a synthetic seawater 

and isopropanol solution (75:25, SW:IPA). 

2.3.2 Seawater Collection. Seawater was collected in the Gulf at depth (1,178 m) near an 

active natural hydrocarbon seep as described previously.
10

 

2.3.3 Corexit Only and CEWAF Solutions for Microcosms.  The setup of all 

solutions and sampling occurred at the University of Georgia. Three experimental 

treatments were employed: Corexit-only, CEWAF, and CEWAF + nutrients. The 

experimental setup was described in detail in Kleindienst et al.
10

 Briefly, the Corexit-only 

solution was created by adding 0.015 L of Corexit 9500 to 0.85 L of sterile seawater. The 

solution was stirred at 600 rpm for 48 h in the dark at room temperature in 1 L glass 

bottles. The solution was allowed to rest for 1 h. Corexit was visible on the sides of these 

jars indicating incomplete solvation of Corexit (Figure A1.3A). Next,  0.00156 L of the 

aqueous phase of this initial solution (i.e. avoiding Corexit on the sides of the glass) was 

subsampled and diluted with sterile seawater to make a final volume of 0.4 L. This 0.4 

liters was further diluted with an additional 1.4 L of live seawater to make a final nominal 

concentration of ~15.3 mg L
-1 

Corexit. The CEWAF (± nutrients) treatments were created 

by adding 0.015 L of Corexit 9500 and 0.15 L of crude Macondo surrogate oil to 0.85 L 

of sterile seawater. The solution was stirred and allowed to rest as described above. Free-

phase oil was visible at the surface of the aqueous phase (Figure A1.3B).  0.00326 L of 

the aqueous phase (i.e. the free-phase oil was discarded) of this initial solution was 

subsampled and diluted with sterile seawater to make a final volume of 0.4 L. This 0.4 
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liters was further diluted with an additional 1.4 L of live seawater to make a final nominal 

concentration of ~32 mg L
-1 

Corexit. 

2.3.4 Microcosm Setup and Sampling. Microcosms were kept on a roller table in the 

dark in a cold room at 8° until they were destructively harvested at time zero, 7, 17, 28, 

and 42 d (Corexit-only and CEWAF) or time zero, 7 and 42 days (CEWAF + nutrients). 

Seawater was diluted with isopropanol (75:25, SW:IPA) and frozen at -20° C. Samples 

were shipped to Oregon State University on dry ice where they were stored at -20° until 

analysis. 

2.3.5 Abiotic Controls. Two sets of abiotic controls were conducted at a later time and 

by different personnel. The Corexit only solution for the abiotic controls was created as 

described above. The abiotic controls were destructively harvested at time zero, 7 and 39 

days and time zero, 7, and 24 days for the experiments conducted at 8° and 25° C, 

respectively. For the experiment at 8° C, the Corexit-only solution was created by 

diluting 0.5 mL of Corexit 9500A in seawater to reach a total volume of 2 L (~250 mg L
-

1 
Corexit nominal concentration). For the experiment at 25° C, the Corexit-only solution 

was created by diluting 12.5 μL of Corexit 9500A in seawater to reach a total volume of 

2 L (~6.25 mg L
-1 

Corexit nominal concentration). 

2.3.6 Additional Corexit-only and CEWAF (± nutrients) solutions. 

The second Corexit-only solution was created by adding 0.5 mL of Corexit 9500 to 2 L 

of live seawater. The solution was stirred at 600 rpm for 48 h in the dark at room 

temperature. The solution was allowed to rest for 4 h and then the aqeuus phase was 

siphoned off the bottom. to make a final nominal concentration of ~250 mg L
-1 

Corexit. 
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The CEWAF (± nutrients) treatments were created by adding 5 mL of Corexit 9500 and 

100 mL of crude Macondo surrogate oil to 2000 mL of sterile seawater. The solution was 

stirred and allowed to rest as described above. Then 100 ml was subsampled and added to 

1900 mL of live seawater to yield a final nominal concentration of ~125 mg L
-1

. 

2.3.7 Liquid Chromatography. Chromatographic separations were performed on an 

Agilent 1100 (Agilent Technologies, Inc., Santa Clara, CA) as described in Place et al.,
12

 

with minor modification. Briefly, an Agilent Proshell 120 EC-C18 guard column (4.6 

mm ID_5 mm length_2.7 μm particle size) was placed in front of an Agilent XDB-C18 

(DOSS) or an Agilent XDB-C8 (Tween 80 and Tween 85) analytical column (4.6 mm 

ID_20 mm length_3.5 μm particle size; C8 and C18). Also, during the analysis of the 

nonionic surfactants, the mobile phase was directed through an Agilent thermostatted 

column compartment (G1316A) and heated to 40 °C. 

Additionally, the initial flow rate was increased to 1 mL min
-1

 during sample loading and 

washing of the non-volatile salts from the column (first 5.6 minutes) without degrading 

the peak shape or percent recovery of the analytes of interest. The gradient was further 

modified such that the 97.5 % acetonitrile was held for 3 min before returning to 5 % 

acetonitrile for 6 min. The flow rate was 1 mL min
-1 

for the first 5.6 min, 0.5 ml min
-1

 for 

5 min, and 1.0 mL min
-1

 for 6 minutes. The timing of the main-pass-by-pass valve 

switching and divert valve switching, as described by Place et al.,
12

 was adjusted to 

reflect changes in the flow rate and gradient. These chromatographic changes were made 

to achieve better peak symmetry and to significantly shorten the run time of the analysis. 
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2.3.8 Tandem Mass Spectrometry. Mass spectrometric detection was performed on a 

Waters Micromass Quattro Mass Spectrometer (Waters Corporation, Milford, MA). 

Tandem quadrupole mass spectrometric analysis was performed as described in Place et 

al.,
12

 except that the analysis of Span 80 was not acquired concurrently with that of 

Tween 80 and Tween 85. A separate analysis was performed for Span 80 (individual) and 

Tween 80 and Tween 85 (concurrent) to allow for a greater number of scans for Span 80, 

which would otherwise be limited by the long scan times of the precursor ion scan used 

to quantify the Tweens. Also, the mass range of the precursor ion scan used to quantify 

Tween 80 and Tween 85 was truncated to focus on the oligomers of greatest abundance 

in these complex mixtures (m/z 640-930). This truncation was implemented to decrease 

the individual scan time of each precursor ion scan, increasing the total scan time for the 

high abundance oligomers, increasing sensitivity. 

Calibration curves consisted of at least 5 standards and required a correlation coefficient 

of 0.99 or greater to be used for quantification. All calibration curves were 1/X weighted, 

and standards whose calculated concentrations were beyond 20% of the intended 

concentration were removed from the calibration curve calculation. Calibration curves 

spanned from the lower limit of quantification (LLOQ) to the upper limit of 

quantification (ULOQ): for DOSS (0.2-25 µg L-1 ), α-/β-EHSS (0.2-23 µg L-1 ), Span 80 

(60-300 µg L-1 ), Tween 80 (60-300 µg L-1 ), and Tween 85 (60-300 µg L-1 ). Each 

calibration standard was spiked to give a final concentration of 500 ng L
-1

 
13

C4–DOSS 

and 500 ng L
-1

 
13

C4–α-EHSS. Blank and check standards (34) were used for quality 

control purposes. Standards for DOSS and EHSS fell within 20% of the spiked 
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concentration and the nonionic Corexit surfactants fell within 35% of the spiked 

concentration. All blank QC fell below the limit of detection. 

2.4 Results and Discussion 

2.4.1 Degradation of the Corexit surfactants. In the dispersant-only treatment, no 

significant difference (P < 0.5) in the concentration of DOSS or EHSS was observed over 

42 days (Figure 2.1, Table A1.1). EHSS has been reported as a transformation product of 

the microbial and abiotic hydrolysis of DOSS.
14, 15

 The nonionic surfactants were 

consumed within 1 week driving concentrations below the limit of detection (LOD, 20 μg 

L
−1

) (Figure 2.1, Table A1.1). In the CEWAF (± nutrients) treatments, DOSS decreased 

significantly (33-41%, P < 0.05) over 42 days (Figure 2.1 Table A1.1). No significant 

change in EHSS concentration was observed in CEWAF (± nutrients) treatments 

indicating that other transformation intermediates are formed during DOSS 

biodegradation (Figure 2.1, A1.1). The nonionic surfactants were not observed above the 

LOD at time zero in CEWAF (± nutrients) treatments (Figure 2.1, Table A1.1) indicating 

that the nonionic surfactants partitioned into the free-phase oil and were discarded when 

the aqueous phase was separated. Therefore, the nonionic surfactants were likely not 

present in CEWAF during the incubation.
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Figure 2.1. DOSS, EHSS, Span 80, and Tween 80 and Tween 85 in the dispersant-only 

and CEWAF (± nutrients) treatments within 42 days of incubation. Mean percent change 

in DOSS (a) and EHSS (b) relative to time zero samples as well as mean mass of total 

Tweens (Tween 80 and Tween 85; c) and Span 80 (d). Error bars represent 95% 

confidence intervals (n = 3). Asterisk (*) indicates a statistically significant change 

(Student’s t-test, α = 0.05) and negative (-) indicates an observation was below the limit 

of detection for the nonionic surfactants (36 µg, 20 µg/L), illustrated as black line. 

 

An abiotic killed control was conducted at 8° C using Corexit 9500 only. No 

significant difference ( < 0.05) in the aqueous phase concentration was observed over 39 



24 

 

 

 

days for DOSS, EHSS and Tween 80 and Tween 85, indicating that the consumption of 

the surfactant components of Corexit was due to microbial action (Table A1.2). An 

analysis of Span 80 was not conducted on the abiotic control samples. Campo et al., 

reported much higher consumption of DOSS over 42 days for both Corexit 9500-only 

(61%) and CEWAF treatments (>98%) under similar experimental conditions.
21

 Campo 

et al also observed limited abiotic losses of DOSS at a similar temperature (i.e. 5° C). 

Campo et al., did not include the nonionic surfactants in their analysis, thus preventing 

comparison.  

2.4.2 Implications of Aqueous Phase Surfactant Composition. 

The surfactant components of Corexit 9500 DOSS, Span 80 and Tween 80 and Tween 85 

represent 18, 4.4, and 22.6% of Corexit by mass, respectfully.
12

 EHSS was previously 

found to contribute 0.28% to the mass of Corexit 9500.
12

 The surfactant components in 

the off-the-shelf formulation of Corexit were ratioed to that of EHSS (e.g. the ratio of 

DOSS to EHSS is 18/0.28 = 64) (Table A1.3).  The individual surfactant components 

quantified at time zero in Corexit-only and CEWAF treatments were ratioed to that of 

EHSS (Table A1.4). The ratio of the off-the-shelf Corexit formulation was compared to 

the ratio in the Corexit-only and CEWAF treatments to determine if the aqueous phase 

composition of the experimental treatments was consistent with whole Corexit. 

Additionally, the concentration of EHSS was compared to the concentration calculated 

using a bulk dilution factor (i.e. C1V1 = C2V2) to quantify the fraction of EHSS 

incorporated into aqueous solution (Table A1.5).  
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The ratio of DOSS, Span 80 and Tween 80 and Tween 85 to EHSS at time zero in 

the Corexit-only treatment was in good  agreement with the ratio in the off-the-shelf-

Corexit formulation (Figure 3A, Table A1.4). Confirming this observation, similar ratios 

were observed for DOSS and Tween 80 and Tween 85 in the abiotic controls (Table 

A1.4). These results indicate that the composition of Corexit was maintained when 

Corexit was added to seawater, in the absence of oil. However, the initial concentration 

of EHSS in the Corexit-only treatment and abiotic controls accounted for only 2-44% of 

the Corexit added to seawater, indicating that much less Corexit was incorporated into 

solution than predicted from the bulk dilution calculations (Table A1.5). This missing 

mass can be explained by the presence of Corexit on the sides of the glassware used to 

mix the Corexit and seawater (Figure A1.3A). A conceptual model is presented in Figure 

A1.4.  

In contrast to the Corexit-only treatment, the ratio of the individual surfactants to 

EHSS in the CEWAF (± nutrients) treatments was significantly different from that of 

whole Corexit. The surfactant composition of the aquouse phase was enriched in the most 

hydrophilic constituent, EHSS, depleted in DOSS and the nonionic surfactants were not 

observed above the LOD (Figure 3A, Table A1.1). This suggests that a fraction of DOSS 

(>98%) and all of the Span 80 and Tween 80 and Tween 85 (>99%) associated with the 

free-oil phase during CEWAF formation and that this mass of surfactants was discarded 

along with the free-phase oil when the aqueous phase was separated (see conceptual 

model, Figure A1.4). The concentration of EHSS accounted for only 25% of the Corexit 

added to CEWAF (Table A1.6), indicating that a fraction of the available EHSS (75%) in 

the CEWAF treatments associated with the free oil phase.  
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.  

Figure 2.2. (A)The surfactant composition of whole Corexit 9500 and the time zero 

mean surfactant composition of the Corexit-only and CEWAF (± nutrients) treatments. 

(B) The composition of DOSS, EHSS and Tween 80 and Tween in whole Corexit 85 

( Span 80 was omitted) and additional Corexit-only and CEWAF initial solutions.  

To confirm these observations an additional Corexit only and CEWAF (± 

nutrients) solution was created (A1.6). An analysis of Span 80 was not conducted on 

these samples. In the second Corexit-only solution, the ratio of DOSS and Tween 80 and 

Tween 85 to EHSS agreed with the ratio in whole Corexit (Figure 3B, Table A1.4) and 

the concentration of EHSS in the Corexit-only solution accounted for only 5 percent of 

the Corexit added to seawater (Table A.1.5). These results confirm that the composition 

of Corexit was maintained when added to seawater but that much less of the individual 

surfactant components were incorporated into solution than predicted from bulk dilution 

calculations. 
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In the second CEWAF solution, the surfactant composition was enriched in 

EHSS, depleted in DOSS and Tween 80 and Tween 85 were not observed above the LOD 

(Figure 3B, Table A1.6). This observation confirms that a fraction of available DOSS 

(98%), and possibly all of the available Tween 80 and Tween 85 (>99%) associated with 

the free-phase oil during CEWAF formation (Table A1.6). Similar to the Corexit only 

solution, the concentration of EHSS accounted for only 3.6% of the Corexit added to 

CEWAF indicating that a fraction of the available EHSS (93.1%) in the CEWAF 

treatments associated with the free oil phase (Table A1.5). 

2.4.3. Abiotic hydrolysis of DOSS at 25° C. An additional abiotic control was 

conducted over 24 days at 25° C and the concentration of DOSS and EHSS were 

determined. No significant difference in the concentration of DOSS or EHSS (Table 

A1.7) was observed over the course of the incubation, indicating that the abiotic 

hydrolysis of DOSS did not occur in this experiment. This observation lies in stark 

contrast to that of Campo et al., who reported abiotic losses of DOSS greater than 70% 

within 28 days at 25° C and attributed these losses to the abiotic hydrolysis of DOSS.
21

 

This difference in the apparent stability of DOSS may be the result of differences in the 

method of sterilization employed. In the present study, seawater and Corexit were 

sterilized by double pasteurization. No significant difference was observed in the 

concentration of DOSS, EHSS, or Tween 80 and Tween 85 before and after 

pasteurization (Table A1.2). However, Campo et al., employed sodium azide at a 

concentration of 0.5 mg L
-1 

as a biocide. Sodium azide is a strong nucleophile and may 

have promoted the degradation of DOSS by nucleophilic substitution.  
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2.5 Implications 

DOSS underwent limited biodegradation under the experimental conditions 

presented here. Negligible degradation of DOSS was also observed in deep-waters of the 

Gulf during the DWH emergency response.
16

 Therefore, the experimental conditions 

presented here may be more representative of the field conditions that occurred in 

response to spilled DWH oil than those presented by other studies. The nonionic 

surfactants underwent rapid primary biodegradation under the aerobic conditions 

implemented here. Only limited monitoring of the nonionic surfactants in the water 

column occurred during DWH, preventing comparison of the results of the present study 

to field observations. 

The present study documents important considerations for experimental design. 

Here, lower surfactant concentration in CEWAF relative to the Corexit-only treatment 

occurred because the surfactant components partitioned out of seawater and associated 

with the free oil phase and were discarded when the aqueous phase (i.e. CEWAF) was 

separated from the seawater phase. The results of the present study underscore the fact 

that Corexit is a complex mixture, the individual components of which have unique 

solubility and polarity. As a result the individual components exhibit different 

partitioning behavior, requiring the quantification the individual components in time zero 

solutions rather than relying on calculated concentrations based on dilution factors. 

Significant differences in the aqueous phase surfactant composition imply 1) Corexit-

only solutions are not appropriate controls for studies attempting to disentangle the 

toxicity of the surfactant components of CEWAF from that of the hydrocarbon 

components because they contain much higher surfactant concentrations than do 
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CEWAFs, which are used in microcosm experiments and 2) the transport of Corexit in 

marine systems should not be treated as a bulk solution. Additionally, sterilization of 

seawater for abiotic controls was achieved by pasteurization. This and similar techniques 

may be preferable to the addition of chemical biocides, such as sodium azide...
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3.1 Abstract 

At the onset of the 2010 Gulf oil spill, analytical methods for the quantification of 

the surfactants in Corexit did not exist in the peer-reviewed literature. To date, only a 

single study reports the presence of DOSS in deep-sea Gulf sediment collected in 2010 

from a single location. There are no data on the occurrence of DOSS in association with 

settling solids (i.e. sediment-trap solids). To address this data gap, DOSS was initially 

quantified by liquid chromatography tandem quadrupole mass spectrometry (LC-

MS/MS) in sediment and sediment-trap solids collected from multiple sites in the Gulf 

between 2010 and 2013. However, interferences confounded analyses using only a 

quadrupole (MS/MS) system; therefore, a LC-high mass accuracy quadruple time of 

flight mass spectrometry (LC-QTOF-MS) method was developed. The LC-QTOF method 

was validated and applied to eight representative samples of sediment and of sediment-

trap solids. The presented method quantifies DOSS in solids of marine origin at 

concentrations above the limit of quantification of 0.23 μg kg
-1

 with recoveries of 97 ± 

20% (mean ± 95 CI). Gulf sediment and sediment-trap solids gave DOSS concentrations 

of < LOQ-25 μg kg
-1 

 and 1.5-6.3 μg kg
-1

, respectively.
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3.2 Introduction 

As a response action to the 2010 BP oil spill in the Gulf of Mexico (Gulf), 

approximately 7 million liters of the chemical dispersants Corexit 9500 and 9527 

(hereafter Corexit) were applied to surface-oil slicks in the Gulf and directly at the 

Deepwater Horizon (DWH) well-head.
1
 The purpose of Corexit application was to 

increase the dispersion of oil in the water column.
1, 2

 Increased dispersion of oil occurs 

because the surfactant constituents of Corexit reduce the interfacial surface tension of the 

oil-water interface, promoting the breakup of oil slicks or aggregates into smaller droplets 

which are then easily dispersed in the water column.
2
 

Bis-(2-ethylhexyl)sulfosuccinate (DOSS) is the anionic surfactant constituent of 

Corexit (10-21%; mass/mass).
3-5

 Corexit also contains the nonionic surfactants Span 80 

(2.7-4.4 %), Tween 80 (11-18%) and Tween 85 (4.3-4.6%) as well as other components.
5
 

In the water column, the presence of DOSS has been used as a surrogate marker for the 

polar constituents of Corexit.
3
 In the absence of degradation, DOSS that remains 

associated with oil may be used as a surrogate marker for the more hydrophobic 

constituents of Corexit (e.g. the non-ionic surfactants). It is now well documented that a 

large fraction of spilled DWH oil underwent sedimentation.
6, 7

 Thus, DOSS may exhibit a 

large spatial footprint in sediments associated with Gulf seafloor sediments. 

Several analytical methods exist for the quantification of DOSS in seawater. 
3-5, 8-

10
 Yet to date, very little data exists in the peer reviewed literature that characterizes the 

spatial and temporal trends in DOSS occurrence and concentration in deep-sea Gulf 

sediments. This situation arose, in part, because validated analytical methods for the 

extraction and quantification of DOSS in marine sediments did not exist prior to the 

large-scale application of Corexit during the Gulf oil spill.
11, 12 

The only report of DOSS 

in Gulf sediments is the study by White et. al. (2014) who reported the presence of DOSS 

in nine deep-sea sediments from a single site collected in 2010.
12

 The study by White was 

the first literature report of DOSS in Gulf sediments. These authors hypothesized that 

DOSS applied to surface slicks during the Gulf oil spill emergency-response action 

underwent an encapsulation event that prevented dissolution, in association with surface 
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oil, and then subsequently sunk to the seafloor. However, this key paper reported limited 

analytical performance metrics important to the characterization of DOSS in marine 

sediments in the Gulf and elsewhere. Additionally, the scope of work did not include 

validating or applying the analytical method to sedimenting solids (i.e. sediment trap 

solids) which could contain higher quantities of fresher organic matter relative to 

sediments. Therefore, sediment-trap solids may present a different matrix requiring 

separate validation. With this paper, we fill these data gaps by presenting a fully validated 

analytical methodology to ensure quality data on DOSS occurrence in Gulf solids and 

report the first evaluation of DOSS in sediment trap solids collected in the Gulf.  

3.3 Experimental 

3.3.1 Chemicals and Standards. Standards of solid (98.1%) bis-(2-ethylhexyl) sodium 

sulfosuccinate (DOSS) and deuterated DOSS (
2
H34–DOSS) were obtained from Sigma 

Aldrich (Saint Louis, MO, USA). A standard of 
13

C4–DOSS was provided by Ed Furlong 

and James Gray of the United States Geological Survey National Water Quality 

Laboratory (Denver, CO, USA) that had been synthesized by Cambridge Isotope 

Laboratories, Inc. (Andover, MA, USA). Parent stock standards and analytical standards 

were prepared as described previously (Place et al. 2014).
5
 Analytical standards were 

prepared in MeOH and analyzed within eight hours. MS-grade methanol (MeOH) was 

purchased from Fisher Scientific (Pittsburg, PA, USA). Laboratory 18-MΩ, deionized 

(DI) water was obtained by an in-house Millipore Synergy unit with an LC-Pak polisher 

(EMD Millipore Corp, Billerica, MA, USA). High purity ammonium acetate was 

purchased from Sigma Aldrich. Acid-washed sand was purchased from Macron Fine 

Chemicals (Center Valley, PA, USA). All glassware was combusted at 400 
o
C for 12 h 

prior to use.  

3.3.2 Sediment and Sediment-Trap Solids Collection. Sediment solids were collected 

from various sites in the Gulf within 200 km of the DWH wellhead using a multicore 

device as described by Joye et al. (2010).
13

 Sediment cores were sectioned in 1, 2, 3, or 5 

cm intervals, transferred to polypropylene wide mouth jars, frozen at – 20 
o
C at sea, and 

shipped to the laboratory on dry ice. Sediment-trap solids were collected at a site within 
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10 km of the DWH wellhead. Sediment traps were inoculated in situ with mercuric 

chloride as a biocide, deployed, collected and processed according to Yan et al. (2015).
14

 

After splitting each cup using a Falcom splitter, 1/8 splits of sediment-trap solids and 

rinse water were transferred to polypropylene bottles, and shipped to Oregon State 

University.  

3.3.3 Sediment and Sediment-Trap Sample Preparation. The processing of sediment 

and sediment-trap solids occurred in two phases, 1) preparation for freeze-drying and 2) 

freeze-drying and mechanical homogenization. During the initial phase each sample was 

thawed, homogenized by stirring and transferred to multiple polypropylene centrifuge 

tubes and centrifuged (1140 RCF). The overlying water was removed and the remaining 

solids (approximately 20-40 g wet weight, WW) were frozen again (-20 
o
C). The 

homogenized, frozen samples were stored at -20 °C until being freeze-dried. After being 

freeze-dried, separate centrifuge tubes containing sub-fractions of the same sediment or 

sediment-trap sample were combined and mechanically homogenized using a Sorval-

Omni-Mixer stick blender (Newtown, CT, USA). Homogenized solids were stored in 

their original containers, in the dark at room temperature until extraction. Between 

samples, the stick blender was washed with DOSS-free soap and water; sequentially 

solvent rinsed with MeOH, isopropanol, acetonitrile, and then MeOH; and then dried 

under a stream of N2. 

3.3.4 Sediment and Sediment-Trap Solids Extraction. Homogenized sediment (1 - 2 ± 

0.1 g) and homogenized sediment-trap solids (0.24 – 1 ± 0.1 g) were placed individually 

in glass centrifuge tubes, mixed with 3 mL methanol, spiked with 1.4 ng of 
13

C4 DOSS as 

a surrogate standard, and sonicated (VWR model number 75HT; Radnor, PA, USA) for 

15 min at 40° C. The screw tops of the glass centrifuge tubes were wrapped in baked 

aluminum foil to prevent contact between the MeOH and the plastic threaded cap. After 

each sonication cycle, the sample was centrifuged (1140 RCF) for 10 min and 2 mL of 

extract was removed with a baked glass pasteur pipet and transferred to a fresh baked 

glass centrifuge tube. The sonication process was repeated with two additional cycles; 2 

mL of MeOH was replaced prior to each additional extraction cycle. The three MeOH 

fractions (6 mL) were combined and blown gently to dryness under N2 at 55 
o
C. The dry 
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residue was spiked with the 
2
H34-DOSS internal standard (0.97 ng in 20 μL in MeOH) 

and reconstituted in 0.5 mL of MeOH via sonication at 40° C, just prior to analysis. All 

field samples were analyzed within 24 h of extraction and within 8 h of being 

reconstituted. 

3.3.5 Liquid Chromatography. Chromatographic separations were performed on an 

Agilent 1100 (Agilent Technologies, Inc., Santa Clara, CA, USA) (Place et al. 2014),
5
 

with minor modification (see Experimental Methods in Appendix A2.1). Place et al., 

determined that by adding a C18 guard column in the flow path after the purge valve of 

the LC pump assembly but prior to the autosampler, the retention time of a DOSS 

contamination peak could be delayed such that baseline resolution was achieved between 

an injected 
13

C4-DOSS peak and the contamination peak, indicating that the LC contained 

systemic DOSS contamination above the purge valve. Modifications employed included 

the replacement of this C18 guard with two Agilent Zorbax SAX guard columns (4.6 mm 

ID-12.5 mm length-5 μm particle size). The SAX guards reduced the signal of the 

systemic DOSS contamination below the limit of detection (S/N < 3) instead of delaying 

the DOSS contamination originating from within the HPLC, as described by Place et al, 

(2014). In addition, an external VICI E90 divert valve (Houston, TX, USA) was placed 

between the analytical column and mass spectrometer. For the analysis, 300 μL of 

methanolic extract were injected onto an Agilent Poroshell 120 EC-C18 guard column 

(4.6 mm ID x5 mm lengthx2.7 μm particle size) that was placed in-line with an Agilent 

XDB-C18 analytical column (4.6 mm IDx20 mm lengthx3.57 μm particle size). The 

autosampler was fitted with a 900 μL analytical head and a 900 μL extended seat 

capillary. The extended seat capillary was necessary to promote the in-line dilution of the 

300 μL extract injected and to prevent DOSS from eluting in the void volume of the 

system. A flow rate program and mobile phase gradient were employed such that DOSS 

eluted at 4.1 min and the total analysis time was 11.5 min (Appendix A2.1).  

3.3.6 Triple Quadrupole Mass Spectrometry (LC-MS/MS). Triple Quadrupole 

detection was performed on a Waters Micromass Quattro Triple Quadrupole Mass 

Spectrometer (Waters Corporation; Milford, MA, USA) as described by Place et al., 

(2014)
5
 and was used for preliminary analyses.  
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3.3.7 High Resolution Quadrupole Time of Flight (QTOF) Mass Spectrometry. 

QTOF analysis was performed on a TripleTOF ABSciex 5600 (Framingham, MA, USA) 

instrument equipped with an electrospray interface and operated in negative ionization 

mode at a resolution greater than 20,000 FWHH. In full scan mode, data was collected in 

800 cycles with a period cycle time of 450 ms, a pulser frequency of 18.079 kHz, and an 

accumulation time of 0.1 ms. The curtain, nebulizer (gas 1), and drying (gas 2) gases 

were 30, 50, and 40 psi, respectively. The ion spray voltage was set at -4500 V with a 

temperature of 550°C, a collision energy of -10 V, and a declustering potential of -80 V. 

The starting and ending masses were 70 and 1000, respectively. In QTOF MS/MS mode, 

the instrument was operated under the same conditions, except with a collision energy of 

-27 V and spread of 0.0, an ion release delay of 66.63, and an ion release width of 24.92. 

The instrument was calibrated with the APCI Negative Calibration Solution (ABSciex) 

before each extract was injected. 

The instrument was run concurrently in full scan mode to capture the molecular 

ions of DOSS (m/z 421.2265), 
13

C4-DOSS (m/z 425.2400 ± 15 ppm) and 
2
H34-DOSS (m/z 

455.4400) and in QTOF mode to collect MS/MS fragment data for DOSS and its 

isotopes. Percent isotopic deviation and exact mass agreement were determined using 

Masterview (version 2.2). Quantification for LC-QTOF-MS was performed using 

Multiquant (version 2.1). Molecular ions for DOSS (m/z 421.2265 ± 15 ppm), the 
13

C4-

DOSS surrogate standard (m/z 425.2400 ± 15 ppm) and the 
2
H34-DOSS internal standard 

(m/z 455.4400 ± 15 ppm) were extracted for quantification. The fragment ions of DOSS 

(m/z 227.1278 and 80.9156± 15 ppm), 
13

C4-DOSS (m/z 231.1423 and 80.9156± 15 ppm) 

and 
2
H34-DOSS (m/z 244.2356 and 80.9156± 15 ppm) were used for confirmation. 

3.3.8 LC-QTOF-MS Calibration. Separate calibration curves for DOSS and 
13

C4-DOSS 

were prepared on each day of analysis and each consisted of five calibration standards 

that spanned from 0.27 to 3.6 ng injected DOSS or 
13

C4-DOSS. The 
2
H34 –DOSS (internal 

standard) was added to all calibration standards, such that 0.97 ng of 
2
H34 –DOSS were 

injected. The calculated concentration of each calibration standard was required to be 

within 20% of its nominal value to be used for quantification. Calibration curves were 1/x 

weighted and required to give a linear correlation coefficient of 0.99 or greater. The 
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reported concentration of DOSS was calculated from calibration curves using the 
2
H34-

DOSS internal standard. The percent recovery of the
13

C4-DOSS surrogate standard was 

calculated from separate calibration curves using the 
2
H34-DOSS internal standard. As a 

result, the reported DOSS concentrations are not corrected for surrogate recovery. One 

extract gave DOSS at a concentration above the upper limit of the calibration range. This 

sample was re-extracted and reanalyzed with a five point calibration curve spanning from 

0.27 to 28 ng of injected DOSS. 

3.3.9 LC-QTOF-MS Quality Control. Check standards were used for quality control 

purposes and consisted of 900 ng L
-1

 so that 0.27 ng DOSS was injected. Check standards 

were run every eight samples, were required to have a calculated concentration within 

20% of the expected value, and were used to verify the continued performance of the 

instrument. To continually check for DOSS contamination, blank MeOH and an 

extraction blank were run at least every eight samples along with the check standards. 

Blank MeOH samples were required to give signals below the instrument limit of 

detection (s/n < 3) and demonstrated that no carryover or instrument contamination was 

present. Extraction-process blanks were used to identify DOSS signals resulting from the 

extraction process. Extraction-process blanks consisted of taking 1 g acid-washed and 

combusted (400 °C, 12 h) sand through the same extraction process described for field 

samples. Extraction-process blanks (n = 18), gave quantifiable DOSS signals ranging 

from s/n < 3 to an equivalent of 0-0.61 μg kg
-1

 (Table A2.1). The DOSS signals 

originated from the extraction process and were used to define the whole method lower 

limit of quantification (see lower limit of quantification section). 

3.3.10 Effects of Sample Processing and Storage. The potential for DOSS to be lost 

during sample processing was determined by 1) analyzing the overlying water that was 

removed from sediments during centrifugation and 2) by comparing the concentration of 

DOSS in sediment that was freeze-dried to sediment that was not freeze-dried. During the 

first phase of laboratory sample processing (see Sediment and Sediment-Trap Sample 

Preparation section), a small fraction of mass (3-4 g WW) was removed from the total 

mass (20-40 g WW) of a select number of samples for the purposes of evaluating the 

concentration of DOSS with and without freeze-drying. These sub-samples were stored at 
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-20 °C until they were extracted in triplicate using the same methods used for freeze-

dried sediment except that 1.0 ±0.1 g WW sediment was extracted and not ~1g DW. The 

analysis of the overlying water was performed using LC-MS/MS as described by Place et 

al.
5
 The overlying water was < LOD with respect to DOSS. The initial analysis of DOSS 

in wet sediment (n = 3) was completed using LC-MS/MS and a single sediment was 

identified containing environmentally incurred DOSS. Interferences were not observed in 

the chromatograms of DOSS, 
13

C4-DOSS and 
2
H34-DOSS. The concentration of 

environmentally-incurred DOSS in this wet sediment was compared on a dry weight 

basis to sediment from the same sample that was freeze-dried (n = 4). No significant 

difference (Student’s t-test, α = 0.05) was observed between sediments that were freeze-

dried and those that were not. 

The storage stability of DOSS in freeze-dried sediments was evaluated by 

comparing the concentration of DOSS calculated for separate extracts (n = 4) of a single 

sediment to the concentration of DOSS determined 12 months later. The concentration of 

DOSS was evaluated for significant difference at the 95% confidence interval.  No 

significant difference in concentration was observed over 12 months. Freeze dried 

sediments were stored at room temperature in the dark. Sediments that were not freeze 

dried were stored at -20° C in the dark. 

3.3.11 LC-QTOF-MS Whole Method Accuracy and Precision. Freeze-dried and 

homogenized Gulf sediment (25 g), previously determined to be free of DOSS, was 

spiked with 25 ng of DOSS to yield a final sediment concentration of 1 μg kg
-1

. The 

spiked sediment was dried in the dark at room temperature for four days and then re-

homogenized. Four separate aliquots of this spiked sediment were then extracted and 

analyzed by LC-QTOF-MS. Accuracy was defined as the ratio of the calculated analyte 

concentration to the spiked analyte concentration.  

A robust whole method error term was calculated that incorporates within run and 

between day reproducibility associated with extracting and analyzing separate aliquots of 

a single sediment from the Gulf containing environmentally incurred DOSS. Four 

separate aliquots (1 ± 0.1 g) of this single sediment were extracted and then the extracts 

were analyzed on three separate days for a total of 12 analyses. The whole method error 
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term reported in table 1 was calculated as the relative standard deviation of these 12 

analyses. 

3.3.12 Lower Limit of Quantification (LOQ). Because extraction blanks gave positive 

signals for DOSS (s/n < 3 - 0.61 μg kg
-1

), they were used to define the whole method 

LOQ. The upper limit of the 99.9% confidence interval about the computed mean DOSS 

concentration (0.09 μg kg
-1

) in extraction blanks was used to define the whole method 

LOQ (0.23 μg kg
-1

). For this reason, no limit of detection was determined. 

3.4 Results and Discussion  

3.4.1 Extract Cleanup. Methanolic extracts were generated using methods
11

 similar to 

those reported by White et al. 
12

 and analyzed for DOSS using LC-MS/MS. Extensive 

investigations into off-line and on-line extract cleanup techniques, including cleanup 

based on various solid phase extraction media (e.g., strong anion exchange, C18, and 

silica), varying the polarity of the extraction solvent, and chromatographic separation 

were conducted. These cleanup techniques were investigated in an attempt to resolve 

interferences that were observed in the selected reaction monitoring chromatograms for 

the nominal-mass-to-charge transition for DOSS (m/z 42181), 
13

C4-DOSS (m/z 

42581), and 
2
H34-DOSS (m/z 45581) and compromised the analysis by LC-MS/MS 

(Figure 1). The degree of these interferences varied between extracts of sediments 

collected from different sites in the Gulf and between sediment-trap solids. Extract 

cleanup proved ineffective in removing matrix interferences, presumably because the 

causative agents partition similarly to DOSS. Because no clean-up of extracts was 

possible, high mass accuracy LC-QTOF-MS was pursued because the selectivity of LC-

QTOF-MS can reduce interferences resulting from complex sample matrices.
15



43 

 

 

 

 

 

Figure 3.1. Interferences in the selected reaction monitoring chromatograms for the 

nominal-mass-to-charge transitions for DOSS (m/z 42181 and m/z 421227), 
13

C4-

DOSS (m/z 42581), and 
2
H34-DOSS (m/z 45581) in a sediment and sediment-trap 

extract analyzed by LC-MS/MS 

 

3.4.2 LC-QTOF-MS Optimization. The high mass accuracy LC-QTOF-MS 

chromatograms of the molecular ions of DOSS (m/z 421.2265 ± 15 ppm), 
13

C4-DOSS 

(m/z 425.2400 ± 15 ppm) and 
2
H34-DOSS (m/z 455.4400 ± 15 ppm) were free of 

interferences without the need for extract cleanup (Figure 2). Therefore, accuracy, 

precision and the instrumental LOQ of the LC-QTOF-MS analysis were determined.
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Figure 3.2. Typical extracted ion chromatograms of the molecular ions of DOSS (m/z 

421.2265 ± 15 ppm), 
13

C4-DOSS (m/z 425.2400 ± 15 ppm), and 
2
H34-DOSS (m/z 

455.4400 ± 15 ppm), and the confirmation fragment ion of DOSS (m/z 227.1278 ± 15 

ppm) analyzed by LC-QTOF-MS 

 

Whole method accuracy, as determined by the absolute recoveries of spiked 

DOSS and the 
13

C4-DOSS surrogate standard in blank Gulf sediment, were 97± 20 and 

88 ± 16%, respectively (Table 1). When DOSS was ratioed to the 
13

C4-DOSS surrogate 

standard, the relative recovery increased to 120 ± 9% (Table 1). Only one other study 

(White et al.) exists reporting the extraction of DOSS in marine sediments. The whole 

method accuracy for DOSS is similar to that reported by White et al. (2014). They 

measured DOSS recovery between 89 and 119% using 
2
H34-DOSS as an internal 

standard. No surrogate standard was used in the method of White et al., preventing 

comparison. Precision (RSD), determined from spike and recovery experiments (n = 4), 

was 13% and 12% for DOSS and 
13

C4-DOSS, respectively (Table 1). The LOQ for DOSS 

was 0.23 μg kg
-1

 (Table 1). The only other literature report of the extraction of DOSS 

from sediments of marine origin (White et al., SSSS2014), did not report an LOQ, thus 

preventing comparison. Combusted-sand blanks (process blanks; n = 18), gave 

quantifiable DOSS signals that originated from the extraction process and ranged from 

s/n < 3 to 0.61 μg kg
-1

 (Table S1). White et al. (2014) also analyzed combusted-sand 

blanks and observed DOSS concentrations ranging from 0-0.99 μg kg
-1

. 
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Table 3.1. Absolute and relative accuracy (average recovery ± 95% CI) and precision (% 

RSD) of spiked DOSS (1.0 μg kg
-1

) and spiked 
13

C4-DOSS (1.4 μg kg
-1

) onto a blank 

Gulf of Mexico sediment and the instrumental LOQ for DOSS determined from 

extraction blanks. 

 LC-QTOF-MS 

(n=4) 

DOSS absolute recovery (%) 97± 20 (95% CI) 

(13% RSD) 
13

C4-DOSS absolute recovery (%)  88 ± 16 (95% CI) 

(12% RSD)  

DOSS recovery relative to 
13

C4-DOSS (%) 120 ± 9 (95% CI) 

(5% RSD) 

Instrument DOSS LLOQ 

μg kg
-1

) 

0.23 

Between day precision (RSD) 

Sediment Core 7 (n = 12) 

20 % 

 

3.4.3 Effects of sample processing and storage. Sample processing consisted of 

centrifugation, removal of the overlying water, and freeze-drying of the remaining solids. 

The potential for DOSS to be lost during sample processing was evaluated by 1) 

identifying a single Gulf sediment that contained environmentally incurred DOSS, 2) 

analyzing the overlying water for DOSS and 3) comparing the concentration of DOSS for 

subsamples that were either freeze-dried or not freeze-dried. The overlying water was < 

LOD with respect to DOSS. No significant difference at the 95% CI in the DOSS 

concentration was observed for sub-samples that were freeze-dried relative to those that 

were not (Table A2.2). 

Sample stability was evaluated by analyzing separate extracts of the same freeze-

dried sediment 12 months after the initial analysis. No significant difference in the 

concentration of DOSS at the 95% CI was observed over 12 months (Table A3.2) 

3.4.4 LC-QTOF-MS Method Demonstration. The LC-QTOF-MS method was applied 

to representative sediment (n = 8) and sediment-trap solids (n = 8) collected from the 
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Gulf to demonstrate the method. Observed DOSS in sediments ranged from below the 

LOQ to 25 μg kg
-1 

DW (Table 2). White et al., reported concentrations of DOSS ranging 

from 19-9000 μg kg
-1

dry weight for deep sea sediments collected at a single site in the 

Gulf in 2010. The highest concentration of DOSS observed in sediments in this study is 

several orders of magnitude below the highest concentration reported by White et al. 

However, this difference could be explained by the extreme spatial heterogeneity in the 

distribution of DOSS in deep-sea sediments reported by White et al. The percent recovery 

of the 
13

C-DOSS surrogate standard in sediments ranged from 84.8 to 113% (Table 2). 

The extraction efficiency of the spiked internal standard is expected to be higher than that 

of the incurred environmental residue of DOSS in aged sediments.
16, 17

 Therefore 

recovery of the 
13

C-DOSS surrogate standard indicates quantitative transfer of DOSS 

through the extraction process rather than exhaustive extraction of the environmentally 

incurred residue of DOSS. However, during method development, the extractable 

fraction of incurred DOSS residues in aged sediment was extracted within 3 sequential 

extractions. 

The validated high mass accuracy LC-QTOF-MS method was also applied to the 

extracts of eight sediment-trap solids. Sediment-trap solids exhibited concentrations of 

DOSS ranging from 1.5 to 6.3 μg kg
-1 

(Table 2). The percent recovery of the 
13

C-DOSS 

surrogate standard in sediment-trap solids ranged from 83.8 to 111% (Table 

2).Concentrations of DOSS in sediment-trap solids have yet to be reported in the 

literature, thus, preventing comparison of these values to others.  
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Table3. 2. Concentration of DOSS in extracts of marine sediment and sediment-trap solids, recovery of 
13

C-DOSS, DOSS exact mass 

agreement (ppm), DOSS isotopic agreement (%), and latitude and longitude reported in degrees decimal minutes. Uncertainties about the 

reported DOSS concentrations are ± 13% (see Table 1). 

Sample 

Number 

DOSS       

(μg kg
-1

) 

Percent 

recovery   
13

C4-DOSS 

DOSS exact 

mass agreement 

(ppm) 

DOSS isotopic 

distribution agreement 

(%) 

Latitude N Longitude W 

 

          

Sediment 1 <LOD 84.8 NC NC 27° 21.946’ 90° 33.847’ 

Sediment 2 <LOD 104 NC NC 28° 51.12’ 89° 3.47’ 

Sediment 3 0.82 91.2 0.1 <10 28° 32.95’ 88° 40.76’ 

Sediment 4 2.5 87.3 0 <10 28° 34.21’ 88° 19.41’ 

Sediment 5 1.7 109 -0.2 <10 28° 32.20’ 87° 56.38’ 

Sediment e 6 0.81 91.4 -0.1 <10 28° 41.989’ 88° 30.122’ 

Sediment 7 1.15 92.5 7.7 <20 28° 40.78’ 88° 21.68’ 

Sediment 8 25 113 3.1 <10 29° 53.48’ 88° 24.95’ 

 

  
   

  

Trap 1 2.2 111 0.8 <20 28° 42.55’ 88° 25.34’ 

Trap 2 1.5 99.8 -0.2 <10 28° 42.55’ 88° 25.34’ 

Trap 3 4.0 84.0 0.3 <10 28° 42.55’ 88° 25.34’ 

Trap 4 3.8 111 2.3 <10 28° 42.55’ 88° 25.34’ 

Trap 5 1.5 83.8 0.5 <10 28° 42.55’ 88° 25.34’ 

Trap 6 2.2 108 -0.1 <10 28° 42.55’ 88° 25.34’ 

Trap 7 1.4 101 -0.6 <10 28° 42.55’ 88° 25.34’ 

Trap 8 6.3 89.4 -1.9 <10 28° 42.55’ 88° 25.34’ 

< LOQ less than the lower limit of quantification (0.23 μg/kg) 

NC not computed because DOSS < LOQ



48 

 

 

 

The high mass accuracy capability of the ABSCIEX 5600 QTOF provides 

additional selectivity for DOSS by confirming the exact mass and isotopic 

distribution of the molecular ions and fragment ions of interest. The exact mass error 

of DOSS in sediment and sediment-trap extracts was less than 5 parts per million 

(ppm) for all but one extract, which was below 10 ppm (Table 2). The characteristic 

fragment ions of DOSS (m/z 80.9156 and m/z 227.1289) were observed within 

expected abundance ratios for all sediment and sediment-trap extracts indicating 

selectivity for DOSS. The isotopic distribution deviated by less than 10% of the 

theoretical distribution for all but one extract, which deviated by less than 20% of the 

theoretical distribution (Table 2). The combination of exact mass agreement for 

DOSS and its characteristic fragment ions, isotopic distribution agreement, and 

agreement of fragment ion abundance ratios with retention time matched standards, 

represents the highest tier of confidence for small compound identification.
18

  

3.4.5 Whole method evaluation of matrix effects. As expected, matrix effects 

inhibited the ionization of target analytes as indicated by a reduction in the area 

counts of the 
2
H34-DOSS internal standard observed in extracts of sediment (17-77% 

decrease, mean = 45%) and sediment-trap solids (54-93% decrease, mean = 76%) 

relative to a solvent matrix. Ionization suppression was higher in sediment-trap solids 

compared to sediments, possibly due to the greater quantity and freshness of organic 

material. The sensitivity of the LC-QTOF was sufficient (s/n > 10) to allow for 

integration of the 
2
H34-DOSS internal standard in all samples analyzed indicating 

sufficient ionization of the target analytes in all sediment extracts analyzed. 

Reproducible recoveries of the DOSS in blank Gulf sediment spike and recovery 

samples (97 ± 20%, Table 2) and the 
13

C-DOSS surrogate standard in all extracts 

analyzed (83.8-111 %, Table 2) indicate that the use of an isotopically labeled 

internal standard was sufficient to compensate for the matrix effects encountered in 

this study.
4
 Additionally, the use of an isotopically labelled analog of the target 

analyte is a well-established technique for compensating for matrix effects without 

sacrificing accuracy or reproducibility.
19-21 
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3.5. Conclusions 

Interferences confounded the initial attempts to analyze sediment and 

sediment-trap solids by LC-MS/MS. In contrast, LC-QTOF-MS was more selective 

for DOSS by providing confirmation of the exact mass and isotopic distribution of the 

molecular ion and fragment ions of interest. Thus, we recommend the use of high 

mass accuracy mass analyzers for future analyses of DOSS in complex sediment and 

sediment-trap solids. The analysis of sediments presented in this study confirms the 

presence of DOSS in deep-sea sediments in the Gulf originally reported by White et 

al. (2014). Future work will include the quantification of DOSS in a larger set of 

sediments collected in the Gulf from 2010 through 2015 and sediment-trap solids 

collected in the Gulf in 2012 allowing the elucidation of the spatial and temporal 

trends of DOSS occurrence after the 2010 Gulf oil spill.
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4.1 ABSTRACT 

During the Deepwater Horizon (DWH) oil spill of 2010, approximately 7 million L of 

Corexit (9527A/9500A) were applied in the Gulf of Mexico (Gulf). Dioctyl 

Sulfosuccinate (DOSS) is the anionic surfactant constituent of Corexit. DOSS was 

quantified in the top layer (0-5 cm) of 39 sediment cores collected between 2010 and 

2015. The spatial distribution of 2010 and 2011 DOSS impacted sediments observed 

in the present study is discussed in the context of publicly-available but unpublished 

data on DOSS in sediments under the Natural Resource Damage Assessment 

(NRDA) program to define the foot print of DOSS in surficial sediments through 

2011. Positive observations of DOSS ranged from 0.82 to 6100 μg kg
-1

 and the spatial 

footprint of DOSS-impacted sediments through 2011 lies primarily within 10 km of 

the wellhead and extends outside of this radius ~100 km to the NE, ~130 km to the N 

and ~150 km to the SW of the DWH. The temporal trends observed in sediments 

collected in the present study between 2010 and 2015 are discussed. DOSS was 

observed at concentrations ranging from 0.74-2.3 μg kg
-1

 within 13 km of the DWH 

wellhead through 2015 demonstrating the long term persistence of DOSS in deep-sea 

sediments in the Gulf. 
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4.2 Introduction 

During the Emergency response to the British Petroleum oil spill of 2010, the oil-

dispersant Corexit (9500A and 9527A), was applied to surface slicks (3.1 million L) and 

directly at the wellhead (2.9 million L) to increase the dispersion of oil into the water 

column.
1
 Corexit increases the dispersion of oil by reducing the interfacial-surface 

tension of the oil-water interface, promoting the formation of smaller oil droplets than 

would form in the absence of Corexit.
2
 However, the use of chemical dispersant 

represents an ecological tradeoff and the full environmental ramifications of the use of 

Corexit during the oil spill are still unfolding.
3-5

 Therefore, it is essential that the transport 

and persistence of Corexit in the marine environment be fully documented to aid decision 

making regarding the use of Corexit during future emergency oil spill response actions.  

 Although Corexit is a complex mixture of carrier solvent and surfactants
2
, only 

some of the constituents of Corexit were monitored in the aftermath of the emergency oil 

spill response.
6-11

 Most literature reports of Corexit in the Gulf of Mexico (Gulf) have 

focused on the water column and on a single component of Corexit, DOSS. 
6, 8-11

 Only a 

single report(White et al.) documents DOSS in deep-sea Gulf sediments.
12

 This key study 

was the first to report the presence of DOSS in deep sediments of the Gulf, yet it 

provided only limited information on the spatial distribution (n = 9) of DOSS in deep-sea 

sediments collected in 2010. 

To address the potential long-term persistence of DOSS in the deep sediments of 

the Gulf, DOSS was quantified in 39 sediment cores collected by Ecosystem Impacts of 

Oil and Gas into the Gulf (ECOGIG) between 2010 and 2015. The spatial and temporal 

distribution of DOSS in these sediments is discussed and compared with publically-

available DOSS concentrations in sediment that were reported as part of the National 

Resource Damage Assessment (NRDA) process. 
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4.3 Experimental 

4.3.1 Chemicals and Standards. All analytical standards and stable isotopes used for the 

analysis are described in Appendix A3.1. Information regarding reagents and standard 

preparation protocols is provided in Appendix A3.1.  

4.3.2 Sediment Collection. Sediment cores were collected between 2010 and 2015 

within 350 km of the DWH wellhead using a multicore device as described by Joye et al. 

(2010) (Figure 1).
13

 Sediment cores were treated as described in Perkins et al.  

 

Figure 4.1. Spatial distribution of 39 sediment cores collected between 2010 to 2011 

(white circles) and 2012 to 2015 (white circle with black dot), 18 sediment cores 

collected as part of the NRDA process on the Holiday Chouest cruise (+), and 114 

sediment cores collected as part of NRDA on the Sarah Bordelon cruise (x). The black 

triangle represents the DWH. The inlay in the upper left represents an enlargement of the 

area near the DWH surrounded by the black square  

4.3.3 Sediment Processing and Sediment Extraction. The processing of sediments is 

described in detail in Perkins et al., 2016. Briefly, sediment materials were centrifuged, 
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freeze-dried, extracted with methanol at 40° C, and the final extract was spiked with 
2
H34-

DOSS. Preliminary data indicated that DOSS was only in quantifiable concentrations in 

the top most layer (0-1, 0-3, or 0-5 cm) of each sediment core so only the top most layer 

of each sediment core was analyzed for DOSS. 

4.3.4 Liquid Chromatography (LC) High Resolution Quadrupole Time of Flight 

(QTOF) Mass Spectrometry. Chromatographic separations were performed on an 

Agilent 1100 (Agilent Technologies, Inc., Santa Clara, CA, USA) that was coupled to a 

TripleTOF ABSciex 5600 (Framingham, MA, USA) mass spectrometer as described by 

Perkins et al. and in Appendix A3.2. 

4.3.5 NRDA Dataset. The NRDA program collected data on DOSS concentrations in 

sediments collected on the Holiday Chouest and Sarah Bordelon cruises. Sediments were 

collected in 2011 by push core (n = 18) on the Holiday Chouest cruise and by multicore 

(n = 114) on the Sarah Bordelon cruise (Figure 1). Information on how to locate this data 

set is provided in Appendix A3.3.  

4.4 Results and Discussion.  

A limited number of sediments were collected by ECOGIG between 2010 and 

2015. However, the 2011 NRDA samples represent a larger dataset on sediment DOSS 

concentrations. Therefore, the spatial distribution of DOSS in sediments collected by 

ECOGIG in 2010 and 2011 is discussed in the context of the 2011 NRDA dataset to 

define the spatial distribution of DOSS-impacted sediments. The temporal trend in DOSS 

is then inferred from DOSS concentrations in sediments collected between 2010 and 

2015. 

4.4.1 Spatial Trend in DOSS Concentrations: 2010-2011. DOSS was observed in 55% 

of the surficial sediments collected by ECOGIG in 2010 and 2011 at concentrations 

ranging from 0.81 to 25 μg kg
-1 

(dry weight, DW) (Table 1) All positive observations of 

DOSS in 2010 and 2011 surficial sediments were within 130 km of the DWH (Table 1). 

Sediments that did not contain DOSS are listed in Appendix Table A3.1. No correlation 
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between sediment DOSS concentrations and radial distance from the DWH was observed 

for sediments collected by ECOGIG in 2010 and 2011 (Figure 2).  

Table 4.1. ECOGIG data reported by year collected, DOSS concentration (μg kg
-1

), 

radial distance from the DWH (km), latitude and longitude (decimal degrees), and the 

depth interval (cm) for surficial sediments observed to contain DOSS contamination. 

Uncertainties about the reported DOSS concentrations are ± 13%. 

Year
DOSS Concentration 

(μg kg-1)

Radial Distance 

(km)
Latitude Longitude

Depth 

(cm)

2010 18 1.5 28.7243 -88.3645 0-5

2010 2.5 19 28.57017 -88.3235 0-1

2010 17 20 28.78803 -88.167 0-3

2010 0.82 37 28.54917 -88.67933333 0-2

2010 1.7 49 28.53667 -87.93966667 0-3

2010 25 130 29.89133 -88.41583333 0-1

2011 1.2 5.3 28.69833 -88.33833333 0-3

2012 1.2 0.39 28.73933 -88.36966667 0-3

2012 1.8 0.47 28.7413 -88.36911667 0-3

2012 2.1 6.5 28.67967 -88.36133333 0-3

2012 0.81 13 28.69982 -88.50203333 0-3

2015 2.3 3.5 28.70683 -88.359 OF

2015 0.74 4.5 28.69783 -88.36516667 0-5

 

In the 2011 NRDA dataset, DOSS was observed in 11% and 92% of surficial 

sediments collected on the Holiday Chouest (Table A3.2) and Sarah Bordelon (Table 

A3.3) cruises at concentrations ranging from < LLOQ – 9.3 μg kg
-1

 and < LLOQ – 6100 

μg kg
-1

, respectively. Positive observations of DOSS in sediments collected on the 

Holiday Chouest cruise (6.1-9.3 μg kg
-1

, mean = 7.7) (Table A3.2) are in agreement with 

the range of DOSS concentrations observed in 2010 sediments in the present study (Table 

1). 
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Figure 4.2. DOSS sediment concentrations (μg kg
-1

) collected by ECOGIG (green 

triangle), the Holiday Chouest  (NRDA) cruise (red square), and Sarah Bordelon (NRDA) 

cruise blue diamond) in sediments plotted against radial distance from the DWH (km) in 

2010 and 2011. Zero represents the LLOQ (0.23 μg kg
-1

 for this study and the 5 μ kg
-1 

for 

NRDA data).   

 

In contrast, two populations of DOSS-impacted sediments are apparent in the 

Sarah Bordelon dataset. DOSS was observed in one surficial sediment collected within 1 

km of the DWH at a concentration of 6100 μg kg
-1

, whereas, the majority (99%) of 

positive observations of DOSS are characterized by lower concentrations (5.3-84 μg kg
-1

, 

mean = 20). The low DOSS concentrations associated with Sarah Bordelon sediments are 

in much closer agreement with the ECOGIG and Holiday Chouest datasets. 

White et al. collected 9 sediment cores from 2 sites within 22 km of the DWH in 

2010 and also observed two populations of DOSS impacted surficial sediments: 

sediments impacted by low DOSS concentrations (n = 2, 19-22 μg kg
-1

) and high DOSS 

concentrations (n = 3, 2400-9000 μg kg
-1

). Therefore, the observations of the ECOGIG 

and NRDA datasets are consistent with the observations of White et al. Combined, these 

three datasets indicate that Gulf sediments are primarily characterized by DOSS 
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concentrations in the tens of μg kg
-1

 surrounding a much smaller footprint of highly-

impacted sediments in the thousands of μg kg
-1

. This spatial distribution of DOSS-

impacted sediments lies primarily within 10 km of the wellhead and extends outside of 

this radius primarily to the N (~130 km), NE (~100 km), and SW (~150 km ).  

No strong correlation between surficial sediment DOSS concentration and radial 

distance from the DWH is observed for Sarah Bordelon sediments (Figure 2). A small but 

significant decrease in the mean DOSS concentration is observed for sediments collected 

between 10 and 20 km (19 ± 3.9, mean ± 95 CI) from the DWH relative to those 

collected within 10 km (23 ± 4.0, mean ± 95 CI). However, this statistically-significant 

decrease may be explained by limited sampling at distances greater than 10 km that was 

insufficient to capture DOSS heterogeneously deposited on the seafloor. In contrast, 

sediment markers of spilled Macondo oil associated with deep-water plume fallout (i.e. 

point source) have been documented to be strongly correlated with radial distance from 

the DWH.
14, 15

 Therefore, these data are consistent with the hypothesis of White et al: the 

application of DOSS to surface slicks during the Gulf oil spill emergency-response action 

and the subsequent sinking of DOSS-oil-flocculent material to the seafloor. In particular, 

the observation of DOSS in sediment collected on the continental shelf 130 km north of 

the DWH (Table 1 row 6) is difficult to rationalize as having originated from a source 

other than the surface application of Corexit. Plume-derived DOSS would likely have 

been impinged on the continental shelf prior to reaching this location.
14, 16, 17

 

4.4.2 Temporal trends of DOSS impacted sediments 2010-2015. DOSS occurred at 

concentrations greater than 5 μg kg
-1

 through 2011 within ~150 km of the DWH (Table 1, 

Table A3.2 and Table A3.3). In contrast, in 2012 and 2015, DOSS concentrations in 

sediments collected within 13 km of the DWH ranged from 0.74 to 2.3 μg kg
-1

. DOSS 

was not observed in sediments collected in 2013 and sediments were not acquired in 2014 

by ECOGIG. 

DOSS was observed in sediments at a lower frequency, at lower concentrations, 

and at shorter radial distances in sediments collected between 2012 and 2015 compared 

to those collected in 2010 and 2011. However, fewer sediments were collected from 

2012-2015, which prohibits a statistical comparison between the 2012 and 2015 



61 

 

 

 

sediments to the 2010 and 2011 sediments. Although it is difficult to determine if DOSS 

are significantly declining, the continued occurrence of DOSS in sediments in 2015 

indicates the persistence of DOSS in deep-sea sediments more than 5 years following the 

application of Corexit during the 2010 Gulf oil spill. DOSS biodegrades under aerobic 

conditions 
3,9, 18

 of the water column but no data documents the degradation of DOSS 

under anaerobic/anoxic conditions. 

4.5 Implications. The spatial footprint of DOSS-impacted sediments within 150 km of 

the DWH represents a 14,000 km
2
 area characterized by DOSS concentrations ranging 

between ~1 and 84 μg kg
-1 

.  A smaller area within 20 km of DWH is characterized by 

higher (>2400 μg kg
-1

) DOSS concentrations. DOSS exposure to benthic dwelling 

organisms likely occurred and impact to benthic organisms resulting from the DWH oil 

spill is documented.
19-21

  Data on the occurrence of DOSS in sediments collected 5 years 

after the original application of Corexit indicates long-term persistence of DOSS in 

sediments compared to its rapid dissipation from the water column. 
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5.1 Abstract. 

Corexit was used extensively during the 2010 Deepwater Horizon (DWH) oil 

spill, in part, to disperse surface-slick oil into the water column. This study quantifies 

the ejection rate of surfactants from Corexit 9500A/9527A, as well as alkanes from 

oil, as they are aerosolized into the atmosphere via bursting bubbles in a laboratory 

bubble column reactor.  Oil was premixed with Corexit 9500A or 9527A at a 

dispersant-to oil ratio (DOR) of 1:20 and injected at two different rates into a 

laboratory bubble column reactor filled with either NaCl solution or seawater. 

Aerosol samples taken at the top of the column show important quantities of the 

Corexit surfactants DOSS, Tween 80 and Tween 85, with larger ejection rates 

observed when the column is filled with seawater as compared to NaCl solution. 

Additionally, for both seawater and NaCl solution, premixing dispersants with oil was 

found to enhance the ejection rates of intermediate, semi-volatile, and non-volatile 

organic compounds (IVOCs/SVOCs/NVOCs) from oil, as compared to the situation 

where oil without dispersant is directly injected into the column. On the other hand, 

the ejection rate of volatile organic compounds (VOCs) was found to be comparable 

for the case where standalone oil and oil premixed with Corexit 9500A were injected 

into the column; however, significantly lower ejection rates of VOCs were observed 

when oil premixed with Corexit 9527A was injected. Our results provide compelling 

evidence that aerosolization via bursting bubbles at the sea surface can be an 

important transport vector for oil spill matter (namely surfactants from dispersants 

and alkanes from oil) into the atmosphere.
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5.2 Introduction 

Crude oil is released into oceanic waters via natural seepage and through human 

activities such as oil production, oil transport, and offshore oil exploration.1 During the 

Deepwater Horizon (DWH) oil spill, the largest marine oil spill in U.S. history, an 

approximate amount of 4.9 million barrels of crude oil were released into the Gulf of 

Mexico (GOM).1, 2 The amount of hydrocarbon released over 3 months was 40-170 

times greater than the annual total natural seepage of oil in the GOM (4000-17000 tons, 

as estimated from satellite remote sensing techniques).3-5 

Oil dispersants are mixtures of solvents and surfactants that are used as one of the 

ways to combat off-shore oil spills. The objectives of applying dispersants are to reduce 

oil delivery to shoreline ecosystems and to increase oil dissolution into the water column, 

presumably making it more bioavailable.6, 7 During the DWH oil spill, about 1.8 million 

gallons of the dispersants,  Corexit 9527A and 9500A, were applied at the water surface 

1.1 million gallon and in-situ at the well-head (0.7 million gallon).8, 9 Existing stocks of 

Corexit 9527A were used first, and after they were exhausted, Corexit 9500A was used to 

disperse the spilled oil.9 The main difference between these two formulations is the 

presence of 2-butoxyethanol as a solvent in Corexit 9527A, which is not a component of 

Corexit 9500A due to toxicity concerns.10 Both formulations of Corexit are designed to 

break up the oil into small droplets (<70 µm in diameter) by reducing the oil-water 

interfacial tension.11  

The environmental fate of the surfactant components of Corexit and their 

potential ecological trade-offs are still under study.12-15  Since 2010, the occurrence of 

Corexit surfactants in the water column9, 16, 17 and Gulf of Mexico sediments 18-20 

have been documented, and several studies have focused on processes that affect the fate 

of the primary anionic surfactant in Corexit, dioctyl sulfosuccinate (DOSS), e.g., 

biodegradation,21 photolysis, 22 and sorption onto sediments.23  

Application of Corexit is also credited for the reduction in volatile organic air 

concentrations, which may have reduced worker exposure to volatiles, ultimately 

enabling a more rapid response to the oil spill.24 Gaseous and aerosol composition 
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measurements during the DWH oil spill were conducted by the National Oceanic and 

Atmospheric Administration (NOAA) using WP-3D aircraft and ships in the vicinity of 

the DWH spill site.25 The presence of wide aerosol plumes downwind of DWH spill site 

was attributed to the formation of Secondary Organic Aerosol (SOA) from several oil 

precursors, namely intermediate and semi-volatile organic compounds (IVOCs and 

SVOCs).26 The possibility of the direct ejection of oil matter through sea sprays was 

ruled out due to the observed increase in the particle size distribution downwind.26 

However, the ratio of hydrocarbon-like organic aerosol (HOA) to oxygenated organic 

aerosol (OOA) downwind of the spill site exhibited higher levels compared to those 

measured at the spill site. This observation is in contradiction to the hypothesis of 

attributing the formation of aerosol plume to purely oxidative SOA formation. In our 

previous studies combining lab experiments27 and molecular simulations28, we 

demonstrated for the first time that significant quantities of long chain alkanes (C15-C30) 

from oil can be ejected into the atmosphere via bursting bubbles at the sea surface, even 

though some of these oil alkanes might have limited volatility. Aerosol droplets produced 

by bursting bubbles during wave breaking are considered the main source of sea sprays 

and one of the major contributors to the particulate matter flux into the atmosphere.29-32 

As discussed by Ehrenhauser et al.27, the continuous aerosolization of less volatile oil 

matter downwind of the DWH spill site can explain the higher HOA to OOA ratio 

mentioned above. Our studies demonstrated for the first time that aerosolization via 

bursting bubbles can be an important transport vector for oil spill matter into the 

atmosphere.  

Building on our previous studies27, 28 here we report laboratory experiments 

with the objective of determining if the surfactant components of Corexit 9500A/9527A 

could be aerosolized into the atmosphere via bursting bubbles. We focused our analysis 

on the most abundant Corexit surfactants DOSS (10-21%; mass/mass), Tween 80 and 

Tween 85 (15.3-22.6%; mass/mass).16, 33, 34 Evaporation of these surfactants into the 

atmosphere is not expected given their very low vapor pressure. In our previous lab 

experiments27 we did not evaluate the ejection of these surfactants. The adsorption of 

organic, natural-derived, and anthropogenic (e.g., perfluorooctanoate) surfactants at the 
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air-water interface of bubbles and their ejection into the atmosphere through the breaking 

of bubbles has been documented.35-38 However, to the best of our knowledge, the 

possible aerosolization of Corexit surfactants has not been evaluated before. Furthermore, 

in our previous experiments27 we used a dispersant-to-oil ratio (DOR) of 1:100, which is 

significantly different from the DOR of 1:20 reportedly used during the DWH oil spill.8 

In our earlier experiments we also used a solution of sodium chloride in deionized water 

instead of seawater, for simplicity and to directly link our experiments with our modeling 

results.28  

In our current study, in addition to measuring the emission rate of surfactants we 

also report additional measurements of the ejection of oil alkanes, using a DOR of 1:20 

and considering both NaCl solution and seawater from the Gulf of Mexico. Using actual 

seawater allowed us to assess the effect of ions other than Na+ and Cl- (e.g., Ca2+, 

Mg2+, SO42-), as well as organic and surface-active materials, on the ejection rates of 

components from dispersants and oil.  

The rest of our paper is structured as follows. Details of our experiments 

(materials and standards, setup and operation of our aerosolization reactor, analysis of 

surfactants and alkanes, and determination of ejection rates) are presented in Section 2. 

Section 3 contains our results and discussion, and our conclusions are summarized in 

Section 4.  

5.3 Experimental 

5.3.1 Materials and Standards. The crude oil used for experiments was supplied by the 

BP Gulf Coast Restoration Organization (Houston, TX, USA). Corexit 9527A and 

Corexit 9500A were obtained from Nalco Environmental Solutions, LLC (Sugar Land, 

TX, USA) and they were used as received.27 Seawater was collected from the Gulf of 

Mexico near Destin, Florida. Alkane standards and internal standards for alkane analysis 

methyl decanoate, methyl arachidate, methyl octacosanoate were obtained from Sigma 

Aldrich (St Louis, Mo, USA).27 Ethyl acetate (HPLC grade), used as a solvent for 

alkanes, was purchased from EMD Millipore (Billerica, MA, USA). Standards of solid 

(98.1%) bis-(2-ethylhexyl) sodium sulfosuccinate (DOSS) was obtained from Sigma 
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Aldrich (Saint Louis, MO, USA). A standard of 13C4–DOSS was provided by Ed 

Furlong and James Gray of the United States Geological Survey National Water Quality 

Laboratory (Denver, CO, USA) that had been synthesized by Cambridge Isotope 

Laboratories, Inc (Andover, MA, USA). MS-grade methanol and isopropanol, used for 

surfactant analysis, were purchased from Fisher Scientific (Pittsburg, PA, USA). 

Laboratory 18-MΩ, deionized (DI) water was obtained by an in-house Millipore Synergy 

unit with an LC-Pak polisher (EMD Millipore Corp, Billerica, MA, USA). High purity 

ammonium acetate was purchased from Sigma Aldrich. All glassware was baked at 400 o 

C for 12 h prior to use.   

5.3.2 Laboratory Aerosolization Experiments. All experiments were conducted in a 

bubble column reactor (Figure A3.1) developed in Valsaraj’s laboratory and described by 

Smith et al.39 The aerosol generation by bursting bubbles was adapted from Keene et 

al.40 and was tuned in our previous work to study the aerosolization of oil/dispersant 

matter (Bubble flow 5 L min-1, shear flow 6.4 L min-1, and air-lift flow 40 L min-1).
27 

Greater detail is provided in Appendix A4.1. Throughout the experiments, either oil or a 

mixture of oil and Corexit (9500A or 9527A) at the dispersant-to-oil ratio of 1:20 (1.6 

mL dispersants premixed with 32 mL crude oil), was injected into the reactor. The reactor 

was filled with NaCl solution or seawater. Oil or an oil-dispersant mixture was injected in 

separate experiments at 20 and 50 µL min-1 using a syringe pump (KD scientific Model 

# 210, Holliston, MA, USA). 

When the reactor reached steady state, the effluent of the reactor was collected by 

two sampling methods: (1) constant mass-flow air-sampling nozzle, which allows 

collection of both vapors and particles; and (2) electrostatic precipitator (ESP), which 

only allows particle collection. For nozzle collection, the effluent of the reactor was 

sampled by a constant mass-flow air-sampling nozzle in a bubbler that was filled with 

ethyl acetate (alkane analysis) or with isopropanol (surfactant analysis). The ethyl acetate 

and isopropanol were analyzed directly by GC-MS/GC-FID and LC-MS/MS, 

respectively. For ESP collection, particulates were captured on an aluminum target as 

described in Ehrenhauser et al.27 The aluminum target was then extracted in ethyl acetate 

or isopropanol and the solvent was then analyzed directly by GC-MS/GC-FID and LC-
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MS/MS, respectively. For both nozzle and ESP collection, duplicate samples were 

collected over a time period of 15 min 1 m above the water surface.  For both nozzle and 

ESP collection, blanks were collected as described previously, except that no oil nor 

surfactant was injected into the bubble column. 

5.3.3 LC-MS/MS for Corexit Surfactant Analysis. All samples for the analysis of the 

surfactant constituents of Corexit were shipped overnight on dry ice to Oregon State 

University and stored at -20° C until analysis. Quantification of DOSS, Tween 80 and 

Tween 85 was performed using an Agilent 1100 (Agilent Technologies, Inc., Santa Clara, 

CA, USA) interfaced with a Waters Acquity Triple Quadrupole Mass Spectrometer or a 

Waters Micromass Quattro Mass Spectrometer (Waters Corporation, Milford, MA, 

USA), as described in Place et al., with minor modification (Appendix A4.2). 

Isopropanol samples were diluted by 75% with Instant Ocean® salt mix solution 

(Spectrum Brands Company, Madison, WI, USA) to meet existing analytical methods. 

5.3.4 GC-MS and GC-FID for Alkane Analysis. Ethyl acetate, collected by nozzle and 

ESP, was dried over sodium sulfate and analyzed by GC-MS and GC-FID to procure 

their alkane concentrations and the subsequent ejection rates of alkanes into the air. 

Quantification of alkanes by GC-MS and GC-FID are described in our previous study by 

Ehrenhauser et al.
 27

 and in Appendix A4.3. During GC-MS and GC-FID analysis, peak 

areas found in the blank samples were subtracted from peak areas found in the 

experimental samples. The net peak area was then used to calculate concentrations of 

alkanes in the experimental samples. 

5.3.5 Calculation of Ejection Rates. The concentrations of surfactants and alkanes were 

converted to an ejection rate. The ejection rates of the Corexit surfactants are reported 

differently from those of the alkanes because the surfactants showed particularly large 

variability in the rate of ejection at different reactor injection rates (i.e., when injected 

into the reactor at 20 and 50 µL min-1).  The ejection rates of DOSS, Tween 80 and 

Tween 85 are reported as the mean of duplicate samples for the separate injection rates of 

20 and 50 µL min-1.  Tween 80 and Tween 85 are reported as the combined contribution 

of both Tween 80 and Tween 85 (i.e., Tween 80 + Tween 85). 
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The ejection rates of alkanes are reported as a normalized ejection rate for VOCs, 

IVOCs, SVOCs and NVOCs. Similar trends in the ejection rates of alkanes were 

observed when injected into the reactor at 20 and 50 µL min-1. For example, the ejection 

rate of NVOCs from NaCl increased by 59 and 87 percent relative to the oil-only control 

when the Corexit 9500A-oil mixture was injected into the reactor at 20 and 50 µL min-1.  

Therefore, the ejection rates of alkanes were first normalized to a percentage of the oil-

only control.  Then the normalized ejection rates calculated for a reactor injection rate of 

20 and 50 µL min-1 were pooled. The normalized ejection rates of alkanes are reported 

as the mean ± 95% CI. 

5.3.6 Salinity, Surface Activity, and Organic Carbon Content of Seawater. 

Experiments were conducted in seawater from the GOM to study the possible effects of 

the inorganic and organic constituents of seawater on the ejection of oil and dispersant 

components by bursting bubbles. The salt concentration of the seawater was measured by 

conductivity meter and through comparison with standard solutions of known salt 

concentrations.41 The seawater surface tension was measured using a Kruss tensiometer 

(K14/141, Hamburg, Germany). The total organic carbon of seawater and NaCl solution 

were measured by Shimadzu Total Organic Carbon (TOC) Analyzer (EPA method 

#415.1).  

 

5.4 Results and Discussion. 

5.4.1 The Ejection of Corexit Surfactants Detected by Nozzle Collection (NaCl 

Solution). The ejection of DOSS, Tween 80 and Tween 85 from NaCl solution via 

bursting bubbles was detected when the reactor effluent was sampled by nozzle collection 

(Table 1), indicating that DOSS, Tween 80 and Tween 85 can be aerosolized by bursting 

bubbles. The ejection of Corexit surfactants by bursting bubbles is a novel and previously 

uncharacterized transport vector. Nozzle collection captures materials ejected in both the 

vapor and particulate phases.  However, DOSS is anionic and Tween 80 and Tween 85 

are complex mixtures of oligomers with average molecular weights greater than 1000 g 
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mol-1.17, 42  Therefore, DOSS, Tweens 80 and Tween 85 detected by nozzle collection 

are expected to have been ejected in the form of particulate matter.  

The rate of ejection of DOSS from NaCl solution was 0.08 and 0.29 μg min-1 

when Corexit 9527A, premixed with crude oil, was injected into the bubble column at 20 

and 50 μL min-1, respectively. (Table 1).  The rate of ejection of Tween 80 and Tween 

85 was below the limit of quantification (LOQ) and 0.05 μg min-1 when the Corexit 

9527A-oil mixture was injected at 20 and 50 μL min-1, respectively (Table 1).  The ratio 

of DOSS to Tween 80 and Tween 85 was not calculated when the Corexit 9527A-oil 

mixture was injected at 20 μL min-1 because Tween 80 and Tween 85 were below the 

LOQ (Table 1). However, when Corexit 9527A was injected into the reactor at 50 μL 

min-1, the ratio of DOSS to Tween 80 and Tween 85 was 6.0.  The ratio of DOSS to 

Tween 80 and Tween 85 in the commercial formulation of Corexit 9527A is 

approximately 0.8.17 The greater than seven fold increase in the ratio of DOSS to 

Tweens in the atmospheric particle phase may suggest that DOSS, in the presence of a 

crude oil and Corexit 9527A mixture, is more readily adsorbed at the air-water interface 

relative to the Tweens.  

 Similar rates of ejection of DOSS, Tween 80 and Tween 85 are expected between 

Corexit 9527A and 9500A because the mass percent contribution of these individual 

surfactants is very similar between the two formulations.17 When Corexit 9500A was 

premixed with crude oil and injected into the bubble column at 20 and 50 μL min-1, the 

rate of ejection of DOSS was 0.10 and 0.34 μg min-1 (Table 1), which is similar to the 

rate observed for Corexit 9527A.  However, the rate of ejection of Tween 80 and Tween 

85 from the Corexit 9500A-oil mixture was below the LOQ when injected at 20 and 50 

μL min-1 (Table 1). This may suggest greater variability in the ejection rates of Tween 80 

and Tween 85 from NaCl solution relative to DOSS. The ratio of DOSS to Tween 80 and 

Tween 85 was not calculated for Corexit 9500A detected by nozzle collection because 

Tween 80 and Tween 85 were below the LOQ (Table 1).
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Table 5.1. Average rate of ejection (μg min-1) of DOSS, Tween 80 and Tween 85 from NaCl solution and seawater.  Oil was 

premixed with Corexit 9527A or 9500A and injected in to the reactor at 20 and 50 μL min-1 and emitted particles were collected 

by nozzle and ESP collection.  Data are reported as the mean of duplicate data points. 

  

Nozzle ESP 

Corexit Surfactant Ejection Rate (µg min-1) 

Experiment DOSS ΣTweens DOSS/ΣTweens DOSS ΣTweens DOSS/ΣTweens 

Corexit 9527A (NaCl) 

Blank <LOQ <LOQ NC <LOQ <LOQ NC 

20 μL min-1 0.08 <LOQ NC 0.13 0.04 3.0 

50 μL min-1 0.29 0.05 6.0 0.32 0.21 1.5 

Corexit 9500A (NaCl) 

Blank <LOQ <LOQ NC <LOQ <LOQ NC 

20 μL min-1 0.10 <LOQ NC 0.07   0.01* 7.0 

50 μL min-1 0.34 <LOQ NC 0.06 0.01 5.5 

Corexit 9500A (Seawater) 

Blank <LOQ <LOQ NC <LOQ <LOQ NC 

20 μL min-1 2.2 0.05 45 1.4 0.12 12 

50 μL min-1 3.4 0.08 43 1.8 0.06 31 

*= Only a single data point because one duplicate was <LOQ 

NC=Not calculated * 

 

                                                 
*
 The ratio of DOSS to Tween 80 and Tween 85 was not calculated because the concentration of Tween 80 and Tween 85 in aerosol phase were below the 

LOD 
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Table 5.2. Normalized ejection rate (μg min-1) (mean ± 95 CI) of VOCs (C10-C14), IVOCs (15-C19), SVOCs (C20-C24) and 

NVOCs (C25-C29) collected by nozzle and ESP.  Alkane ejection rates in the presence of Corexit 9527A or 9500A are normalized 

to the ejection rate of alkanes in the oil-only control (no dispersant present). 

 

  Nozzle ESP 

Experiment C10-C14 C15-C19 
C20-

C24 

C25-

C29 

C10-

C14 

C15-

C19 

C20-

C24 

C25-

C29 

Corexit 9527 

(NaCl) 

0.86 ± 

0.04 

1.3 ± 

0.15 

1.7 ± 

0.30 

1.6 ± 

0.43 
<LOQ 

5.9 ± 

2.1 

1.9 ± 

0.62 

2.6 ± 

0.45 

Corexit 9500  

(NaCl) 

1.0 ± 

0.09 

1.6 ± 

0.23 
2.4 ± 1.2 

1.7 ± 

0.32 
<LOQ 

4.5 ± 

2.3 

2.1  ± 

0.50 

2.3 ± 

0.53 

Corexit 9500 

(Seawater) 

0.99 ± 

0.22 

1.3 ± 

0.09 

2.0 ± 

0.82 
6.4 ± 2.9 <LOQ 

2.0 ± 

0.4 

1.5 ± 

0.54 

1.7 ± 

0.43 
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5.4.2 The Ejection of Corexit Surfactants Detected by ESP Collection (NaCl 

Solution). The ejection of DOSS, Tween 80 and Tween 85 from NaCl solution was also 

detected when the reactor effluent was sampled by ESP collection (Table 1), confirming 

the ejection of DOSS, Tween 80 and Tween 85 associated with particulate matter via 

bursting bubbles.  The rate of ejection of DOSS was 0.13 and 0.32 μg min-1 when 

Corexit 9527A, premixed with crude oil, was injected into the bubble column at 20 and 

50 μL min-1, respectively (Table 1).  These rates of ejection of DOSS observed by ESP 

collection are similar to those observed for Corexit 9527A collected by nozzle, 

suggesting that the rate of ejection of DOSS is highly reproducible.  However, this 

reproducibility was not observed for Corexit 9500A collected by ESP.  When the Corexit 

9500A-oil mixture was injected into the bubble column at 20 and 50 μL min-1, the rate of 

ejection of DOSS was 0.07 and 0.06 μg min-1, respectively (Table 1).  This rate of 

ejection of DOSS was more than 4 fold less than all other observations (Table 1).  

The rate of ejection of Tween 80 and Tween 85 was 0.04 and 0.21 μg min-1 when 

the Corexit 9527A-oil mixture was injected at 20 and 50 μL min-1 and detected by ESP, 

respectively (Table 1).  For the Corexit 9500A-oil mixture, however, the rate of ejection 

of the Tweens was 0.01 μg min-1 at an injection rate of 20 and 50 μL min-1 (Table 1).  

Variability in the rate of ejection of the Tweens continued to be high when the reactor 

effluent was collected by ESP.  However, the ratio of DOSS to Tweens was consistently 

greater than 0.8 (Table 1), supporting the observations that DOSS is more readily 

available for transport to the atmosphere via bursting bubbles relative to Tween 80 and 

Tween 85. 

Some of the variability observed in the collection of surfactant particles by ESP 

may be due to the chemical composition and surface active nature of surfactant particles, 

which could influence the collection efficiency of ESP.43 The low resistant (highly 

conductive) nature of surfactants can impede the effective and reproducible collection of 

these particles on the collecting electrode of ESP since a weak electric field is maintained 

across the collected layer of conductive particles.44 In spite of the variability in the rate 

of ejection of surfactants in different treatments, both ESP and nozzle show the ejection 

of surfactant components in the same order of magnitude.  
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5.4.3 The Effect of Seawater on the Ejection of Corexit Surfactants. Much higher 

rates of ejection (> 4 fold) were observed for DOSS from seawater than from NaCl 

solution (Table 1).  The rate of ejection of DOSS from seawater ranged from 1.4 to 2.2 

μg min-1 when collected by nozzle and ESP (Table 1).  These differences in the rate of 

ejection of DOSS observed for NaCl solution and seawater may be the result of the 

presence of natural surfactants, organic materials and other salts in seawater.  The 

seawater surface tension (67 mN/m) was lower than the NaCl solution (72 mN/m), 

indicating the presence of natural surfactants in seawater. The presence of these materials 

may increase the partitioning of DOSS to the air-water interface, ultimately increasing 

the ejection of DOSS into the atmosphere.45, 46 Alternatively, the different rates of 

ejection could be the result of differences in the ionic strength (Δ 0.06 M) or TOC (Δ 6.4 

mg L-1) between the seawater and NaCl solution.  These observations suggest that the 

rate of ejection of DOSS via bursting bubbles in the environment with salinity of 

approximately 35 ‰ (w/w) will be greater than those observed for NaCl solutions.   

The rate of ejection of Tween 80 and Tween 85 from seawater was variable, 

ranging from 0.05 to 0.12 μg min-1 when collected by nozzle and ESP (Table 1), 

confirming the observations for NaCl solution.  However, the ratio of DOSS to Tween 80 

and Tween 85 was 10-50 fold greater than the ratio present in the original formulation 

(Table 1), further supporting the observation that DOSS is more readily available for 

transport to the atmosphere via bursting bubbles relative to Tween 80 and Tween 85.  

5.4.4 The Effect of Corexit on the Rate of Ejection of VOCs from NaCl Solution. The 

application of Corexit 9527A had a small but significant, at the 95 percent confidence 

interval decrease (14%) in the normalized rate of ejection for VOCs (C10-C14) from 

NaCl solution relative to the oil only control (Table 2).  This may indicate that Corexit 

9527A increases the mass of VOCs retained in the water column, reducing the mass of 

VOCs at the air-water interface available to evaporate to the atmosphere. However, no 

significant difference in the normalized rate of ejection of VOCs from NaCl solution was 

observed in the presence of Corexit 9500A relative to the oil only control (Table 2). 
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The results of this study contrast with those of Ehrenhauser et al,27 where Corexit 

9500A was applied at the DOR of 1:100 and the rates of ejection of VOCs increased 

relative to the oil only control. This may suggest that increasing the application of 

Corexit to a DOR of 1:20 increases the effectiveness of surfactants in retaining volatile 

alkanes in the water column, limiting their rates of ejection relative to oil only control. 

When the reactor effluent was collected by ESP, the VOCs were below the LOQ (Table 

2). VOCs are primarily ejected into the air in the form of vapors rather than particulates. 

The inability to detect VOCs by ESP collection was expected and confirms that ESP 

collection captures particulate matter but not volatiles. 

5.4.5 The Effect of Corexit on the Rate of Ejection of Volatile and Particulate 

IVOCs, SVOCs and NVOCs from NaCl Solution. The ejection of the combined 

volatile and particulate fractions of alkanes (“combined fractions”; i.e., nozzle collection) 

into the atmosphere above the bubble column was greatest for IVOCs (C15-C19) 

followed by SVOCs (C20-C24) and NVOCs (C25-C29) for Corexit 9527A and 9500A 

(Table S1).  The ejection of the combined volatile and particulate fractions of alkanes 

ranged from 7.7-14, 0.28-0.96 and 0.28-0.63 μg min-1 for IVOCs, SVOCs, and NVOCs, 

respectively (Table S1). 

The presence of Corexit 9527A resulted in a significant increase in the normalized 

rate of ejection of the combined fractions of alkanes for IVOCs, SVOCs, and NVOCs 

from NaCl solution in comparison to the oil only control (Table 2).  The mean increase in 

the normalized rate of ejection of alkanes relative to the oil only treatment was 30%, 

70%, and 60% for IVOCs, SVOCs, and NVOCs, respectively (Table 2).  Corexit 9500A 

also had a significant increase at the 95 percent confidence interval in the normalized rate 

of ejection of the combined fractions of alkane IVOCs, SVOCs, and NVOCs from NaCl 

solution relative to oil only control when collected by nozzle (Table 2).  The mean 

increase in the normalized rate of ejection was 60%, 140%, and 70% for IVOCs, SVOCs, 

and NVOCs, respectively (Table 2).  There was no significant difference in the 

normalized rate of ejection of IVOCs, SVOCs, and NVOCs observed between Corexit 

formulations (Table 2).  The similar effect of both Corexit formulations on the ejection of 

the combined fractions of IVOCs, SVOCs, and NVOCs may indicate that differences in 
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formulation17, 42 did not significantly change the surface-driven transport of oil matter 

via bursting bubbles. 

The enhancement in the rates of ejection of IVOCs, SVOCs, and NVOCs in the 

presence of Corexit can be attributed to the large density of bubbles produced inside the 

reactor by the same volume of air in the presence of dispersant.25 Corexit decreases the 

surface tension of the aqueous phase which allows for a greater number of smaller air 

bubbles to be produced from a given volume of air than would be produced in the 

absence of Corexit. The resulting increase in the available surface area at the air-water 

interface may allow more oil matter to adsorb at the air-water interface and be ejected 

into the atmosphere.27  

5.4.6 The effect of Corexit on the Rate of Ejection of Particulate IVOCs, SVOCs and 

NVOCs from NaCl Solution. The ejection of the particulate only fraction of alkanes 

(i.e., ESP collection) was greatest for IVOCs followed by SVOCs and NVOCs for 

Corexit 9527A and 9500A (Table S1).  Across treatments, the ejection of the particulate 

only fraction of alkanes ranged from 0.07-0.67, 0.18-0.39, and 0.10-0.30 μg.min-1 for 

IVOCs, SVOCs, and NVOCs, respectively (Table S1).   

The addition of Corexit 9527A resulted in a significant, at the 95 percent 

confidence interval, increase in the normalized rate of ejection of particulate (ESP 

collection) IVOCs, SVOCs, and NVOCs from NaCl solution relative to the oil only 

control (Table 2).  The percent increase in the mean normalized rate of ejection of 

alkanes from NaCl solution in the presence of 9527A was 490%, 90%, and 160% for 

IVOCs, SVOCs, and NVOCs, respectively (Table 2).  Similarly, the addition of Corexit 

9500A also resulted in a significant increase in the normalized rates of ejection of 

particulate IVOCs, SVOCs, and NVOCs from NaCl solution relative to the oil only 

control (Table 2). The mean increase in the normalized rate of ejection in the presence of 

Corexit 9500A was 350%, 110% and 130% for IVOCs, SVOCs, and NVOCs, 

respectively (Table 2).  The percent increase in the normalized rate of ejection of IVOCs 

measured by ESP was significantly, at the 95 percent confidence interval, higher than that 

of IVOCs measured by nozzle for both Corexit formulations (Table 2). This difference is 

due to the fact that in the nozzle collection the absolute rates of ejection of IVOCs are 
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dominated by the ejection of vapor phase alkanes.  However, there was no significant 

difference in the normalized rate of ejection of SVOCs and NVOCs between collection 

methods (Table 2), indicating that SVOCs and NVOCs are ejected to the atmosphere as 

aerosols.  

5.4.7 The Effect of Seawater on the Rates of Ejection of VOCs, IVOCs, SVOCs and 

NVOCs. Both Corexit formulations showed the same behavior with respect to the 

aerosolization of oil alkanes, therefore the aerosolization experiments were repeated in 

seawater using one Corexit formulation. Corexit 9500A was chosen because it was the 

dominant dispersant used during the DWH oil spill.
48

 No significant difference in the 

normalized rate of ejection of VOCs from seawater was observed in the presence of 

Corexit 9500A relative to the oil only control (Table 2).  This confirms the observations 

made for the ejection of VOCs from NaCl solution in the presence of Corexit 9500A.  

The ejection of the combined volatile and particulate fraction of alkanes (nozzle 

collection) ranged from 8.1-11, and 0.47-1.1, 0.28-1.5 μg min-1 for IVOCs, SVOCs, and 

NVOCs, respectively (Table S1).  As was observed for NaCl solution, the presence of 

Corexit 9500A resulted in a significant increase in the normalized rates of ejection of the 

combined volatile and particulate fraction of IVOCs, SVOCs, and NVOCs from seawater 

relative to the oil only control (Table 2).  The mean increase in the normalized rate of 

ejection of the combined volatile and particulate fraction of alkanes was 30%, 100% and 

540%, for IVOCs, SVOCs and NVOCs, respectively (Table 2).  There was no significant 

difference in the combined volatile and particulate normalized rates of ejection of IVOCs 

and SVOCs or NVOCs in the presence of Corexit 9500A between seawater and NaCl 

solution (Table 2).   

The ejection of the particulate only fraction of alkanes (ESP collection) ranged 

from 0.10-0.34, 0.17-0.40 and 0.14-0.36 μg min-1 for IVOCs, SVOCs, and NVOCs 

(Table S1).  As was observed for NaCl solution, the ejection of the particulate only 

fraction of alkanes from seawater increased in the presence of Corexit 9500A (Table 2).  

The mean increase in the rate of ejection of the particulate only fraction of alkanes was 

100%, 50%, and 70% for IVOCs, SVOCs and NVOCs, respectively (Table 2). 

Importantly, the same ejection behavior for all groups of alkane in seawater and NaCl 
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solution indicates that the latter can be used as a simple media to study the surface-driven 

transport of oil components to the atmosphere via bursting bubbles 

5.5 Implications 

The atmospheric transport of the surfactant components of Corexit used during 

the DWH oil spill via bursting bubbles was investigated and quantified in a laboratory 

scale aerosolization reactor. Oil premixed with Corexit 9527A or 9500A at a dispersant-

to oil ratio (DOR) of 1:20, was injected at two different rates into a laboratory bubble 

column reactor filled with either NaCl solution or seawater. The ejection of Corexit 

surfactants associated with particulate matter via bursting bubbles was verified by the 

detection of DOSS, Tween 80 and Tween 85 in aerosol samples taken at the top of the 

column. The ratio of DOSS to Tween 80 and Tween 85 in the aerosol samples increased 

significantly (up to 50 fold) relative to their values in Corexit, which indicates the greater 

propensity for DOSS to be adsorbed at the air-water interface and ejected into the air 

upon bubble bursting relative to Tween 80 and Tween 85. Additionally, replacing the 

NaCl solution with seawater tends to increase the ejection rate of surfactants into the air.  

In addition to the atmospheric transport of surfactants, the effect of Corexit 

9527A and 9500A on the ejection rate of alkanes from oil was studied.  The ejection rates 

of VOCs was either 14% lower (Corexit 9527A), or was found to be unaffected (Corexit 

9500A), as compared to the rates measured when oil without dispersant was injected in 

the column. Both Corexit 9527A and 9500A significantly enhanced the ejection rates of 

IVOCs, SVOCs, and NVOCs relative to the oil-only control. No significant differences in 

the ejection rates of alkanes were observed between the two Corexit formulations, or 

when using NaCl solution or seawater.  

This study highlights the importance of aerosolization phenomena when 

dispersants are used to mitigate oil spills. The detection of Corexit surfactants and alkane 

hydrocarbons in the aerosol phase has human health implications. Inhalation of 

particulate phase Corexit surfactants may affect emergency response workers and near 

shore residents during an emergency oil spill.  Further study will be needed to assess the 

degree of human health risk associated with the inhalation of surfactant and hydrocarbon 
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aerosols during an emergency oil spill response, and to assess the potential for the long 

range transport of these aerosols.
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CHAPTER 6 – PARTING WORDS 

 

6.1 The Big Picture. 

In response to the DWH oil spill the first deep-sea application of chemical oil 

dispersant as well as the application of unprecedented quantities of chemical 

dispersant to surface-oil slicks occurred.
1
 The dispersant of choice, Corexit, is a 

complex mixture with individual components that have unique polarity and 

solubility.
2
 At the time of application, significant data gaps existed as to the likely 

transport, persistence and ecosystem impact that would result from the individual 

components of Corexit.
3
 In the aftermath of DWH, the design of laboratory 

experiments largely focused on crude oil and did not adequately address Corexit as a 

complex mixture. For example, many experiments used Corexit-only and CEWAF 

mixtures in laboratory exposures designed to disentangle the toxicity of Corexit from 

that of crude oil in CEWAF.
 4-10

 These experiments often treated Corexit-only 

solutions as controls for CEWAF but did not quantify the individual components of 

Corexit in CEWAF. 

These studies may have relied on bulk dilution calculations or the 

quantification of a single component of Corexit because the analytical methodology 

for the quantification of the individual components of Corexit had to be developed in 

response to the needs for environmental monitoring following DWH.
11

 The 

development of analytical methods focused on seawater, leaving a need for the 

development of quantitative methods for marine sediment.
2, 12-19

 The work presented 

in this thesis addressed the complexity of experimental design with a focus on the 

individual surfactant components of Corexit. Specifically, differences in the initial 

surfactant composition between Corexit-only and CEWAF mixtures were observed to 

result from an experimental design widely used in the scientific community to 

generate CEWAF. Additionally, remaining methodological needs were addressed 

with the development of a method for the quantification of DOSS in marine 
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sediments. This method was applied to sediments in the Gulf to define the spatial 

footprint of DOSS impacted sediments and temporal trends in DOSS concentration 

from 2010 through 2015. 

6.2 Method Innovation, Application and Future Work. 

The laboratory microcosm study described in Chapter 2 quantified the extent 

of primary microbial degradation of the Corexit surfactants in laboratory microcosms 

using seawater collected at depth (1,178 m) near a natural hydrocarbon seep in the 

Gulf. Primary degradation of the non-ionics was rapid (<7 d). However, primary 

degradation of DOSS was significant but incomplete (33-41%) over the course of 

incubations. Mass balance was not achieved between DOSS and the transformation 

intermediate EHSS, indicating that other transformation products were present. 

Identification and quantification of these intermediates was beyond the scope of the 

work presented in this thesis. Seidel et al. have proposed possible additional 

intermediates of DOSS degradation but did not quantify these compounds.
20

 Future 

work could focus on the identification and quantification of other important 

transformation intermediates of DOSS. Additional work should also characterize the 

presence or absence of proposed transformation intermediates in the off-the-shelf 

Corexit formulation. For example, EHSS is a microbial and abiotic hydrolysis 

product of DOSS and is present in the whole Corexit.
2, 20 

Chapter 2 also describes significant differences in the ratio of the individual 

Corexit surfactants between time zero Corexit-only and CEWAF treatments which 

indicates that the Corexit surfactants have individual tendencies to associate with 

free-phase oil or seawater during CEWAF formation. Surfactant associated with free-

phase-oil is then excluded from the resulting aqueous solution when the oil is 

discarded. Chapter 2 also describes additional experiments undertaken to quantify the 

abiotic hydrolysis of DOSS at 25° C. No significant abiotic losses were observed over 

28 days. This observation is in contrast to that reported by Campo et al. and suggests 

that the abiotic loss of DOSS observed by Campo et al. was due to the addition of 

sodium azide as a biocide. Alternatively, future work could aim to identify parameters 
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that control the availability of freely dissolved surfactant in a CEWAF. For example, 

does the concentration of dissolved organic carbon effect the concentration of free 

surfactant? 

Chapters 3 and 4 describe a method for the quantification for DOSS in marine 

solids by LC-QTOF, the application of the method to sediments and sediment trap 

solids collected in the Gulf, and the spatial and temporal trends in DOSS 

concentration in deep-sea Gulf sediments. Chapter 3 discusses interferences observed 

for DOSS and its isotopes that compromise the quantification of DOSS in some 

samples when analyzed by LC-MS/MS. These interferences were resolved without 

further sample clean up by taking advantage of the greater selectivity of QTOF. 

Chapter 3 also presents method performance metrics which were previously missing 

from the literature. Chapter 4 presents the application of that method to a larger 

number of sediments collected between 2010 and 2015 and incorporated publicly-

available NRDA data to define the spatial foot print of DOSS-impacted gulf 

sediments and temporal trends in sediment DOSS concentrations. Chapter 4 presents 

the largest spatial dataset in the literature. Additionally, DOSS-impacted sediments 

were observed in 2015, documenting the long term persistence of DOSS in sediments 

within 13 km from DWH more than 5 years after the DWH application of Corexit. 

Future work could include analysis of a greater number of samples to better define the 

temporal trends of DOSS concentration. Alternatively, future work could target the 

analysis of archived samples for the non-ionic surfactants, which in the absence of 

transformation, may be expected to associate with surface oil due to greater 

hydrophobicity. 

Chapter 5describes the ejection of surfactant aerosols form Corexit-oil 

mixtures under conditions that occur during breaking waves. This has not been 

previously identified as a transport pathway for the Corexit surfactants and has 

implications for the potential exposure of emergency responders to Corexit aerosols. 

Additionally, this work confirms that the presence of Corexit at a relevant dispersant 

to oil ratio increases the rate of ejection of semi and nonvolatile alkanes. Future 

research could focus on risk assessment for emergency responder exposure.  
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Oil spills will continue to occur and the use of chemical dispersant will likely 

remain a key emergency oil spill response tool. Corexit 9500 will likely be the 

dispersant of choice due to its availability and its large volume use during the DWH 

emergency response. Therefore, it is essential that the transport, persistence, and 

impact of Corexit in the marine environment be fully documented. This research 

solved critical analytical challenges in surfactant measurement and informed the 

transport and persistence of surfactants in marine systems. 
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Appendix 1 – Chapter 2 Supporting Information: Corexit Surfactant 

Biodegradation, Hydrolysis and Aqueous Phase Composition After CEWAF 

Formation 

Table A1.1. DOSS, EHSS, Span 80 and Tween 80 and Tween 85 concentration (μg L
-1

) 

for triplicate microcosm samples at time zero and 7, 17, 28, and 42 days of incubation at 

5° C. 
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DOSS EHSS Σ Tween 80 Tween 85 Span 80 (ug/L) 

Day Replicate ug L-1 ug L-1 ug L-1 ug L-1

1 480 10 766 147

2 550 11 898 142

3 570 10 776 155

Mean 533 10 813 148

SD 47 0.49 73.5 6.6

95 CI 117.4 1.2 52.7 4.7

1 810 10 <LOD <LOD

2 650 10 <LOD <LOD

3 860 10 <LOD <LOD

Mean 770 10 NC NC

SD 110 0.14 NC NC

95 CI 272.5 0.3 NC NC

1 540 11 <LOD <LOD

2 470 11 <LOD <LOD

3 540 10 <LOD <LOD

Mean 520 11 NC NC

SD 40 0.40 NC NC

95 CI 100.4 1.0 NC NC

1 490 11 <LOD <LOD

2 500 11 <LOD <LOD

3 470 12 <LOD <LOD

Mean 490 11 NC NC

SD 15 0.31 NC NC

95 CI 37.9 0.8 NC NC

1 1560 15 <LOD <LOD

2 990 9 <LOD <LOD

3 150 14 <LOD <LOD

Mean 900 13 NC NC

SD 710 3.4 NC NC

95 CI 1763.9 8.5 NC NC

0

7

17

28

42
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Table A1.1 Continued.  

DOSS EHSS Σ Tween 80 Tween 85 Span 80 (ug/L) 

Day Replicate ug L-1 ug L-1 ug L-1 ug L-1

1 18 20 <LOD <LOD

2 21 20 <LOD <LOD

3 17 18 <LOD <LOD

Mean 19 19 NC NC

SD 2.1 1.6 NC NC

95 CI 1.5 1.2 NC NC

1 17 18 <LOD <LOD

2 15 20 <LOD <LOD

3 17 19 <LOD <LOD

Mean 16 19 NC NC

SD 0.8 0.6 NC NC

95 CI 2.1 1.6 NC NC

1 13 18 <LOD <LOD

2 19 23 <LOD <LOD

3 17 23 <LOD <LOD

Mean 17 21 NC NC

SD 3.2 2.6 NC NC

95 CI 2.3 1.8 NC NC

1 15 21 <LOD <LOD

2 12 19 <LOD <LOD

3 12 19 <LOD <LOD

Mean 13 20 NC NC

SD 1.3 1.3 NC NC

95 CI 3.3 3.2 NC NC

1 13 19 <LOD <LOD

2 10 21 <LOD <LOD

3 14 19 <LOD <LOD

Mean 12 20 NC NC

SD 1.7 1.3 NC NC

95 CI 4.2 3.3 NC NC

0

7

17

28

42
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A
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Table A1.1 Continued.  

 

DOSS EHSS Σ Tween 80 Tween 85 Span 80 (ug/L) 

Day Replicate ug L-1 ug L-1 ug L-1 ug L-1

1 18 19 <LOD <LOD

2 19 17 <LOD <LOD

3 19 20 <LOD <LOD

Mean 18 19 NC NC

SD 0.32 1.1 NC NC

95 CI 0.8 2.8 NC NC

1 16 18 <LOD <LOD

2 14 20 <LOD <LOD

3 18 20 <LOD <LOD

Mean 16 19 NC NC

SD 2.1 1.0 NC NC

95 CI 5.1 2.4 NC NC

1 9 19 <LOD <LOD

2 11 18 <LOD <LOD

3 12 30 <LOD <LOD

Mean 11 22 NC NC

SD 1.3 6.8 NC NC

95 CI 3.3 16.8 NC NC

0

7

42

CE
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A
F 
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N
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Table A1.2. DOSS, EHSS and Tween 80 and Tween 85 concentration (μg L
-1

) for 

triplicate abiotic control microcosm samples prior to (pre) and after (post) double 

pasteurization and at 7 and 39 days of incubation at 8° C. 

    DOSS  EHSS Σ Tween 80 Tween 85 

Day Replicate μg L-1 μg L-1 μg L-1 

0 Pre 

1 2100 17 3500 

2 2000 19 3400 

3 2100 15 3400 

Mean 2100 17 3400 

SD 60 2.3 58 

95 CI 140 5.6 140 

0 Post 

1 2100 19 3600 

2 2600 17 4200 

3 2300 14 3900 

Mean 2300 17 3900 

SD 250 2.1 300.0 

95 CI 620 5.2 745.3 

7 

1 2200 11 3600 

2 2000 10 3600 

3 2000 16 3800 

Mean 2100 12 3700 

SD 120 3.4 120 

95 CI 290 8.6 290 

39 

1 2200 18 3100 

2 2100 20 3100 

3 2000 21 3500 

Mean 2100 20 3200 

SD 100 1.2 230 

95 CI 250 3.0 570 
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Table A1.3. Mass (g) of DOSS, EHSS, Span 80 and Tween 80 and Tween 85 in 100 g of 

Corexit 9500 and the surfactant to EHSS ratio. 

 

Mass (g) 

EHSS 

ratio 

DOSS 18 64 

EHSS 0.28 NA 

Tween 

80 
22.6 81 

Span 

80 
4.4 16 
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Table A14. The surfactant to EHSS ratio for DOSS, EHSS, Span 80, and Tween 80 and 

Tween 85. for triplicate Corexit –only, CEWAF and CEWAF + nutrients microcosm and 

abiotic controls at time zero. 

    DOSS  EHSS  
Σ Tween 80 Tween 

85 
Span 80 
(ug/L)  

Treatment Replicate ug L-1 ug L-1 ug L-1 ug L-1 

C9500 

1 50 NA 80 15 

2 52 NA 86 14 

3 59 NA 80 16 

Mean 54 NC 82 15 

SD 4.4 NC 3.3 1.3 

95 CI 11 NC 2.3 0.90 

CEWAF 

1 0.90 NA <LOD <LOD 

2 1.0 NA <LOD <LOD 

3 0.95 NA <LOD <LOD 

Mean 1.0 NC NC NC 

SD 0.06 NC NC NC 

95 CI 0.15 NC NC NC 

CEWAF+ N 

1 0.94 NA <LOD <LOD 

2 1.1 NA <LOD <LOD 

3 0.95 NA <LOD <LOD 

Mean 1.0 NC NC NC 

SD 0.07 NC NC NC 

95 CI 0.18 NC NC NC 

Abiotic      
8° C Post 

1 110 19 200 NA* 

2 150 17 250 NA* 

3 160 14 270 NA* 

Mean 140 17 240 NC 

SD 25 2.1 39 NC 

95 CI 61 5.2 96 NC 

Abiotic      
25° C 

1 93 NA 120 NA* 

2 68 NA 64 NA* 

3 84 NA 79 NA* 

Mean 81 NC 87 NC 

SD 13 NC 29 NC 

95 CI 32 NC 73 NC 
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Table A1.5. The concentration of EHSS (μg L
-1

) calculated using a bulk dilution factor, 

the measured EHSS concentration  (μg L
-1

), and the fraction of EHSS incorporated into 

the aqueous phase for the Corexit-only, CEWAF (± nutrients) treatments, abiotic 

controls, and additional Corexit-only and CEWAF (± nutrients) solutions. 

 
Calculated EHSS  Measured EHSS  Percent EHSS 

Treatment μg L-1 μg L-1 % 

C9500 42 10 24 

CEWAF 74 19 26 

CEWAF+ N 75 18 24 
Abiotic   

8° C Post 700 17 2.4 
Abiotic   
25° C 17.5 8.0 46 

C9500 2 700 26 3.7 

CEWAF 2 350 24.00 6.9 

CEWAF+ N 2 350 24.0 6.9 
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Table A1.6. DOSS and EHSS concentration (μg L
-1

) for additional triplicate t time zero 

Corexit-only and CEWAF (± nutrients) initial solutions. 

DOSS EHSS Σ Tween 80 Tween 85

Treatment Replicate ug L-1 ug L-1 ug L-1

1 2200 25 2800

2 2300 23 2900

3 2300 29 2900

Mean 2300 26 2900

SD 58 2.9 58

95 CI 140 7.1 140

1 21 23 <LOD

2 27 26 <LOD

3 22 22 <LOD

Mean 23 24 NC

SD 3.3 1.9 NC

95 CI 8.2 4.6 NC

1 24 26 <LOD

2 25 25 <LOD

3 26 21 <LOD

Mean 25 24 NC

SD 1.0 2.7 NC

95 CI 2.5 6.8 NC

C9500

CEWAF

CEWAF+ N
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Table A1.7. DOSS, EHSS and Tween 80 and Tween 85 concentration (μg L
-1

) for 

triplicate abiotic control microcosm at time zero, 7 and 24 days of incubation at 25° C. 

    DOSS  EHSS  Σ Tween 80 Tween 85 

Day Replicate ug L-1 ug L-1 ug L-1 

0 

1 530 5.7 680 

2 670 9.9 630 

3 640 7.6 600 

Mean 610 8 640 

SD 74 2.1 40 

95 CI 180 5.2 100 

7 

1 620 8.3 800 

2 680 8.0 650 

3 720 12 540 

Mean 670 9.4 660 

SD 50 2.2 130.0 

95 CI 130.0 5.4 320.0 

24 

1 630 8.8 1100 

2 730 13 1500 

3 750 19 1100 

Mean 700 14 1200 

SD 64 5.4 230.0 

95 CI 160 13 570 
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Figure A1.1. Chemical structure of DOSS (Bis-(2-ethylhexyl)sulfosuccinate) (A) and EHSS (α/β-ethylhexlysulfosuccinate) (B). 
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Figure A1.2. Chemical Structure and Tween 85 (A), Tween 80(B), and Span 80 (C). 
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Figure A1.3. Corexit-only (A) and CEWAF (B) after 48 h of stirring. 
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Figure A1.4. Distribution of the primary surfactants in COREXIT and their expected distribution 

upon 1000X dilution (top panel) versus observed distribution in the Corexit-only solution (middle 

panel) and the CEWAF solution (lower panel).  

.
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Appendix 2 – Chapter 3 Supporting Information: Selective Quantification of DOSS 

in Marine Sediment and Sediment-Trap Solids by LC-QTOF-MS 

A2.1 Liquid Chromatography. 

An Agilent Poroshell 120 EC-C18 guard column (4.6 mm ID x 5 mm length x 2.7 μm 

particle size) that was placed in-line with an Agilent XDB-C18 analytical column (4.6 

mm IDx20 mm lengthx3.57 μm particle size). A 900 μL extended seat capillary was 

inserted between the needle seat and the six port valve in the auto sampler. Mobile phase 

A consisted of 0.5 mM NH4OAc in water, mobile phase B was 100 percent MeOH, and 

mobile phase C was 10 mM NH4OAc in methanol. The initial mobile phase was 5% B at 

an initial flow rate of 2.5 mL min
-1

. This condition was held for 2.1 min, increased to 

70 % by 2.5 min, increased to 85% by 3 min, and increased to 100% by 3.35 min. At 3 

min, the flow rate was reduced to 1 mL min
-1 

to increase the ionization efficiency of 

DOSS during elution, and at 4.5 min, the flow rate was increased back to 2.5 mL min
-1

. 

At 6 min, 100% C was rapidly introduced and the flow rate was increased to 4.25 mL 

min
-1

and then held for 2 min to regenerate the SAX guard columns. The system was then 

flushed with 100% mobile phase B for 1 min. Initial mobile phase conditions were 

gradually reintroduced between 9 and 10 min
 
and held for an additional 1.5 min before 

beginning the next analysis.
 
Using the external divert valve, flow from the analytical 

column was diverted to waste for the first 2.1 min of the gradient to prevent the injection 

of non-volatile salts into the MS source. The flow was again diverted to waste at 4.5 min 

and held in that position for the remainder of the gradient. 
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Table A2.1. DOSS concentration (μg kg-1) calculated for extraction blanks. 

Extract 
Calculated Concentration  

(μg kg-1) 

Extraction blank 1 0.10 

Extraction blank 2 s/n < 3 

Extraction blank 3 s/n < 3 

Extraction blank 4 0.08 

Extraction blank 5 0.36 

Extraction blank 6 0.07 

Extraction blank 7 0.05 

Extraction blank 8 0.02 

Extraction blank 9 s/n < 3 

Extraction blank 10 0.05 

Extraction blank 11 0.61 

Extraction blank 12 0.08 

Extraction blank 13 0.15 

Extraction blank 14 0.14 

Extraction blank 15 s/n < 3 

Extraction blank 16 s/n < 3 

Extraction blank 17 s/n < 3 

Extraction blank 18 s/n < 3 
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Table A2.2. The effect of freeze drying and storage on DOSS concentrations . Mean DOSS 

concentration (μg kg-1), and 95% confidence interval, and RSD calculated for replicate extracts of 

a single sediment sample containing environmentally-incurred DOSS. The sediment sample was 

split into subsamples and either freeze-dried or not freeze-dried. Sediment not freeze-dried was 

extracted in triplicate and analyzed by LS-MS/MS during the initial method optimization. 

Sediment that was freeze-dried was extracted in quadruplicate and analyzed by LC-QTOF-MS 

and separate extracts of freeze-dried sediment were analyzed again by LC-QTOF-MS; 12 months 

later. 

Analyte 
Not Freeze-Dried 

(n = 3) 

Freeze-Dried 

(n = 4) 

Freeze-Dried 12 months 

(n = 4) 

DOSS   1.8 ± 1.0 μg kg-1 (22%) 1.4 ± 0.4 μg kg-1 (16%) 1.1 ± 0.2 μg kg-1 (8.7%) 
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Figure A2.1.  Structure and molecular weight of DOSS (m/z 421.2265) and its characteristic 

fragment ions including (z)-4-((2ehylhexyl)oxy)4-oxobut-2-enoate (m/z 227.1289) and sulfonate 

(m/z 80.9165). 
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Appendix 3 – Chapter 4 Supporting Information: SPATIAL AND TEMPORAL 

TRENDS IN DOSS IN GULF OF MEXICO DEEP-SEA SEDIMENTS: 2010 AND 

2015 

 

A3.1 Chemicals and standards. Solid (98.1%) bis-(2-ethylhexyl) sodium sulfosuccinate 

(DOSS) and deuterated DOSS (
2
H34–DOSS) was obtained from Sigma Aldrich (Saint 

Louis, MO, USA). Parent stock standards and analytical standards were prepared as 

described previously (Perkins et al. 2016). Analytical standards were prepared in MeOH 

and analyzed within eight h. All glassware was combusted at 400 
o
C for 12 h prior to use. 

MS-grade methanol (MeOH) was purchased from Fisher Scientific (Pittsburg, PA, USA). 

Laboratory 18-MΩ, deionized (DI) water was obtained by an in-house Millipore Synergy 

unit with an LC-Pak polisher (EMD Millipore Corp, Billerica, MA, USA). High purity 

ammonium acetate was purchased from Sigma Aldrich. Acid-washed sand was purchased 

from Macron Fine Chemicals (Center Valley, PA, USA). 

A3.2 Liquid Chromatography. An Agilent Poroshell 120 EC-C18 guard column (4.6 

mm ID x 5 mm length x 2.7 μm particle size) that was placed in-line with an Agilent 

XDB-C18 analytical column (4.6 mm IDx20 mm lengthx3.57 μm particle size). A 900 

μL extended seat capillary was inserted between the needle seat and the six port valve in 

the auto sampler. Mobile phase A consisted of 0.5 mM NH4OAc in water, mobile phase 

B was 100 percent MeOH, and mobile phase C was 10 mM NH4OAc in methanol. The 

initial mobile phase was 5% B at an initial flow rate of 2.5 mL min
-1

. This condition was 

held for 2.1 min, increased to 70 % by 2.5 min, increased to 85% by 3 min, and increased 

to 100% by 3.35 min. At 3 min, the flow rate was reduced to 1 mL min
-1 

to increase the 

ionization efficiency of DOSS during elution, and at 4.5 min, the flow rate was increased 

back to 2.5 mL min
-1

. At 6 min, 100% C was rapidly introduced and the flow rate was 

increased to 4.25 mL min
-1

and then held for 2 min to regenerate the SAX guard columns. 

The system was then flushed with 100% mobile phase B for 1 min. Initial mobile phase 

conditions were gradually reintroduced between 9 and 10 min
 
and held for an additional 

1.5 min before beginning the next analysis.
 
Using the external divert valve, flow from the 
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analytical column was diverted to waste for the first 2.1 min of the gradient to prevent the 

injection of non-volatile salts into the MS source. The flow was again diverted to waste at 

4.5 min and held in that position for the remainder of the gradient. 

LC-QTOF-MS Calibration and Quality Control. Calibration curves for DOSS were 

prepared on each day of analysis and each consisted of five calibration standards that 

spanned from 0.27 to 3.6 ng injected DOSS. Extracts with DOSS concentrations greater 

than 3.6 ng were re-extracted and reanalyzed with a greater range of calibration (0.27-28 

ng). The 
2
H34 –DOSS (internal standard) was added to all calibration standards, such that 

0.56 ng of 
2
H34 –DOSS was injected. Calibration curves were 1/x weighted and required 

to give an R
2 

> 0.99 with deviation <20%for all calibration points. The uncertainties 

about the reported DOSS concentrations were determined from spike and recovery 

experiments as described previously.(16) 

Check standards were used for quality control purposes and consisted of 900 ng L
-1

 

DOSS, which is the equivalent of 0.27 ng DOSS was injected. Check standards were run 

every eight samples, were required to have a calculated concentration within 20% of the 

expected value, and were used to verify the continuing performance of the instrument. To 

continually check for DOSS contamination, blank methanol and an extraction blank were 

run at least every eight samples along with the check standards. 

High Resolution Quadrupole Time of Flight (QTOF) Mass Spectrometry. QTOF 

analysis was performed on a TripleTOF ABSciex 5600 (Framingham, MA, USA) 

instrument equipped with an electrospray interface and operated in negative ionization 

mode at a resolution greater than 20,000 FWHH. In full scan mode, data was collected in 

800 cycles with a period cycle time of 450 ms, a pulser frequency of 18.079 kHz, and an 

accumulation time of 0.1 ms. The curtain, nebulizer (gas 1), and drying (gas 2) gases 

were 30, 50, and 40 psi, respectively. The ion spray voltage was set at -4500 V with a 

temperature of 550°C, a collision energy of -10 V, and a declustering potential of -80 V. 

The starting and ending masses were 70 and 1000, respectively. In QTOF MS/MS mode, 

the instrument was operated under the same conditions, except with a collision energy of 

-27 V and spread of 0.0, an ion release delay of 66.63, and an ion release width of 24.92. 
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The instrument was calibrated with the APCI Negative Calibration Solution (ABSciex) 

before each extract was injected. 

The instrument was run concurrently in full scan mode to capture the molecular 

ions of DOSS (m/z 421.2265) and 
2
H34-DOSS (m/z 455.4400) and in QTOF mode to 

collect MS/MS fragment data for DOSS and 
2
H34-DOSS. Quantification for LC-QTOF-

MS was performed using Multiquant (version 2.1). Molecular ions for DOSS (m/z 

421.2265 ± 15 ppm) and the 
2
H34-DOSS internal standard (m/z 455.4400 ± 15 ppm) were 

extracted for quantification. The fragment ions of DOSS (m/z 227.1278 and 80.9156± 15 

ppm), and 
2
H34-DOSS (m/z 244.2356 and 80.9156± 15 ppm) were used for confirmation. 

A3.5 NRDA Dataset. This data set is publically through the NRDA Deepwater Horizon 

Public Diver Explorer at https://dwhdiver.orr.noaa.gov/explore-the-data. DOSS data was 

last accessed on 12/15/2016 and can be downloaded under sediment chemistry exports 

for the “Deepwater ROV Sampling to Assess Potential Impacts to Hardbottom Coral 

Communities and Associates from the Deepwater Horizon Oil Spill” and the “Deepwater 

Sediment Sampling to Assess Potential Post-Spill Benthic Impacts from the Deepwater 

Horizon Oil Spill” gulf work plans. 

https://dwhdiver.orr.noaa.gov/explore-the-data
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Table A3.1. Year collected, DOSS concentration (μg kg
-1

), radial distance from the 

DWH (km), latitude and longitude (decimal degrees), and the depth interval (cm) for 

surficial sediments collected between 2010 and 2015 where DOSS was not overserved 

above the LLOQ (0.23 μg kg
-1

). 

 

 

 

 

 

 

 

 

Year

DOSS 

Concentration 

(μg kg-1)

Radial Distance 

(km)
Latitude Longitude

Depth 

(cm)

2010 <LLOQ 8.3 28.681833 -88.309733 0-2.5

2010 <LLOQ 47 28.908017 -87.922333 0-3

2010 <LLOQ 49 28.536667 -87.939667 0-3

2010 <LLOQ 68 28.852 -89.057833 0-3

2010 <LLOQ 90 29.046467 -87.50415 0-1

2011 <LLOQ 18 28.855167 -88.491333 OF

2012 <LLOQ 5.0 28.712 -88.324 0-3

2012 <LLOQ 7.0 28.67505 -88.369433 0-3

2012 <LLOQ 7.0 28.67505 -88.369433 OF

2012 <LLOQ 63 28.939283 -88.970167 0-3

2012 <LLOQ 65 29.32475 -88.386767 0-3

2012 <LLOQ 140 27.555 -88.766667 0-3

2013 <LLOQ 16 28.639917 -88.486767 0-3

2013 <LLOQ 18 28.856167 -88.489667 0-5

2013 <LLOQ 280 27.365767 -90.564117 0-3

2015 <LLOQ 4.5 28.697833 -88.365167 OF

2015 <LLOQ 4.5 28.699717 -88.381133 OF

2015 <LLOQ 29 28.637383 -88.637383 0-5

2015 <LOD 250 27.365333 -90.365333 0-5

2015 <LLOQ 310 27.209333 -91.014667 0-5

2015 <LLOQ 310 27.209333 -91.014667 OF

2015 <LLOQ 310 27.209 -91.014667 OF

2015 <LLOQ 320 27.208667 -91.015167 0-5

2015 <LLOQ 320 27.758833 -91.43405 0-5

2015 <LOD 330 27.783133 -91.50735 0-5

2015 <LLOQ 350 27.758833 -91.758833 0-5
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Table A3.2. Year collected, DOSS concentration (μg kg
-1

), radial distance from the 

DWH (km), latitude and longitude (decimal degrees), and the depth interval (cm) for 

surficial sediments collected on the Holiday Chouest cruise. LLOQ = 5 μg kg
-1

. 

 

 

 

Year
DOSS Concentration 

(μg kg-1)

Radial Distance 

(km)
Latitude Longitude

Depth 

(cm)

2011 <LLOQ 4.9 28.69606 -88.346325 0-1

2011 6.1 6.4 28.68222 -88.345014 0-1

2011 <LLOQ 6.5 28.68136 -88.34402 0-1

2011 9.3 13 28.67222 -88.476382 0-1

2011 <LLOQ 13 28.67213 -88.476427 0-1

2011 <LLOQ 18 28.85262 -88.492557 0-1

2011 <LLOQ 18 28.85595 -88.493617 0-1

2011 <LLOQ 22 28.63381 -88.169696 0-1

2011 <LLOQ 22 28.63359 -88.169516 0-1

2011 <LLOQ 27 28.78727 -88.634709 0-1

2011 <LLOQ 27 28.93538 -88.202652 0-1

2011 <LLOQ 27 28.93541 -88.201376 0-1

2011 <LLOQ 37 29.06942 -88.377483 0-1

2011 <LLOQ 37 29.06993 -88.377591 0-1

2011 <LLOQ 55 28.4855 -88.850837 0-1

2011 <LLOQ 59 29.16498 -88.011441 0-1

2011 <LLOQ 180 27.58663 -89.704054 0-1

2011 <LLOQ 180 27.5865 -89.704481 0-1
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Table A3.3. Year collected, DOSS concentration (μg kg
-1

), radial distance from the 

DWH (km), latitude and longitude (decimal degrees), and the depth interval (cm) for 

surficial sediments collected by the NRDA program on the Sarah Bordelon cruise. LLOQ 

= 5 μg kg
-1

. 

Year
DOSS Concentration 

(μg kg-1)

Radial Distance 

(km)
Latitude Longitude

Depth 

(cm)

2011 20 0.42 28.73995 -88.36815 0-1

2011 25 0.43 28.73994 -88.36821 0-1

2011 79 0.43 28.73438 -88.36243 0-1

2011 27 0.44 28.73432 -88.36239 0-1

2011 54 0.44 28.73433 -88.36237 0-1

2011 20 0.46 28.73455 -88.37008 0-1

2011 41 0.47 28.74047 -88.36805 0-1

2011 24 0.48 28.73443 -88.37021 0-1

2011 19 0.49 28.73438 -88.37028 0-1

2011 20 0.70 28.74228 -88.36273 0-1

2011 24 0.70 28.74226 -88.36268 0-1

2011 23 0.71 28.74232 -88.3627 0-1

2011 6100 0.76 28.74211 -88.37066 0-1

2011 32 0.78 28.7422 -88.37094 0-1

2011 27 0.80 28.7426 -88.37053 0-1

2011 20 0.86 28.73164 -88.3592 0-1

2011 60 0.88 28.73211 -88.35862 0-1

2011 84 0.91 28.73128 -88.35887 0-1

2011 20 1.1 28.74479 -88.35983 0-1

2011 23 1.1 28.74482 -88.35988 0-1

2011 20 1.1 28.74474 -88.35973 0-1

2011 11 1.2 28.73228 -88.37673 0-1

2011 25 1.2 28.73158 -88.37651 0-1

2011 20 1.2 28.73155 -88.37657 0-1

2011 14 1.2 28.74443 -88.37438 0-1

2011 20 1.2 28.7445 -88.37447 0-1

2011 10 1.2 28.74464 -88.37441 0-1

2011 5.8 2.8 28.72013 -88.34459 0-1

2011 20 2.8 28.71994 -88.34464 0-1

2011 <LLOQ 2.8 28.71987 -88.34469 0-1

2011 33 2.9 28.72002 -88.38837 0-1

2011 58 2.9 28.72 -88.38894 0-1

2011 15 2.9 28.71995 -88.38897 0-1

2011 9.9 3.0 28.73872 -88.33581 0-1  
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Table A3.3. Continued. 

Year
DOSS Concentration 

(μg kg-1)

Radial 

Distance (km)
Latitude Longitude

Depth 

(cm)

2011 6.3 3.0 28.73911 -88.33568 0-1

2011 27 3.0 28.70987 -88.36599 0-1

2011 12 3.0 28.70979 -88.36671 0-1

2011 20 3.0 28.73879 -88.33541 0-1

2011 68 3.0 28.7096 -88.36661 0-1

2011 20 3.1 28.73798 -88.39733 0-1

2011 24 3.1 28.73805 -88.39751 0-1

2011 22 3.1 28.73825 -88.39755 0-1

2011 6.9 3.2 28.75798 -88.34446 0-1

2011 20 3.2 28.75689 -88.38887 0-1

2011 20 3.2 28.76516 -88.36656 0-1

2011 20 3.2 28.75774 -88.34408 0-1

2011 13 3.2 28.76517 -88.36664 0-1

2011 9.8 3.2 28.75786 -88.3442 0-1

2011 8.1 3.2 28.76519 -88.36677 0-1

2011 <LLOQ 3.2 28.75732 -88.38859 0-1

2011 <LLOQ 4.8 28.69686 -88.38516 0-1

2011 7.1 4.8 28.69659 -88.38511 0-1

2011 25 4.8 28.69643 -88.38524 0-1

2011 9.4 4.9 28.70546 -88.40203 0-1

2011 20 4.9 28.70545 -88.4022 0-1

2011 12 5.0 28.70481 -88.40185 0-1

2011 19 5.0 28.73015 -88.41697 0-1

2011 20 5.1 28.73002 -88.41751 0-1

2011 9 5.1 28.73018 -88.41756 0-1

2011 47 6.4 28.79245 -88.34849 0-1

2011 17 6.4 28.79248 -88.34857 0-1

2011 20 6.4 28.79255 -88.34862 0-1

2011 20 7.1 28.67298 -88.36899 0-1

2011 39 7.1 28.67271 -88.36882 0-1

2011 9.7 7.1 28.67267 -88.3686 0-1

2011 5.7 7.4 28.68808 -88.41834 0-1

2011 9.3 7.4 28.68793 -88.41833 0-1

2011 25 7.5 28.68772 -88.41852 0-1
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Table A3.3. Continued. 

Year
DOSS Concentration 

(μg kg-1)

Radial Distance 

(km)
Latitude Longitude

Depth 

(cm)

2011 5.4 9.9 28.66803 -88.43009 0-1

2011 6.6 9.9 28.66782 -88.43004 0-1

2011 29 9.9 28.66761 -88.43005 0-1

2011 11 10 28.78467 -88.4538 0-1

2011 6 10 28.78488 -88.45369 0-1

2011 24 10 28.78455 -88.45405 0-1

2011 37 15 28.63902 -88.47105 0-1

2011 <LLOQ 15 28.63909 -88.47122 0-1

2011 6.5 15 28.63916 -88.47131 0-1

2011 83 20 28.7746 -88.16809 0-1

2011 5.7 20 28.77458 -88.16793 0-1

2011 5.4 20 28.77466 -88.16755 0-1

2011 <LLOQ 21 28.80296 -88.56454 0-1

2011 20 21 28.80303 -88.56485 0-1

2011 48 21 28.80312 -88.56505 0-1

2011 10 22 28.75743 -88.58863 0-1

2011 8.8 29 28.55159 -88.57892 0-1

2011 <LLOQ 29 28.55162 -88.57906 0-1

2011 20 29 28.55135 -88.5793 0-1

2011 5.8 34 28.51423 -88.60058 0-1

2011 20 34 28.5139 -88.60032 0-1

2011 6.6 34 28.514 -88.60055 0-1

2011 <LLOQ 49 28.41577 -88.70413 0-1

2011 11 49 28.41557 -88.70421 0-1

2011 20 49 28.41533 -88.70412 0-1

2011 5.4 51 28.98893 -87.93463 0-1

2011 <LLOQ 51 28.98911 -87.93466 0-1

2011 20 51 28.98889 -87.93434 0-1

2011 20 62 29.10662 -87.88882 0-1

2011 6.8 62 29.10682 -87.88892 0-1

2011 10 62 29.1068 -87.88847 0-1

2011 16 62 28.55727 -87.7607 0-1

2011 5.3 62 28.55687 -87.76033 0-1

2011 21 62 28.55672 -87.76028 0-1  
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Table A3.3. Continued. 

Year
DOSS Concentration 

(μg kg-1)

Radial Distance 

(km)
Latitude Longitude

Depth 

(cm)

2011 27 71 28.91842 -87.67225 0-1

2011 6 71 28.91857 -87.67216 0-1

2011 6.2 71 28.91859 -87.672 0-1

2011 5.9 76 28.2658 -88.92334 0-1

2011 9.9 76 28.26536 -88.92321 0-1

2011 20 76 28.2653 -88.92335 0-1

2011 5.4 120 28.21866 -89.49174 0-1

2011 16 120 28.21865 -89.49184 0-1

2011 20 120 28.21852 -89.49195 0-1

2011 17 130 27.82841 -89.16478 0-1

2011 21 130 27.82806 -89.16479 0-1

2011 20 130 27.82796 -89.16469 0-1  
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Appendix 4 – Chapter 5 Supporting Information: EJECTION OF SURFACTANTS 

FROM COREXIT 9500A/9527A AND ALKANES FROM OIL INTO THE 

ATMOSPHERE VIA AEROSOLIZATION FROM THE SEA SURFACE 

 

A4.1 Aerosolization Reactor. The reactor consisting of 11.5-cm wide, 1.5-m long glass 

tube that was filled with about 5 L of either NaCl solution, 35 ‰ (w/w), or seawater. The 

reactor incorporates an annular shear sparger at the bottom to produce abundant small-

sized bubbles (0.25 ± 0.04 mm).
2
 The produced bubbles in sparger are sheared off by a 

liquid shear flow, induced by a peristaltic pump (Masterflex I/P 77600-62, Thermo Fisher 

Scientific, Barrington, IL, USA). After rising to the surface, bubbles burst and produce 

droplets. A ring shaped air-lift inside the reactor facilitates lifting and drying the ejected 

droplets and vapors to the top part of the reactor, where they are collected. The operating 

parameters of the reactor including bubble flow, shear flow, and air-lift flow were set at 5 

L min
-1

, 6.4 L min
-1

, and 40 L min
-1

, respectively.  

 

A4.2 LC-MS/MS Surfactant Analysis. Chromatographic separations were performed on 

an Agilent 1100 (Agilent Technologies, Inc., Santa Clara, CA) as described in Place et al. 

3
 with minor modification. Briefly, an Agilent Proshell 120 EC-C18 guard column (4.6 

mm ID_5 mm length_2.7 μm particle size) was placed in front of an Agilent XDB-C18 

(DOSS) or an Agilent XDB-C8 (Tween 80 and Tween 85) analytical column (4.6 mm 

ID_20 mm length_3.5 μm particle size; C8 and C18). Also, during the analysis of the 

nonionic surfactants, the mobile phase was directed through an Agilent thermostatted 

column compartment (G1316A) and heated to 40 °C. 

Additionally, the initial flow rate was increased to 1 mL min
-1

 during sample loading and 

washing of the non-volatile salts from the column (first 5.6 minutes) without degrading 

the peak shape or percent recovery of the analytes of interest.  The gradient was further 

modified such that the 97.5 % acetonitrile was held for 3 min before returning to 5 % 

acetonitrile for 6 min.  The flow rate was 1 mL min
-1 

for the first 5.6 min, 0.5 ml min
-1

 for 
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5 min, and 1.0 mL min
-1

 for 6 minutes.  The timing of the main-pass-by-pass valve 

switching and divert valve switching, as described by Place et al.
3
 was adjusted to reflect 

changes in the flow rate and gradient. These chromatographic changes were made to 

achieve better peak symmetry and to significantly shorten the run time of the analysis. 

Tandem quadrupole mass spectrometric analysis was performed as described in Place et 

al.
3
, except that the analysis of Span 80 was not acquired concurrently with that of Tween 

80 and Tween 85. For whole Corexit samples, a separate analysis was performed for 

Span 80 (individual) and Tween 80 and Tween 85 (concurrent) to allow for a greater 

number of scans for Span 80, which would otherwise be limited by the long scan times of 

the precursor ion scan used to quantify the Tweens. Also, the mass range of the precursor 

ion scan used to quantify Tween 80 and Tween 85 was truncated to focus on the 

oligomers of greatest abundance in these complex mixtures (m/z 640-930). This 

truncation was implemented to decrease the individual scan time of each precursor ion 

scan, increasing the total scan time for the high abundance oligomers, increasing 

sensitivity. 

Calibration curves consisted of at least 5 standards and required a correlation coefficient 

of 0.99 or greater to be used for quantification. All calibration curves were 1 /× weighted, 

and standards whose calculated concentrations were beyond 20% of the intended 

concentration were removed from the calibration curve calculation. Calibration curves 

spanned from the lower limit of quantification (LLOQ) to the upper limit of 

quantification (ULOQ): for DOSS (0.2-25 μg L
-1

), α-/β-EHSS (0.2-23 μg L
-1

), Span80 

(60-300 μg L
-1

), Tween 80 (60-300 μg L
-1

), and Tween 85 (60-300 μg L
-1

). Each 

calibration standard was spiked to give a final concentration of 500 ng L
-1
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C4–DOSS. 

Blank and check standards
333

[3](3)(3) were used for quality control purposes. Standards 

for DOSS fell within 20% of the spiked concentration and the non-ionic Corexit 

surfactants fell within 35% of the spiked concentration. All blank QC fell below the limit 

of detection. 

A robust whole method error term was calculated as described by Gonzalez and 

Herrador, (2007), (2) using the following method: 250 ml of instant ocean IPA was 

spiked with standards to yield a concentration of 500 ng L
-1

 DOSS and EHSS and 
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80,000 ng L
-1

 non-ionics. This solution was divided between 50 ml aliquots and stored at 

-20°C until analysis. These aliquots were analyzed (5 ml, n = 4) on 4 different days to 

calculate an accuracy term that accounts for in day and between day variability. On each 

day of analysis, standards (all analytes) and internal standards (ionics only) were made 

fresh and used to calibrate the instrument. The whole method error was: DOSS (±7.3%), 

Tween 80 (±24.0%), Tween 85 (±23.3%), and Span 80 (±76%). 

A4.3 GC-FID and GC-MS for Alkane Analysis. For alkane analysis by GC-FID, 

Agilent 5890 GC-FID system was used and the injection of 1 µL made with the injector 

at 300ºC in splitless mode. The flow of the ultrahigh purity (UHP) Helium through a 

100% dimethylpolysiloxane GC column (DB-1HT, 30 m × 0.25 mm ID × 0.1 µm thick 

film) was set at the constant pressure of 120 kPa. The GC was operated in a temperature 

program mode with an initial column temperature of 50ºC for 1.4 min then increased to 

350ºC at a rate of 20ºC/min and hold for 3 min.
2
 The concentration of alkanes were 

determined from external calibration standards with a calibration range of 0.02 to 42.40 

ng/µL.  

For alkane analysis by GC-MS, Agilent 6890 GC-MS system was used equipped with an 

Agilent 5973 mass selective detector (MSD) and fitted with a 5% diphenyl/95% dimethyl 

polysiloxane capillary column (HP-5msUI, 30 m × 0.25 mm ID × 0.25 µm thick film). 

The injection of 1 µL made with the injector at 300ºC in splitless mode. The flow of the 

UHP Helium through the GC column was set at the linear velocity of 36 cm s
-1

. The oven 

program was at 50ºC for 5 min, ramp at 10ºC/min until 300ºC, then hold for 24 min. 

Methyl decanoate, Methyl arachidate and Methyl octacosanoate were used as internal 

standards for quantification. Quantitation ions for detection of alkanes were at a m/z of 57 

and 85 and the internal standard compounds at a m/z of 74 and 87.
2
 Standards for 

calibration were used in each batch of experimental samples to control the performance 

of the GC-MS/GC-FID analysis.
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Table A4.1. Average ejection rate (μg min
-1

) for VOCs (C10-C14), IVOCs (15-C19), SVOCs (C20-C24) and NVOCs (C25-C29) 

collected by nozzle and ESP. Ejection rates are reported for reactor injection rates of 20 and 50 μL min
-1 

as the mean of duplicate data 

points. 

    Nozzle ESP 

  
Injection 

Rate µL min-1 
C10-C14 
µg min-1 

C15-C19 
µg min-1 

C20-C24 
µg min-1 

C25-C29 
µg min-1 

C10-C14 
µg min-1 

C15-C19 
µg min-1 

C20-C24 
µg min-1 

C25-C29 
µg min-1 

Oil (NaCl)  

Blank NC NC NC NC NC NC NC NC 

20 190 7.7 0.28 0.28 NC 0.07 0.18 0.10 

50 340 8.3 0.40 0.35 NC 0.09 0.19 0.11 

Oil (Seawater)  

Blank NC NC NC NC NC NC NC NC 

20 210 8.1 0.47 0.28 NC 0.10 0.17 0.14 

50 340 8.3 0.67 0.42 NC 0.19 0.33 0.22 

Corexit 9527A 
(NaCl) 

Blank NC NC NC NC NC NC NC NC 

20 170 9.2 0.48 0.40 NC 0.33 0.30 0.25 

50 280 11 0.83 0.63 NC 0.67 0.40 0.30 

Corexit 9500A 
(NaCl) 

Blank NC NC NC NC NC NC NC NC 

20 200 11 0.59 0.46 NC 0.23 0.36 0.20 

50 330 14 0.96 0.56 NC 0.54 0.39 0.27 

Corexit 9500A 
(Seawater) 

Blank NC NC 0.12 0.76 NC NC NC NC 

20 190 10 0.77 1.2 NC 0.23 0.30 0.25 

50 360 11 1.1 1.5 NC 0.34 0.40 0.36 

 NC=Not calculated  
†

                                                 
†
 The average ejection rates for blank samples and VOCs (C10-C14) in ESP collection system were not calculated as the concentration of alkanes were below 

LOD.  
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Figure A4.1: (a) The actual picture of the bubble column reactor. (b) The schematic of 

the bubble column reactor adapted from Smith et al.
1 

and reprinted from Ehrenhauser et 

al.
2 
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