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PREFACE - CONCEPTUAL BACKGROUND FOR ESTABLISHING TEST CONDITIONS 

As oil and gas activities expand in the Beaufort and Chukchi Seas, appropriate spill response 
planning and implementation measures need to be in place.  The principle response options 
available in the arctic include physical capture and removal, burning, and chemical or physical 
dispersion.  These options are influenced by natural attenuating processes such as dilution, 
biodegradation, and weathering (volatilization and biological or chemical transformation of 
contaminants).  There are benefits and risks associated with each of the spill response options. 
The goal of this Joint Industry Program (JIP) is to augment the scientific evidence on the relative 
impacts of two of these response options: natural attenuation by physical dispersion or 
accelerated attenuation by the application of dispersants to petroleum.  In particular, this JIP has 
focused on whether dispersant application on oil spills in pelagic, ice-free waters of the Beaufort 
and Chukchi Seas would be a viable option to reduce the negative impacts of an oil spill on arctic 
marine resources.  

The program elements summarized in this report are the toxicity and biodegradation potential of 
untreated and dispersant-treated oil under arctic conditions.  Studies conducted to address these 
objectives included:  1) an evaluation of the acute toxicity of Alaska North Slope (ANS) crude oil 
and dispersant-treated ANS using appropriate life stages of key arctic species of fish and 
invertebrates, including an evaluation of the toxicity of the dispersant Corexit® 9500; and 2) an 
assessment of the potential for indigenous microbial communities of the Beaufort and Chukchi 
Seas to degrade treated and untreated petroleum.  A critical component of this research effort 
was to conduct controlled laboratory studies in conditions representative of the arctic marine 
environment.  Our laboratory protocols were designed to simulate the ‘real world’ conditions 
while employing established methodologies.  These included seasonal differences in 
temperatures, the physical conditions encountered in ice-free arctic waters related to the mixing 
energy inherent in surface layer hydrodynamics, and the species and age classes present in the 
ice-free waters of the Beaufort and Chukchi Seas.   

This preface presents the basis for selecting the test conditions used during these JIP studies. 
 

Selection of Arctic Test Species   

The selection of key test organisms was based on their function as critical links to valuable 
resources, the potential for those species to be present in the Beaufort and Chukchi Seas during 
the open water season, and the potential for exposure to released oil and dispersed oil.   

Pelagic food webs in the Arctic are generally considered to be relatively simple with a small 
number of lower trophic level species supporting the top predators, such as seabirds, marine 
mammals (e.g. whales, pinnipeds, polar bear and ice seals) and the indigenous people that use 
these resources (Figure P-1).  The lower trophic level species that represent critical links include 
copepods, euphausiids, and Arctic cod. 
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The species and age classes selected for toxicity testing included two seasonal age classes of the 
copepod (Calanus glacialis), juvenile Arctic cod (Boreogadus saida) and yolk-sac stage larval 
sculpin (Myoxocephalus spp.).  Each of these species and life stages represent a critical link to the 
upper trophic levels.   

The selected age classes are sensitive life stages that are present during the open-water season of 
the Beaufort and Chukchi Seas (generally July to November) and they would potentially be 
impacted by dispersed or undispersed petroleum released within the upper 10 m of the water 
column.  Our toxicity experiments evaluated the effects of petroleum to organisms living within 
the water column rather than those living within or moving through the surface air/water 
interface. Copepods were tested as two age classes, with smaller copepods captured during the 
spring/early summer and larger copepods tested in the late summer/fall period.  Juvenile cod and 
larval sculpin were only captured during the early summer period. 

Theoretical Basis of Turbulent Mixing, Dilution, Relative Dispersion Zones and Loading Rates  

The exposure scenario for toxicity tests and biodegradation experiments, including the oil loading 
rates, the mixing energy used to prepare the test solutions, the dilutions used for test exposures, 
and the flow regime for the tests were based largely on the behavior of petroleum in cold waters.  
The following discussion provides an overview of the behavior of physically and chemically 
dispersed oil and what test conditions were selected to best approximate those behaviors. 

Petroleum is generally immiscible in seawater; oils with lower specific gravity rise to the sea 
surface where more volatile or soluble components are released into the air or into the water, 
respectively (NRC 1989; EPPR 2011).  The surfaced oil spreads horizontally while disturbance 
created by wind and wave action exposes more of this surfaced oil to volatilization and 
solubilization and creates oil/water emulsions.  During these processes small globules of oil may 
undergo further physical, chemical and biological weathering, creating aggregations of the 

Figure P-1.  Arctic Food Web 
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heavier compounds (e.g. tar balls).  Arctic conditions influence these processes due to the low 
temperatures that increase oil viscosity. 

Dispersion Zones 

Untreated oil forms slicks that largely remain in the near-surface layer and are transported 
laterally by winds and currents.  The oil continues to spread on the surface of the ocean forming 
ribbons of slicks that rapidly spread to approximately 1 mm in thickness and are patchily 
distributed.  Wind and waves break up and drive some of this surface oil into the water column in 
relatively large globules (>100 µm).  The maximum concentration of oil is contained in the 
immediate slick area, potentially exposing organisms that use the air water interface to the 
highest petroleum hydrocarbon concentrations that immediately follow a spill event.  

The application of dispersants to oil rapidly transports large quantities of petroleum into the 
water column which reduces exposure to marine birds, mammals, neuston, and hyponeustonic 
surface dwelling organisms while increasing exposure to organisms living deeper within the water 
column.  Chemical dispersants solubilize oil into smaller droplets which disperse within the upper 
10 m of the water column where the reduced particle size (mean ~30 µm; Trudel et al. 2010) and 
nearly neutral buoyancy maintains the oil in the water column.  The maximum potential exposure 
concentration to pelagic organisms within the water column would occur if unweathered surface 
petroleum was quickly transferred into the near-surface water column.  However, dilution of the 
dispersed oil occurs immediately as the droplets are further transported into the three-
dimensional space of the water column where concentrations of petroleum hydrocarbons are 
significantly reduced over a relatively short time period. 

In field trials with Corexit® 9500 and low viscosity oil (2075 cP), the oil and dispersant were rapidly 
and completely dispersed into the water column under wind and wave conditions comparable to 
Beaufort sea state of 3-4 (Table P-1; Lewis 2004; NRC 2005; Brandvik et al. 1996).  Within 23 
minutes of dispersant application, the concentrations of oil during other sea trials at depths of 5-6 
m within 23 minutes of dispersant application (Table 2) was less than the lowest effect 
concentration (LOEC) of 2 mg/L representing all acute endpoints (including larval abnormality) as 
described in the toxicology chapter of this report.  

Table P-1.  Concentrations of Oil at Depths beneath the Surface after Application of Dispersants 

Oil Type 
(Dispersed) 

Viscosity 
(cP) 

TPH Concentrations (mg/L)  
[under dispersed plume 23 minutes after application] 

1m 5m 6m 10m 

Field Trial Concentrations
1 

 

La Rosa 180 2 2 0.5 <0.1 

Murban 7 18 3 0.4 <0.4 

Prudhoe Bay 68 40 1.5 0.07 <0.07 

North Sea Field Trials
2 

 

Troll  Unknown 45 23  <1 
1
 NRC 1989, 2005 

2
 Brandvik et al. 1996 

Similar dilution rates were observed during controlled experiments using the Ohmsett National 
Oil Spill Response Research & Renewable Energy Test Facility (Table 2; Lewis 2004; Trudel et al. 
2010).  Concentrations and particle size distributions for several types of oil measured beneath 
slicks treated or untreated with dispersants were measured in a large wave tank, representing 
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concentrations that might occur within the upper 3.3 m of a well mixed but enclosed environment 
(203 m by 20 m by 3.3 m deep).  The breaking waves created in this facility for testing the 
dispersion of oil have a wave length of 5.4 m, significant wave heights of 0.45 m and a frequency 
of 32.5 cycles per minute.  The mixing energy in this tank appears to be similar to wave conditions 
observed at a Beaufort sea state of 3-4 (Lewis 2004; Veron 2009; Trudel et al. 2010; Maloney 
2003).  Based on visual inspection, petroleum that was not treated with dispersants spread 
throughout the surface of the tank, onto the edges of the tank and produced large globules of oil 
beneath the spreading slicks.  This is in contrast to visual appearance of brownish colored clouds 
of oil following application of dispersants and the rapid displacement of oil into the water column. 
Controlled experiments conducted at the Ohmsett wave tank demonstrated that dispersant 
application places 12 to 16-fold more oil into the water column directly under the slicks 
(differences in average and maximum concentrations, respectively).   In the water column, the 
average particle size in the oil treated with dispersant was approximately 5-fold smaller than the 
physically dispersed oil (Trudel et al. 2010).   

Table P-2.  Concentrations of Oil beneath Slicks (from Trudel et al. 2010)  

Oil Type 
Viscosity 

(cP) 
At 15°C 

TPH Concentration  
(mg/L) 

Globule Size 
(µm) 

Mean Maximum Mean %<70 µm 

Physically Dispersed 

Henry 67 2-5 9-21 100-143 21-26 

Edith 290 3 19 191 10 

Gina H14 1393 3 17 148 28 

Eureka 2565 4 37 120 50 

Gina H7 18690 11 11 239 19 

Chemically Dispersed 

Henry 67 69 173 8 95 

Edith 290 61 212 22 86 

Gina H14 1393 47 207 37 74 

Eureka 2565 36 207 29 80 

Gina H7 18690 67 224 73 60 

Heritage (2008) 1408 68 215 21 83 

Heritage (2005) 10610 56 527 60 64 

The exposure concentrations summarized in Table P-2 from wave tank testing include the 
maximum concentrations observed after dispersant treatment in a large experimental chamber.  
Comparable high concentrations were not observed during the sea trials summarized in Table P-1 
even though they were conducted for comparable time frames; these differences are likely due to 
additional mixing and dilution processes that occur in the environment but which cannot be 
accommodated even in a large experimental chamber. 

Based on the maximum concentrations measured in field trials and tank experiments, the 
potential duration of petroleum exposure to pelagic organisms at acutely toxic concentrations is 
relatively short (<1/2 hour). Decreased exposure is due to petroleum being mixed into the water 
column by turbulence caused by wind and waves, and lateral spreading by currents.  This physical 
dispersion effectively changes the area to volume relationship.   For example, an area of 300 m2 
and a depth of 3 m increased to 400 m2 with the same depth would result in a dilution of the 
initial concentration by half.  A Beaufort scale of 3 to 4 (winds of 8-17 mph) will reduce 
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concentrations by one half within one hour due to these dispersion processes.  An evaluation of 
three dispersant treated crude oils under real field conditions indicated that after dispersant 
application, the time required to reduce the concentration beneath a plume by half (the half-life) 
was less than one hour in all but one case at 5 m of water depth (Table P-3).  In order emulate the 
decreasing exposure concentrations observed in the field, our laboratory tests were conducted as 
spiked exposures.   In our tests, the nominal exposure concentrations were reduced by half in 
approximately 4 hours and verified by analytical chemistry.  This test design allowed for a longer 
exposure of test organism at higher concentrations than observed from sea trials, and would 
generate conservative estimates of toxicity.   

Table P-3.  Total Petroleum Hydrocarbon Concentrations Evaluated from Field Trials at Two Depths and 
Multiple Time Intervals. 

TPH
1
 (mg/L)  

Crude Oil type 
1 m 5 m 

23 min 55 min 80 min 23 min 55 min 80 min 

La Rosa 23 2 0.33 2 0.5 0.1 

Murban 20 4 4 3 1 1 

Prudhoe Bay 40 15 0.8 0.6 15 1 
1NRC, 1989; 2005   

 
Exposure Concentrations, Test Solutions and Chemical Analysis 

The toxicity of petroleum to test organisms was determined using three methods of preparing 
water accommodated fractions.  The standard water accommodated fraction (WAF) represented 
the non-treated solubilization of oil into the water column with minimal physical disturbance 
while the chemically enhanced accommodated fraction (CEWAF) represented the influence of the 
addition of the dispersant to the oil under a similar mixing energy.  A third method (breaking 
wave WAF, termed BWWAF) was developed to introduce more mixing energy to represent a 
slightly more vigorous mixing process that would be more representative of wind and wave 
conditions representing a Beaufort scale of 2 to 3 (4 to 12 mph).  

Loading rates, the amount of oil and dispersant added to seawater to make the test solutions, 
were based on approximations of the amount of oil or dispersant that might be encountered in 
the field.  While the volume of oil spilled varies widely, the oil loading rate of 10 g/L used here 
approximated a spill of 550,000 gallons.  This is a similar loading rate to previous testing programs 
(Blenkinsopp et al. 1996; Aurand and Coelho 2005).  The dispersant to oil ratio used here (1:20) 
followed the manufacturer’s recommendations for application rate. 

While loading rates provided target oil to water ratios representative of field conditions, oil in the 
mixing vessels does not spread and dilute in a manner similar to those of the open ocean.  As 
shown by the Ohmsett tank studies, even a large mixing facility limits the amount of spreading, 
mixing, and dilution that can occur in the field. Furthermore, analyses of initial 100% 
accommodated fractions indicated that chemical concentrations of test solutions differ from the 
nominal values based on loading rate. This emphasizes the importance of measuring the actual 
concentrations of petroleum hydrocarbons in the test solutions. Each of the test solutions 
produced for the tests was analyzed by gas chromatography-mass spectrometry (GC-MS).  
Evaluations of the acute toxicity of treated and untreated petroleum to test organisms were 
evaluated using six analyte categories based on the chemical composition in 100% WAF and 
CEWAF:   
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1. Percent WAF - volumetric dilutions of the initial accommodated fractions for each 
preparation method (WAF, CEWAF and BWWAF) 

2. Total petroleum hydrocarbons (TPH) -- the concentration of total petroleum  

3. Total saturate hydrocarbons (TSH) or total alkanes  

4. Total polynuclear aromatic hydrocarbons (TPAH) -- the summation of parent and 
alkylated homologues  

5. Summation of parent PAH compounds 

6. Concentration of individual parent PAH compounds 

Natural Attenuation:  Response of Microbial Communities to Petroleum   

Immediately following a release into marine waters, microbial communities begin to degrade 
petroleum.  Petroleum is a complex mixture of chemical components primarily consisting of 
carbon, hydrogen, oxygen and sulfur, with carbon representing approximately 85% of petroleum 
by weight (Table P-4).  Interestingly, these chemicals represent four out of the six principal 
chemical building blocks of living systems (nitrogen and phosphorus are less abundant).  Carbon 
containing compounds vary in structure from relatively simple n-alkanes to larger more complex 
compounds, such as asphaltenes.  The low molecular weight petroleum compounds are rapidly 
broken down as they are used by the microbial community as a carbon and energy resource.  
More complex hydrocarbons, such as asphaltenes, are recalcitrant and are degraded by microbial 
communities over a longer period of time.  The addition of dispersants can facilitate 
biodegradation, by increasing the surface area available to the microbial community. 

Table P-4.  Carbon and Nitrogen Composition and Density of Microbial Communities  

Characteristic 
Carbon 
Biomass 

(fg C/cell) 

Nitrogen 
Biomass 

(fg N/cell) 

Carbon 
(µg C/L)

 
Nitrogen 
(µg N/L)

 C/N Ratio 
Microbial 
Density 

(10
8
 cells/L) 

Reference 

N
a

tu
ra

l 

Oceanic 12.4 ±6.3 2.1±1.1 3.59 0.61 6.8±1.2 2.9 
Fukuda et al. 

1998 Coastal 30.2±12.3 5.8±1.5 100 - 200 
11.6 - 
34.8 

5.9±1.1 20 to 61 

Bacterial Biomass in 
Photic Zone POM 

  9.9    Seki 1970 

A
ft

er
 O

il 
Ex

p
o

su
re

 

Initial Cell Density      0.01 to 0.1 

Brakstad 
and 

Bonaunet 
2006 

Heterotrophic 
Microorganisms 
 (5 days at 5°C) 

  3000   1000 

Oil Degrading 
Microorganisms  
(5 days at 5°C) 

     1 

Oil Degrading 
Microorganisms 
 (10 days at 5°C) 

     20 

Microorganisms respond to petroleum compounds by activating gene pathways and assimilating 
useable carbon compounds which results in growth and increased abundance of oil-degrading 
microorganisms and a shift in microbial community structure. Oil spill bioremediation studies 
have found that bioaugmentation with cultures of non-indigenous microorganisms do not result 
in increased oil biodegradation nor in sustained increases in populations of oil degraders (Mearns 
1997; Venosa et al. 1992).  It is therefore important to conduct experiments using indigenous 
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microbial communities under conditions that would be encountered during the ice free season in 
the Arctic.  All experiments supporting this project were conducted with microorganisms native to 
the Beaufort and Chukchi Seas.  Tests were conducted at temperatures of -1°C and 2°C, 
approximating temperatures observed during early ice breakup (-1°C) and those observed in the 
mid to late open-water season (2°C to 5°C).  Because microbial assimilation of rich carbon sources 
also requires nutrients such as nitrogen and phosphorus, the nutrient concentrations in the test 
should approximate those of the Beaufort and Chukchi Seas (0.8 µM phosphate, 6 µM nitrate and 6 
µM ammonium; Codispoti et al. 2005).  The respirometer tests were conducted over a 60 day period in 
a closed chamber and were determined to be limited by nutrients.  Therefore, a small amount of 
nutrients were added to the respirometer chambers at test initiation. 

As noted above, an oil spill evokes complex microbial responses at genetic, cellular, and 
community levels.  Consequently, we employed a multifaceted approach to examine the 
biodegradation potential of microorganisms exposed to dispersed petroleum in the Beaufort and 
Chukchi Seas.  Four methods were selected for this project, including respirometry, analytical 
chemistry, microbial counts/biomass, and community analyses using gene sequencing.  The 
following paragraphs summarize the methods used to evaluate the biodegradation potential of 
arctic microorganisms.  The findings obtained to date from respirometry and chemical analyses 
are contained in the body of this report while detailed analyses of the microbial community are 
pending and will be reported at a later date. 

Biodegradation Assessment using Respirometry  

Respirometry provides a measure of total “mineralization” or breakdown of petroleum 
hydrocarbons to CO2.  Respirometry measures the respiration of the microbial community in 
seawater contained in sealed microcosm chambers without headspace.  The microbial breakdown 
of hydrocarbon results in the generation of CO2 which is trapped and removed in the 
respirometer.  The removal of CO2 reduces the pressure in the sealed test container, which is then 
re-pressurized with oxygen to a defined pressure by the computer control system.  The total mass 
of carbon added to the system in the form of oil and dispersant is compared to the amount of CO2 
produced, which provides a percentage of the converted carbon.  Since the only available carbon 
source is the initial petroleum or dispersant added, the amount of the complex mixture released 
as CO2 provides a relative measure of microbial degradation.   Alternative pathways for the 
metabolic use of carbon that do not result in the production of CO2 are not assessed with this 
procedure (e.g., production of smaller alkanes, direct use of hydrocarbons by heterotrophic 
bacteria, chemical changes that increase water solubility, etc.). 

Biodegradation Assessment using Analytical Chemistry (Gas Chromatography Mass Spectrometry)  

This method measures the change in the concentration of quantifiable hydrocarbons during 
microbial incubations.  The samples for these analyses are obtained by using solvent extraction to 
preferentially transfer compounds from the media which are targeted by the selected solvent 
(e.g., water, sediment, microbial cells) and then the relative signals of specific compounds are 
measured via gas chromatography.  The compounds assessed with this method (e.g., PAH, 
alkanes, asphaltenes, and unresolved complex mixtures) are quantified using various detectors 
(e.g., mass selection, flame ionization, flame photometric, or electron capture detectors).  These 
detectors are used in combination with specific solvents and columns to produce quantitative 
measurements of different suites of compounds.  This methodology is effective at quantifying 
changes in a particular suite of extractable compounds, but residual breakdown products may be 
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less measureable. For example, upon microbial breakdown a chemical may be changed and the 
new compound may not be extractable with a given solvent, or may not be measureable with a 
particular type of detection. Consequently, the absence of an initially measured chemical does 
not necessarily mean that the compound has been destroyed, but rather it may be in an altered 
chemical state that is not extractable or measureable with a particular combination of solvent and 
detector. 

Carbon Utilization Estimates Derived from Microbial Cell Counts and/or Biomass 

This method provides an estimate of carbon uptake by the entire microbial community based on 
changes in abundance or biomass.  In some instances the carbon contained in petroleum may be 
used by organisms without generating CO2 and therefore would not be detected by respirometry.  
Examples of chemical changes in petroleum that occur without CO2 generation include: 1) 
transformation to alkyl groups (CH3), or 2) conversion of bioavailable hydrocarbons to microbial 
biomolecules and new microbial cells.  Assessment of this type of ‘direct’ uptake requires a 
different analytical procedure.  Since the only source of carbon in the sealed containers is from 
petroleum compounds and/or the dispersant, the measurement of increased cell counts or 
microbial biomass could be used as a surrogate of the metabolic conversion of carbon (i.e. the 
carbon content of the initial and final microbial biomass would be compared to the amount of 
carbon added by the oil).   

Assessment of Microbial Hydrocarbon Degradation using DNA and RNA Quantification 

This method assesses the degree to which a microbial community responds to released 
petroleum, as well as the nature of that response, by characterizing changes in species 
composition.  The marine microbial community in the Arctic consists of many different types of 
organisms with diverse petroleum degradation potential.  High throughput pyrosequencing of 
bacterial 16S rRNA genes in seawater provides information regarding microbial taxonomic identity 
and community structure of these microorganisms.  Identifying the microbes that increase in 
abundance in response to oil facilitates the identification of hydrocarbon degraders within the 
microbial community.    These data are similar to PhyloChip analyses used to identify bacteria 
which increased in abundance in response to the subsurface plume of dispersed oil caused by the 
Deepwater Horizon blowout (Hazen et al. 2010).  This procedure identifies organisms as 
petroleum degraders but only indirectly, via their response to oil.   It does not prove that they are 
degraders unequivocally nor does it provide insights into the genetic capacity for biodegradation 
that is present in the indigenous microbial community.  For this reason, researchers also perform 
targeted analyses of biodegradative, “functional” genes using the GeoChip microarray (Hazen et 
al. 2010). 

Strategies for Using Site-Specific Methods to Examine Toxicological Impacts and Natural 
Attenuation Potential for Arctic Seas 

The studies conducted in support of this JIP were developed to increase understanding regarding 
the potential use of dispersants in the Beaufort and Chukchi Seas.  We therefore developed 
experimental strategies to represent the range of environmental conditions that may occur with 
treated and untreated oil exposures.  Table P-5 and Table P-6 illustrate the conceptual basis of 
simulated arctic environmental conditions used in laboratory-based experiments for the 
toxicology and biodegradation studies which are fully described in the following chapters.   
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Table P-5.  Laboratory Evaluation of Toxicity to Key Pelagic Species Simulating Conditions of the Beaufort 
and Chukchi Seas during Ice-Free Periods 

 
Table P-6.  Laboratory Testing Conditions for Assessment of the Biodegradation Potential of the Beaufort and 

Chukchi Seas during Ice-Free Periods 

Marine Conditions Laboratory Conditions 
Test Solutions 

CEWAF WAF & BWWAF 

 Spill scenario: release of 
550,000 gallons (1:100) 

Surface area of carboys 
 

690 cm
2 

Volume of oil on surface 160 g oil 16 L water = 10g/L loading rate 
Mass of oil/km

2 
0.232 g/sq cm or  ~2.3 million kg/sq km 

Oil mass/Volume of oil 897 g oil/L (overall average) 
Thickness of oil in 
carboys 

~2-5 mm 

 Dispersant  to oil ratio = 1:20 Dispersant to oil ratio 
(DOR) 

1:20 or 8 g Corexit®/160 
g oil 
≈0.5g/L or 400mg/L  
Corexit® 

None 

 Low energy environment  
(Beaufort Sea State 0 to 3) Mixing Energy 

Low energy:  Beaufort 
Sea State 0-1(ripples 
without foam with few 
breaking crests) 

Low to moderate energy: 
Beaufort Sea State 1 (WAF) 
to 3 (BWAF) 

 Dilution of accommodated 
fractions by  ~2 orders of 
magnitude 

Dilution range of stock  ~1 to 100 % 

 TPH = maximum of 100-400 mg/L 
(in the upper 1 m of the water 
column)  

Range of analyzed TPH in 
100% WAF solutions  

138 to 1,180 mg/L TPH 0.8 to 4.03 / 4.1 to 13.0 mg/L 
TPH 

 Dispersant application rate: 
5-20 gallons/acre 

Dispersant-only 
treatments 

500, 250, 100, 62.5, 31.25, 15.625 mg/L Corexit ®9500 

  TPH Half- life = 1 h Half- life dilution rate  Half- life = 4 h 

 Expected exposure: Acute with 
declining concentrations 

Standard exposure period 
for acute toxicity studies  

Spiked exposures with declining concentrations  

 Potential for delayed response of 
arctic species  

Post-exposure 
observation period (8 to 
12 d) 

8 d observation required for copepods; fish acute 
response occurred within 4 d 

Marine Conditions Laboratory Testing Conditions 

Testing Attributes Purpose 

 Exposure conditions: open water 
allowing for weathering and 
dilution 

1) Fresh Represents initial release of petroleum.   

2) Weathered 
(Mass reduction of 23-

25%) 

Represents petroleum released and weathered for an 
extended period of time beyond the 6 days observed 
during the Barents Sea experiments 

1) Sealed flasks Permits quantification of CO2 produced by bacterial 
respiration using only the petroleum and the Corexit    

2) Open bulk containers Provides larger mass for better chemistry assessments 
but also allows volatilization to occur 

 Background nutrient levels 
(Ashjian 2010) 

Nutrient addition (0.5 or 
1% Bushnell Haas) 

C/N ratio of 3.6 to 7 in sealed respirometer chambers is 
comparable to the C/N ratio observed with growing 
populations of bacteria  

 Sea state: minimum 1 to 3 Continuous mixing Mixing energy comparable to WAF and CEWAF for 
toxicology studies 

 Temperature:  -1 to +5°C Range: -1 to +5°C 
Spring through fall temperatures in open pelagic waters; 
tests performed at temperatures measured during 
collection of waterborne microbes 

 Complete microbial breakdown 
of oil 

Respirometry Represents mineralization of carbon from the oil and 
dispersant to CO2 

 Microbial removal of petroleum 
hydrocarbons 

Analytical chemistry Analytical chemistry examines the change in solvent 
extractable and measureable petroleum hydrocarbons 

 Changes in species composition Genomics Potential and actual microbial responses to oil 

 Microbial abundance Biomass / Carbon uptake  Quantification of total carbon use or uptake by bacteria 
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CHARACTERIZATION OF ANS CRUDE OIL PROPERTIES AND INTERPRETATION OF TOXICITY 

 

The hydrocarbon profile of ANS crude oil consists of more than 90% aliphatic hydrocarbons (i.e. 
straight-chained or branched) and less than 10% aromatic hydrocarbons (i.e. fraction having 
benzene ring(s); Alyeska MSDS 1993).  Gas chromatography mass spectrometry (GC-MS) analysis 
of total petroleum hydrocarbons (TPH) results in information on the relative abundance of several 
classes of hydrocarbons, generally based on hydrocarbon chain length and grouped according to 
similar properties (Cx).  An example of these classes of hydrocarbons and selected chemical 
attributes are presented in the following table (ATSDR 1999).  Analysis of total polynuclear 
aromatic hydrocarbons (TPAH) focuses on parent and alkylated aromatic compounds; alkylated 
compounds are the most abundant form of PAHs in crude oil.  With respect to PAHs, the C-1 

nomenclature refers to the number of alkylated carbon atoms attached to parent PAHs.  The 
USEPA originally identified an analyte list of 16 PAH priority pollutants based on toxicity potential 
of parent compounds; recent modifications to the original method (EPA Method 8270) such as 
the use of selected-ion-monitoring (SIM) GC-MS analysis have increased sensitivity, produced 
lower detection limits, and added analytes to the original USEPA priority pollutant PAH list 
(Douglas et al. 2004).  It is typical to analyze between 30 and 50 individual compounds, depending 
on the purpose of the analyses.   

 

 Class  
Mass 
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C5-C7 Benzene 220 0.11 1.5 3 

C>7-C8 Toluene 130 0.035 0.86 3.1 

C>8-C10 
Isopropyl Benzene, 

Naphthalene 

65 0.0063 0.39 3.2 

C>10-C12 25 0.00063 0.13 3.4 

C>12-C16 5.8 0.000048 0.028 3.7 

C>16-C21 
Fluorene, 

Fluoranthene, 
Benzo(a)pyrene 

0.65 0.0000011 0.0025 4.2 

C>21-C35 0.0066 0.00000000044 0.000017 5.1 

  Aliphatics (>90%) 
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C5-C7 
n-Hexane 

36 0.35 47 2.9 

C>7-C8 5.4 0.063 50 3.6 

C>8-C10 
n-

Alka
nes 

Kerosene, 
Dearomatized 

petroleum 

0.43 0.0063 55 4.5 

C>10-C12 0.034 0.00063 60 5.4 

C>12-C16 0.00076 0.000076 69 6.7 

C>16-C35 Mineral Oils 0.0000025 0.0000011 85 8.8 

 

Comparison of Toxic Units  

Petroleum and mixtures of petroleum and dispersant exposure to test organisms can be based on 
different analytical chemistry results paired with biological response patterns.  Six methods of 
analysis used in this report include: 

1. Percent WAF - volumetric dilutions of the initial accommodated fractions for each 
preparation method (WAF, CEWAF and BWWAF) 

2. Total petroleum hydrocarbons (TPH) -- the concentration of total petroleum  
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3. Total saturated hydrocarbons (TSH) or total alkanes = aliphatics 

4. Total polynuclear aromatic hydrocarbons (TPAH) -- the summation of parent and 
alkylated homologues  

5. Summation of the concentration of parent PAH compounds 

6. Examination of the concentration of individual parent PAH compounds 

The toxicity of a mixture is characterized based on the analytical approach used to characterize 
the exposure.  Variable conclusions on the relative toxicity of the accommodated fractions are 
made depending on the method selected to describe the exposure.  The percent of 
accommodated fraction (water, breaking wave or chemically enhanced) that produces a toxic 
effect is related to the amount of petroleum that is solubilized into the water column.  Increased 
physical energy or the application of chemical dispersants forces more oil into the water column 
and results in increased biological response (the quantity of the accommodated fraction and the 
expressed toxicity indicates the WAF is less toxic than the BWWAF which is less toxic than the 
CEWAF.  However, the percentage of the accommodated fraction that produces a biological 
response (e.g., LC50) is not only related to the total amount of oil solubilized into the water but 
also the hydrocarbon profile of constituent compounds that are released.  The assessment of the 
individual hydrocarbon components in the water will identify the relative contribution of each to 
the toxicity of the oil.  Mixtures containing less toxic analytes will produce less toxicity than 
mixtures that contain mostly acutely toxic components.  Representing the toxicity of test 
organisms to complex mixtures of petroleum hydrocarbons is based on the cumulative impact or 
lack of impact from the entire hydrocarbon constituents.  The acute toxicity data generated in the 
JIP studies reported herein were also evaluated using analyses of TPH, TSH, and TPAH. The 
response of organisms to the various accommodated fractions indicated that CEWAF produces 
more compounds that express little or no acute toxicity while the BWWAF produced fewer of the 
less toxic components and the WAF released even fewer acutely toxic compounds.  The toxicity 
was expressed as per-unit-oil, i.e. measured TPH, TSH, or TPAH.  Further inspection of the data 
was made using summations of parent PAH or the individual parent PAH concentrations for each 
water accommodated fraction (WAF, BWWAF, and CEWAF).  This evaluation indicated that a 
similar response was evoked in the species tested indicating that the three accommodated 
fraction preparations provide the same toxicity results when based on amount of oil present in 
the respective WAF preparation using summation of parent PAH or the individual parent PAH 
components.   

The final issue regarding toxicity of the complex crude oil mixture is identifying the potential for a 
chemical dispersant to add to the observed effects of the oil mixture.  Dispersants are designed to 
release the oil into the water column and because there is more oil after dispersant application 
the toxicity in this part of the water column is increased.  The potential for an additive effect of 
the dispersant to the effect of the oil was examined using comparable oil concentrations with and 
without dispersants as well as effects created by dispersant-only treatments.      

Analysis of Acute Toxicity in Terms of Median Lethal Concentrations, LC50s 

An LC50 value represents a calculation of the concentration of a contaminant that causes lethality 
to 50% of the test population.  In this numerical scale, a higher LC50 value is less toxic than lower 
numerical values.  When comparing results among different studies, a higher LC50 for a different 
test result signifies that it would require more chemical contaminant to cause an equal effect; 
lower LC50 values represent increased contaminant toxicity. 
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EXECUTIVE SUMMARY 

 
The Joint Industry Program (JIP) was initiated in 2009 to develop and implement a research 
program on the relative toxicity and potential for biodegradation of dispersant-treated and 
untreated petroleum under open-water arctic conditions in the Beaufort and Chukchi Seas.  
Preliminary research areas were identified by a group of international scientists, government and 
industry representatives and local stakeholders during a workshop convened in Anchorage, 
Alaska, in March 2008 (NewFields 2008b).  The objectives of the proposed research were to 
produce information that could be used to help guide decisions on the potential use of 
dispersants under arctic conditions.  The acute toxicity of the dispersant (Corexit 9500) and the 
dispersant treated and untreated petroleum was determined for key indigenous species from the 
Beaufort and Chukchi Seas.  These data were used to compare the relative sensitivity of arctic 
species to organisms living in subarctic, temperate or tropical environments.  Microbial 
biodegradation of the dispersant, mixtures of the dispersant and petroleum and the untreated 
petroleum was evaluated with two methods: 1) respirometry (measures the complete 
mineralization to CO2), and 2) Analytical chemistry using GC-MS (measures degradation of specific 
petroleum compounds).  The objectives of these biodegradation experiments were to 
demonstrate whether indigenous microorganisms degrade petroleum and dispersed petroleum 
under arctic conditions.  

A series of stringently controlled toxicity and biodegradation experiments were conducted to 
address the questions listed above.   All studies were conducted in laboratories at the Barrow 
Arctic Research Center (BARC).  Toxicity studies used wild-caught organisms that represent key 
components of the arctic food web, and included: the copepod, Calanus glacialis, juvenile Arctic 
cod, Boreogadus saida, and the larval sculpin (Myoxocephalus sp).   Natural seawater from the 
Beaufort and Chukchi Seas was used for all tests, and provided the microbial communities for the 
biodegradation experiments. 

The results address some of the principal concerns of the public, resource agencies and industry 
regarding the toxicity and biodegradation potential of chemically and physically dispersed 
petroleum under arctic conditions.  The following was demonstrated: 

Toxicology   

1. Chemically dispersed petroleum is less toxic than physically dispersed petroleum per unit 
of oil; although more oil is transferred into the water column with dispersants, the 
chemically dispersed oil is comprised of a higher proportion of less acutely toxic 
hydrocarbons than physically dispersed oil.  Physically dispersed oil contains a higher 
proportion of the more toxic parent PAHS than the alkylated PAH homologues. 

2. Key arctic test species have similar sensitivity to dispersed oil as non-arctic test species.   
- Toxic responses of calanoid copepods were manifested over a 12 day period rather 

than 4 days typical of temperate species.  Juvenile and larval fish (Boreogadus saida 
and Myoxocephalus sp.) responded over the standard 4 day test period for a spiked 
toxicant test. Larval sculpin (Myoxocephalus sp.) were more sensitive to petroleum 
treatments than were Arctic cod juveniles.  Early season copepods were equally 
sensitive as larval sculpin; late season copepods equally sensitive as Arctic cod.   
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- The lethal concentrations for arctic copepods and fish (juveniles and larvae) based on 
acute toxicity tests with chemically or physically dispersed petroleum fall within the 
range reported for temperate species. 

-  Dispersant (Corexit® 9500) did not increase the toxicity of fresh petroleum in 
seawater.  For chemically dispersed petroleum, the concentration causing lethality is 
higher than the physically dispersed petroleum per unit of measured oil. 

Biodegradation 

1. Under arctic conditions (-1 °C to +2 °C) the microbial community indigenous to arctic 
seawater biodegraded both dispersant-treated and untreated petroleum.  

2. Dispersants do not impede microbial activity; instead, dispersants increased the extent of 
biodegradation of weathered and unweathered petroleum in seawater. 

3. Fresh petroleum that was chemically dispersed underwent more extensive primary 
biodegradation and mineralization than physically dispersed or weathered petroleum over 
an 8-week testing period.  

4. Shorter, straight-chained alkanes were more readily degraded than longer n-alkanes or 
branched alkanes; smaller aromatic PAHs were more readily degraded than more complex 
PAHs; and parent PAHs degraded more easily than the alkylated homologs. 

5. The addition of dispersant increased the microbial degradation of the longer and branched 
alkanes and the more complex PAHs, such as the alkylated homologs and HMW PAHs, such 
as chrysene.   

 
The data from this JIP program have increased our understanding of the toxicity and 
biodegradation of physically and chemically dispersed oil in the arctic environment.  Findings from 
this research program will be directly applicable to future decisions regarding remediation and 
responses to release of petroleum in cold water environments. This information adds to the 
decision framework for prioritization of petroleum spill response options to maximize protection 
of key arctic resources.  In addition, results from this research will be helpful to refining the 
conceptual model of arctic food web compartments and the divergent fate of physically and 
dispersed oil, which were initially discussed at the 2008 workshop. The biological compartments 
most influenced by chemical dispersion are the open water pelagic environments. In contrast, 
physically dispersed oil may impact multiple biological compartments, potentially including 
shoreline zones and stranding in the intertidal environment.  The intertidal stranding may also 
result in accumulation of residual petroleum compounds that are known to be recalcitrant and 
have slower biodegradation rates. 

Chemical dispersion is rapid and introduces oil into the water column while reducing the presence 
of the oil at the sea surface.  Organisms utilizing the sea surface are less exposed to the chemical 
and physical impacts of the petroleum aggregation when surfaced petroleum is treated with 
dispersants. Although organisms living within the pelagic water column become exposed to oil 
during chemical dispersion, the use of dispersants facilitates rapid dilution of the oil.  An analysis 
of the fate of oil during each type of dispersion indicates that when chemical dispersants are 
used, petroleum is directly released into pelagic water resulting in oil concentrations that are 
distributed in three dimensions (laterally and to greater depths vertically within the water 
column).  It has been demonstrated that the application of Corexit® 9500 under arctic conditions 
will disperse ANS from the surface of the water into water depths of <10m (NRC 1989).  In 
addition, because chemically dispersed oil particles are <75 µm in diameter, a larger surface area 
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is available for bacterial colonization and natural biodegradation than with untreated petroleum 
(150-fold increase in surface area for globules averaging 20 µm compared to a 1 mm thick slick). 
The information provided by our research in the Arctic demonstrates that significant 
biodegradation can occur in under arctic conditions, that arctic species are not more sensitive 
than temperate species, and that although chemical dispersion increases the total quantity of oil 
that enters the water column, chemically dispersed petroleum is less toxic than physically 
dispersed oil on a per-unit-oil basis. 
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SECTION 1:  JIP PROGRAM OVERVIEW 

Photos by Jack D Word, unless noted 
otherwise 
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SECTION 1:   JIP PROGRAM OVERVIEW 
EVALUATING THE EFFECTS OF DISPERSED OIL ON COLD WATER ENVIRONMENTS OF THE BEAUFORT 
AND CHUKCHI SEAS – PROGRAM GOALS, MANAGEMENT, INFRASTRUCTURE 

Dispersant use may be a valuable response option to spilled petroleum in the Arctic.  
NewFields reviewed available literature on the effects of dispersed petroleum under arctic 
conditions and compiled an annotated literature review (NewFields, 2008a).  While the toxicity of 
dispersed oil on temperate species has been extensively studied, less research had been done to 
address stakeholders concerns on the potential toxicity of dispersed oil to arctic marine 
organisms. Equivocal information on natural biodegradation rates by arctic microbial communities 
was available.   After this review and summary of the scientific literature, a workshop comprised 
of leaders of the oil industry, governmental regulatory agencies, international scientists, and 
native Alaskans was held in Anchorage (March 2008; NewFields 2008b).  The objective of the 
workshop was to form a consensus of critical research areas relevant to the Arctic.  The principal 
data gaps identified were:  1) information on the toxicity of physically and chemically dispersed 
petroleum on pelagic species that are key components of  arctic food webs, and 2) information on 
the biodegradation of physically and chemically dispersed petroleum using indigenous 
microorganisms under realistic arctic conditions of low temperature and appropriate salinities.  
The Joint Industry Program (JIP) was formed and funded the investigation of these high priority 
research areas.  The JIP was separated into two phases in order to stage work based on funding 
availability.  Phase 1 began in January 2009 and continued into Phase 2 beginning early August 
2009 with the final testing phase ending in March 2011 (see Figure 1-1).  This report summarizes 
the accomplishments of Phase 1 and Phase 2.    

  
 
  

1.0 

Figure 1-1.  JIP Program Milestones, 2009 through 2011 

Teleconferences 

• Steering Committee 

• TAC 



 

 
NewFields JIP Effects of Dispersed Oil in Cold Environments Page | 6 

  

Phase 1 focused on the development of an 
appropriate testing laboratory space, specialized 
equipment, and the training of personnel for safe 
operations in arctic environments. The laboratory 
is situated in a new research facility operated by 
the Barrow Arctic Science Consortium (BASC; in 
Barrow Alaska).  Barrow is ideally located in the 
North Slope region of Alaska, adjacent to both the 
Beaufort and Chukchi Seas (Figure 1-2).  The 
facility includes a preparatory laboratory and a 
walk-in temperature controlled room needed to 
conduct the toxicity and biodegradation 
experiments within seasonal temperature ranges.  

Species considered as valuable ecosystem components (VECs) of the Arctic identified by the 
workshop scientists were selected for detailed laboratory evaluation of the effects of dispersed 
petroleum on pelagic based communities.  The key species selected were the copepod (Calanus 
glacialis) Arctic cod (Boreogadus saida) and larval sculpin (Myoxocephalus sp).   These selections 
were based on multiple factors associated with the shortened food webs in the Beaufort and 
Chukchi Seas, including numerical abundance, function as a key component within the feeding 
hierarchy of the food web, presence of specialized lipid storage globules, and potential for contact 
with a spill event during ice-free periods.    

During the first phase of the JIP program, these guidelines for toxicity evaluations were refined 
and formally developed into laboratory Standard Operating Procedures (SOPs, Appendix A).  In 
preparation for the biological testing and biodegradation experiments planned for Phase 2, 
existing test SOPs were further refined and additional test procedures were developed.  Strategies 
for field collection of test organisms were augmented to insure optimum rates of capture for the 
selected species.  Procedures for field collection of the three target species were developed and 
successfully employed (SOPs SAM032, SAM035, SAM038, SAM039, SAM040; Appendix A).   
Protocols for holding the targeted species and conducting toxicity testing in the laboratory were 
detailed (SOPs TAK001 and TAK002; Appendix A); reference toxicity tests using copper sulfate 
were conducted to determine the relative sensitivity of these species under laboratory conditions.  
Protocols for field collection of water and preparation of water accommodated fractions (WAF) of 
oil are presented in SOP LAB065.05 (Appendix A).  Protocols for conducting respirometry tests at 
cold temperatures were also refined and are presented in Appendix D). 

ADMINISTRATIVE FRAMEWORK     

JOINT INDUSTRY SPONSORS 

Initial funding for this program was provided by three partners:  Shell Exploration & Production 
Company, Statoil Petroleum ASA, and ExxonMobil Upstream Research Company.  ConocoPhillips 
became the fourth partner in the JIP program in 2010.   

PROGRAM MANAGEMENT 

The development and implementation of dispersed oil toxicity tests using cold water species 
required the coordination and sharing of information across several laboratories in different 

Figure 1-2.  Location of Barrow Alaska 
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countries, state and federal agencies, the North Slope Borough and the JIP members.  NewFields 
oversaw all aspects of this testing program to ensure that the protocols and data developed 
under this program were scientifically sound and technically defensible.   Dr. Jack Word 
(NewFields) is the principal point of contact with support of other senior staff within NewFields. 
The University of Alaska, Fairbanks (UAF) provided expertise and oversight on all aspects of the 
program in Barrow, Alaska. Dr. Robert Perkins is a representative from the Institute of Northern 
Engineering (INE) who oversaw research planning and mentoring of the researchers performing 
the activities in Barrow.  Dr. Perkins has extensive experience in cold weather environments of 
Alaska and has worked on the North Slope as an engineer and toxicologist throughout his career. 
Good communications were maintained among all project leaders and scientists via monthly 
conference calls with the JIP Steering Committee comprised of sponsor representatives and the 
UAF/NF management team.  The designated members of the JIP Steering Committee are shown in 
Table 1-1. 
 

Table 1-1.  JIP Steering Committee Members 

Name Affiliation 

Dr. Victoria Broje Shell Exploration & Production Company 

Dr. Tim Nedwed  
Dr. Jim Clark  
Dr. Eric Febbo  
Dr. Roger Prince 
Dr. Lucie N’Guessan 

ExxonMobil Upstream Research Company 

Dr. Hanne Greiff Johnsen  
Dr. Ingeborg Rønning 

Statoil Petroleum ASA 

Becky Silves ConocoPhillips Company 

Dr. Robert Perkins 
Kelly McFarlin (PhD Candidate) 
Dr. Mary Beth Leigh 

University of Alaska Fairbanks 

Dr. Jack Word 
Lucinda Word 
William Gardiner 

NewFields 

TECHNICAL ADVISORY COMMITTEE 

A Technical Advisory Committee (TAC) was assembled to provide technical review of 
experimental goals, procedures, and results to ensure maximum productivity from this Joint 
Industry Program.  The members of this committee include the JIP SC, key scientists with 
experience in the Arctic, toxicology and/or microbial biodegradation, as well as federal and state 
agencies and North Slope Borough representatives that have expertise in North Slope 
environmental issues.  The list of the participants is presented in Table 1-2.    All test plans, 
protocols, and interim data produced from these studies were provided to the TAC for their 
critical review during monthly teleconferences.  These conferences established a dynamic forum 
for collaborative discussions and identification of knowledge gaps to be addressed in further 
Arctic research effort.   
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Table 1-2.  Technical Advisory Committee Members 

Name Affiliation 

Dr. Lionel Camus AkvaPlan Niva, Polar Environmental Centre 

Tom DeRuyter 
Ashley Anderson 

Alaska Department of Environmental Conservation 

Dr. Craig George 
Dr. Todd Sformo 

North Slope Borough, Department of Wildlife Management 

Richard Glenn Barrow Arctic Science Center, Chairman 

Dr. Francois Merlin CEDRE 

Dr. John Kelley University of Alaska, Fairbanks, Institute of Marine Sciences 

Dr. Ken Lee COOGER, Fisheries & Oceans Bedford Institute of Oceanography 

Dr. Alan Mearns 
Dr. John Whitney 

NOAA, Coastal Response Research 
NOAA, Alaska Rapid Response Team 

Dr. Alf Melbye SINTEF, Materials & Chemistry 

CDR Rick Rodriguez US Coast Guard, District Seventeen 

Dr. Al Venosa US Environmental Protection Agency 

 

 

INFRASTRUCTURE 

BARROW LABORATORY 

Phase 1 activities included establishing laboratory 
facilities in Barrow, Alaska at the Barrow Arctic 
Research Center (BARC; Figure 1-3), operated by the 
Barrow Arctic Science Consortium (BASC).  The BARC 
housed the specialized laboratory, equipment, and 
supplies necessary to conduct the cold water toxicity 
testing and biodegradation studies in the Arctic.    
BASC provides infrastructure support and personnel 
that are experienced in conducting safe field 
research activities by a wide variety of scientists 
from around the world.   

Figures 1-4 and 1-5 show the lab space and 
controlled-temperature testing room, respectively.  
Specialized instruments acquired for this experimental program are:  1) a research grade 
respirometer that has been calibrated to the low arctic temperature range, and 2) a Nikon 
stereomicroscope with video imaging documentation capability as shown in Figures 1-6 and 1-7. 

 
  

Figure 1-3.  The Barrow Arctic Research 
Center (BARC) 
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SAFETY CONSIDERATIONS AND LOCAL GUIDANCE  

All personnel working in the arctic were trained for work in isolated cold environments through 
training programs at UAF.  All personnel operated within the laboratory and in the field under 
guidance of Barrow Arctic Science Consortium (BASC) employees, UAF Institute of Northern 
Engineering guidelines and NewFields testing and sampling protocols (presented in Appendix A).   
Each member of the team was certified in first aid and CPR.  All NF employees working on this 
project in BASC were certified in hazardous waste training (40-h), USCG small boat handling, and 
had received specialized training for sampling operations conducted on board small boats.   

The success of field and laboratory operations was highly dependent on local knowledge and 
BASC operational support.  We are indebted to the following BASC staff and Barrow residents for 
excellent support during laboratory and field activities:  Glenn Sheehan, Lewis Brower, Scott 
Oyageak, Nok Acker, Michael Donovan, Bryan Thomas, Qulliuq Pebley, Wayne Toovak Sr., Wayne 
Toovak Jr., Chester Toovak, and Issac Leavitt. 

 

Figure 1-7.   Manometric Respirometer 

Figure 1-4.  Preparation Lab   
at BARC 

Figure 1-5.   Cold Room Testing Lab with Precision 
Temperature Controller 

Figure 1-6.   Olympus SZX7 
Stereomicroscope with Digital Imaging  
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SECTION 2:  THE NORTH SLOPE MARINE ENVIRONMENT AND WILD-CAUGHT 
ARCTIC SPECIES 
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SECTION 2:  THE NORTH SLOPE MARINE ENVIRONMENT AND WILD-CAUGHT  

ARCTIC SPECIES       
THE NORTH SLOPE MARINE ENVIRONMENT; WILD-CAUGHT ARCTIC SPECIES: SEASONAL CONSTRAINTS, 
DISTRIBUTION PATTERNS AND OPTIMAL COLLECTION STRATEGIES; CARE OF WILD-CAUGHT ORGANISMS IN THE 

LABORATORY; COLLECTION OF SOURCE WATER FOR TOXICITY AND BIODEGRADATION STUDIES 

Project Scientists:    Jack D Word, Brian Hester, Collin Ray, Bill Gardiner M.S. [NewFields]; Robert Perkins, 

Ph.D. and Kelly McFarlin M.S.  [UAF] 
Objectives:   Understand species distribution patterns, optimal collection and safe handling strategies for 

target organisms in marine waters in the vicinity of Barrow AK. 
 

Figure 2-1.  The North Slope Marine Environment Surrounding Barrow Alaska 

THE NORTH SLOPE MARINE ENVIRONMENT  

The Chukchi and Beaufort Seas are marginal seas of the Arctic Ocean.  Point Barrow is bordered 
by the two seas, the eastern edge of the Chukchi Sea and the western edge of the Beaufort Sea.  
These bodies of water are typically covered with ice throughout the winter and are ice-free from 
May/June through October/November.  There are periods of ice breakup where the masses of ice 
are floating free with the currents.  Tidal ranges in this area are normally less than 15 cm from low 
to high tide.  The predominant currents are created by wind movement but there are also 
currents that are relatively constant.  A predominant current runs from west to east along Point 
Barrow and then joins the Beaufort Sea.  The main whaling grounds are found in this transitional 
zone.  Elson Lagoon, located just east of Barrow on the North Slope of Alaska, is a dynamic water 
body that changes throughout the year because of the extreme weather changes that occur 
seasonally in this region of the Arctic.  It is a large lagoon with brackish water that is partially 
enclosed by a group of barrier islands, known as the Plover Islands.  The spring ice breakup and 
early summer freshwater runoff flows into the lagoon lowering the salinity, and at times the 

2.0 
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lagoon can be almost completely freshwater.  Later in the summer, as the runoff slows down and 
the marine water from the Beaufort Sea becomes a more dominant influence in the lagoon, the 
salinity increases.  The prevailing wind direction in this area is from the east.  During strong and 
constant easterly winds Elson Lagoon water is pushed into the Beaufort Sea and most of the 
mixing seems to occur outside of the lagoon.  During strong and constant westerly winds, 
Beaufort seawater has a greater influence in Elson Lagoon.  As the winter approaches and Elson 
Lagoon begins to freeze, the freshwater is pulled out of the saltwater as ice, creating hypersaline 
water under the ice and in the brine channels within the ice.  By late winter, most of the lagoon 
volume is frozen.  Ice breakup can occur from March to late June and begins to form again 
onshore during October/November leaving approximately four months of open water in the 
marginal seas near Barrow. 

FIELD COLLECTION OF WILD-CAUGHT TEST ORGANISMS 

The copepod, Calanus glacialis, and the Arctic cod, Boreogadus saida, were selected as primary 
test organisms for experiments determining the relative toxicity of physically and chemically 
dispersed oil.  Sculpin (Myoxocephalus sp.) were added to the 2010 testing program because 
sufficient larval specimens were available to represent this sensitive life stage in the comparative 
toxicity testing.   These species are direct links to seabirds, large predatory fish, and marine 
mammals in the arctic marine food web. Laboratory-cultured test organisms were not readily 
available and consequently, all test organisms were field collected from the Chukchi and Beaufort 
Seas proximal to Barrow (Figure 2-1).  Wild-caught test organisms from the Chukchi and Beaufort 
Seas more accurately represent biological responses that would occur in the arctic environment.  
Field efforts to collect, acclimate, and maintain these organisms were intensive in support of 
Phase 1 and 2 research tasks.  All field activities were performed using equipment provided and 
maintained by BASC.  Assistance provided by native guides with expertise in ice dynamics and 
small boat operation under inclement conditions was important for the safe collection of samples 
(Figure 2-2).  Bear guards joined the field expeditions when the 
sampling was to occur in areas where polar bears might be 
encountered (Figure 2-3).   

     
 
 
 
 
 
 
 
 
 
 
 

Figure 2-3.  Bear Guard 
on Polar Bear Watch 

[JR Leavitt] 

Figure 2-2.  BASC Guides 
[Left to Right: Wayne Toovak, Chester Toovak, Michael Donovan] 
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Figure 2-4.  Sampling at Ice Leads 

Figure 2-6.  Arctic Oven Tent 

Figure 2-5. Sampling at Ice Leads 

 
Figure 2-5.  Arctic Oven Tent 

SEASONAL CONSTRAINTS 

Weather was one of the biggest safety issues encountered during the early season sampling 
effort.  Guidelines for temperature and wind chill factors were established for determining 
whether it was safe to venture onto the ice. The winter/early spring guidelines established that 
temperatures should be above -20 degrees Fahrenheit and that the wind should be less than 20 
miles an hour.  Additionally, the direction of the wind was a factor as winds from the west 
brought the possibility of the offshore ice breaking off; there have also been occurrences of the 
ice movement advancing into Barrow.  The ultimate decision regarding safe conditions for 
sampling was placed with the BASC guides and staff.  The guides monitored any changes in 
weather conditions throughout the day and had the authority to abort the sampling and 
immediately return the group to BASC in Barrow.  The weather and ice conditions can change 
quickly and if the guides felt the conditions were unsafe, the evacuation plan required the team 
to pack and leave the sampling location within five minutes.  To minimize potential loss of 
equipment in this event, whenever sampling was on the seaward side of the pressure ridge the 
snow mobiles were parked facing the trail that led back to town and equipment not in use was 
kept tied down to the sled.   The day before a planned field expedition onto the ice, UAF and 
NewFields staff consulted with the BASC guide regarding the weather and weather forecast.  
When weather conditions were favorable for sampling, BASC headquarters was given a trip plan 
that included the destination and method of travel, expected time out, and method of contact 
(VHF, two way radio, cell phone etc). The morning of the expedition the necessary gear was 
loaded onto a sled and snowmobiles were used for transport of personnel and equipment.  

Most of the sampling effort occurred on the ocean side 
because there was less current flow on the landward 
side of the sea ice pressure ridge (Figures 2-4).   Initially, 
holes were drilled on both the seaward and the 
landward side of the pressure ridge.  Inside the pressure 
ridge the ice is thicker, sometimes exceeding the six foot 
depth that the ice auger could drill.  In early spring the 
temperatures were so cold that the holes would almost 
completely freeze overnight (-20°C), but the hole could 
be re-opened with an ice saw the next day.  When the 
temperature was extremely cold (-30°C) an Arctic-Oven 
tent was setup (Figure 2-5).  A portable propane heater 
was placed in the tent to provide protection for the field 
crew and a place for safe handling of captured test 
organisms.   

During the whaling season which spans the open water 
months, areas where active whaling was in progress 
were off-limits to researchers.  Field activities were put 
on hold during this time period unless permission was 
granted by the whaling captains to proceed.     
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SPECIALIZED SAMPLING EQUIPMENT 

Field collection of the target test organisms, the copepod Calanus glacialis and the cod 
Boreogadus saida, was a major effort during 2009 and 2010.  Efforts to collect test organisms 
were intensified during open-water conditions.  A combination of field gear was used:  a Sameoto 
net was used to collect organisms at the surface, and plankton net tows were deployed at the 
surface and subsurface (see SAM038, SAM039, Appendix A).  The nets were modified to exclude 
sea jellies (medusae) which appeared to interfere with the health of the captured organisms. A 
vacuum sampler was designed to collect organisms from the bottom of the ice (see SAM035).  
During sampling conducted in 2010, we used additional field gear and changed collection 
strategies.  Beach seines were deployed, and were successfully used to capture larval sculpin (see 
SAM036).  This technique allowed us to collect an additional arctic species (larval sculpin) to 
provide data on the relative sensitivity of an early life stage fish during the 2010 toxicity testing.  A 
major improvement was the use of a Fyke net to capture the Arctic cod from shallow nearshore 
depths (see SAM040, Appendix A).  Fish that are captured in a trawl or other dynamic net system 
can be injured by the act of capture.  They can be physically damaged by water pressure moving 
through the net and can also incur trauma to their swim bladders if captured with trawls from 
deeper depths.  Use of shallower water capture methods stabilized the condition of wild-caught 
test organisms collected from the local seas and improved the health of animals held under 
laboratory conditions during acclimation periods prior to testing.  

ARCTIC COD DISTRIBUTION AND OPTIMAL SAMPLING TECHNIQUES 

 

A Fyke net was deployed as part of the sampling effort for capturing Arctic cod.  The net was set 
in Elson Lagoon on August 7, 2010 and monitored until September 17, 2010.  We chose a 
sampling site that met the following criteria:  1) had a shallow nearshore bathymetry, 2) current 
from the Beaufort travel past the area, and 3) was a site associated with known presence of Arctic 
cod.   Although the net was deployed from the beach, the location of the net staging area 
required access by boat.  We developed a strategy over time that allowed us to anticipate entry of 
the cod into Elson Lagoon based on knowledge of the prevailing winds and currents.  The Fyke net 
is setup in a position perpendicular to the beach with the leader net anchored to the beach 

Figure 2-6.  Deployment of Fyke Net in Elson Lagoon 

Photo by Bill Gardiner 
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(Figure 2-6).  The wings are then stretched out almost parallel to the beach. At the end of the lead 
line, each wing has a stake that holds the edges of the net in place.  To keep the net properly 
oriented in the water the top of the net is equipped with floats and the bottom is weighted.  The 
net system is left to “soak” for a period of time.  Fish that run the shoreline are funneled into the 
trap consisting of a series of ring traps that make it difficult for the fish to exit.  The ring traps also 
keep the cod-end open and give the fish room to move around.  We entered the water in chest 
waders and retrieved the stakes attached at each wing; when the stakes were brought into the 
lead line, the opening to the cod-end was closed.  The fish were then concentrated in the last 
chamber of the net.   Use of this net system ensured that the fish were collected as gently as 
possible and was the most productive method of catching and retaining healthy cod. 

During this sampling period, Arctic cod seemed to be more abundant at this site when the winds 
were greater than 10 mph and consistently (lasting for over 2 days) blowing from directions 
ranging from north to west.    These strong winds appeared to create a current that pushed more 
marine water from the Beaufort Sea into Elson lagoon and it was hypothesized that the cod enter 
the lagoon with this current and then distribute throughout the lagoon.   

LARVAL SCULPIN DISTRIBUTION AND OPTIMAL SAMPLING TECHNIQUES 

The larval sculpin were all caught at the same location, in a little bay at the most eastern edge of 
Point Barrow.  They were caught using a beach seine net (Figure 2-7).  A beach seine is a long net 
that is shallow in depth (the net we used was 25 ft in length and 4 ft deep).   The top line floats 
with buoys attached at regular distances; the bottom line has weights attached to it.  The beach 
seine was used by placing one end stationary on the beach while the other end was then pulled as 
far away from the shore in a semi-circle, making sure to keep the bottom line in contact with the 
sediment, until reaching the shore again.  This condenses the larval sculpin into a shallow pool.    
Larval sculpin were found inside the cove every time we attempted to collect them.  Catch 
numbers were higher when the weather was calm.  This was probably because it was easier to 
pick them out from the seine net when the cove was calm.  Sampling efforts focused on the area 
adjacent to the leeward edge of the land when the wind was strong.   
  

Figure 2-7.   Deployment of 
the Seine Net 
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CALANUS COPEPOD DISTRIBUTION AND OPTIMAL SAMPLING TECHNIQUES 

Copepods are planktonic organisms and are carried by ocean 
currents.  The Calanus copepods were collected using a small 
plankton net.  This net is conical in shape and attached to a 
stainless steel ring that keeps the mouth of the net open.  In the 
spring sampling occurred on ice, offshore from the pressure ridge 
where a current could usually be found. A plankton net was used 
for vertical tows through a hole cut into the sea ice under these 
conditions (Figure 2-8).  During ice-free seasons the plankton net 
was primarily towed behind a boat to collect the copepods (Figure 
2-9).  The sampling vessel targeted areas deemed promising 
according to wind and current predictions.   We also looked for 
signs on the surface that might indicate copepod presence.  Since 
copepods are a main food resource for numerous species in the 
area we looked for predators such as sea birds, or whales feeding 
that are indicative of food resources, including plankton.  
Additionally, we travelled  to areas known by local residents to be 
whale feeding grounds. 

SUMMARY OF OPTIMAL COLLECTION SITES 

An overview of the most productive sampling areas is shown in 
Figure 2-10.  

 
 

Blue area: Copepod – Surface Samplers 

Green Arrow:  Larval Sculpin - Seine 

Red Arrow:  Cod - Fyke Net 

Figure 2-9.  Offshore Plankton 
Tows  

Figure 2-8.  Vertical Plankton 
Tows through Ice Hole  

Figure 2-10.  Location of Optimal Catch per Species 
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LABORATORY HOLDING CONDITIONS FOR TEST ORGANISMS  

All organisms collected for bioassay testing were 
transferred directly to the laboratory for holding (Figure 2-
11). They were transported in insulated Igloo containers to 
keep the water temperature stable.  For each batch of test 
organisms, records of the collection dates and locations 
were kept in the laboratory log, and included the original 
source, feeding regime, and holding water characteristics. 
Calanus were fed cultures of marine diatoms through the 
holding period.  Diatoms were obtained from field collection 
or commercial suppliers (Drs Foster and Smith).  We used 
PhytoGold (Brightwell Aquatics) comprised of the unicellular 
marine algae Thalassiosira sp.   Feeding strategies for 
holding and testing Calanus sp over longer periods of time 
are being investigated.  It is known that Calanus can survive 

for long periods (overwinter) without feeding.  Arctic cod and larval sculpin were fed live 
crustaceans from our other collections or a mixture of frozen brine shrimp.  Water quality 
observations were made throughout the holding period and water exchanges were performed to 
maintain healthy organisms.  Holding densities were deemed appropriate based on observed 
water quality and visual observations of healthy organisms.   

Organisms were monitored daily for signs of stress.  Signs of stress include:  rapid or gasping 
respiration, erratic swimming behavior, excitability, and changes in colors as appropriate for each 
species. Organisms were not used for testing if they appeared to be unhealthy, discolored, or 
otherwise stressed, or if mortality exceeded 10% preceding the test.   The presence and size of 
lipid storage globules released during holding and testing was recorded since it may be indicative 
of a sublethal response.  All laboratory work was performed following protocols that address the 
technical specifications of the research activities.  Testing with marine fish followed approved 
animal care guidance provided by UAF (IACUC guidance). 

TEST ORGANISM IDENTIFICATION 

The capture of C. glacialis and C. hyperboreus from under the ice at Barrow was confirmed with 
preserved specimens (Figure 2-12).  These two predominant species are different in sizes and 
pigmentation patterns so these features are key initial distinguishing characteristics that were 
used in order to minimize handling stress to the selected test organisms.  A taxonomic guide was 
prepared based on field observations and on taxonomic references on arctic calanoid copepods to 
facilitate identification of live specimens targeted for testing (Vidal 1971, Boxshall and Halsey 
2004, Fleminger and Hulsemann 1977, www.crustacea.net, Frost 1971; Appendix E).  An 
additional key was prepared to identify Arctic cod based on field observations and taxonomic 
references (Mecklenburg et al 2002; Appendix E).   

Figure 2-11.  First Catch of Juvenile 
Arctic Cod (Lewis Brower and Nephew) 
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Figure 2-13.  Cutting through Ice 

 
Figure 2-12.  Taxonomic Identification of Calanus glacialis 

 

 

WATER COLLECTION IN SUPPORT OF TOXICITY AND BIODEGRADATION STUDIES 

Additional field sampling trips collected natural seawater in 
support of toxicity testing and biodegradation studies (See 
biodegradation section for more details).  It was necessary 
to conduct biodegradation experiments with arctic 
seawater to determine the degradation potential with the 
natural microbial community functioning at cold 
temperatures.  During the early season, holes were drilled 
using a gas powered eight-inch auger and ice saws to create 
holes large enough to deploy the sampling equipment to 
collect water under the ice for toxicity and biodegradation 
experiments (Figure 2-13).  Local knowledge of ice 
conditions enabled location of appropriate areas where the 
ice was thin enough to auger through to water below the 
ice. 

 

 



 

 
NewFields JIP Effects of Dispersed Oil in Cold Environments Page | 19 

  

    

SECTION 3:  TOXICOLOGY 

Myoxochepalus sp. 

Calanus glacialis 

Boreogadus saida 

WAF and CEWAF Preparation 

Photos taken by Bill Gardiner and Collin Ray 
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SECTION 3:  TOXICOLOGY 
PROTOCOL DEVELOPMENT, EXPERIMENTAL TEST DESIGN , BIOASSAY AND ANALYTICAL CHEMISTRY 

RESULTS 

Project Scientists:   Jack Q Word, Ph.D., Bill Gardiner, M.S., Jack D Word, Brian Hester, Collin Ray 
[NewFields]; and Kelly McFarlin M.S. [UAF] 

Project Objectives:  Determine the toxicity of physically and chemically dispersed Alaska North 
Slope (ANS) crude oil to copepods (Calanus glacialis) and Arctic cod 
(Boreogadus saida) indigenous to the Beaufort and Chukchi Seas. 

Petroleum mixtures are a complex of thousands of compounds, with varying volatility and 
solubility.  Toxicity tests are perhaps the only tool available to predict how organisms might 
respond to chemical and physical interactions with these complex mixtures.  Laboratory bioassay 
tests were conducted to assess the toxicity of both chemically and physically dispersed petroleum 
with three arctic species:  Arctic cod, calanoid copepods, and larval sculpin.  In each experiment, 
the petroleum was fresh Alaska North Slope (ANS) crude oil collected from the Alyeska Pipeline in 
Prudhoe Bay, Alaska.  Chemically dispersed petroleum was prepared using Corexit® 9500 
dispersant.  The physically dispersed petroleum preparations included a water-accommodated 
fraction (WAF) and a more energetic physical dispersion termed a “breaking wave WAF” or 
BWWAF.  The chemically-dispersed petroleum preparation, or chemically-enhanced WAF 
(CEWAF), was prepared in a manner similar to the WAF, with the addition of chemical dispersant.  
This section discusses the basis for the study design and methods, summarizes the methods 
followed, and presents the results of the biological testing paired with chemical analysis of test 
solutions. 

EXPERIMENTAL DESIGN AND METHODS 

Laboratory testing protocols were based on those developed by the Chemical Response to Oil 
Spills Ecological Effects Research Forum (CROSERF) program.  The CROSERF program was a 
cooperative effort to establish methods for the preparation and evaluation of WAF and CEWAFs 
(Aurand and Coelho 2005).  Barron (2003), Clark et al. (2001), and Nordtug and Oistein (2007) 
have since provided critical reviews of the CROSERF protocols, with some suggested modifications 
to better simulate field conditions.  The methods used in this JIP generally follow the CROSERF 
protocols, with modifications to better represent arctic conditions and to meet specific goals and 
objectives of the JIP program (SOP LAB065.05; Appendix A).  The following section briefly 
describes the methods followed to prepare test solution and to conduct toxicological studies in 
Phase I and II.  Detailed, standard operating procedures (SOPs) are presented in Appendix A.  

TEST SOLUTION PREPARATION 

Toxicity tests supporting the JIP program were conducted in 2009 and 2010 with dilutions of WAF 
and CEWAF preparations.  Additional test solutions evaluated in 2010 included a breaking-wave 
WAF (BWWAF) and a dispersant-only test solution.  All test solutions were prepared using fresh 
ANS crude and filtered Beaufort or Chukchi seawater.  Dispersant test solutions were prepared 
using Corexit® 9500. 

3.0 
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All test solutions were prepared in 20-L glass aspirator bottles, fitted with a glass port at the 
bottom that allowed the test solutions to be collected while avoiding capture of surfaced oil.  Test 
solutions were prepared with 16L of aerated, 0.45-µm filtered seawater, with 20% headspace.  
Each aspirator bottle was marked at 20% and 25% of the depth of the water column to facilitate 
calibration of vortex development during active mixing.  A Teflon-coated magnetic stirrer was 
placed in the aspirator bottle, which was then placed in a 2°C cold-room and allowed to acclimate 
to test conditions.  Stir plates were set at a rate such that the vortex was 20% of the depth of the 
carboy.  The mixing rate was adjusted using marks on the sides of the aspirator. 

The loading rate (i.e. the amount of petroleum added to seawater) was intended to simulate the 
maximum loading of oil in seawater during a spill event.  Some programs target a higher loading 
rate to ensure that toxicity is observed in the highest dilutions. Barron (2003) advocates a 
petroleum loading rate of 25 g/L to ensure that test concentrations will exceed median lethal 
effects for subarctic species.  This is equivalent to a 1:40 loading rate (ratio of oil to water).  This 
concentration also represents the highest loading rate used by CROSERF.  However, a lower 
loading rate is considered to be more representative of a petroleum spill event.  Field research 
indicates that the maximum amount of petroleum measured beneath a dispersed oil slick is likely 
to be <1:200 (Couillard et al. 2005; Singer et al. 2001).  For the purposes of this study, a petroleum 
loading rate of 10 g/L (1:100) was used as a maximum concentration for representing more 
realistic conditions. 

Petroleum was added by weight ensuring that the appropriate mass of petroleum was added to 
the dilution water.  ANS crude oil (160 g) was poured into a tared glass beaker and weighed to the 
nearest 0.1 g under a hood.  After adding petroleum to the dilution water, the tared glass beaker 

was reweighed to ensure that the loading was  10% of the target mass.  ANS was poured directly 
into the aspirator bottle, avoiding any contact with the walls of the aspirator bottle.  Once the 
petroleum was placed on the water’s surface, the aspirator was sealed and the stirring rate 
adjusted until the vortex was 20% to 25% of the depth of the aspirator.  For the CEWAF 
preparations, dispersant was added at a ratio of one part dispersant to 20 parts petroleum (1:20).  
For 160 g of oil, 8 g of dispersant was added to the CEWAF preparations.  Similarly to the 
petroleum additions, the dispersant was weighed in a tared, glass beaker and then poured 
directly onto the center of the petroleum in the aspirator.  The dispersant-only test solution was 
prepared in a manner similar to the CEWAF, with the same mass of dispersant added but in the 
absence of petroleum. 

WAF preparation methods have been designed to minimize the potential inclusion of oil globules 
in the test preparations.  Even with a 25% vortex, little oil is observed in the WAF preparations.  In 
cold water (2°C) it was difficult to drive sufficient petroleum hydrocarbons into the water to elicit 
biological responses in the physical dispersions.  This phenomenon has been observed by others 
(Eric Febbo, pers. communication).  Experiments with baffled flasks, which provide increased 
turbulence in the underlying water without the entrainment of particulate oil, did not result in 
increased total petroleum hydrocarbon (TPH) concentrations in the WAF.   Since more turbulence 
is likely to be present in Chukchi and Beaufort Seas during ice-free conditions, a test treatment 
supplying more energy during WAF preparation was added to tests conducted in 2010.  This 
“breaking wave” WAF (BWWAF) was prepared in a manner similar to the WAF, with the exception 
of periods of increased mixing energy introduced during the first two hours of mixing and the last 
hour of mixing prior to the settling period.  Increased mixing was achieved by rocking the 
aspirator, driving petroleum into the water column.  Particle collisions with the walls and bottom 
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of the carboy provided a confused mixing energy and served to break apart larger globules of oil.  
Mixing with stir bars was provided during intervals between shaking. 

All test preparations were mixed in the dark at test temperature for 18 hours.  During the first 
hour, the aspirators were checked to ensure the prescribed vortex height was maintained.  After 
18 hours, the magnetic stirrers were turned off to allow for phase separation for 6 hours. The 
dispersed oil solutions were collected for chemical analyses and use in toxicity tests at the end of 
this settling phase.  When decanting test solutions, the first liter was allowed to flow into a waste 
container to prevent the collection of any particulate petroleum trapped in the aspirator port.  
Samples for chemical analyses from the 100% dilutions were collected directly into laboratory-
supplied sample bottles.  The 100% concentration of each test preparation was then poured 
directly into the test chambers for the toxicity tests. 

Test dilutions were prepared using variable dilution (making each test concentration individually 
by adding seawater to the 100% stock solution).  Barron and Ka’Kaihue (2003) advocate variable 
dilution because it provides a consistent chemical concentration series for all petroleum and 
dispersant treatments and provides direct comparison of dose-responses in WAF and CEWAF.  
Each test dilution of the WAF, CEWAF, and BWWAF was prepared individually in an 8-L aspirator 
bottle by pouring the appropriate volume of test solution and then adding the appropriate 
amount of aerated, 0.45-µm-filtered seawater.  A Teflon-coated magnetic stirrer was placed in 
the aspirator and test solutions were gently and continuously stirred to ensure that test solutions 
were well mixed.  Once mixed, two 1-L subsamples for chemistry analysis were collected from the 
aspirator port and then aliquots were poured directly into the appropriate pre-labeled bioassay 
test chambers.  Subsamples for analysis were shipped on dry ice via overnight delivery to the 
analytical chemistry laboratory, Alpha Analytical Inc. in Westborough Massachusetts.  

CHEMICAL ANALYSIS OF TEST SOLUTIONS 

Chemical analysis is critical to understanding toxicity of the CEWAF and WAF.  While many studies 
report results based on nominal concentrations, there can be substantial variability in actual 
initial petroleum concentrations due to subtle variations in the mixing and dilution process.  
Analytical chemistry results demonstrated that the estimation of the concentration of petroleum 
produced in 100% WAF or CEWAF were not predictable from the nominal loadings.  The 
production of WAF and CEWAF is highly dependent on the efficiency of mixing, and the degree of 
mixing achieved in very cold waters is variable.   In contrast, once the 100% solutions of WAF or 
CEWAF are produced, the dilution of these solutions proved to be highly predictable.  At a 
minimum, it is necessary to measure the concentrations of the petroleum components in the 
100% WAF, BWWAF or CEWAF preparations. 

For the 2009 toxicity tests, analytical chemistry was performed on all test concentrations at test 
initiation and at 96 h.  The measured TPH concentration in each of the dilutions was very similar 
to the nominal dilution (Figure 3.1).  This was also true for the various PAH constituents.  Based 
on the tight relationship between the nominal and measured concentrations for the dilutions in 
2009, the concentration for the dilutions of WAF, BWWAF, and CEWAF in tests conducted in 2010 
were based on the product of the percent nominal concentration and the measured 
concentration in the stock solution for each dilution concentration (for example 0.5 * 301 mg/L 
for the 50% CEWAF in Batch 8). 
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Figure 3-1.  Measured TPH Concentrations Compared to Nominal Concentrations in Initial 
CEWAF Preparations for Copepod Testing in 2009. 

 

 

Test solutions were analyzed by Alpha Analytical, Inc. in Westborough Massachusetts.  All samples 
were analyzed for parent and alkylated PAHs by gas chromatography/mass spectrometry (GC/MS) 
using a modification of EPA Method 8270.  PAH concentrations were quantified using average 
response factors (RF) generated from the five-point instrument calibration relative to the internal 
standards. Alkylated PAH concentrations were determined using the average response factor (RF) 
for the corresponding parent compound.  Total PAHs are reported as the sum of EPA priority PAHs 
and their alkylated homologs or as the sum of an extended list of parent and alkylated PAHs 
(presented in Table 3-1).  All samples were analyzed for saturated (TSH; C9 – C40 including pristane 
and phytane) and total petroleum hydrocarbons (TPH; C9 – C44) by gas chromatography/flame 
ionization detector (GC/FID) using a modification of EPA Method 8015 (Table 3-2). The chemical 
concentrations were quantified using average response factors (RF) generated from the five-point 
instrument calibration relative to the internal standards. An aliquot of fresh ANS crude oil was 
also analyzed concurrently with the first group of samples. 
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Table 3-1.  PAH Analytes Measured (extended list; priority PAHs are indicated with asterisk) 

PAH 
Priority 

PAH 
Abbr. PAH 

Priority 
PAH 

Abbr. 

cis/trans-Decalin  D0 C3-Fluoranthenes/Pyrenes  FP3 

C1-Decalins  D1 C4-Fluoranthenes/Pyrenes  FP4 

C2-Decalins  D2 Naphthobenzothiophenes  NBT0 

C3-Decalins  D3 C1-Naphthobenzothiophenes  NBT1 

C4-Decalins  D4 C2-Naphthobenzothiophenes  NBT2 

Benzothiophene  BT0 C3-Naphthobenzothiophenes  NBT3 

C1-Benzo(b)thiophenes  BT1 C4-Naphthobenzothiophenes  NBT4 

C2-Benzo(b)thiophenes  BT2 Benz[a]anthracene * BA0 

C3-Benzo(b)thiophenes  BT3 Chrysene/Triphenylene * C0 

C4-Benzo(b)thiophenes  BT4 C1-Chrysenes * BC1 

Naphthalene * N0 C2-Chrysenes * BC2 

C1-Naphthalenes * N1 C3-Chrysenes * BC3 

C2-Naphthalenes * N2 C4-Chrysenes * BC4 

C3-Naphthalenes * N3 Benzo[b]fluoranthene * BBF 

C4-Naphthalenes * N4 Benzo[k]fluoranthene * BJKF 

Biphenyl  B Benzo[a]fluoranthene  BAF 

Dibenzofuran  DF Benzo[e]pyrene  BEP 

Acenaphthylene * AY Benzo[a]pyrene * BAP 

Acenaphthene * AE Perylene  PER 

Fluorene * F0 Indeno[1,2,3-cd]pyrene * IND 

C1-Fluorenes * F1 Dibenz[a,h]anthracene * DA 

C2-Fluorenes * F2 Benzo[g,h,i]perylene * GHI 

C3-Fluorenes * F3 4-Methyldibenzothiophene  4MDT 

Anthracene * A0 2/3-Methyldibenzothiophene  2MDT 

Phenanthrene * P0 1-Methyldibenzothiophene  1MDT 

C1-Phenanthrenes/Anthracenes * PA1 3-Methylphenanthrene  3MP 

C2-Phenanthrenes/Anthracenes * PA2 2/4-Methylphenanthrene  2MP 

C3-Phenanthrenes/Anthracenes * PA3 2-Methylanthracene  2MA 

C4-Phenanthrenes/Anthracenes * PA4 9-Methylphenanthrene  9MP 

Retene  RET 1-Methylphenanthrene  1MP 

Dibenzothiophene * DBT0    

C1-Dibenzothiophenes * DBT1    

C2-Dibenzothiophenes * DBT2 Surrogates   

C3-Dibenzothiophenes * DBT3 d10-2-Methylnaphthalene   

C4-Dibenzothiophenes * DBT4 d10-Pyrene   

Benzo(b)fluorene  BF d12-Benz(b)Fluoranthene   

Fluoranthene * FL0    

Pyrene * PY0 Recovery Internal Standard   

C1-Fluoranthenes/Pyrenes * FP1 d10-Acenaphthene   

C2-Fluoranthenes/Pyrenes * FP2 d12-Chrysene   
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Table 3-2.   Saturated Hydrocarbons Analytes Measured 

Abbr. Analyte Abbr. Analyte 
nC9 n-Nonane  nC27 n-Heptacosane  

nC10 n-Decane  nC28 n-Octacosane  
nC11 n-Undecane  nC29 n-Nonacosane  
nC12 n-Dodecane  nC30 n-Triacontane  
nC13 n-Tridecane  nC31 n-Hentriacontane  
1380 2,6,10 Trimethyldodecane  nC32 n-Dotriacontane  
nC14 n-Tetradecane  nC33 n-Tritriacontane  
1470 2,6,10 Trimethyltridecane  nC34 n-Tetratriacontane  
nC15 n-Pentadecane  nC35 n-Pentatriacontane  
nC16 n-Hexadecane  nC36 n-Hexatriacontane  
nPr Norpristane  nC37 n-Heptatriacontane  

nC17 n-Heptadecane  nC38 n-Octatriacontane  
Pr Pristane  nC39 n-Nonatriacontane  

nC18 n-Octadecane  nC40 n-Tetracontane  
Pr Pristane     
-- Phytane TSHC Total Saturated Hydrocarbons (C9-C40) 

nC19 n-Nonadecane TPH Total Petroleum Hydrocarbons(C9-C44) 
nC20 n-Eicosane  TPHC  Corexit®™ TPH 

    
nC21 n-Heneicosane   Surrogates 
nC22 n-Docosane  OTP O-Terphenyl 
nC23 n-Tricosane  D50T Tetracosane-D50 
nC24 n-Tetracosane    
nC25 n-Pentacosane   Internal Standard 
nC26 n-Hexacosane  5AA 5-α-Androstane 

 

TESTING REGIME 

Toxicity testing exposures were conducted using spiked exposures.  Compared to constant 
exposures, spiked exposures more closely represent the natural dilution of upper surface layer 
into underlying water and bioassay results better represent petroleum exposures that would 
occur in the marine environment.  This approach was used by Singer et al. (1991) to evaluate 
effects to four temperate invertebrates after a spiked exposure to the dispersant Corexit® 9527 
and oil.  An initial petroleum dose at a given concentration is followed by declining concentrations 
via active or passive processes to achieve a target petroleum concentration half-life.  Field 
observations from previous oil spills and wave tank tests have shown that oil in the water-column 
is diluted by turbulent diffusion, volatilization, and biodegradation.  In the field, McAuliffe et al. 
(1981) noted that total oil concentrations decreased from 30 – 50 mg/L to 0.5 – 2.3 mg/L over 15 
to 220 minutes.  Other field trials have noted concentrations decreasing to below detection limits 
in a matter of hours following a spill (Raj and Griffith 1979, Mackay and Wells 1983, Bocard et al. 
1984).  In Singer et al. (1991) test concentrations were diminished at a rate sufficient to reach 
non-detect levels over 8 hours.  However, NRC (1989) notes that for large spills or in areas with 
limited circulation, dispersed oil may persist for a longer period of time.  At the Anchorage 
Dispersant Workshop (NewFields 2008b), workshop participants considered four hours to 
represent a conservative half-life for dispersed petroleum.  For the purposes of this test program, 
spiked petroleum exposures were designed to decline over time to achieve a half-life of four 
hours.  Tests were conducted in open test systems to allow for volatilization, as would occur 
naturally at arctic temperatures. 
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TEST DURATION 

Previous studies with arctic species have indicated that a longer time period may be required for 
cold-water species to exhibit effects following an acute contaminant exposure compared to 
temperate species (Chapman and Riddle 2005).  The standard duration for acute toxicity tests is a 
96-hour exposure, with effects evaluated at the end of the exposure period.  For the purposes of 
this study, test duration was determined for each of the test species by using the standard 96-
hour exposure period, followed by an additional observation period.  Based on control 
performance and relative sensitivity over the observation period (Figure 3-2), the copepod test 
was conducted as a 12-day test (96-hour exposure followed by an 8-day observation period).  
After Day 12, it was difficult to distinguish between increased control mortality and treatment 
related effects. 

Based on extended observation periods with both the Arctic cod and the sculpin larvae, there was 
little different in sensitivity between 96-h and Day 12.  The fish tests were therefore conducted as 
96-h tests.   

  

 

 

 

 

 

 

 

 

 

 

 

TEST SPECIES 

Calanus glacialis (copepod) and Boreogadus saida (Arctic cod) were identified as arctic species 
that are critical components of the arctic food web and were included in the toxicity testing 
program.  Young-of-the-year larval Arctic cod, approximately 60-130 mm in length, were collected 
in sufficient numbers to conduct bioassay experiments.  In order to evaluate the sensitivity of 
early life stage arctic fish species, larval sculpin (10 days after capture) were included in testing 

Figure 3-2.  Percent Control Survival in Copepod Test and Mean LC50 

over Time 

Control response
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program.  Larval sculpin approximately 10 mm in length were collected with a yolk-sac present.  
Larvae did not have head spines or enlarged head characteristic of more developed juveniles. In 
addition to representing the earliest life stages, sculpin also represent key food web components 
for seabirds, marine mammals, and larger predatory fish that inhabit more estuarine 
environments (e.g. Elson Lagoon). 

In order to better understand whether there were seasonal differences in sensitivity, copepods 
were tested during the early open-water season (July-August) and in the late open-water season 
(October-November).  Organisms collected at the two time periods represented physiological or 
anatomical differences that may exist between the early and late ice-free season. 

COPEPOD TOXICITY TESTS 

Copepod toxicity tests were conducted with five dilutions of the 100% stock; each dilution had 
four replicate chambers.  A clean seawater (0%) control was tested concurrently with each test 
batch.  In the late season testing, the concentrations series for CEWAF and WAF was 6.25%, 
12.5%, 25%, 50%, and 100%.  The concentration series for the early season testing in 2010 was 
modified (1%, 4%, 16%, 40%, and 100%) to better bracket the response range observed in our 
previous tests.  The 100% concentration was included in each test treatment to ensure that any 
possible response was observed for each test.  In some cases, less than five test concentrations 
were included in a given test.  This allowed for both WAF and BWWAF preparations to be 
evaluated.  Tests were conducted in 500-mL glass jars fitted with a screened exit port at a 300 mL 
test volume and were initiated with 5 copepods per test chamber.  Copepod tests were 
conducted in two phases, a 96-h spiked exposure followed by an additional observation period of 
8 to 16 days in clean seawater to detect any effects elicited over a longer period of time.  During 
the spiked-exposure, test organisms were placed in each of the test dilutions which were then 
replaced with clean seawater at a rate such that test concentrations was reduced by half every 
four hours (a  4-hour half life).  At the end of the 96-h spiked exposure, survival was determined 
and any surviving copepods were transferred to clean seawater for the additional 8-day 
observation period.     

All tests for both seasons were conducted in a temperature controlled room at 2°C (±1°C), with a 
24-h light cycle.  Temperature was monitored daily in surrogate containers.  Dissolved oxygen, 
temperature, salinity, and pH were measured prior to test initiation, on Day 4, and every other 
day during the observation period.  Daily water quality analyses were not conducted during the 
96-h exposure period to prevent the damage, disturbance, or transfer of copepods during testing.  
Copepods were fed a ration of algal paste or live algae at 48-hours. A copper-only reference 
toxicant test was conducted with each batch of copepods.  If a single culture of copepods was 
used for multiple testing events, at least one reference-toxicant test was conducted per month.   
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FISH TEST WITH ARCTIC COD 

A series of four toxicity tests with Arctic cod were conducted in August through September 2010.  
Methods were similar to those of the copepod tests, with modifications to allow for the large 
volumes of test solutions required for the cod. Cod toxicity tests were conducted with four 
replicate chambers for each of three dilutions of CEWAF and BWWAF and two concentrations of 
WAF. The dilution series for each dispersed oil treatment were adjusted to bracket responses 
observed in previous tests (see Results section Table 3-13).   A seawater control was included with 
each round of tests.  Tests were conducted in 2-gallon glass aquaria, with a test volume of 5 L and 
were initiated with 5 fish per test chamber.  Tests were conducted as 96-hour spiked exposures.  
Water replacements were accomplished by siphoning half of the test volume every four hours 
and replacing that volume with clean seawater at test temperature, resulting in a 1:1 replacement 
of the test solution.  At the end of the 96-h spiked exposure, survival was determined. 

All tests were conducted in a temperature controlled room at 2°C (±1°C), with a 24-h light cycle.  
Temperature was monitored daily in surrogate containers.  Dissolved oxygen, temperature, 
salinity, and pH were measured at test initiation in all test chambers and in one replicate per 
treatment during the test.  Cod were fed field-collected plankton during the test.  A copper-only 
reference toxicant test was conducted for the cod collected for these tests.  

TOXICITY TEST WITH LARVAL SCULPIN 

Toxicity tests with larval sculpin were conducted in July through August 2010 in a manner similar 
to the copepod tests.  A series of four sculpin tests were conducted with WAF, CEWAF, and 
BWWAF.  Sculpin toxicity tests were conducted with four replicate chambers for each of five or six 
dilutions.  A clean seawater (0%) control was tested concurrently with each test batch.  For the 
CEWAF, the concentration series was 3.125, 6.25, 12.5, 25, 50, and 100% for the first two tests.  
Based on the results of the first round of tests, the concentrations series was adjusted to 1, 4, 16, 
40, and 100% for the second group of two tests.  A two or three concentration series was used for 
the WAF and BWWAF, using a 25%, 50%, and 100% concentration series.  Tests were conducted in 
500-mL glass jars fitted with a screened exit port at a 300 mL test volume and were initiated with 
five fish per test chamber. 

All testing methods for the sculpin tests were similar to those of the copepod tests, with a spiked-
exposure targeting a four-hour half-life, and a 96-hour exposure period.   Larval sculpin were fed 
field-collected plankton prior to and during testing. 

STATISTICAL EVALUATION 

Endpoint data were calculated for each replicate and the mean value and standard deviations 
were determined for each test treatment.  All hand-entered data were reviewed for data entry 
errors, which were corrected prior to summary calculations.  A minimum of 10% of all calculations 
and data sorting were reviewed for errors.   

Total PAHs were calculated as the sum of priority PAHs and their alkylated homologs to provide 
consistency with other testing programs. In addition, to better understand the relationship 
between PAHs and toxicity, total PAHs (TPAHs) were also calculated using an extended list of 
parent PAHs and alkylated homologs (Table 3-1).  The dose-responses for parent and alkylated 
PAHs were based on the extended list of analytes and are discussed in the results section.  
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Statistical analyses were performed using Comprehensive Environmental Toxicity Information 
System™ (CETIS) software (Tidepool Scientific Software 2010).  Prior to statistical comparison, 
data were tested for normality of distribution.  When data violated the assumption of normal 
distribution, they were transformed using an arcsine square root transformation prior to 
statistical analysis.  All data were tested for equality of variance using Levene’s test.  Median 
lethal concentrations (LC50s) were calculated for each of the test solutions for each round of 
testing.  LC50 point estimates were generated by Probit analysis if data were normally distributed.  
The trimmed Spearman-Karber technique (Hamilton et al. 1977) was used for LC50 point estimates 
for non-parametric distributions.  Data were control normalized for point estimates.  Linear 
relationships were evaluated using regression analysis tested for fit using analysis of variance.   

RESULTS FROM CHEMICAL ANALYSES  

The following section presents the results of chemical analyses associated with toxicity tests.  
Chemical analysis of the test solutions is a critical component to understanding and expressing 
the toxicity testing results.  While test dilutions are based on a percent dilution of the stock 
solution, toxicity is best understood on the basis of per-unit-oil measured petroleum.  Therefore, 
chemical results are presented on a per unit basis.  Batches of prepared test solutions are 
numbered sequentially.   Batches 1 through 5 were generated in 2009 and were used for the late 
season tests conducted with copepods; batches 8 through 17 were generated in 2010 and were 
used for the early season testing conducted with copepods and all testing with fish.  Data are 
presented as two separate events to allow for an evaluation of consistency over the program. 

PETROLEUM CONCENTRATIONS FROM BIOASSAYS  

A summary of the TPH and TPAH concentrations in each of the test preparations is presented in 
Table 3-3.  Complete test results showing all saturated and PAH compounds are presented in 
Appendix B.   

For batches 1-5, initial concentrations of TPH in the 100% WAF preparations ranged from 0.80 to 
0.99 mg/L, with a mean TPH concentration of 0.90 mg/L (Table 3-3).  TPH concentrations in the 
CEWAF were substantially higher and more variable than those in the WAF, with TPH 
concentrations ranging from 138 mg/L to 1180 mg/L.  Concentrations of TPAH were also 
significantly higher in the CEWAF than in the WAF preparation.  TPAH concentrations in the 
CEWAF ranged from 1.07 to 17.0 mg/L; whereas TPAH in the WAF ranged from 0.04 to 0.05 mg/L 
(Table 3-3).  

Table 3-3.  TPH and TPAH Concentrations for Undiluted (100%) Dispersed Oil Solutions Prepared in 2009 
(based on priority analyte list) 

Batch 
Measured Total Hydrocarbon Concentrations (mg/L) in 2009 

WAF CEWAF 
TPH TPAH TPH TPAH 

1 0.89 0.04 1180 17.0 
2 0.99 0.05 195 2.33 
3 0.82 0.05 138 1.07 
4 0.98 0.04 180 1.64 
5 0.80 0.04 427 6.04 

Mean 0.90 0.04 424 5.6 
SD 0.09 0.01 437 6.6 
CV 10% 12% 103% 118% 
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In 2010, a total of ten batches of CEWAF and nine batches of WAF and BWWAF were prepared for 
testing (Table 3-4).  Adjustments were made to increase the mixing energy as described in the 
method section, which resulted in increased TPH concentrations in the physically dispersed 
treatments (WAF and BWWAF) and more consistent concentrations in the CEWAF.  The TPH 
concentrations ranged from 1.4 to 4.0 mg/L in the WAF and ranged from 4.1 to 13 mg/L in the 
BWWAF (Table 3-4).  TPH concentrations in the CEWAF ranged from 297 to 627 mg/L with a mean 
concentration of 436 mg/L.  While the mean petroleum concentration in the CEWAF in 2010 was 
similar to that of 2009 (424 mg/L), the increased mixing energy resulted in a lower variability (CV 
= 26%) compared to the 2009 preparations (CV=103%; Tables 3-3 and 3-4). 

TPAH concentrations in WAF ranged from 0.05 to 0.10 mg/L in the BWWAF preparations TPAH 
concentrations ranged from 0.15 m/L to 0.29 mg/L, respectively.  TPAH concentrations in the 
CEWAF ranged from 5.3 to 12.0 mg/L, with a mean concentration of 8.0 mg/L.   

 
Table 3-4.  Analytical Chemistry Results for 100% Dispersed Oil Solutions for Testing Conducted in 2010 

Batch 

Measured Concentrations in 2010 (mg/L) 

WAF BWWAF CEWAF 

TPH TPAH TPH TPAH TPH TPAH 

8 1.72 0.07 4.30 0.16 301 5.33 

9 2.00 0.07 4.84 0.15 368 7.66 

10 1.36 0.05 5.06 0.18 394 6.98 

11 2.04 0.09 5.46 0.21 423 7.24 

12 3.53 0.09 8.17 0.21 487 8.07 

13 3.95 0.10 8.96 0.23 627 9.36 

14 4.03 0.10 4.70 0.15 562 10.7 

15 2.42 0.08 13.0 0.29 297 4.63 

16 1.81 0.06 4.10 0.15 325 4.63 

17 Not Tested Not Tested 578                      8.63 

Mean 2.54 0.08 6.51 0.19 436 7.32 

SD 1.05 0.02 1.94 0.03 113 2.02 

CV 41% 23% 30% 16% 26% 27% 
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COMPOSITION OF PAHS 

The composition of the PAHs in the WAF was dominated by naphthalene (44% of the total) and of 
its alkyl homologs (41% of the total; Figure 3-3). Aside from fluorene, phenanthrene, 
dibenzothiophene, other PAHs were either undetected or detected below the reporting limit 
(qualified as J).  The average measured concentration was similar for the total parent PAHs and 
the total alkyl homologs (Tables 3-5 and 3-6). 

The distribution of PAHs in the BWWAF preparation was similar to the WAF in that the 
naphthalene and alkyl-naphthalenes comprised most of the TPAH; however, the alkylated groups 
represented a higher proportion of the TPAH than the parent (non-alkylated) compounds in the 
BWWAF compared to the WAF.  The BWWAF also had measurable amounts of the alkylated 
fluorenes, phenanthrenes, and dibenzothiophenes. 

The addition of dispersant also affected the dominance pattern of PAHs, i.e. CEWAF was 
dominated by alkylated PAHs (approximately 90% of the TPAH) and had a lower proportion of 
parent PAHs (Figure 3-3).  The average concentration of total parent PAHs and total alkylated 
PAHs in the 2009 CEWAF preparations was 0.54 and 7.41 mg/L, respectively (Table 3-5).  A similar 
relationship between the parent and alkylated PAHs was observed in the 2010 CEWAF 
preparations, with 1.06 mg/L and 6.94 mg/L, respectively (Table 3-6).  Alkylated naphthalenes (C1 
through C4) represented 32% of the total PAH, with alkylated fluorene, phenanthrene, and 
dibenzothiophene representing an additional 28% of the total PAH.  Naphthalene was the 
dominant parent PAH compound in the CEWAF; however on average it represented only 7% of 
the TPAH.  Despite TPAH (extended list) concentrations that were 100 to 600 times higher in the 
CEWAF than the WAF, the concentrations of the total parent PAHs in the CEWAF were only 10 to 
40 times higher than those of the WAF.  Aside from small amounts of C1 through C4 fluoranthene, 
pyrene, naphthobenzothiophene, and chrysene, few high molecular weight PAHs were observed 
in the CEWAF.  

The distribution of PAHs in the CEWAF was consistent with the composition of the fresh ANS 
crude used in these studies as shown in Figure 3-3.  PAHs in the fresh ANS crude were dominated 
by the alkyl-naphthalenes, comprising 32% total, whereas the parent compound, naphthalene 
comprised 4% of the total.  The alkylated homologs of fluorene, phenanthrene, and 
dibenzothiophene comprised an additional 28% of the TPAH in the fresh ANS crude.  Decalins 
comprised an additional 22% of the TPAH (extended) in the fresh ANS crude.  
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Figure 3-3.   Key PAHs in TPAH in WAF, CEWAF, and Fresh ANS Crude Prepared in 2009 and 2010. 

[Values represent mean proportions (± SD) for all batches from 2009 experiments; Alkylated homologues of parent 
compounds are represented as 1-4 as in N1-4 (Naphthalene); black bar indicate fresh ANS crude oil] 
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Table 3-5.  TPH and TPAH Concentrations for Undiluted (100%) Dispersed Oil Solutions Prepared in 2009 
(based on extended analyte list) 

 
 
 
Table 3-6.  Concentrations of Parent and Alkylated PAHs for 100% Dispersed Oil Solutions for 
Testing Conducted in 2010 (based on extended PAH list) 

 

Batch 

Measured Total Hydrocarbon Concentrations (mg/L) in 2009 
WAF CEWAF 

Extended 
TPAH 

∑ Parent 
PAHs 

∑Alkyl 
PAHs 

Extended 
TPAH 

∑ Parent 
PAHs 

∑Alkyl  
PAHs 

1 0.04 0.02 0.02 24.2 0.46 23.8 
2 0.05 0.02 0.02 3.23 0.46 2.76 
3 0.05 0.03 0.02 1.43 0.30 1.13 
4 0.04 0.02 0.02 2.20 0.37 1.83 
5 0.04 0.02 0.02 8.64 1.11 7.53 

Mean 0.04 0.02 0.02 7.94 0.54 7.41 
SD 0.005 0.004 0.000 9.52 0.33 9.50 
CV 12% 20% 0% 120% 60% 128% 

Batch 

Measured Concentrations in 2010 (mg/L) 

WAF BWWAF CEWAF 

Extended 

TPAH 

∑ 

Parent 

PAHs 

∑Alkyl 

PAHs 

Extended 

TPAH 

∑ 

Parent 

PAHs 

∑Alkyl 

PAHs 

Extended 

TPAH 

∑ 

Parent 

PAHs 

∑Alkyl 

PAHs 

8 0.07 0.03 0.04 0.16 0.07 0.09 5.33 0.73 4.60 

9 0.07 0.03 0.04 0.15 0.05 0.10 7.66 1.02 6.64 

10 0.05 0.02 0.02 0.18 0.06 0.12 6.98 1.06 5.92 

11 0.09 0.05 0.04 0.21 0.08 0.13 7.24 1.14 6.10 

12 0.10 0.05 0.05 0.21 0.08 0.13 8.08 1.19 6.89 

13 0.10 0.05 0.05 0.23 0.08 0.15 9.36 1.38 7.97 

14 0.10 0.06 0.05 0.15 0.07 0.08 11.0 1.48 9.57 

15 0.79 0.04 0.04 0.28 0.07 0.21 6.19 0.76 5.43 

16 0.06 0.03 0.03 0.14 0.04 0.10 6.41 0.83 5.58 

17 -- -- -- -- -- -- 12.0 1.03 10.7 

Mean 0.16 0.04 0.04 0.19 0.07 0.12 8.02 1.06 6.94 

SD 0.24 0.01 0.01 0.05 0.01 0.04 2.15 0.25 1.93 

CV 150% 25% 25% 26% 14% 33% 27% 24% 28% 
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RESULTS OF TOXICITY TESTS WITH COPEPODS 

Toxicity tests were conducted with copepods collected during the early open-water season (July - 
August 2010) and the late-open water season (September - November 2009).  Based on an 
evaluation of test duration, tests were conducted as 12-day tests with 96-h exposures and an 
8-day observation period.   

 
EARLY OPEN-WATER SEASON 

A total of six copepod tests were 

conducted in three rounds during 
the early open-water season. Test 
acceptability was based on control 
survival at the 96-h endpoint.  The 
grand mean of all controls used 
within each round (n=8) was used 
to determine test acceptability.  A 
control survival of 80% was 
considered to be an acceptable 
performance level for 96-h acute 
tests.  Mean percent survival in the 
controls was >85% for Tests 1 
through 4.  Although reduced 
control survival for tests 5 and 6 
was observed (76.2%) results from 
these two tests were included in 
test interpretations since dose-responses were consistent with Tests 1 through 4.   

The 12-day LC50s for the early season copepod tests are summarized in Table 3-7.  Results for 
TPAH and TPH (mg/L), as well as mean percent survival in each of the replicates are presented for 
each of the nominal concentrations in Table 3-8.   

There were no statistically significant differences in survival between the 100% WAF treatment 
and the controls and therefore there was no calculable LC50.  However, there was a significant 
decrease in mean percent survival for each of the BWWAF preparations.  LC50s for the BWWAF 
treatments, ranged from 2.4 to >5.5 mg/L (Table 3-7).  In some cases, these estimates were based 
on one value, however, the median lethal concentration for the BWWAF was consistent among 
the six tests.  Based on a compilation of data for both WAF and BWWAF from all six tests (Figure 
3-4), the LC50 was 4 mg/L TPH and the threshold concentration for physical dispersions was 
approximately 2 mg/L TPH. 

Dose-responses were observed in the CEWAF preparations for all tests, with statistically 
significant decreases in survival in the 100% CEWAF.  Across the six CEWAF tests, LC50s ranged 
from 14 to 37 mg/L TPH.  Dose-responses between batches were remarkably consistent with a 
mean LC50 of 22 mg/L [± 9.5 SD].  Based on all data from the six tests (Figure 3-4), the response 
threshold for the CEWAF was approximately 20 mg/L, ten times that of the physically dispersed 
preparations. 
 

Early Season 
Test 

Analytical 
Batch 

Copepod 12-Day LC50 (mg/L TPH) 

CEWAF WAF BWWAF 

1 8 15 NC
a
 2.4 

2 9 18 NC 3.3 

3 10 37 NC 4.0 

4 11 30 NC NC 

5 12 16 NC 5.0 

6 13 14 NC 4.0 

 Mean 22 NC 4.0 

 SD 9.5 -- 1.1 
a
 NC:  Not calculable; LC50 > concentration measured in 100% 

WAF.  

Table 3-7.  Summary of 12-day LC50s for Copepod Testing 
Representing Early Open-Water Season  
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Table 3-8.   Results Copepod Toxicity Tests Representing the Early Open-Water Season 

Treatment (%) 
TPH 

(mg/L) 
TPAH 

(mg/L) 
% Survival - Day 12 

Mean SD 

Test 1 

CEWAF 

0 0.05 0.00 88 9 

6.25 18.8 0.33 32 212 

12.5 37.6 0.67 21 25 

25 75.2 1.33 0 0 

50 150 2.66 0 0 

100 301 5.33 0 0 

WAF 

0 0.00 0.00 88 12 

50 0.86 0.03 91 8 

100 1.72 0.07 78 20 

BWWAF
a
 100 4.30 0.16 12 7 

Test 2 

CEWAF 

0 0.00 0.00 94 7 

6.25 23.0 0.48 35 18 

12.5 46.0 0.96 6 7 

25 92.0 1.92 0 0 

50 184 3.83 0 0 

100 368 7.66 0 0 

WAF 

0 0.00 0.00 85 12 

50 1.00 0.03 84 12 

100 2.00 0.07 76 12 

BWWAF
a
 100 4.84 0.15 22 15 

Test 3 

CEWAF 

0 0.00 0.00 87 6 

6.25 24.6 0.44 72 10 

12.5 49.2 0.87 10 8 

25 98.5 1.74 0 0 

50 197 3.49 0 0 

100 394 6.98 0 0 

WAF 

0 0.00 0.00 98 5 

50 0.68 0.02 85 6 

100 1.36 0.05 75 37 

BWWAF
a
 

50 2.53 0.09 82 15 

100 5.06 0.18 28 19 
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  Table 3-8.   Results Copepod Toxicity Tests Representing the Early Open-Water Season (Continued) 

a
: Shared control with WAF; Bold: Significantly different than control 

 
 

Treatment (%) 
TPH 

(mg/L) 
TPAH 

(mg/L) 

% Survival - Day 12 

Mean SD 

Test 4 

CEWAF 

0 0.00 0.00 87 6 

6.25 26.4 0.45 48 28 

12.5 52.9 0.90 10 20 

25 106 1.81 0 0 

50 212 3.62 0 0 

100 423 7.24 0 0 

WAF 

0 0.00 0.00 98 5 

50 1.02 0.04 92 10 

100 2.04 0.09 80 8 

BWWAF 
50 2.73 0.10 85 10 

100 5.46 0.21 68 17 

Test 5 

CEWAF 

0 0.00 0.00 80 14 

1 4.87 0.08 70 9 

4 19.5 0.32 30 14 

16 77.9 1.29 0 0 

40 195 3.23 0 0 

100 487 8.07 0 0 

WAF 
0 0.00 0.00 80 14 

100 3.53 0.09 62 26 

BWWAF
a
 

25 2.04 0.05 50 22 

50 4.09 0.11 42 21 

Test 6 

CEWAF 

0 0.00 0.00 72 19 

1 6.27 0.09 59 30 

4 25.1 0.37 2.5 5 

16 100 1.50 0 0 

40 251 3.74 0 0 

100 627 9.36 0 0 

WAF 
0 0.00 0.00 72 19 

100 3.95 0.10 45 30 

BWWAF
a
 

25 2.24 0.06 52 10 

50 4.48 0.12 32 21 



 

 
NewFields JIP Effects of Dispersed Oil in Cold Environments Page | 37 

  

  
 
 
  

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90 100

P
e

rc
e

n
t 

Su
rv

iv
al

TPH (mg/L)

0

10

20

30

40

50

60

70

80

90

100

0 2 4 6 8 10

P
e

rc
e

n
t 

Su
rv

iv
al

CEWAF 

WAF and BWWAF 

Figure 3-4.   Dose Response Curves for Early Season Copepod Tests with Physically Dispersed 
(WAF and BWWAF) and Chemically Dispersed Petroleum (CEWAF). (Control normalized data) 
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Late Open-Water Season 

A total of five copepod tests were conducted during the late open-water season.  Control survival 
met acceptability criteria for all tests, with mean percent survival in the controls ranging from 
85% to 97.5% for late open-water Tests 1 through 5.   

The 12-day LC50s for each of the late 
open-water season copepod tests are 
summarized in Table 3-9.  Results for 
TPAH and TPH, as well as mean 
percent survival in each of the 
replicates are presented for each of 
the nominal concentrations are 
presented in Table 3-10.  Responses 
for all test days are presented in 
Appendix C.   

There was little response in any of 
the WAF preparations, with no 
statistically significant differences in 
survival between the 100% WAF 
treatment and the controls.  Based 
on the analytical chemistry at test 
initiation, the copepods in the WAF treatments were exposed to TPH concentrations below 1 
mg/L.  Therefore, there were no calculable LC50s for the 12-day endpoint for any of the late-
season copepod WAF preparations. 

Dose-responses were observed in the CEWAF preparations for all tests, with statistically 
significant decreases in survival in the 100% CEWAF for each of the testing time periods.  Median-
lethal concentrations of CEWAF ranged from 30 to 78.7 mg/L TPH. Based on a combined data set 
from the five test batches, the LC50 for TPH in CEWAF was consistent with the mean LC50 of 62 
mg/L and the response threshold was between 20 and 40 mg/L TPH (Figure 3-5). 

Table 3-9.  Summary of 12-day LC50s for Copepod Testing 
Representing Late Open-Water Season  

Test 
Analytical 

Batch 

Copepod 12-Day LC50 (mg/L TPH) 

CEWAF  WAF  

1 1 75 NC
a
 

2 2 50 NC 

3 3 75 NC 

4 4 30 NC 

5 5 79 NC 

 Mean 
SD 

62 
21 

NC 

-- 
a
 NC:  Not calculable; LC50 > concentration measured in 100% 

WAF. 
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Table 3-10.  Results Copepod Toxicity Tests Representing the Late Open-Water Season 

Treatment (%) TPH (mg/L) TPAH (mg/L) 
12-d Percent Survival 
Mean SD 

Test 1 

CEWAF 

Control 0.05 0.000 95 10 

6.25 51.9 0.87 45 10 

12.5 113 1.78 55 41 

25 256 4.15 30 26 

50 565 8.89 0 0 

100 1180 17.0 0 0 

WAF 

Control 0.050 0.000 85 30 

6.25 0.271 0.003 85 19 

12.5 0.200 0.006 80 28 

25 0.328 0.012 80 16 

50 0.495 0.022 95 10 

100 0.895 0.042 70 26 

Test 2  

CEWAF 

Control 0.05 0.000 95 10 

6.25 11.9 0.15 85 19 

12.5 25.3 0.33 85 19 

25 51.8 0.67 60 37 

50 114 1.45 10 12 

100 195 2.33 15 19 

WAF 

Control 0.046 0.000 90 12 

6.25 0.264 0.002 90 20 

12.5 0.273 0.005 95 10 

25 0.297 0.011 95 10 

50 0.508 0.024 85 30 

100 0.993 0.047 85 19 

Test 3 

CEWAF 

Control 0.04 0.000 90 12 

6.25 7.43 0.071 75 19 

12.5 15.7 0.145 75 25 

25 36.1 0.284 65 20 

50 68.7 0.553 50 20 

100 138 1.07 10 20 

WAF 

Control 0.036 0.000 85 10 

6.25 0.187 0.003 85 10 

12.5 0.143 0.006 95 10 

25 0.240 0.013 90 12 

50 0.402 0.024 95 10 

100 0.819 0.046 90 19 
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Table 3-10.  Results Copepod Toxicity Tests Representing the Late Open-Water Season (Continued) 

Treatment (%) TPH (mg/L) TPAH (mg/L) 
12-d Percent Survival 

Mean SD 

Test 4 

CEWAF 

Control 0.03 0.000 80 16 

6.25 9.85 0.096 60 33 

12.5 18.0 0.163 40 23 

25 44.4 0.411 50 42 

50 98.2 0.877 5 10 

100 180 1.64 0 0 

WAF 

Control 0.027 0.000 60 16 

6.25 0.176 0.003 75 10 

12.5 0.209 0.006 75 25 

25 0.634 0.012 85 19 

50 0.529 0.020 85 19 

100 0.982 0.043 80 23 

Test 5 

CEWAF 

Control 0.00 0.000 100 0 

6.25 25.3 0.411 68 28 

12.5 58.0 0.913 60 43 

25 139 2.10 35 34 

50 328 4.91 25 25 

100 427 6.04 7 14 

WAF 

Control 0.000 0.000 85 19 

6.25 0.000 0.003 80 23 

12.5 0.000 0.005 73 16 

25 0.127 0.011 90 12 

50 0.327 0.020 85 19 

100 0.799 0.038 75 25 

Bold: Significantly different than control 
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Figure 3-5.   Dose Response Curves for Early Season Copepod Tests with Chemically Dispersed 
Petroleum (CEWAF). (Control normalized data) 
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DISPERSANT-ONLY TESTS WITH COPEPODS 

A dispersant-only test preparation was tested with copepods concurrently with the early open-
water season tests. Toxicity was observed in each of the dispersant-only tests (Table 3-11), with 
LC50s of 50 mg/L and 17 mg/L, based on nominal concentrations.  With a DOR of 1:20, the amount 
of Corexit® 9500 in the median-lethal concentrations of CEWAF was predicted to be 1.1 to 3.1 
mg/L, 10 to 50 times below the LC50 for Corexit® 9500 alone, indicating that Corexit had a minimal 
contribution to the toxicity observed in the CEWAF.  Dispersant concentrations in the field have 
been estimated to be approximately 30 µg/L immediately following application (Benner et al. 
2011); this is three orders of magnitude below levels predicted to be acutely toxic to copepods. 

Table 3.11   Results of Dispersant-Only Tests with Copepods  

SD = Standard Deviation; Bold: Significantly different than control 

  

Nominal (%)  Corexit®9500 (µg/L) 
Day 4 Day 12 

Mean % Survival SD Mean % Survival SD 

Test 1 

Control 0 100 0 95 6 

6.25 31,250 95 10 80 14 

12.5 62,500 92.5 10 30 24 

25 100,000 40 41 0 0 

50 250,000 0 0 0 0 

100 500,000 0 0 0 0 

Test 2 

Control 0 100 0 95 6 

6.25 31,250 62.5 15 12.5 5 

12.5 62,500 40 18 2.5 5 

25 100,000 5 10 0 0 

50 250,000 0 0 0 0 

100 500,000 0 0 0 0 
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RESULTS OF TOXICITY TESTS WITH ARCTIC COD 

A series of four Arctic cod toxicity 
tests were conducted with CEWAF 
(Batches 14 through 17, as 
described on page 34) and three 
tests with WAF and BWWAF 
(Batches 14 through 16).  Table 
3-12 summarizes toxicity results 
for all tests.   Both 4-d and 12-d 
endpoints were evaluated for 
Arctic cod.  While there was some 
decrease in survival with the 
additional 8-d observation period, 
changes were minimal.  Given the 
low number of test organisms, it 
would be difficult to differentiate between petroleum-related effects and those of spurious 
mortalities.  For the purposes of evaluating WAF, BWWAF, and CEWAF toxicity, the 4-d endpoint 
was used.   

Mean percent survival and the associated TPH and TPAH concentrations are reported in Table 
3-13.  Mean control survival was above 90%, providing an indication that test conditions were 
suitable for Arctic cod survival. 

Dose-responses were observed in both of the physically-dispersed preparations, with statistically 
significant decreases in mean percent survival for each of the 100% WAF and BWWAF treatments.  
LC50s for the two physically dispersed preparations were similar with mean LC50s of 1.6 mg/L (± SD 
0.4) and 3.3 mg/L TPH (± SD 2.2) for the WAF and BWWAF, respectively.  Based on a compilation 
of data for both WAF and BWWAF from all four tests (Figure 3-6), the LC50 was 2.5 mg/L TPH and 
the threshold concentration for physical dispersions was approximately 2 mg/L TPH 

Dose-responses were observed in the CEWAF preparations for all tests, with statistically 
significant decreases in survival in the 100% CEWAF.  Across the four CEWAF tests, LC50s ranged 
from 45 to 80 mg/L TPH.  Based on all data from the four tests (Figure 3-6), the response 
threshold for the CEWAF was approximately 40 mg/L.  As with the copepods, the 96-hour LC50s 
and response threshold for the physically-dispersed petroleum were lower than those of the 
chemically-dispersed petroleum, the mean LC50 for CEWAF exposure was over 20 times higher 
than that of the WAF and BWWAF preparations. 

 

Table 3-12.  Summary of 96-hour LC50s for Arctic Cod  (mg/L TPH)  

Test 
Analytical 

Batch 

Arctic Cod 96-h LC50s (mg/L TPH) 

CEWAF WAF BWWAF 

1 14 80 1.5 1.6 

2 15 46 2.0 5.7 

3 16 45 1.2 2.5 

4 17 50 NT
a
 NT 

Mean 

SD 

55 

17 

1.6 

0.4 

3.3 

2.2 
a
 NT; Not tested. 
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Table 3-13.  Results of Toxicity Tests with Juvenile Arctic Cod (Boreogadus saida). 

Treatment (%) 
TPH TPAH % Survival - Day 4 

mg/L mg/L Mean SD 
Test 1 

CEWAF 

0 0 0 100 0 

6.75 38 1 95 10 

22.5 127 2 0 0 

75 422 8 0 0 

WAF 

0 0 0 100 0 

20 0.81 0.02 95 10 

100 4.03 0.10 18 2 

BWWAF
a
 

4 0.19 0.01 95 10 

25 1.18 0.04 100 0 

80 3.76 0.12 15 10 

Test 2 

CEWAF 

0 0 0 95 10 

3 8.90 0.19 100 0 

9 26.7 0.56 100 0 

18 53.4 1.12 32 19 

WAF 

0 0 0 100 0 

20 0.48 0.02 100 0 

100 2.42 0.08 36 18 

BWWAF
a
 

4 0.52 0.01 100 0 

40 5.20 0.11 55 10 

80 10.4 0.23 5 10 

Test 3 

CEWAF 

0 0 0 95 10 

3 9.75 0.19 95 10 

9 29.3 0.58 80 16 

18 58.5 1.15 25 19 

WAF 

0 0 0 95 10 

20 0.36 0.012 100 0 

100 1.81 0.062 30 12 

BWWAF
a
 

4 0.17 0.006 100 0 

40 1.66 0.058 90 12 

80 3.31 0.12 15 19 

Test 4 

CEWAF 

0 0 0 92 17 

6 22.2 0.47 95 10 

12 65.7 1.43 30 48 

18 104 2.16 0.0 0 
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a
: Control shared with WAF;  Bold: Significantly different than control 
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Figure 3-6.   Dose Response Curves for Arctic Cod Tests with Physically Dispersed (WAF and 
BWWAF) and Chemically Dispersed Petroleum (CEWAF). (Control normalized data) 
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RESULTS OF TOXICITY TESTS WITH LARVAL SCULPIN 

A total of four sculpin tests 
were conducted in August 
2010.  The first two tests were 
with fish that were 
approximately 14 days post 
hatch (yolk-sac stage).  The 
second two tests were 
conducted with older larval 
fish that were 28 dph.  Mean 
control survival on Day 4 
ranged from 80% to 100%; 
whereas survival in the 
controls on Day 12 ranged 
from 68% to 86%.  Based on 
the poor control survival on Day 12, the Day 4 endpoint was used as the definitive endpoint for 
the larval sculpin.  The toxicity results for sculpin are summarized in Table 3-14; complete results 
including TPH and TPAH concentrations and mean percent survival for each of the nominal 
concentrations are presented in Table 3-15. 

Toxicity was observed in both the physically and chemically dispersed treatments.  Mean percent 
survival in the 100% WAF and BWWAF preparations was significantly different than that of the 
controls.  The mean LC50 for all four tests was 2.3 mg/L and 4.0 mg/L TPH for the WAF and 
BWWAF, respectively.  Based on the combined data set for the physically dispersed WAF and 
BWWAF, the response threshold appeared to be between 2 and 4 mg/L TPH (Figure 3-7).  Fish 
that were 14 dph appeared to be more sensitive than those that were 28 dph. 

Significant toxicity was observed in the CEWAF, with 0% survival at CEWAF dilutions above 4%.  
The mean LC50 for all four tests was 27 mg/L TPH.  As with the WAF and BWWAF tests, there 
appeared to be a decrease in sensitivity between 14 dph and 28 dph, with the mean LC50s of 17.5 
and 37.5 mg/L TPH, respecitvely.  The response threshold was approximately 15 mg/L for the 
CEWAF (Figure 3-7). 

Test Analytical 

Batch  

Sculpin 96-h LC50 (mg/L TPH) 

CEWAF WAF BWWAF 

1 10 18 NC 2.2 

2 11 17 1.6 3.0 

3 12 29 3.0 5.1 

4 13 46 3.3 5.7 

Mean 

SD 

27.5 

13.5 

2.3 

1.0 

4.0 

1.7 
a
 NC:  Not calculable; LC50 > concentration measured in 100% WAF. 

Table 3-14.  Summary of 96-hour LC50s for Sculpin Toxicity Test 
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Table 3-15.  Results of Toxicity Tests with Larval Sculpin (Myoxocephalus sp). 

Treatment (%) TPH 
(mg/L) 

TPAH 
(mg/L) 

% Survival - Day 4 
Mean SD 

Test 1 

CEWAF 

0 0.00 0.00 100 0 
3.125 12.3 0.22 90 12 
6.25 24.6 0.44 0.0 0 
12.5 49.3 0.87 0.0 0 
25 98.5 1.74 0.0 0 
50 197 3.49 0.0 0 

100 394 6.98 0.0 0 

WAF 

0 0.00 0.00 80 28 
25 0.34 0.01 100 0 
50 0.68 0.02 70 35 

100 1.36 0.05 45 25 

BWWAF
a
 

50 2.53 0.09 35 34 
100 5.06 0.18 0 0 

Test 2 

CEWAF 

0 0.00 0.00 100 0 
3.125 13.2 0.23 70.0 35 
6.25 26.4 0.45 0.0 0 
12.5 52.9 0.90 0.0 0 
25 106 1.81 0.0 0 
50 212 3.62 0.0 0 

100 423 7.24 0.0 0 

WAF 

0 0.00 0.00 80 28 
25 0.51 0.02 95 10 
50 1.02 0.04 60 16 

100 2.04 0.09 25 50 

BWWAF
a
 

50 2.73 0.10 45 41 
100 5.46 0.21 0 0 

Test 3 

CEWAF 

0 0.00 0.00 100 0 
1 4.87 0.08 100 0 
4 19.5 0.32 100 0 

16 77.9 1.29 0 0 
40 195 3.23 0 0 

100 487 8.07 0 0 

WAF 
0 0.00 0.00 100 0 

50 1.77 0.05 95 10 
100 3.53 0.09 35 41 

BWWAF
a
 

25 2.04 0.05 100 0 
50 4.09 0.11 75 25 

100 8.17 0.21 0 0 
Test 4 

CEWAF 

0 0.00 0.00 100 0 
1 6.27 0.09 100 0 
4 25.1 0.37 90 12 

16 100 1.50 0 0 
40 251 3.74 0 0 

100 627 9.36 0 0 

WAF 
0 0.00 0.00 90 8 

50 1.98 0.05 95 10 
100 3.95 0.10 25 19 

BWWAF
a
 

25 2.24 0.06 100 0 
50 4.48 0.12 75.0 10 

100 8.96 0.23 0.0 0 
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a: Control shared with WAF:  Bold: Significantly different than control 
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Figure 3-7.   Dose Response Curves for Sculpin Tests with Physically Dispersed (WAF and 
BWWAF) and Chemically Dispersed Petroleum (CEWAF).  (Control normalized data) 
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DISCUSSION OF BIOLOGICAL RESPONSES OF ARCTIC SPECIES TO PETROLEUM EXPOSURES 

The goal of this portion of the JIP was to understand the toxicity of dispersed petroleum to critical 
food web components in the Beaufort and Chukchi Seas during the ice-free season.  Three species 
were included in this evaluation representing critical food web components and critical life stages.  
The following section discusses the relative toxicity of WAF and CEWAF, the potential causes of 
toxicity in WAF and CEWAF, and the relative sensitivity of arctic and non-arctic species. 

WAF COMPARED TO CEWAF 

Under arctic temperature, fresh ANS was pourable, but did not easily move into solution when 
10 g/L oil was added to the test waters.  Concentrations of petroleum in the WAF preparations 
ranged from <1 mg/L to 4 mg/L TPH.  Introduction of gentle mixing energy increased the amount 
of aqueous petroleum, with resultant TPH concentrations ranging between 4 and 13 mg/L TPH.  
The addition of dispersant dramatically increased the amount of petroleum in the water column, 
with TPH concentrations averaging 100 to 400 times that of the physical dispersions. TPAH 
concentrations were 40 to 100 times greater in the CEWAF than the WAF.   

Previous studies conducted in temperate conditions found 1.6 to 10-fold increases in TPAH 
concentrations with the addition of dispersant (Couillard et al. 2005; Singer et al. 1998).   Rhoton 
(2001) noted that TPH concentrations in CEWAF prepared with fresh ANS were 74 times higher 
than those of WAF preparations at 7°C.  While the differences in magnitude between these 
studies and the current study are in part due to differences in experimental factors (including 
petroleum loading rate, the type of petroleum and dispersant used, and analytical methods), the 
differences may also be due to colder temperatures.  For Prudhoe Bay crude oil, Rhoton (2001) 
found TPH concentrations that were 33 times higher in the CEWAF than in the WAF at 7°C; 
whereas Singer et al. (1998) found a magnitude of difference of 6 to 10 at temperatures of 20° to 
25°C.  These differences may indicate that petroleum is less likely to move into solution in colder 
arctic conditions in the absence of increased physical energy or chemical dispersion. 

The composition of PAHs in the WAF generated by physical dispersion of petroleum was 
dominated by naphthalene (44% of the TPAH) and alkylated naphthalenes (40% of the TPAH; 
Figure 3-8) consistently across the test batches.  Small amounts of methylfluorene and 
methylphenanthrene were also present in WAF preparations.  In CEWAF treatments, the addition 
of dispersant dramatically shifted the composition of the PAHs.  With the exception of 
naphthalene (7%) and decalin (5%), parent (non-alkylated) PAH compounds were virtually absent 
or present at very low concentrations in CEWAF.  The alkylated naphthalenes accounted for one-
third of the TPAH while alkylated decalins, fluorenes, phenanthrenes, and dibenzothiophenes 
represented an additional 65% of the TPAH.  High-molecular-weight PAHs (HMW PAH) were 
either absent or present at very low concentrations.  PAH compounds measured from the CEWAF 
were very similar to those measured from fresh ANS crude oil, which is also typically dominated 
by the alkyl homologs of lower-molecular-weight PAHs. 

Couillard et al. (2005) also observed that PAH distribution was altered with the addition of 
dispersants, with a shift towards alkyl homologs and higher-molecular-weight PAHs.  Couillard et 
al. (2005) indicated that since the dispersant induces the formation of small droplets it increases 
the dissolution rate of HMWPAH and alkyl homologs; however there was no distinction between 
PAH contained within particulate petroleum and PAH dissolved in water.  These investigators also 
observed that the TPAH composition in the CEWAF was similar to that of the crude petroleum 
used in the study.  Differences in the proportion of HMWPAHs observed in this study may be a  
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Figure 3-8.  Relative Composition of Parent and Alkylated PAH Compounds in 
WAF, BWWAF, CEWAF, and ANS Crude Oil 
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reflection of the crude oil composition rather than differences in the behavior of dispersed 
petroleum. 

The relationship between the toxicity of chemically dispersed and physically dispersed petroleum 
was consistent for the three species tested under this program.  Based on TPH, the toxicity of the 
physically-dispersed petroleum was greater than that of the chemically dispersed petroleum.  In 
the copepod tests, the LC50s for the BWWAF preparation were 3 to 9 times lower than those of 
the CEWAF.  For the fish tests, the LC50s for the physically-dispersed preparations were 9 to 32 
times lower than those for the CEWAF.  The magnitude of difference is greater when based on 
TPAH concentrations.  In contrast, CEWAF exposures appear more toxic than WAF and BWWAF 
treatments when based on the nominal dilutions of accommodated fractions.  However, results 
expressed as nominal concentrations do not distinguish between toxic, bioavailable fractions of 
petroleum and fractions that are either not toxic, or are unavailable.  Dispersant may drive 
considerably more oil into the water column, but much of that oil appears not to be acutely toxic. 
The majority of the petroleum driven into the water column during a WAF or BWWAF preparation 
is more toxic per unit of oil due to the fact that naphthalene and its alkylated homologs comprise 
a larger proportion of the dissolved oil in WAF and BWWAF in comparison to CEWAF.   

These findings are consistent with other studies conducted with temperate or non-arctic species.  
The CROSERF program was able to generate LC50s for spiked exposures to WAF and CEWAF 
preparations for seven species (Table 3-16).  The CROSERF exposures were conducted by a variety 
of laboratories using a spiked exposure with fresh crude oil, but the experiments were conducted 
in a sealed system which maximized the exposure to the more volatile fractions (Aurand and 
Coelho 2005).  With the exception of topsmelt, the mean LC50s for physically-dispersed petroleum 
based on the TPH concentrations were lower than those of the chemically-dispersed petroleum.  
WAF was 1.3 to 36 times more toxic than CEWAF, with the greatest WAF toxicity occurring in 
exposures with turbot.  Two common laboratory test species, the mysid and the Inland silverside 
had similar LC50s for both the WAF and CEWAF, with ratios of 8.2 and 3.1 respectively.  It is 
important to note that the pattern of decreased toxicity of CEWAF compared to WAF (per unit of 
oil) noted in the CROSERF studies is similar to our results.    

Table 3-16.  LC50s for Species Reported in CROSERF Compared to Results of JIP Study 

1 Aurand and Coelho 2005  

Test Species Common Name 
Mean LC50  (mg/L TPH) Ratio of  

CEWAF to WAF WAF CEWAF 

CROSERF
1
 

Sciaenops ocellatus Red drum 0.85 4.2 4.9 

Scophthalmus maximus Turbot 1.3 48.6 36.5 

Crassostrea gigas Pacific oyster 1.8 2.3 1.3 

Americamysis bahia Mysid 3.4 28 8.2 

Menidia beryllina Inland Silverside 8.5 26 3.1 

Chionocetes bairdi Tanner Crab 9.7 13 1.3 

Atherinops affinis Topsmelt 22.8 18 0.8 

This Study 

Calanus glacialis Copepod 3.7 22 5.9 

Myoxocephalus sp. Sculpin 3.4 28 8.2 

Boreogadus saida Arctic cod 2.4 55 22.9 
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THE ROLE OF PARENT AND ALKYLATED PAHS 

As noted above, PAHs in the physically 
dispersed petroleum were dominated by 
toxic components such as the parent PAH, 
naphthalene.  The C1-C4 alkylated PAH 
compounds such as naphthalene were 
relatively more abundant in the CEWAF.  
Concentrations of both parent and alkylated 
PAHs in CEWAF exceeded those of the WAF 
and BWWAF (Figure 3-9).  The mean 
concentrations of parent PAHs were 10-fold 
higher for chemically dispersed petroleum 
than for the physically dispersed petroleum 
and approximately 100-fold higher for the 
alkylated PAHs.   

To evaluate the role of parent and alkylated 
PAHs in toxicity observed in this study, LC50s 
for the sum of parent and the sum of alkyl 
PAHs calculated using CETIS statistical 

software (Tidepool Scientific 2010) and then 
were compared for the physically and 
chemically dispersed preparations (Table 3-
17).  Despite substantial differences in the measured concentrations of the sum of parent PAHs in 
the physically and chemically dispersed preparations (Figure 3-10), the LC50s for the parent PAHs 
were remarkably similar (Figures 3-9 B-D).  For parent PAHs, there was no significant difference 
between the mean LC50 for the CEWAF (0.06 mg/L) and the BWWAF (0.03 mg/L).  On the other 
hand, the mean LC50s for the alkylated PAHs in the CEWAF (0.37 mg/L) were significantly higher 
than the mean LC50 for the BWWAF preparations (0.06 mg/L).  A similar trend was observed for 
both fish species, with similar LC50s for the parent PAHs and significantly different LC50s for the 
alkylated PAHs. 

The similarity in the LC50s for parent PAHs in the physically and chemically dispersed preparations 
combined with the substantial differences in the alkylated PAH LC50s indicates, that despite the 
dramatic increase in the total volume of petroleum added to the water column, the dispersant 
does not contribute to the toxicity of the fresh ANS and this toxicity is essentially the same when 
the concentrations of the parent PAH compounds are evaluated.  The bulk of the petroleum 
driven into the water column by chemical dispersion has characteristics very similar to ANS crude 
oil.  The majority of this petroleum does not appear to be biologically active and was not the 
primary driver of acute toxicity in this study.  On a per unit petroleum basis (TPH), the CEWAF is 
less toxic than the WAF.  Despite much higher concentrations of oil in the CEWAF treatments, it 
appears that the toxicity is not increased by the dispersant because the additional petroleum 
introduced to the water column is not the acutely toxic fraction.  The toxic components of the oil 
(parent PAH, particularly naphthalene) exhibit the same toxicity whether physically or chemically 
dispersed into the water column.  

  

 

Figure 3-9.  Concentration of Parent and Alkylated PAHs 
in WAF, BWWAF, and CEWAF Treatments 
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Table 3-17.  LC50s for Sum of Parent PAHs and Sum of Alkylated PAHs (mg/L) 

NC = not calculable  

Early Ice-Free Season Copepod Tests (12-d endpoint) 

Test 
CEWAF BWWAF WAF 

∑ Parent ∑ Alkyl ∑ Parent ∑ Alkyl ∑ Parent ∑ Alkyl 

1 0.04 0.24 0.03 0.04 NC NC 

2 0.07 0.43 0.03 0.06 NC NC 

3 0.11 0.62 0.06 0.11 NC NC 

4 0.09 0.51 >0.03 >0.06 NC NC 

5 0.04 0.26 0.03 0.04 NC NC 

6 0.03 0.18 0.03 0.04 NC NC 

Mean 
SD 

0.06 
0.03 

0.37 
0.17 

0.03 
0.01 

0.06 
0.02 

-- -- 

Late Ice-Free Season Copepod Tests (12-d endpoint) 

Test 
CEWAF BWWAF WAF 

∑ Parent ∑ Alkyl ∑ Parent ∑ Alkyl ∑ Parent ∑ Alkyl 

1 0.03 1.67   NC NC 

2 0.13 0.80   NC NC 

3 0.17 0.63 Not Tested NC NC  

4 0.06 0.31   NC NC 

5 0.23 1.58   NC NC 

Mean 
SD 

0.13 
0.08 

1.00 
0.60 

-- -- -- -- 

Arctic Cod Tests (4-d endpoint)     NC 

Test 
CEWAF BWWAF WAF 

∑ Parent ∑ Alkyl ∑ Parent ∑ Alkyl ∑ Parent ∑ Alkyl 

1 0.31 1.97 0.06 0.07 0.04 0.03 

2 0.13 0.94 0.05 0.10 0.04 0.04 

3 0.15 0.96 0.04 0.06 0.02 0.03 

4 0.38 2.67 -- -- -- -- 

Mean 
SD 

0.24 
0.12 

1.64 
0.84 

0.05 
0.01 

0.08 
0.02 

0.03 
0.01 

0.03 
0.00 

 Sculpin Tests (4-d endpoint) 

Test 
CEWAF BWWAF WAF 

∑ Parent ∑ Alkyl ∑ Parent ∑ Alkyl ∑ Parent ∑ Alkyl 

1 0.10 0.38 0.02 0.05 0.02 0.02 

2 0.07 0.25 0.03 0.06 0.03 0.03 

3 0.17 0.68 0.06 0.09 0.04 0.04 

4 0.32 1.28 0.07 0.11 0.04 0.04 

Mean 
SD 

0.16 
0.11 

0.93 
0.66 

0.05 
0.02 

0.08 
0.03 

0.04 
0.01 

0.03 
0.01 
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TOXICITY OF COREXIT® 9500 

The toxicity of Corexit® 9500 in the absence of petroleum was evaluated using calanoid copepods 
from the younger more sensitive cohorts.  The LC50s were 50 and 125 mg/L TPH for the 4-day 
endpoint and 20 to 50 mg/L TPH for the 12-day endpoint.  This is similar to responses observed 
for a number of species exposed to Corexit® 9500 in spiked exposures, which ranged from 9.5 to 
1,305 mg/L (Table 3-18).   Aurand et al. 2009 exposed early life stages of the temperate estuarine 
copepod, Eurytoma affinis to Corexit® 9500.  The younger 24-hour and 48-hour-old temperate 
copepods were more sensitive than the arctic copepods, with LC50s of 6.3 to 14.6 mg/L.  Median 
lethal concentrations for mysid varied considerably.  Hemmer et al. (2010a, b) and USEPA (2010) 
reported LC50s that were 25 to 130 mg/L; however, Singer et al. (1996) and Fuller and Bonner 
(2001) report LC50 concentrations of 158 to 1305 mg/L.  

Based on the loading rate of 0.5 g/L in the CEWAF (this study), the nominal concentration of 
Corexit 9500® in the median-lethal concentrations of CEWAF was approximately 1.5 mg/L.  This is 
well below the LC50 concentrations reported in Table 3-18. This observation coupled with the 
decreased toxicity per unit of oil in CEWAF preparations suggest that the dispersant does not 
contribute to the toxicity of the oil.   Dispersant concentrations have been estimated to be 
approximately 30 µg/L immediately following field application (Benner et al. 2011); this is three 
orders of magnitude below levels predicted to be acutely toxic to copepods. 
 
Table 3-18.  Summary of LC50 Data for Corexit

®
 9500. 

Test Species Test Duration LC50/EC50 (mg/L) Reference 

Acartia tonsa  48h 34 
Nalco MSDS 

Artemia  48h 20.7   

Haliotis larva  48h 12.8 - 19.7   
Singer et al. 1996 

Holmesimysis costata  96h 158 - 245   

Menidia beryllina  96h 25.2 USEPA 2010 
(Corexit® 9500A) Mysidopsis  bahia  48h 32.2 

Menidia beryllina  96h 130  Hemmer et al. 
2010 a,b Mysidopsis  bahia  48h 42  

Eurytoma affinis – copepods  24/48h 19.2/15.3 

Aurand et al. 
2009 

Eurytoma affinis – copepodites  24/48h 14.6/9.6  

Eurytoma affinis – nauplii h 24/48h 9.5/6.3 

Eurytoma affinis –  12/33d NOEC = >6.9   

Menidia beryllina  96h – spiked 41-117 

Fuller and Bonner 
2001; Fuller et al. 
2004 

Americamysis bahia (Mysidopsis 
bahia) 

96h – spiked 500- 1,305   

Cyprinodon variegatus 96h – spiked 593 - 750 

Vibrio fisheri  15 min 104 - 242   

Chionocetes bairdi (<24h larva)  96h 1267 

Rhoton 1999 Mysidopsis bahia (6 day old) 96h 331   

Menidia beryllina (12 day old) 96h 115.2   

Fundulus grandis (subadult)  96h 172 

Liu 2003 Litopenaeus sertiferum (subadult)  96h 31 

Ostrea edulis (subadult)  96h 167   

Calanus glacialis  96h  LC50 Spiked 50-125   
This Report 

Calanus glacialis  96h LC50 Spiked + 8 d 20 - 50   
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RELATIVE SENSITIVITY OF ARCTIC SPECIES 

The open-water season in the Beaufort and Chukchi seas extends from late July through 
November.  During this period of time, the composition of pelagic species changes dramatically, 
with an increase in the phytoplankton and zooplankton abundance and an influx of fish and 
mammal species taking advantage of the increasing food resources.  During this short window of 
time, species such as copepods and fish go through rapid growth phases.  In an effort to address 
changes in sensitivity over the period of the open-water season, copepods were tested in both 
the early and late season.  Fish species were also tested at two different age classes, in the larval 
stage closely following hatch and young-of-the-year juveniles.  While this test included two 
different species, general statements regarding the change in sensitivity can be made. 

The three arctic species tested under this program were remarkably similar in sensitivity.  The 
early season copepods and the larval sculpin had mean LC50s of 22 and 28 mg/L for chemically-
dispersed petroleum and 4.0 and 3.2 mg/L TPH for the physically-dispersed petroleum (WAF and 
BWWAF combined).  LC50 values that were greater than the highest concentration tested (eg. >3.9 
mg/L TPH) were not used in this analysis, and only indicate that the concentration in the WAF 
given the selected loading rate was not sufficient to elicit a response.  The sensitivity of the late 
season copepods was more similar to that of the Arctic cod, with mean CEWAF LC50s of 62 mg/L 
and 55 mg/L TPH, respectively.  Overall the range of LC50s for CEWAF was 14 to 80 mg/L TPH 
which is a relatively small range for different phyla and different age classes. 

The copepod LC50s for the CEWAF were significantly lower in the early open-water season 
compared to the late open-water season tests.  The mean CEWAF LC50s for copepods collected in 
July 2010 was 22 mg/L TPH, with a range from 14 to 37 mg/L TPH.  The mean CEWAF LC50s for the 
late season copepods was 62, with a range from 30 to 79 mg/L TPH.  This decrease in sensitivity 
over the open-water season is presumed to be related to size or age; however, there may also be 
physiological changes, such as increasing lipid stores prior to winter that increase the tolerance of 
copepods in the late open-water season. The LC50s for chemically-dispersed petroleum exposures 
to fish were significantly lower for the larval sculpin than for the juvenile Arctic cod.  The mean 
CEWAF LC50 for larval sculpin was 28 mg/L TPH; whereas the mean LC50 for the cod was 55 mg/L.  
The mean LC50s for the WAF preparations for the larval sculpin were similar to those of the 
juvenile cod.  However, sculpin dose responses are separated into a younger, 14-dph group (Tests 
1 and 2) and an older, 28-dph group (Tests 3 and 4), the LC50s for the older group are similar to 
juvenile cod.  This may be indicative of the rapid growth and development that larval arctic 
species undergo during the short open-water season; it is possible that they become more 
resilient in a relatively short period of time. 

The sensitivity of the arctic test species was similar to the sensitivity of non-arctic species.  The 
results of this testing program were compared to those of the CROSERF program.  CROSERF was a 
comprehensive program that included a number of testing laboratories conducting a series of 
tests with physically and chemically-dispersed petroleum using common protocols.  The CROSERF 
protocols included spiked exposures of both invertebrate and fish species to fresh ANS.  The 
results of the CROSERF tests with chemically-dispersed petroleum are compared to the results of 
the current study in Figure 3-11; these combined data are summarized in a species sensitivity 
distribution in Figure 3-12.  The mysid can be considered a temperate corollary to the arctic 
copepods.  CROSERF reported CEWAF LC50s for mysids ranging from 10 to 60 mg/L TPH which is 
similar to those of the early season copepods.  The LC50s for the late season copepods were 
higher, possibly indicating that the late season copepods are more resilient than the mysids.  
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Figure 3-11.  CEWAF LC50s for Arctic and Non-Arctic Species [Arctic species are represented by red bars] 
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Figure 3-12.  Species Sensitivity Distribution for Arctic and Non-Arctic Species. 

[Bars represent minimum and maximum values; red squares represent data from this study] 
 

 

CROSERF evaluated fish toxicity with two commonly tested species, inland silverside (Menidia 
beryllina) and topsmelt (Atherinops affinis).  These tests were conducted with early larval stages, 
generally 8 to 14 days old at test initiation.  The CEWAF LC50s for Menidia were similar to that of 
the larval sculpin, ranging from 18 to 37 mg/L TPH.  A. affinis were slightly more sensitive, with 
LC50s ranging from 5.7 to 33 mg/L TPH.  Both temperate species were more sensitive than the 
Arctic cod.   

The responses of the arctic species to the WAF preparations were also remarkably similar to those 
of the temperate species when measured on a per unit petroleum basis.  The WAF LC50s for the 
mysids ranged from 0.59 to 8.2 with a mean LC50 of 3.4 mg/L TPH.  The mean WAF LC50s for 
Menidia was 0.42 mg/L TPH, with a range of 0.42 to 26.4 mg/L.  Topsmelt were less sensitive to 
the WAF preparations, with a mean LC50 of 22.8 mg/L TPH, with a range of 9.4 to 40.2 mg/L.  This 
was substantially higher than that of the sculpin or cod for WAF exposures, with mean LC50s of 3.4 
mg/L and 2.4 mg/L, respectively. 

Based on these comparisons, arctic species are not more sensitive than temperate species when 
exposed to physically or chemically-dispersed oil.
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Respirometer at the Barrow Laboratory 

SECTION 4:  BIODEGRADATION STUDIES 
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SECTION 4.  BIODEGRADATION STUDIES 
METHOD DEVELOPMENT, RESPIROMETRY EXPERIMENTS, AND GC-MS ANALYSES 

Project Scientists:  Robert Perkins, Ph.D. and Kelly McFarlin, M.S. (UAF); Jack Q Word, Ph.D. and Bill 

Gardiner, M.S. (NewFields) 

Objective:  To assess the ability of indigenous microbial communities in arctic seawater to biodegrade 

physically and chemically dispersed oil under simulated open-water arctic marine conditions 

Microbial biodegradation of petroleum hydrocarbons is a process that includes the initial 
breakdown (catabolism) of hydrocarbon molecules, the incorporation of a portion of the carbon 
into microbial biomass, and the release of a portion of the carbon as carbon dioxide by microbial 
respiration. Microorganisms that are capable of biodegrading petroleum hydrocarbons do so in 
order to meet their needs for carbon and energy for growth.   It is well known that petroleum 
hydrocarbons can be degraded by marine microbial communities in temperate conditions. 
However, the potential for microbial communities to degrade petroleum in arctic seawater is 
poorly understood.  The biodegradation of dispersed crude oil in cold waters has been studied 
with various methodologies and has produced mixed results (Venosa and Holder 2007; Davies et 
al. 2001; Lindstrom and Braddock 2002).  Previous studies have used different oil loading rates, 
dispersant to oil ratios (DORs) and in some cases the addition of enrichment cultures and/or high 
quantities of nutrient amendments that may not accurately reflect in-situ conditions.  In some 
cases, biodegradation was analyzed using only indirect methods such as oxygen consumption. 

In order to evaluate the potential for microbial degradation in arctic seawater under realistic 
conditions, a series of controlled laboratory experiments were conducted that measured the 
degradation and mineralization of petroleum.  Initial degradation of principal PAHs was evaluated 
using analytical chemistry of test solutions before and after incubation in arctic seawater.  
Complete biodegradation, or mineralization, was evaluated using 60-day respirometry studies 
that measured the production of CO2 within sealed respirometry containers.  Biodegradation 
studies were conducted for physically and chemically dispersed petroleum with microbial 
communities indigenous to Chukchi Sea water under both fall and winter conditions.  The 
following section discusses the study design and methods, presents the results of biodegradation 
measurements performed using analytical chemistry and respirometry, and discusses the ability 
of the arctic seawater microbial community to biodegrade physically and chemically dispersed 
ANS crude oil. 

EXPERIMENTAL DESIGN AND METHODS 

In order to evaluate the microbial biodegradation of physically and chemically dispersed 
petroleum, two complimentary analytical methods were selected:  (1) GC-MS analysis, which 
quantified the loss of specific classes of petroleum hydrocarbons and (2) respirometry, which 
quantified the amount of petroleum that was completely biodegraded into inorganic CO2 and H2O 
(i.e. mineralization). 

Two seasonal biodegradation tests were conducted to assess the ability of indigenous marine 
microorganisms to biodegrade of fresh and weathered ANS crude oil in the presence and absence 
of the dispersant Corexit® 9500.  The first experiment was conducted with seawater collected 
offshore of Barrow in late open-water season conditions (October 2009) and the second 

4.0 
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biodegradation experiment tested seawater collected under ice in March 2010.  An additional 
bench-top experiment was conducted to better quantify the loss of selected hydrocarbons due to 
degradation.  Two ancillary positive control tests were conducted between the two 
biodegradation test in order to verify equipment integrity and to enable methodological advances 
(summarized in Appendix D). 

TEST DESIGN 

Biodegradation tests were conducted with indigenous microorganisms present in the Chukchi Sea 
during the late, open-water season and in the winter.  Temperature conditions for the 
biodegradation tests were similar to in-situ conditions at the time of seawater collection.  
Biodegradation experiments were conducted over a 60-day time period in a temperature 
controlled room at the BASC facility. 

The fall (October), open-water season test was conducted at 2°C under constant light and 
included fresh, weathered, and chemically dispersed ANS crude oil (Table 4-1).  Two controls were 
run in all tests, a blank and a positive control.  The blank contained unamended seawater in order 
to measure microbial respiration in the absence of any added nutrient or carbon sources.  Sodium 
benzoate was chosen as a positive control amendment because it has been shown to readily 
biodegrade in other respirometry experiments (OECD 1993).     

Inorganic nutrients are available to microorganisms living in arctic marine environments and do 
not normally become a limiting factor for microbial growth.  However, laboratory experiments 
conducted in closed systems can become nutrient limited.  In order to assess the potential for 
nutrient limitation in these respirometry experiments, a minimal amount of nutrients was added 
to one replicate of the dispersed fresh oil treatment (Table 4-1).  This nutrient amendment 
supplied 150 µM phosphate, 100 µM nitrate, and 150 µM ammonium.  While these 
concentrations are about 2 to 3-fold higher than average background levels measured in the 
Beaufort and Chukchi Seas (0.08, 6, and 6 µM, respectively; Codispoti et al. 2005) they are 
consistent with C/N ratios that would be found within bacterial biomass (Fukuda et al. 1998; Seki 
1970; Brakstad and Bonaunet 2006). 

Table 4-1.  Experimental Parameters for the Respirometer Biodegradation Study Conducted at 2° C 

Test Treatments (# Replicates) Treatment Concentration 

Blank
1
 (3 reps) 0 

Sodium Benzoate (2 reps) 50 mg/L
2 

24% Weathered Crude (3 reps) 11 mg/L 

24% Weathered Crude + Corexit® 9500 (3 reps) 11 mg/L + 0.55 mg/L (1:20 DOR
3
) 

Fresh Crude (3 reps) 11 mg/L 

Fresh Crude + Corexit® 9500 (3 reps) 11 mg/L + 0.55 mg/L (1:20 DOR
3
) 

Fresh Crude + Corexit® 9500 + Nutrient (3 reps) 11 mg/L + 0.55 mg/L (1:20 DOR
3
) + 0.033

4
 mg/L 

1
 The blank consisted of unamended Chukchi Sea water    

2
 50 mg/L is an established level for historical comparison of sodium benzoate 

3
 DOR: dispersant to oil ratio  

4 
1% Recommended Bushnell Haas (BH) growth media added to yield 0.1mM of nitrate, 0.15mM of ammonium and    
0.15mM of phosphate 

The winter tests were conducted at -1°C in the dark and included weathered ANS crude oil and 
dispersed, weathered ANS crude (Table 4-2).  An additional positive control (peptone) was added 
to the second test.  Peptone is a common ingredient in microbial growth media that is derived 
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from the enzymatic digestion of animal milk and meat.  Method development tests using peptone 
as a positive control demonstrated that the indigenous microbial community began to consume 
peptone and degrade it to carbon dioxide earlier than any other treatment (summarized in 
Appendix D), thus providing an advanced indication of a viable study.   Based on the findings from 
the 2°C experiment, minimal nutrient addition (0.5% of the recommended quantity of Bushnell-
Haas (BH) microbial medium) was added to all treatments to help mitigate nutrient limitation 
during the experiment.  The addition of 0.5% BH adds 0.07 mM phosphate, 0.05 mM of nitrate 
and 0.07 mM ammonium which approximate background levels (Codispoti et al. 2005).  Nutrient 
comparison tests have demonstrated that 0.5% of the recommended volume of BH contains 
adequate nutrients to support microbial metabolic functions (Appendix D).  Furthermore, 0.5% of 
BH was added to the control in the second test in order to document change in microbial 
respiration that occurs due solely to the initial nutrient addition. 
 
Table 4-2.  Experimental Parameters for the Respirometer Biodegradation Study Conducted at -1° C 

Test System (# Replicates) Treatment Concentration 

Blank
1 

+ Nutrients (4 reps) 0.016 mg/L Bushnell Haas
2
 

Peptone (3 reps) 50 mg/L 

Sodium Benzoate + Nutrients (3 reps)  50 mg/L
3
 + 0.016

2
 mg/L 

20% Weathered Crude + Nutrients (5 reps) 15 mg/L + 0.016
2
 mg/L 

20% Weathered Crude + Corexit® 9500+ Nutrients (5 reps) 15 mg/L + 0.65 mg/L (1:20 DOR
4
) + 0.016

2
 mg/L 

1 The blank consisted of unamended Chukchi Sea water    
2 0.5% Recommended Bushnell Haas (BH) growth media added to yield 0.05mM nitrate, 0.07mM of ammonium and      

0.07mM of phosphate 
3 50 mg/L is an established level for historical comparison of sodium benzoate 
4 DOR: dispersant to oil ratio 

WATER COLLECTION 

The seawater microbial communities tested were acquired 
from the Chukchi Sea, near Point Barrow in October 2009 
and March 2010.  Water samples were collected by bulk 
sampling into a 20 liter low density polyethylene carboys.  
The test water was not filtered.  At the time of the October 
water collection, the seawater temperature was 2°C.  
Water quality parameters collected at the time of 
collection were pH (8.05), temperature (2°C), dissolved 
oxygen (11.6 mg/L), and salinity (35 ‰).  
Photosynthetically active radiation (PAR; LI-193SA 
Spherical Quantum Sensor, LI-COR, Nebraska) was also 
measured at the location and depth of sample collection.  
In order to simulate the local environmental conditions, the testing space was set such that the 
temperature and laboratory lights matched temperature and PAR levels measured at the time of 
collection.   

During the March collection, the seawater temperature was -1°C and the Chukchi Sea was 
covered with thick ice (1-3m; Figure 4-1).  Water quality parameters measured during collection 
were pH (8.05), temperature (-1°C), dissolved oxygen (11.6 mg/L) and salinity (35 ‰).  The winter 
tests were conducted at -1°C in the dark.   

Figure 4-1.  Water Collection for 
Biodegradation Study 

March 2010 
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TEST SOLUTIONS 

Tests were conducted with fresh and weathered ANS.  Fresh ANS crude was collected from the 
Alyeska Pipeline in Prudhoe Bay, Alaska.  Artificially weathered oil treatments were included in 
our test design because weathered oil represents a form of oil that may be encountered by 
response teams during an oil spill.  The chemical and physical properties of weathered oil are 
generally different from those of fresh oil with the more volatile and more acutely toxic fractions 
being at lower concentrations.  Unlike fresh oil, weathered oil has been exposed to conditions 
that induce volatilization of these lighter fractions of petroleum compounds.  It is generally known 
that weathered oil biodegrades because many of the labile, low molecular weight compounds 
have been lost due to volatilization (Atlas 1995) leaving the heavier, more recalcitrant and less 
acutely toxic compounds.  The SL Ross Oil Spill Fate and Behavior Model: SLROSM (SL Ross 
Environmental Research Ltd. Ottawa, Ontario) predicted a 20% decrease (by weight) of total 
petroleum compounds in 12 hours of weathering under arctic conditions.  In these experiments, 
fresh ANS crude oil was weathered by controlled evaporation.  To simulate 12 hours of 
weathering in late open-water season conditions (2°C), fresh ANS was allowed to volatilize in a 
fume hood until the oil weighed 24% less than its initial mass (50 mL), and therefore was 
weathered 24%.  To simulate 12 hours of weathering in winter conditions (-1°C), the crude oil was 
weathered by allowing 250 mL of fresh crude to evaporate until 20% of its initial mass was lost to 
volatilization. 

For respirometer preparations, the loading rate of oil into seawater used was approxicmately 10 
mg/L.  The actual loading rate for fresh or weathered ANS crude was 11 mg/L for the late open-
water season tests and 15 mg/L for the winter tests.  For chemically dispersed treatments, 
Corexit® 9500 was added at a 1:20 dispersant to oil ratio (DOR).  In the late open-water season 
test conducted at 2° C, crude oil and the dispersant Corexit® 9500 were added to each treatment 
individually using gas-tight glass syringes.  The mass of Corexit® 9500 and crude oil added to each 
treatment was determined gravimetrically by weighing each syringe before and after each 
addition.  For the winter test, the chemically dispersed treatments were prepared by premixing 
the oil and Corexit® 9500 and then adding the mixture to the seawater samples using a positive 
displacement pipette.  This addition technique provided a more homogenous oil/dispersant 
mixture and  improved the accuracy of the small volume of dispersant required for the dispersant 
treatments.     

All respirometer treatments were prepared directly into 1-L glass bottles that were fitted with 
stir-bars with chemically inert coating.  Physically and chemically dispersed preparations were 
continuously mixed using belt-driven magnetic stirrers that are integrated in the respirometer 
(described below).  During each respirometer experiment, instrument performance was checked 
daily.  It verified daily that all stirrers were functional and that pressure readings were stable, and 
oxygen consumption measurements were downloaded daily.  At the end of the 60-day test, all 
treatments were retained in their respective containers and shipped, on ice, to the analytical 
laboratory for GC-MS analyses. 

BENCH-TOP STUDY 

A bench-top study was conducted in parallel with the winter respirometer test.  This experiment 
followed the same oil and dispersant loading methods, but used larger test chambers and was 
designed to test lower concentrations of oil without the need for nutrient amendment (Table 4-
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3).  The experiment was set up with 5-liter glass containers containing 4L of treatment solutions 
and sealed with loose fitting lids.  The test solutions were continuously stirred for the test 
duration (60 days).  As with the respirometer tests, treatments were retained in their test 
chambers and sent to the analytical laboratory for analysis. 

Table 4-3.  Experimental Parameters for Bench-Top Biodegradation Study (Winter Conditions) 

Test System (# Replicates) Treatment Concentration 

20% Weathered Crude Oil (2 reps) 2.5 mg/L 

20% Weathered Crude Oil + Corexit® 9500 (2 reps) 2.5 mg/L+ 0.125 mg/L dispersant 
(1:20 DOR)

1
 

1
 DOR: dispersant to oil ratio  

RESPIROMETRY METHODS – DETERMINATION OF PERCENT MINERALIZATION OF PETROLEUM 

The respirometry experiments were carried out in a standard electrolytic respirometer (Co-
ordinated Environmental Service; Kent, England) that provides a continuous record of microbial 
respiration and oxygen consumption in sealed flasks with minimal head-space. The testing was 
carried out in general agreement with Organization for Economic Cooperation and Development 
301F guidelines for biodegradation testing (OECD 1993), with the omission of a microbial 
inoculum and with the addition of a minimal amount of nutrient (0.5% BH medium) instead of the 
more concentrated mineral medium recommended by OECD.  The respirometry system consists 
of twenty electrolytic cells, CO2 traps, and 1L sample flasks. Each flask is a closed system and is 
continually stirred by an inert stir bar.  As the biodegradation process progresses, naturally 
occurring microorganisms convert carbon in the solution to CO2.  The CO2 is absorbed by the 
sodium hydroxide trap which causes a net reduction in gas pressure within the sample flask.  This 
pressure reduction is detected by the pressure transducer and triggers the electrolytic process, 
which then generates oxygen by passing an electrical charge between electrodes in a copper 
sulfate solution and restores the pressure in the sample flask.  The magnitude of the electrolyzing 
current and the duration of the current are proportional to the amount of oxygen consumed by 
the microorganisms in each sample flask.   

The amount of oxygen consumed and measured with respirometry is indicative of the complete 
breakdown of the petroleum and dispersant sample to carbon dioxide (CO2) and water (H2O); this 
is referred to as complete biodegradation or mineralization.  This is a conservative measure of 
biodegradation, since it does not account for oil that is utilized by microorganisms as a carbon 
source and incorporated into microbial biomass.  As noted earlier, the natural influx of nutrients 
in the water column does not occur in the enclosed respirometry test chambers.  Apparent 
nutrient deficiencies in unamended treatments were observed in the first (2°C) experiment, when 
mineralization in the nutrient-amended treatment was found to be greater than the unamended 
treatments.  Subsequently, nutrient amendment with 0.5% BH was used with all treatments 
during the second experiment (-1°C).  While the nutrient levels are expected to be similar to those 
of the Chukchi and Beaufort waters at the initiation of the experiments, they are still likely to 
become limited at some point during the 60-day laboratory exposure. 

In respirometry experiments, mineralization is determined as a function of the sample’s oxygen 
demand (theoretical oxygen demand); the amount of oxygen that is required to completely 
mineralize the sample to carbon dioxide and water.  ThOD is analytically determined from the 
substrate’s molecular formula or elemental composition (QTI, Whitehouse, New Jersey).  
Elemental analysis determined that ANS crude oil and ANS crude oil plus the dispersant Corexit® 
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9500 contained 85% and 84% carbon, 12% and 11.6% hydrogen, and 0.4% and 0.32% nitrogen, 
respectively.  Based upon the elemental analysis and the ThOD equation provided in the OECD 
guidelines (OECD, 1993), the calculated ThOD for ANS crude oil and ANS crude oil plus Corexit® 
9500 is 3.32 and 3.30 respectively, i.e. 3.3 mg of oxygen is required to mineralize 1 mg of oil or oil 
plus dispersant (the formula for calculation of ThOD is presented in Appendix D).  

Percent mineralization is derived from a calculation of biological oxygen demand (BOD) at the 
termination of the test divided by the ThOD.  BOD is based upon the milligrams of oxygen 
consumed and is expressed as milligrams of oxygen required per milligram of test compound.  The 
terminal BOD is calculated by subtracting the milligrams of oxygen consumed in the blank 
treatment from the milligrams of oxygen consumed in the treatment containing the test 
substance (ANS or ANS + Corexit®9500).  This corrected oxygen demand is then divided by the 
mass of the test substance to obtain the BOD as milligram of oxygen per milligram of test 
substrate.  

 

𝐵𝑂𝐷 =
𝑇𝑒𝑠𝑡  𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  𝑂𝑥𝑦𝑔𝑒𝑛  𝑈𝑝𝑡𝑎𝑘𝑒   𝑚𝑔  − 𝐵𝑙𝑎𝑛𝑘  𝑂𝑥𝑦𝑔𝑒𝑛  𝑈𝑝𝑡𝑎𝑘𝑒  (𝑚𝑔 )

𝑇𝑒𝑠𝑡  𝑆𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒  𝑖𝑛  𝐹𝑙𝑎𝑠𝑘  (𝑚𝑔 )
                             Eq 1               

 
The percent mineralization is then calculated by dividing the BOD by the ThOD. 

 

% 𝑀𝑖𝑛𝑒𝑟𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =  
𝐵𝑂𝐷  (𝑚𝑔  𝑜𝑥𝑦𝑔𝑒𝑛 𝑚𝑔  𝑡𝑒𝑠𝑡  𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ) 

𝑇ℎ 𝑂𝐷  (𝑚𝑔  𝑜𝑥𝑦𝑔𝑒𝑛 𝑚𝑔  𝑡𝑒𝑠𝑡  𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ) 
                                     Eq 2 

 

ANALYTICAL CHEMISTRY METHODS 

GC-MS analytical chemical analyses were used to assess the biodegradation of important groups 
of petroleum hydrocarbons.  The GC-MS analyses measured the extent of primary biodegradation 
indicated by chemical changes during incubation in the extractable and detectable hydrocarbons 
typically ranging from C8 to C40.  These include total aliphatic hydrocarbons, representative 
alkanes (nC18 and nC24), phenanthrene and alkylated forms (C1 to C4), as well as chrysene and 
C1 forms. These groups of petroleum hydrocarbons were quantified and initial chromatograms 
were compared with those generated at the end of the experiment.  These compounds were 
evaluated because the linear and branched alkanes are the most abundant compounds in oil and 
the 2, 3, and 4-ring polycyclic aromatic hydrocarbons and their alkylated congeners are related to 
acute toxicity responses and are also included on the EPA list of priority pollutants (Braddock et 
al. 2003). 

Gas chromatography and mass spectrometry analyses followed methods described by Douglas et 
al. 1992.  Briefly, each treatment replicate was extracted three times by a liquid-liquid methylene 
chloride open container extraction technique.  The extract was concentrated by evaporation to a 
minimal volume (but not to dryness), then dried of water and filtered by passage through a 
column of sodium sulfate, and concentrated to a nominal concentration of 11-15 mg/mL (initial 
oil).    Hopane [17α(H)21β(H)-hopane] was used as a conserved internal marker (Prince et al. 
1994), measured as m/z =191.  This conserved internal marker approach was developed during 
the response to the Exxon Valdez oil spill (Bragg et al. 1994; Butler et al. 1991), and has 
subsequently been validated (Prince and Douglas 2005).  While it is true that hopane can 
ultimately be biodegraded (Huesemann et al. 2003) it is among the last of the resolved and 
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identified hydrocarbons to be biodegraded.  In these experiments, if hopane was degraded over 
time it would decrease the apparent biodegradation rate, thus the reported results would be a 
conservative estimate.  When using hopane as the conserved internal marker, it is possible to 
calculate the percent depletion or primary biodegradation of the total detectable material and 
individual oil components using the equation (Prince and Douglas 2005):  
 

   Eq 3           

 
Where:  As and Hs are the concentrations of the target analyte and hopane, respectively;  
  A0 and H0 are the initial concentrations of the target analyte and hopane, respectively 
  

RESULTS AND DISCUSSION 

Biodegradation of physically and chemically dispersed petroleum by indigenous arctic seawater 
microbial communities from the Chukchi Sea was observed at both -1°C and at 2°C.  A summary of 
the overall amount of petroleum that was degraded as measured by GC-MS and respirometry is 
shown in Tables 4-4 and 4-5.   

Under late season open-water conditions (2°C), the indigenous arctic microbial community 
degraded 37% of the total measureable petroleum compounds in the fresh crude oil treatment, 
with 17% of the total petroleum mineralized to carbon dioxide and water (Table 4-4).  With the 
addition of dispersant, both primary biodegradation and mineralization increased to 56% and 
23%, respectively.  The amount of dispersed crude oil that was biodegraded increased further 
with the addition of nutrients (66% of the total measurable petroleum and 32% mineralization).  
This suggests that nutrients were a limiting factor in the degradation of dispersed oil (when the 
loading rate of oil was 11 mg/L).   Biodegradation was also observed in the weathered crude oil 
treatments, albeit to a lesser extent than for the fresh ANS.  The addition of chemical dispersant 
increased both the biodegradation of total measurable oil, as well as mineralization, with 6 times 
more oil being mineralized in the presence of dispersant (6.2%) than without dispersant (1.1%).   

Table 4-4.  Comparison of Primary Biodegradation and Mineralization of ANS Crude Oil at 2 °C.  

Treatment Primary Biodegradation, % Mineralization, % 

Fresh Oil 37 17 

Fresh Oil + Corexit® 9500 56 23 

Fresh Oil + Corexit® 9500 + Nutrients 66 32 

24% Weathered Oil 26 1.1 

24% Weathered Oil + Corexit® 9500 30 6.2 
Note: All ANS crude oil concentrations are 11 mg/L and Corexit was added at a 1:20 DOR. Nutrients consisted of 1% of 
the recommended volume of Bushnell Haas  

Under winter conditions, the indigenous arctic microbial community incubated at -1°C degraded 
46% of the total measurable petroleum in weathered ANS crude, with 17% of the petroleum 
being mineralized.  With the addition of dispersant the amount of total measurable petroleum 
that was degraded increased to 55%, whereas the percent mineralization of petroleum 
compounds remained unchanged (17%).  

% Loss =  [((A0/H0) — (As/Hs)) / (A0/H0)]  x 100 
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Table 4-5.  Comparison of Primary Biodegradation and Mineralization of ANS Crude Oil at -1°C.  

Treatment Primary Biodegradation, % Mineralization, % 

20 % Weathered Oil + Nutrients 46 17 

20% Weathered Oil + Nutrients + Corexit
®
 9500  55 17 

Note: All concentrations are 15 mg/L and Corexit was added at a 1:20 DOR. Nutrients consisted of 0.5% of the 
recommended volume of Bushnell Haas  

 
MINERALIZATION 

The mineralization that was observed daily during the fall test conducted at 2°C is shown in Figure 
4-2, expressed as a percentage of the ThOD.  The differences between the physically and 
chemically dispersed ANS were consistently observed throughout the exposure period.  There was 
an apparent increase in slope between the non-dispersed and dispersed treatments for both the 
unweathered and weathered oil, with the dispersant increasing the daily amount of 
mineralization.  The highest percent mineralization was consistently observed in the chemically 
dispersed fresh ANS with nutrients.  Without the addition of dispersant and nutrients, the 
weathered ANS crude showed virtually no mineralization.  This data provides a relative measure 
of daily mineralization for different treatments.   

 

There was a delay of 3 to 6 days before measurable mineralization was observed for fresh or 
weathered ANS crude.  With the addition of Corexit® 9500, the time lag was reduced to 3 days.  
The delay in measurable mineralization has been observed by others (Brakstad and Bonaunet 
2006) and may be associated with CO2 production (mineralization) being a “final” step in a series 
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Figure 4-2.  Percent Mineralization of Weathered Crude and Fresh Crude with and without the 
Dispersant Corexit

®
 9500 at 2°C using Arctic Seawater Collected in November 2009.    

 [Gaps in data are due to unrecorded daily measurements] 
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of microbial processes that include the initial breakdown of hydrocarbons, an increase in 
microbial biomass, and finally CO2 production.  In C14 studies, Brakstad and Bonaunet (2006) 
noted delays of 6 to 10 days for C14 spiked naphthalene, phenanthrene, and hexadecane.  It is 
interesting to note that the time lag observed in this study was reduced by approximately half 
with the addition of Corexit® 9500.  

The daily percentage of weathered crude oil that was mineralized in arctic winter conditions 
(-1°C) is shown in Figure 4-3.  Biodegradation was observed for both the physically and chemically 
dispersed weathered ANS, with detectable daily mineralization between Days 12 and Day 60.  
Both treatments experienced an 11-day lag before mineralization began, followed by a rapid 
increase in percent mineralization between Days 12 and 16 and then a steady, but lesser amount 
of mineralization for the remainder of the test.  The introduction of nutrients resulted in an 
increase in biodegradation of the weathered ANS when compared to the 2°C test (Figure 4-2); 
however, there was little difference between the chemically dispersed and non-chemically 
dispersed treatments detected in this test.  Laboratory observations indicate that this may have 
been due to the absence of a stable dispersion for the duration of the experiment.  Following the 
addition of the Corexit 9500/weathered ANS mixture into the test chambers, the oil was 
dispersed into the water column.  However, the weathered ANS began to accumulate at the 
water surface during the course of the test period.  This has been observed in other cold-water 
tests using magnetic stirrers (E. Febbo and other laboratory experts; personal communications).  
With a more stable dispersion, a higher amount of mineralization may be expected throughout 
the test period. 

Figure 4-3.  Percent Mineralization of Weathered Crude with and without the 
Dispersant Corexit

®
 9500  at -1°C using Arctic Seawater Collected in March 2010.  
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Mineralization is not the only fate for oil in the test chamber.   Some bacteria will integrate certain 
hydrocarbons directly into biomass (biomolecules and new cells), some of the lighter 
hydrocarbons will volatilize into the head-space of the test chamber, and some of the heavier 
hydrocarbons may coat the glass of the test chamber and be less available for microbial 
degradation.  As such, a portion of oil that is added to the test chamber is not available for 
mineralization.  Using oil spiked with radiolabeled hydrocarbons, Brakstad and Bonaunet (2006) 
examined carbon uptake into bacterial communities and indicated that using ThOD alone may 
underestimate the actual microbial use of petroleum.  The occurrence of oil coating the glass in 
laboratory incubations would not be a factor in an open-water spill, where the dispersed oil 
would be expected to have a higher oil-to-water contact area and the biodegradation potential 
would be higher. 

BIODEGRADATION OF MEASURABLE HYDROCARBONS 

Petroleum compounds that were lost due to biodegradation by indigenous microorganisms as 
indicated by the analytical chemical analyses are shown in Figures 4-4 through 4-13.  The 
chromatograms are scaled similarly and show peaks representing each of the individual 
petroleum hydrocarbons between C8-C30.  Each peak is associated with a particular petroleum 
compound, with the lighter, more soluble and more acutely toxic compounds on the left and the 
heavier more recalcitrant and less acutely toxic compounds on the right.  The height of the peak is 
associated with concentration for that particular hydrocarbon.  The average percent loss of TPH 
measured as C8-C30 is also indicated for each of the test treatments.   

Chromatograms showing the biodegradation of individual petroleum compounds that comprise 
fresh and 24% weathered crude oil tested at 2°C are shown in Figures 4-4 and 4-5, respectively.  
For fresh ANS crude, the more volatile, low molecular weight components were preferentially 
degraded over the higher molecular weight compounds, i.e. the more recalcitrant compounds 
(Figure 4-4).  This is indicated by the absence of peaks in the left-hand side of the chromatogram 
with little change in the peak heights in the right hand side of the chromatogram.  With the 
addition of Corexit® 9500, there is loss of both low and medium molecular-weight petroleum 
hydrocarbons.  With the addition of nutrients, the chemically-dispersed ANS was nearly 
completely degraded, with nearly all of the peaks absent at test termination. 

In weathered oil, the low molecular weight components were removed by the weathering 
process, leaving behind the less volatile and more recalcitrant components, as shown in the initial 
chromatograms of Figures 4-5 and 4-6.  Without added nutrients, the 60-d chromatogram for the 
undispersed and dispersed weathered treatment resembled that of the fresh ANS after 60-d 
incubation (Figure 4-4), with a removal of peaks representing the light and medium petroleum 
hydrocarbons.  

The 20% weathered crude oil treatments tested at -1 °C showed a higher percentage of primary 
biodegradation for both physically and chemically dispersed treatments in comparison to  
previous incubations, with an increase from 26% to 46% TPH for weathered ANS and an increase 
from 30% to 55% reduction in TPH for chemically-dispersed weathered ANS.  The increased 
biodegradation despite incubation at a colder temperature may be the result of a smaller 
percentage of weathering (20% versus 24% in the previous incubations), the use of a premix of oil 
and dispersant when applying the treatment to create a more stable dispersion, and the 
utilization of a lower concentration of nutrients than the previous test (0.5% of the recommended 
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volume of Bushnell Haas).  Even though the nutrient addition was minimal (0.016 mg/L), it was 
able to partially compensate for nutrient limitation.  The nutrient amendment supplied at the 
initiation of the experiment was similar to the average background levels measured in the 
Beaufort and Chukchi Seas (Codispoti et al. 2005).  Based on these observations, nutrient 
limitation is an important consideration for closed experimental systems.  Since nutrient 
limitation is not observed in open waters, experiments conducted in the absence of nutrient 
supplementation would be expected to underestimate the biodegradation potential in open 
waters.   

In an effort to better understand which petroleum hydrocarbons were degraded in non-dispersed 
and dispersed oil treatments, the percent loss of individual alkanes and aromatics was compared 
among the two respirometry experiments and the single bench-top experiment (Figures 4-7 
through 4-13). 

 

 

Figure 4-4.  Initial and Final GC-MS Chromatograms of Representing an Initial Loading of 11 
mg/L of Fresh Crude with and without Corexit

®
 9500 from a Sealed Respirometer 

Experiment Incubated at 2°C. 
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Figure 4-5.  Initial and Final GC-MS Chromatograms Representing an Initial Loading of 
11mg/L of Weathered Crude with and without Corexit

®
 9500 (in the absence of nutrients) 

from a Sealed Respirometer Experiment Incubated at 2°C . 

 

Figure 4-6.  Initial and Final GC-MS Chromatograms Representing an Initial Loading of 15 
mg/L  Weathered ANS Crude with and without Corexit

®
 9500 from a Sealed Respirometer 
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Loss of Alkanes 

Alkanes include both straight-chain and branched-chain hydrocarbons.  In general, short and 
medium straight-chained alkanes are more readily metabolized.  The longer straight-chained and 
branched-chain alkanes are less rapidly metabolized.  The length of the alkane is denoted by the 
number of carbons.  While not a strict definition, nC6 through nC16 are considered as short to 
medium alkanes.  Longer-chained alkane compounds range from nC17 (heptadecane) up to nC30 
(triacontane) and greater.  Eicosane (nC20) and triacontane (nC30) are very waxy compounds and 
are slow to degrade.   

Indigenous arctic microorganisms incubated in 2°C Chukchi Sea water generally degraded more 
branched and straight-chain alkanes from fresh crude in the presence of the dispersant Corexit® 
9500 (Figure 4-7).   In the fresh ANS crude oil treatment without dispersant, the microbial 
community degraded the short and medium alkanes (nC9-nC16), as well as a portion of the longer 
straight-chained alkanes (eg. nC17 and nC20); however, few of the branched alkanes (eg. 
pristane) or longer straight-chained alkanes (eg. nC30) were degraded.  With the addition of 
Corexit 9500®, nearly all of the short and medium straight-chained alkanes were removed, as well 
as portions of the branched alkanes.  The longer chain alkanes (nC30) were not degraded in the 
absence of nutrient amendment.  With additions of nutrients and dispersant, the short, medium, 
and long straight-chained alkanes and the branched alkanes were nearly completely degraded.  In 
the weathered ANS treatment at 2°C, the microbial community degraded 50 to 60% of nC17 and 
nC20 and a portion (18%) of the branched alkane, pristane.  There was little loss of the longer 
straight-chained alkanes, as indicated by nC30.  The chemically-dispersed weathered ANS without 
nutrients showed similar results. 
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Figure 4-7.  Percent Biodegradation of Representative Alkanes Measured by GC-MS 
Analysis from a Sealed Respirometer Experiment Incubated at 2°C [Standard errors are 
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In the -1°C respirometry experiments with weathered ANS with nutrient amendments, nearly all 
of the nC17 was lost as well as 60% to 80% of the long straight-chained hydrocarbons (nC28 and 
nC30) and the branched alkanes (Figure 4-8).  With the addition of Corexit® 9500, nearly all 
straight-chained and branched-chain alkanes were lost. 

A larger volume of water was tested in the bench-top study (Figure 4-9) to provide sufficient 
intrinsic nutrients to examine biodegradation of a 60-day test without exogenous nutrient 
addition (Bushnell-Haas).  Compared to the non-nutrient amended weathered ANS treatment in 
smaller respirometer incubations at 2°C, the microbial community in the larger batch study 
degraded more of the nC17 and nC18 range alkanes, as well as approximately 20% to 30% of the 
branched alkanes (pristine and phytane).  With the addition of dispersant, there was an increase 
in the loss of branched alkanes; however, there was little loss of the longer straight-chained 
alkanes (nC28 and nC30). 

Changes in PAHs 

PAHs include a diverse array of hydrocarbons with three or more aromatic rings arranged in 
various structural configurations.  Low-molecular-weight PAHs have up to three benzene rings 
and high-molecular-weight PAHs have four or more ring structures.  Generally the number of 
ringed structures, as well as size and angularity of the molecular structure are related to 
degradability, with the HMW PAHs being more difficult to degrade than the LMW PAHs.  The 
pattern of degradation for LMW PAHs in the different treatments is shown by the loss of 
phenanthrene and its alkylated homologues (Figure 4-10).  For each of the treatments, the parent 
compound showed the greatest loss, followed by C1, C2, C3, and C4 phenanthrenes.  As with the 
alkanes, the addition of chemical dispersant increased the microbial degradation of the 
recalcitrant compounds, in this case the C3 and C4 phenanthrenes.  The addition of nutrients 
further improved degradation of C3 and C4 phenanthrene.  The microbial community was able to 
degrade the four-ringed PAH, chrysene, which suggests that microbial species capable of 
degrading these more complex compounds are present in the Arctic (Figure 4-11).  As expected 
the degradation rates were lower for chrysene.  For both the fresh and weathered ANS crude oil, 
degradation of both parent chrysene and its alkylated homologues was increased with the 
addition of dispersant; however, the pattern of increased degradation with increased complexity 
was less apparent.   

The pattern of biodegradation being inversely proportional to molecular complexity was also 
observed in the -1°C respirometry and bench-top experiments (Figure 4-12 and 4-13).  
Naphthalene was the most easily degraded PAH, followed by phenanthrene, and chrysene.  
Dibenzothiophene is a three-ringed structure, but has two benzenes and a thiophene ring and 
was more extensively degraded than phenanthrene and its alkyl homologs.  As was observed in 
the 2°C experiments, the parent compounds were the most readily degraded followed by the C1, 
C2, C3, and C4 alkylated forms.   For nearly every parent and alkylated PAH group, the addition of 
dispersant increased the extent of biodegradation during incubations, with more dramatic 
differences observed for the more alkylated compounds. 
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Figure 4-9.   Percent Biodegradation of Selected Alkanes from a Bench-Top Experiment 
Incubated at -1°C (without nutrient amendment).  [Standard errors are displayed] 
 

 

Figure 4-8.  Percent Biodegradation of Selected Alkanes Measured by GC-MS Analysis 
from a Sealed Respirometer Experiment Incubated at -1°C.    [Standard errors are 

displayed] 
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Figure 4-10.  Percent Biodegradation of Phenanthrenes Measured by GC-MS Analysis 
from a Sealed Respirometer Experiment Incubated at 2°C.  [Standard errors are displayed] 

Figure 4-11.  Percent Biodegradation of Chrysenes Measured by GC-MS Analysis from a 
Sealed Respirometer Experiment Incubated at 2°C.   [Standard errors are displayed] 

0

20

40

60

80

100

% 
Loss

24% Weathered Crude

24% Weathered Crude + Corexit 9500

Fresh Crude

Fresh Crude + Corexit 9500

Fresh Crude + Corexit 9500 + Nurtients

C0P C1P C2P C3P C4P

C0C C1C C2C

0

20

40

60

80

100

% 
Loss

24% Weathered Crude

24% Weathered Crude + Corexit 9500

Fresh Crude

Fresh Crude + Corexit 9500

Fresh Crude + Corexit 9500 + Nutrients



 

 
NewFields JIP Effects of Dispersed Oil in Cold Environments                              Page | 76 

  
  

Figure 4-12.  Percent Biodegradation of Aromatics: Naphthalenes, Phenanthrenes, 
Dibenzothiophenes and Chrysenes Measured by GC-MS Analysis from a Sealed 
Respirometer Experiment Incubated at -1°C.  [Standard errors are displayed] 

Figure 4-13.  Percent Biodegradation of Aromatics: Naphthalenes, Phenanthrenes, 
Dibenzothiophenes and Chrysenes from a Bench-Top Experiment Incubated at -1°C. 
[Standard errors are displayed] 
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SUMMARY OF BIODEGRADATION STUDIES 

We examined the biodegradation of Alaska North Slope crude oil in the presence and absence of 
the dispersant Corexit® 9500 under arctic conditions using indigenous microbial communities in 
seawater freshly collected from the Chukchi Sea.  Biodegradation was quantified based on 
primary biodegradation (reduction in the concentrations of measureable total petroleum 
hydrocarbons detected using GC-MS), and complete mineralization (respirometry assessment of 
end products, CO2 and H2O).  Results from the respirometry studies and chemical analyses 
demonstrate that biodegradation of oil by arctic microbial communities occurred in seawater 
incubated at environmentally relevant temperatures (-1°C and 2°C).  The addition of the chemical 
dispersant, Corexit® 9500, increased the amount of oil mineralization and the loss of 
hydrocarbons in incubations.  In particular, the loss of more refractory alkanes and PAHs was 
increased with the addition of dispersant.   

The patterns of petroleum hydrocarbon biodegradation observed in this experiment were similar 
to those observed in both arctic and temperate conditions (Douglas et al. 1996; Elmendorf et al. 
1994; Garrett et al. 2003), with the shorter, straight-chained alkanes more readily degraded than 
longer n-alkanes or branched alkanes; lower molecular weight PAHs more readily degraded than 
higher molecular weight PAHs; and parent PAHs degraded more easily than the alkylated 
homologs.  The addition of dispersant increased the extent of biodegradation of the longer and 
branched alkanes and the more complex PAHs, such as alkylated homologs and HMW PAHs, such 
as chrysene.  Further increase in biodegradation of these components was observed with the 
supplementation of nutrients at levels considered to be representative of background conditions 

Natural Arctic Biodegradation of ANS Crude 
Tested with Respirometery Experiments 
Conducted at -1°C and +2 °C. 

Photo by Eric Febbo 
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in the Chukchi and Beaufort Seas.  The breakdown of chrysene indicates the presence of bacterial 
species capable of degrading complex hydrocarbon molecules (Garrett et al. 2003). 

It is important to note that percent mineralization as calculated from respirometry is not directly 
comparable to results of GC-MS analysis.  There are several reasons for this discrepancy.  First, the 
compounds measured by GC-MS must be extractable from the mixture by the solvent and must 
be detected with the instrument being used.  Throughout the biodegradation process, petroleum 
compounds may be chemically modified, becoming more soluble in water and less extractable by 
solvents, and therefore less available for detection by GC-MS methods.  Mineralization measured 
by respirometry represents the complete biodegradation of carbon containing compounds to 
carbon dioxide and water.  Second, some of the carbon from petroleum may be incorporated into 
new microbial biomass without the production of CO2; therefore the percentage of CO2 produced 
by respiration underestimates the actual quantity of petroleum hydrocarbons metabolized by the 
microbial community.  A third reason for the difference between biodegradation estimates 
generated by GC-MNS and respirometry is due to the presence or absence of asphaltenes, waxes 
and resins, which make up a portion of crude oil (approximately 10% by weight in fresh ANS).  The 
asphaltenes, waxes and resin molecules have high boiling points, typically boiling above 450°C 
(ASTM D 2887-08), which make them less detectable by GC-MS analysis.  The omission of 
asphaltenes and resins from the GC-MS data may be important because these molecules are 
included in the total volume of oil added to the respirometer flasks, which is then used to 
calculate the theoretical oxygen demand and percent mineralization.  As the oil weathers these 
more recalcitrant and less acutely toxic materials represent a larger fraction of the remaining 
residual oil.  Finally, the mineralization estimate includes the carbon contained in Corexit® 9500 
(approximately 5% of the mixture).  In contrast, when percent primary biodegradation was 
determined with GC-MS analyses, Corexit peaks were removed from the calculation in order to 
compare the petroleum based TPH being degraded in treatments with and without Corexit® 9500. 

NUTRIENT LIMITATIONS 

As noted earlier, nutrient limitation is not generally expected to limit petroleum biodegradation in 
the open-ocean, due to the contribution of nutrients via water movement either under an oil slick 
or in the water between the dispersed droplets.  However, in closed systems, such as laboratory 
incubations, microbial growth consumes available nitrogen and phosphorus, limiting additional 
growth and microbial degradation of petroleum (Gibb et al. 2001; Garrett et al. 2003).  Small 
additions of nutrients (0.5% or 1% of recommended Bushnell Haas) to respirometry experiments 
influenced the biodegradation of alkanes and PAHs and also increased total mineralization.  This 
was shown using GC-MS, which revealed an increased biodegradation of longer alkanes (>nC20) 
and branched alkanes such as pristane and phytane in the respirometer incubations (Figure 4-8) 
when compared to the bench-top experiment conducted without added nutrients (Figure 4-9).  
This nutrient amendment allowed the microbial community to perform metabolic functions that 
resulted in more complete removal of known and unresolved complex mixture compounds from 
the petroleum.   

The importance of nutrients to petroleum biodegradation has also been noted previously (Prince 
2002; Garrett et al. 2003), with increases in biologically available nitrogen and phosphorus 
increasing biodegradation rates.  A 6:1 carbon to nitrogen ratio is required for optimal microbial 
growth in nearshore and offshore waters (Fukuda et al. 1998).  With the limited availability of 
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nitrogen in the respirometry chambers, nitrogen is likely consumed early in the experiment, 
limiting further microbial degradation of oil.  Amendment with nutrient concentrations similar to 
the average background levels measured in the Beaufort and Chukchi Seas (Codispoti et al. 2005) 
at least partially compensated for the nutrient limitation observed in results from the first 
experiment (comparing the dispersed oil treatment to the dispersed oil treatment amended with 
nutrients).  Nutrient supplementation at a concentration similar to background levels observed in 
the Beaufort and Chukchi is recommended for any future research efforts. 

RELATIONSHIP WITH TOXICITY 

An important consideration is the effect that microbial degradation may have on the toxicity of 
oil.  Based on the toxicity tests conducted with ANS crude oil with arctic species, parent 
naphthalene appears to be a primary contributor to acute toxicity.  This is consistent with 
previous literature that indicates that the acute toxicity is driven primarily by the lower molecular 
weight aromatic hydrocarbons.  Longer chained hydrocarbons such as asphaltenes and waxes 
(>nC30), alkylated PAH and aromatic compounds with four or more rings are recalcitrant.  Based 
on analytical chemical results provided by GC-MS analyses, bioremediation in the presence or 
absence of chemical dispersants should decrease the acute toxicity of petroleum releases in the 
Arctic by the removal or change in chemistry of the LMW PAHs, the acutely toxic compounds. 
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SECTION 5:  PUTTING JIP PROGRAM ADVANCEMENTS INTO CONTEXT  
COMPARISON OF JIP ARCTIC TOXICITY AND BIODEGRADATION RESULTS TO OTHER STUDIES, 
CONCEPTUAL MODEL TO IMPROVE SPILL RESPONSE  

Understanding the toxicity and potential for biodegradation of physically and chemically 
dispersed Alaska North Slope (ANS) petroleum in pelagic, ice-free arctic marine environments 
were the principal goals of this research effort.  Crude oil is a complex mixture of numerous 
different compounds that undergo various chemical changes when discharged to the sea surface.  
A surface spill results in volatilization of lighter hydrocarbon components, formation of oil 
globules that may to a limited extent disperse into the water column under physical energetics of 
wind and waves, or formation of emulsions or tar balls.  Remaining petroleum residues at the 
surface can be transported by wind and currents in the form of emulsions or sheens and may 
strand along shorelines or break up into tar balls.  The effect of chemical dispersants is to 
decrease the interfacial tension of the petroleum at the air-water interface producing small 
droplets that then become more easily dispersed into the water column by wind and wave 
energy.  These chemically dispersed oil droplets are then distributed broadly throughout the 
upper 10 m of the water column by near surface currents (NRC 1989). This chemical dispersion 
process redistributes oil from the air-water interface into the water column, reducing exposure to 
surface dwelling organisms while increasing exposure to pelagic organisms.  Chemical dispersion 
reduces the quantity of oil at the water surface and increases the surface area of the oil globules 
(at least 150-fold for a 1mm slick compared to globules whose average diameter is 20 µm), 
exposing more of the oil constituents to microbial degradation within the water column.  Our 
research is directed at developing high quality technical data on toxicity and biodegradation of 
chemically and physically dispersed petroleum so that this information can be used to help 
identify the optimal response strategy for a petroleum spill in open waters of the Arctic Ocean. 

Beaufort and Chukchi Sea pelagic planktonic communities are important food sources to many 
species of marine birds, mammals, fish and invertebrates.  The supported communities range 
from extensive shoals of medusae (jellyfish) to numerous seabird species, various age classes of 
developing fish and invertebrates and marine mammals, including the Bowhead whale.  A key 
group of species supporting many of these communities are the pelagic arthropod crustaceans 
which serve as food sources.  Krill (euphausiids) and copepods are predominant pelagic 
crustaceans whose productivity supports all of these communities. The organisms living in the 
Arctic Ocean under ice-free conditions can be exposed to petroleum residues by ingestion of 
contaminated prey items and by direct contact.  The four general trophic levels in the open water 
environment in the Arctic are portrayed in Figure 5-1 include the phytoplankton (I), zooplankton 
(II), zooplankton predators (III) and higher level predators (III and IV).  These food webs are 
relatively short and very large organisms can occupy relatively low positions within the food webs 
(e.g., whales, seabirds and some marine mammals at trophic level III).  Organisms may also be 
exposed to petroleum contamination directly in addition to exposure through their consumption 
patterns.  These direct exposure pathways can occur at the air/water interface or the surface 
microlayer, at shorelines, pelagic waters and at vertical and horizontal convergence zones created 
by currents or up or down welling events.  The environmental compartment occupied by the 
Valuable Ecosystem Components (VEC) controls the potential interaction of those organisms with 
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petroleum.  Both the food web 
and compartment exposure 
potential must be considered 
when addressing alternative 
methods to minimize overall 
risk to VECs.  

An overarching assessment of 
oil spill response options 
considers the environmental 
hazards that may occur when 
areas with high species 
abundance and diversity are 
exposed to the bioavailable 
fractions of petroleum.  In this 
case the definition of 
‘bioavailable’ includes chemical 
exposure as well as physical fouling experienced by different organisms.   Following a spill event, 
the acutely toxic impact of oil is somewhat reduced over time by evaporation and volatilization of 
aromatic compounds.   It also appears that a deleterious component of surfaced oil stems from 
processes of ‘physical smothering or fouling’ (e.g. coating of seabird feathers or interfering with 
respiratory organs of marine mammals).   Chemical dispersion of petroleum into the water 
column reduces the impact on organisms at the air-water interface and on intertidal species that 
may be exposed during oil stranding but it also increases the potential exposure and toxicity of oil 
and dispersant compounds on pelagic organisms.  Spill response decision matrices need to 
evaluate the relative abundance, diversity and trophic positions of potentially impacted biological 
resources.  VECs of the pelagic food web are those that directly support species that are highly 
valued by the indigenous peoples of the region.  These foundation species for the pelagic food 
webs were the focus of our study; the organisms selected as VECs for this program included the 
copepod, Calanus glacialis and the Arctic cod, Boreogadus saida.  These species are abundant 
pelagic organisms that are herbivores that predominantly consume phytoplankton or the next 
higher trophic level that feeds on these crustaceans.  Both of these primary test organisms also 
represent key food resources for seabirds, predatory fish and marine mammals that are highly 
valued by people in the Arctic.  These two test species have also been used as experimental 
organisms by other arctic researchers and represent sensitive test organisms that are amenable 
to handling in the laboratory under arctic conditions.   

JIP RESULTS IN THE CONTEXT OF ARCTIC PETROLEUM RESEARCH 

The following sections apply the information we have obtained from the toxicity and 
biodegradation experiments and analytical chemistry results to a series of important questions 
that have been posed by our research team [NF, UAF, the JIP Steering Committee and the 
Technical Advisory Committee (TAC)], interested scientists, resource agency personnel and local 
residents of Barrow.  These questions are built around broad issues that are discussed in terms of 
our ongoing research.  

Figure 5-1.  Trophic Levels and Associated Food Webs 
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Does the Chemical Dispersant (Corexit® 9500) Increase Bioavailability and Toxicity of ANS Crude 
Oil to Arctic Species in the Pelagic Environment? 

The majority of spilled petroleum normally will reside on the surface of the water due to its 
physical and chemical properties.  Chemical dispersants are designed to relocate oil from the 
surface of the water into the water column and as a result there will be more petroleum in the 
water with chemical dispersion than with physical dispersion by wind and wave action.  In the 
laboratory, the amount of petroleum introduced into the water is extremely variable with each 
type of WAF preparation, with a 10 to 15-fold variation within a method. There are two disparate 
methods of reporting data from WAF and CEWAF toxicity experiments:  1) based on nominal 
percentage of WAF and CEWAF, or 2) based on chemical analyses of total petroleum constituents 
[as total petroleum hydrocarbons (TPH), total saturates (TSH), or total polynuclear aromatic 
hydrocarbons (TPAH)].  Each of these evaluation methods leads to different results and 
conclusions.  Previous research in aquatic environments report results based on both methods, 
and therefore interpretation of previous studies have led to conflicting conclusions.  Evaluation of 
the toxicity of petroleum to test organisms based on the nominal percentage of a WAF typically 
demonstrates that chemically dispersed oil is more toxic than physically dispersed petroleum 
since there is more oil transferred into the water when chemical dispersants are used.  However, 
the dispersant acts to reduce binding properties of the oil releasing smaller globules into the 
water and increasing the surface area of the oil (at least 150-fold) and increases its natural 
biodegradation potential.  A different composition of petroleum hydrocarbons is introduced into 
the water with chemically and physically dispersed treatments. Chemically dispersed oil 
resembles the chemical composition of crude oil, including many less toxic components, while 
physical dispersion results in fewer, more toxic oil components dissolving into the water.  This 
accounts for differences in the toxicity as expressed per unit of oil (total petroleum hydrocarbons 
or TPH), and our results demonstrated that toxicity is decreased in CEWAF exposures.   

An important objective of the JIP research was to compare the toxicity of chemically and 
physically dispersed petroleum on key species of arctic fish and invertebrates.  Laboratory testing 
simulated the following conditions: 1) immediate release of miscible petroleum compounds via 
the physical mechanisms of moderate wind and wave conditions, and 2) immediate release of 
increased miscible petroleum compounds resulting from application of a chemical dispersant 
under similar wind and wave conditions used in the physical dispersion assessment.  For these 
experiments we produced three types of water accommodated fractions:  a standard WAF with 
moderate amount of mixing energy introduced; a breaking wave WAF (BWWAF) that introduced 
additional energy and 2-5-fold more petroleum into the water than the WAF; and a chemically-
enhanced WAF (CEWAF) using Corexit® 9500 as the dispersant.  It should be noted that the 
dispersant treatment introduced 50-fold more petroleum into the water column than the 
breaking wave WAF (BWWAF) but that the toxicity per unit of oil in the chemically dispersed 
treatments was less than the physically dispersed oil WAF and BWWAF.  Volumetric dilutions of 
the 100% water accommodated fractions were added to the testing chambers with the 
appropriate test organisms and a water renewal system diluted spiked toxicants according to a 4-
h half-life schedule.  Biological, chemical or physical weathering processes that would take place 
during these periods of exposure were allowed to progress in open test containers without 
renewal of test solutions.   
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Toxicity results are consistent when comparing data output from our arctic experiments with 
other studies that report toxicity based on measured petroleum hydrocarbon concentrations in 
test solutions.  The toxicity of chemically dispersed petroleum is less per measured unit of oil 
(TPH, TSH, TPAH) than in either a WAF or breaking wave WAF preparation.  Conclusions derived 
from this JIP work include: 

 Laboratory preparation of each water accommodated fraction produced variable 
measured concentrations of petroleum that were poorly predicted by the nominal 
concentrations.  

 Chemical dispersion releases more total oil into the water column than physical 
dispersion methods of the breaking wave or standard WAF production. 

 Our results indicate that the chemical-specific mixture of chemically dispersed oil is less 
toxic than the chemical composition of the physically dispersed mixture based on TPH, 
TSH or TPAH assessments.   

 The LC50s for parent PAHs in the physically and chemically dispersed preparations are 
remarkably similar (variation among these responses is less than 2-fold for all three 
accommodated fraction types).  Most of this toxicity seems to be related to the parent 
naphthalene concentrations.  The contribution of the alkylated PAH’s and other 
petroleum compounds released by the dispersant does not appreciably add to the toxicity 
of the parent PAH’s, hence the highly comparable LC50 concentrations obtained based on 
measured parent PAH concentrations. 

 Corexit® 9500 does not increase toxicity of the petroleum to the species tested.  In fact, 
the toxicity per unit of oil is less in the chemically than physically dispersed petroleum 
accommodated fractions.  Corexit®-only testing showed that toxic concentrations were 
well above those used in field application of dispersants; indicating that release of 
dispersant directly into water at these use rates would need to be much higher to result 
in acute toxicity responses by these test organisms.   

 

What Classes of Petroleum Hydrocarbons Drive the Toxicity? 

Each method used to produce water accommodated fractions of oil produced significantly 
different amounts of oil compounds in the water.  Comparison of analytical chemistry results for 
the WAF and the BWWAF prepared from fresh ANS crude oil showed higher ratios of parent to 
alkylated PAHs indicating that increased dispersion of the more soluble parent PAH compounds 
occurred similarly in both treatments and that larger globules of oil containing higher percentages 
of the alkylated homologs were not present.   The CEWAF introduced more alkylated PAH 
compounds into the water compared to parent compounds than the WAF, and was more similar 
to the PAH profile of the original crude oil.  When total petroleum hydrocarbons or total PAH are 
used to calculate the LC50 responses the differences indicate that the petroleum in the physically 
dispersed preparations are consistently more toxic per measured unit of oil than the chemically 
dispersed preparations.  Further evaluation of the chemistry data indicates that total 
concentration of parent PAHs is remarkably similar among all treatments expressing the same 
degree of toxicity.  Based on our experimental work the summation of parent PAH is the most 
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effective predictor of the biological responses for any of the physical or chemical accommodated 
fractions of petroleum. It also appears that the amount of the parent naphthalene explains most 
of this toxicity.  

 

Are Arctic Species More Sensitive to Petroleum than Non-Arctic Species?   

Our research evaluated the response of arctic test organisms to spiked concentrations of water 
accommodated fractions of petroleum (a standard WAF, increased energy breaking wave WAF 
and a chemically enhanced WAF).  The half-life concentration of the WAF concentrations was 
designed to be approximately 4-h; these exposures were meant to represent the dilution that 
occurs after a release of the petroleum into open water.   The scientific literature contains a 
number of similar spiked exposures using non-arctic species exposed to chemically dispersed 
petroleum (represented in Table 3-18 and Figure 3-10).  This comparison shows that arctic species 
(LC50s 4 or 12 days post spiked exposure) are equally sensitive and in some cases exhibit more 
resiliency than non-arctic species (LC50 – 4 days post spiked exposure).  For purposes of 
comparison it was found that the copepod continued to respond over 12-days from the spiked 
exposure while the fish responded within 4 days of the exposure.  Non-arctic species all seem to 
respond within 4-days of exposure.  Therefore, comparisons between arctic and non-arctic 
species were made based on the length of observation period required for the species to 
completely respond to the spiked exposure.  

Does Petroleum Undergo Natural Biodegradation Under Arctic Conditions?   

We evaluated biodegradation using two different methods, based on ‘primary biodegradation’ 
(reduction of measureable concentrations of petroleum using GCMS extractive procedures), and 
‘complete mineralization’ (respirometry assessment of end products, CO2 and H2O).  Under winter 
and summer conditions  (-1 and +2°C) with indigenous microbial communities collected with 
water samples from the Chukchi Sea near Barrow, we found that biodegradation of physically and 
chemically dispersed, weathered and unweathered petroleum hydrocarbons occurred.  The loss 
of measureable petroleum hydrocarbons from fresh crude oil that was chemically dispersed and 
incubated for a period of ~ 7 weeks was ~60% under both seasonal evaluations while complete 
mineralization over the same time period was ~30%.  Fresh crude oil is more readily biodegraded 
than weathered crude oil since the weathering process results in removal of many low molecular 
weight compounds due to volatilization.  Biodegradation of weathered crude oil without 
dispersant over the same time period is less than chemically dispersed fresh crude oil by a factor 
of approximately 2-fold.  Although results from the biodegradation experiments do not indicate 
the rate of biodegradation that would be expected to occur under field conditions in the Arctic, 
the experimental results do furnish evidence that natural biodegradation does occur at arctic 
temperatures.   

Does the Use of Dispersant (Corexit® 9500) Inhibit Natural Biodegradation under Arctic 
Conditions? 

Use of chemical dispersion increased the potential for natural biodegradation by the microbial 
community which was likely due to the formation of small dispersed oil droplets with increased 
surface area.  A calculation of the surface area for comparable volumes of oil as a 1 mm thick slick 
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compared to the surface area of chemically dispersed oil into the water column shows a 150-fold 
increase in the surface area of chemically dispersed petroleum.  It was thought that under cold-
water arctic conditions the processes of dispersion (physical or chemical) may be slower than in 
warmer waters.  It was also thought that there may be increased toxicity to arctic microorganisms 
due increased loading of oil and dispersant compounds in the water column.  We examined 
primary biodegradation and mineralization of chemically and physically dispersed petroleum 
under arctic conditions using indigenous microbial communities in Chukchi Sea water.  Results 
from the fall 2009 and winter 2010 respirometry experiments demonstrated that microorganisms 
naturally occurring in arctic seawater actively biodegraded chemically dispersed petroleum 
hydrocarbons.  The presence of Corexit® 9500 did not inhibit petroleum biodegradation but 
appeared to increase biodegradation.  Furthermore, the results of the winter test demonstrated 
that the indigenous microbial community was able to degrade petroleum compounds with 
Corexit® 9500 at temperatures representing winter conditions (-1°C).  Respirometry results also 
demonstrated that the natural microbial consortium is able to mineralize weathered ANS crude 
oil without Corexit® 9500, but less completely than with dispersant use.   

Information on the comparative rates of biodegradation will be available upon completion of 
additional experiments in-progress.  
 
Is it Better to Use Chemical Dispersants or to Rely on Natural Dispersing Mechanisms, 
Volatilization (Physical and Chemical Breakdown) and Biodegradation?  

This is the key question for use of chemical dispersants.  A realistic and valuable method to 
address this question is in terms of providing the net environmental benefit (NEBA) of using this 
or any other response option.  Figure 5-1 provides a visual presentation of the processes that we 
consider necessary when applying any data to a net environmental benefit assessment of the use 
of dispersants in the pelagic open water environment.  Chemical dispersants relocate petroleum 
from the surface of the water into the water column in the form of small droplets containing 
bioavailable toxic compounds as well as many other less toxic petroleum compounds.  Movement 
of these small globules (especially of the fresher petroleum) into the water column also increases 
primary biodegradation and complete mineralization.  Organisms that use the surface waters (sea 
birds, marine mammals, and neuston) either full time or intermittently will undergo less exposure 
if the surfaced oil is transferred into the water column.  If the petroleum is transferred into the 
water column in an offshore environment then its potential for horizontal transport to shorelines 
or surface convergence zones is also reduced.  While the sea surface, shorelines and convergence 
zone environmental compartments are benefitted by transference of petroleum into the water 
column, the pelagic organisms living within the upper 10m of the water column are subjected to 
more exposure to petroleum.  Initially, these pelagic organisms (also including sea birds and 
marine mammals transiting or feeding in the water column) are potentially exposed to high doses 
of petroleum hydrocarbons although these concentrations are not as high as concentrations at 
the surface where surface dwelling species would directly contact surfaced oil at the air-water 
interface. The calculations and observations of mesocosm results and observations made during 
application of dispersants in the environment indicate similar observations.  After application of 
dispersants, small globules of oil are introduced into the upper layers of the water column.  The 
concentrations dispersed into the water column exceed the EC50 concentrations for acute 
responses to oil (including larval abnormality responses) within the upper 1m for even very large 
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spill events.  These globules undergo horizontal and vertical movement reducing their 
concentrations from a single application of dispersants within 1 hour.  Dilution combined with 
microbial biodegradation of these globules in the pelagic environment would be expected to 
reduce the concentration of petroleum in water over time.  The lower molecular weight parent 
compound PAH’s that are most correlated to the observed toxicity of the arctic species that we 
have been testing are among those compounds that are modified most rapidly.  

INTEGRATION OF BASIC CONCEPTS TO BUILD RELEVANT SPILL RESPONSE OPTIONS 

Chemical dispersion is rapid and introduces oil into the water column while reducing the presence 
of the oil at the sea surface.  Organisms utilizing the sea surface would then be less exposed to 
the chemical and physical impacts of dispersed oil.  Although organisms living within the pelagic 
water column become exposed to oil, these exposures are limited spatially and temporally 
because dispersed oil plumes rapidly dilute in the open sea.  An analysis of the fate of each type 
of dispersion tested indicated that when chemical dispersants are used, larger quantities of 
petroleum are directly released into pelagic water, resulting in oil concentrations that are 
distributed in three dimensions (laterally and to greater depths vertically within the water 
column). It has been demonstrated that application of Corexit® 9500 will disperse ANS under cold 
water arctic conditions from the surface of the water into water depths of <10m (NRC 1989).  
When chemical dispersants are not used a portion of the petroleum will remain as a surface layer 
slick that can weather to form a stable emulsion of oil and water that is slow to degrade and 
subjected to lower rates of dilution.  In addition, because chemically dispersed oil particles 
average 30 microns in diameter range, a larger surface area (>150-fold) is available for bacterial 
colonization and natural biodegradation.  

A Net Environmental Benefit Analysis (NEBA) needs to consider the impact of petroleum on 
biological zones potentially at risk during a spill event.  These zones include: 1) sea surface – 
includes species that are obligate or transient inhabitants of the sea surface (fish, invertebrates, 
neuston, pinnipeds, cetaceans, polar bears, sea birds and people), 2) boundary zones - organisms 
residing in convergence zones of currents, density layers within the water column or edges of the 
ice and shorelines, 3) pelagic - those that live within subsurface pelagic environments and 4) 
demersal zones.  Comparing the potential impact of spill response options on each of these 
biological zones will help develop the best overall response plan options for the protection of the 
environment. 

The patterns of peak abundances of many species occur in the vicinity of edges (e.g., surface 
water/pelagic, ice/water, converging or up or down welling water masses, and water/shoreline) 
where habitat, food and physical chemical attributes for those species are optimized.  Edge 
boundaries undergo rapid changes in the vertical structure and types of aquatic regimes, 
convergence of current fronts from wind, freshwater and ocean circulation, rapid changes in the 
vertical structure of physical and chemical attributes of water and organisms that reside in or 
move through these interfaces or fronts.  The most visible patterns of aquatic life include those 
that we can easily see such as marine birds and mammals congregating on or in the surface water 
where currents converge.  Documentation of species relative abundances in the surface layer, 
areas of convergences, subsurface pelagic water, shorelines and ice edges would be helpful to 
enable comparisons of relative impact to these different environmental exposure compartments.  



 

 
NewFields JIP Effects of Dispersed Oil in Cold Environments                              Page | 88 

  
  

Protecting large congregations of aquatic species following an oil spill is critical to reducing the 
overall environmental impact of a spill event.  Responses to oil spills need to consider the 
application of all potential tools (including chemical dispersant use) to reduce the overall effect of 
the spill on all biological resources, not just those that reside in one environmental compartment. 
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