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Objectives

By the end of this module you will be able to:

• Understand that oil is a complex mixture
• Describe the fate of oil released to the aquatic environment from the 

surface or subsurface
• Understand the factors that complicate oil fate predictions (e.g., gas, 

pressure, temperature, hydrates, non-ideal mixtures)
• List the major mechanisms by which oil is degraded or transformed in 

the aquatic environment
• Appreciate the main open questions in oil degradation modeling



Outline

• Introduction to oil fate processes
• Examples from the Deepwater Horizon spill
• Properties of oils
• Gas to oil ratio
• Subsurface processes

• Droplet size distribution
• Gas hydrate formation
• Chemical mass transfer (dissolution)
• Biological degradation

• Surface processes
• Wind and mixing
• Evaporation and weathering
• Photodegradation
• Emulsions

• Sediment processes
• Summary



Subsea Oil Transport Processes



Ocean Conditions and Plume Terminology



Factors Affecting Oil Fate in the Water Column



Conditions at a Subsea Release

Image Maxx3 during DWH response; courtesy of Ian MacDonald

At the source, oil and gas 
Break up into bubbles and 
droplets and are transported as 
a buoyant plume to the first 
Intrusion layer.



Structure of Oil Footprint on the Surface

https://en.wikipedia.org/wiki/Deepwater_Horizon_oil_spill

Oil that reaches the surface forms 
a slick and spreads out.  Wind and 
waves mix the slick and transport 
it. Weathering alters the oil 
properties.



Importance of Intrusions and Dissolution

Spier et al. (2013) Environ. Pollut. 173.Station B54 on May 30, 2010
By R/V Brooks McCall



Air Quality Depends of Surface and 
Subsurface Fate Processes

Ryerson, et al. (2011) PNAS



Oil as a Complex Mixture
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Equilibrium
Partitioning

Contains thousands 
of chemical 
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Also contains same 
compounds as source
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mass fractions
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Oil properties depend on the composition
Properties are predicted by equations of state



Oil Composition Evolves and 
Changes Oil Properties

• Hydrocarbon liquid (oil) and gas contain a large number (1,000+) of 
individual chemical compounds
- Each oil has a different fraction of each compound:  oils are unique
- The way each compound interacts gives each oil different properties

• Equations of state predict gas and oil properties
- Physical properties:  density, viscosity, interfacial tension, etc.
- Chemical properties:  solubility, equilibrium composition, etc.

• As oil and gas moves through the aquatic environment its composition 
changes by transfer and transformation processes
- Models need to keep track of the composition as a function of time
- Models need equations to predict evolving oil properties

• Equations that predict oil and gas properties are called equations of 
state (EoS)
- Some require detailed composition:  Peng-Robinson EoS
- Some are parameterizations:  Compressibility



Oil Composition Data
• Use the actual chemical components

- E.g., methane, ethane, n-butane, n-decane, etc.
- Is usually possible for the shorter-chain hydrocarbons where there are fewer 

variations in chemical structure
- Advantage is that the properties of pure compounds are well known and do 

not depend on the other compounds in the oil mixture

• Group similar chemical compounds into pseudo-components
- Each group summarizes the influence of a subset of compounds in the oil 

(e.g., C16-alkanes)
- The mass fractions of the pure molecules in each pseudo-component are 

different for each oil
- Because these mass fractions are different, the properties of a pseudo-

component are different for each oil 

• Data
- Use available data to define properties of the pseudo-components
- And, to define the mass fraction of each pseudo-component in the mixture



Gas to Oil Ratio



Gas to Oil Ratio
• Like CO2 in a can of Coke, the amount of gas that will dissolve into an 

oil depends on the temperature and pressure

• The amount of gas in a petroleum reservoir is usually specified at 
equilibrium conditions after production
- Standard cubic feet of gas
- Stock barrel of oil
- Tells you the end composition, but not the partitioning in the oil reservoir, 

pipeline, or ocean water column

• In situ gas/oil ratio varies by temperature and pressure
- Determined by equilibrium between gases and liquid components
- Equilibrium is not instantaneous

• Deepwater Horizon example
- GOR was about 1600 to 2200 scf/bbl
- At the well head, there was about 40 percent gas to 60 percent liquid oil by 

volume
- Oil density at the surface was about 840 kg/m3

- Oil density at the wellhead was closer to 650 kg/m3



Oil Droplet 
Size 
Distribution 
(DSD)

No Dispersant

With Dispersant

Videos courtesy of Prof. 
Michel Boufadel, NJIT.  Joint
Project with U.S. EPA and 
Fisheries and Oceans, 
Canada



Jet Breakup Processes
• Droplet size distribution depends on exit energy and oil properties

- Turbulence works to break up droplets:  described by exit diameter and 
velocity

- The densities of oil, (gas), and entrained seawater provide momentum and 
energy to accomplish the breakup

- Interfacial tension resists breakup
- Viscosity limits the minimum size a droplet can be

Turbulence

Jet Breakup

Exit velocity

Oil density

Water density

Viscosity

Interfacial tension

Median droplet size



Ways to Describe the Oil DSD
• Characteristic scales describe the size distribution

- Volume median diameter
- Standard deviation (spread) of the distribution
- Probability density function (log normal, Rosin-Rammler)



DSD Depends on the
Exit Conditions
• Laboratory Data

- Scaled experiments with oil
and water

- Example here of tests in the 
SINTEF Tower Basin.

Brandvik et al. MPB (2013)



Subsea Dispersant Injection
• Dispersants can reduce the oil droplet size

- Chemical dispersants contain surfactant, which lowers the interfacial 
tension

- Subsea dispersant addition can promote smaller droplet formation at 
the source, reducing droplet sizes by up to a factor of 10.

Brandvik et al. MPB (2013)



Droplet Rise Times
• Smaller droplets:

- Take longer to rise to the surface:
- Will transport farther from source by currents
- Will have more time for dissolution/biodegradation

- Have a larger surface to volume ratio which accelerates 
dissolution/biodegradation

Non-reacting droplet:
Released at 1500 m
29 deg API



Hydrate Formation
• Several gases can combine with water to form an ice-like crystalline 

structure (gas hydrate)
- Disrupt response options
- Remains difficult to predict and may not form in a blowout plume with high 

entrainment rates
- If present, hydrates may coat oil and gas droplets and bubbles, which may 

affect transfer and transformation processes

http://methanegashydrates.org/ Warzinski et al. GRL (2014)



Interfacial Mass Transfer
• Exchange of chemicals across the bubble or droplet  and water 

interface
- E.g., dissolution, evaporation
- Assumed to be controlled by molecular diffusion on the water side
- Facilitated by convection around the bubble/droplet due to the particle 

motion

Oil Mixture

Concentration
Boundary Layer Mass Transfer Mass Transfer

Coefficient
Solubility

Ambient 
Concentration

Rise Velocity

Controlled by 
physics (turbulence)

Molecular diffusivity 
of dissolving compound



Biological Degradation
• Biodegradation is usually modeled as a first-order decay process

- Occurs throughout the fluid (oil, gas, or water)
- Decay rate depends on biological community available to degrade the 

compound of interest

Dissolved Hydrocarbon

Biological Community

Biofilm

Rate
Constants

Total Mass



Subsurface Processes
• Gas ebullition

- Surface mass transfer process
- Kinetics are not well known and mechanisms for gas ebullition (exsolution) 

from a liquid oil droplet are unknown

Gas Bubble Generation Microbubble Formation
and Dissolution



Subsurface Processes
• Dissolution

- Interfacial-transport process
- Depends on solubility (composition), mass transfer coefficient (diffusivity and 

bubble bulk properties), and size (surface area)

Oil Mixture

Concentration
Boundary Layer Mass Transfer

Rise Velocity



Subsurface Processes
• Biodegradation

- Could be pure first-order process or surface-exchange process
- Depends on compound being degraded and community degrading the 

compound
- Can either happen to dissolved or liquid oil components

Dissolved Hydrocarbon

Biological Community

Biofilm



Surface Processes
• Oil is immiscible and forms a slick on the sea surface

• Slick is transported by the wind and mixed down by waves

• Transformation processes lumped into weathering:
• Evaporation, dissolution, photodegradation:  make the oil heavier and more 

viscous – finite time window for surface skimming
• Biodegradation:  after dissolution and droplets mixed down by waves

Droplet
Formation and
Suspension

Emulsification

Biodegradation of 
Dissolved Hydrocarbon

Evaporation

Surface Slick

Wave MixingWind

Sunlight penetration
and absorption



Surface Processes

SheensThicker Oil Slick 
Formation

Dissolution and
Biodegradation

Wind

Dispersant

Entrainment
and Resurfacing

Advection, 
Turbulent Diffusion,
and Dispersion

Volatilization

Emulsions

Increasing 
Weathering

Photodegradation

Slide layout similar to Module 7, 
Debra French McCay, Slide 10.



Photodegradation Effects
• Photodegradation

- Rate of degradation depends on the energy spectrum of absorbed light, 
which depends on the chemical, the incoming light spectrum, and the 
amount of light.  

- Rates will vary by depth, time of day/year, and chemical

Surface Photolysis Half-Life (h)
Summer Winter

Anthracene 0.6 1.9
Hoops Oil 11.2 39.2

Source: ExxonMobile



Sediment Processes
• Hydrocarbon components can reach the sediments in dissolved or 

liquid form (e.g., Subsurface intrusion layer of the Deepwater Horizon)

• Liquid oil processes
- Dissolution:  likely slow due to relatively insoluble components
- Biodegradation
- Bioturbation

• Dissolved oil processes
- Biodegradation
- Bioturbation

Intrusion of dissolved hydrocarbon
and very small oil droplets

Sedimentation of oil
associated with marine
particles, infiltration 
of dissolved hydrocarbons, 
and impact of very small 
oil droplets 



Summary Schematic

RPS ASA—See Module 07



Summary of Key Messages
• Oil is a complex mixture:  properties depend on the specific 

composition of the oil
• At the leak source oil and gas break up into a range of bubble and 

droplet sizes and potentially hydrates
• Sizes depend on discharge energy and petroleum viscosity and interfacial 

tension
• Smaller sizes dissolve and biodegrade faster due to greater surface area to 

volume ratio
• For deepwater blowout, droplets < 70 microns probably will not surface
• Dispersants applied subsea can decrease droplet size by up to 10 times, 

reducing surface oiling, coastal impacts and improving worker safety
• Mass transfer and transformation models predict the evolution of the 

hydrocarbon composition during transport through the subsurface
• Key processes in the water column include: gas ebullition, dissolution, 

and biodegradation
• Key surface processes include: slick formation, spreading, 

entrainment, evaporation, photodegradation, emulsification
• Key processes in the sediments include: biodegradation, 

sedimentation, and sediment/water partitioning
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Appendix
• See remaining slides for more details on a few processes.



Oil Droplet Size Distribution
• Correlate the characteristic scales from experiments

- Weber number scaling (primary jet breakup)
- Viscosity number (limits minimum size)
- Invariance properties (e.g., standard deviation appears to be the same in the 

laboratory and the field)

Johansen et al. MPB (2013)



Role of Dispersants
• Predictions for DWH without subsea dispersant injection

Zhao et al. MPB (2015)



Role of 
Dispersants
• Predictions for DWH 

with subsea dispersant 
injection

• DOR of 2%

Zhao et al. MPB (2015)


