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EXECUTIVE SUMMARY 

Trans Mountain Pipeline ULC (Trans Mountain) proposes to increase the capacity of the Trans Mountain 
Pipeline system from the current 300,000 bbls/day to an estimated 890,000 bbls/day (the Project). 
This will result in an increased number of tankers calling the Westridge Terminal to load crude oil cargo. 
As a result, Trans Mountain expects tanker traffic to the Westridge Marine Terminal shall increase from 
about 60 per year to around 408 per year if the terminal and pipeline system is developed as planned. 

As part of Trans Mountain’s assessment of the risks of increased shipping of crude oils, including 
diluted bitumen oils by tanker from their Westridge Terminal in Burnaby, several risk assessment 
studies have been undertaken including a quantitative risk assessment (conducted by DNV), research 
and tests of representative diluted bitumen crude oil to better understand the characteristics of this 
type of crude oil (Polaris & WCMRC, 2013), fate and behaviour of the oil through spill modelling by 
EBA, A Tetra Tech Company (EBA). 

As part of evaluating oil spill response planning and mitigation, two specific scenarios are examined with 
respect to the nature and effectiveness of proposed mitigation measures. This examination was 
collaboratively performed by EBA and Western Canada Marine Response Corporation (WCMRC), bringing 
together specialists in analytical and operational sciences. The two accidental oil spills considered are a 
relatively large spill at the Westridge Terminal (160 m³) resulting from an incident during loading of a 
tanker, and a Credible Worst Case (CWC) oil spill (16,500 m³), near Turn Point in Haro Strait, resulting 
from a tanker grounding accident with Arachne Reef. Groundings and collisions along the proposed marine 
route have an extremely low probability but need to be considered so that incremental risk posed by 
the Project as a result of increased tanker traffic can be assessed and WCMRC can develop emergency plans 
and procedures for the CWC situation. 

The purpose of response evaluation described in this report is to enable the development of a risk 
informed enhanced oil spill response capacity that would be capable of dealing with such low 
probability events as a credible worst case oil spill from a Project related oil tanker. To establish enhanced 
spill response capability in British Columbia waters, a leading edge approach has to be undertaken. 
This approach combines commitment to early response, equipment, advanced planning and numerical 
simulation tools. 

For this study, two numerical models were used: H3D, a three dimensional circulation model, to generate 
surface currents; and SPILLCALC, EBA’s proprietary spill model, to simulate the movement and 
weathering of the oil slick resulting from the spill. SPILLCALC is used in two modes: first, to evaluate 
the behaviour and mass balance of the un-mitigated spill, and then, in interactive mode, to develop, on an 
hour-by-hour basis, the assignment of spill response assets. Traditional numerical oil spill models such as 
OilMap and OSCAR use static surface currents and time-varying wind values. In areas such as Haro Strait, 
where surface currents reverse with tide, and the response to wind forcing cannot be represented by 
a scale factor on wind speed, it is crucial to select an appropriate numerical model which uses 
time-varying currents and wind fields, which has been validated numerous times for the region of the spill. 
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In both scenarios (Arachne Reef and Westridge Terminal), the mitigation measures that were considered 
consist of: 

1. Booming the ship, to field-contain oil as it leaks from either the loading terminal area or the 
stranded ship; 

2. Skimming unconfined oil off the surface, primarily using self-propelled skimmers operating in 
enhanced mode (i.e., aided by attached booms to increase the area of oil encounter); and skimming 
oil confined by the various booming systems with portable stationary skimming units. In both 
cases, skimmer operations may require adjustments to efficiently recover the oil as it weathers. 

Initial simulations, not reported here, formed part of the team’s early assessment of the scenarios. 
Information from an earlier WCMRC planning study tested those mitigation measures including allocation 
and positioning of oil spill equipment in strategic areas close to locations that had been pre-identified 
through results of the risk assessment (DNV, 2013) as possible incident sites. These initial simulations 
demonstrated the well-known fact that there must be adequate temporary storage for the recovered oil as 
it is collected by the skimmers. Indeed, previous experience with oil spills underlines that logistics, 
particularly the timely arrival of adequate temporary storage and other support, is a major limiting factor 
during mitigation. As a result, as part of WCMRC‘s further review of their recommendations on future 
oil spill response (WCMRC, 2013), significant additional assets have been recommended to address these 
historical issues to significantly improve the recovery rate observed in historical cases. The analysis 
presented in this report considers the combination of both current and proposed equipment as part of the 
development of future response for mitigation. Thus, the proposed increase in the level of equipment 
and base infrastructure recommended by WCMRC was used as an input to the modelling effort described in 
this report. The staging of various containment vessels is worked out for each scenario, and the oil recovery 
presented as a function of time, on an hour-by-hour basis. Indeed, over 600 resource movements were 
tracked to develop inputs for this model. 

This leading-edge approach allowed the team to identify areas for improvement in the mitigation strategy. 
Over the course of successive simulations, any identified gaps were strengthened or corrected. Reasonable 
assumptions were used in the mitigation modelling. For example, unique equipment specifications, 
speed of advance, and human factors were all incorporated into the rotation time assigned to recovery 
units to estimate the skimming, unloading, and cleaning time for each vessel. It was found, by conducting 
simulations for a range of asset inventories, that the amount of recovered oil could be dramatically 
increased by assigning an appropriate number of assets, and ensuring that there was sufficient 
storage available to match the rate at which skimmers could recover oil. Simulations likewise showed that 
– when applied on a fleet wide basis – the loss or gain of one extra skimmer rotation per day could vary the 
recovered oil amount by as much as 10%. 

The large spill at the Westridge Terminal resulting from an incident during loading of a tanker was 
assessed under conservative conditions. The credible worst case oil spill during loading has been estimated 
to be 103 m3 (Termpol 3.15) with an expected return period of once every 234 years. However, the spill 
volume applied in the oil fate and drift modelling for spill location A was 160 m3. The spill modelling used a 
higher volume because it was conducted before the dock optimization and risk assessment were complete. 
Therefore the value of 160 m3 reflects a conservative assumption for the spill modelling analysis. 
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At 160 m3, this spill is significantly smaller than the over 1,500 m3 capacity of the precautionary boom 
that will be deployed around each berth and it is reasonable to expect that the spill would be 
entirely contained within the boom. In addition, observed weak currents (EBA, 2013) at the Terminal 
support the full containment of the oil within the pre-deployed boom. However, as a conservative approach 
to this scenario, it was deemed that 20% of the oil released would escape the containment boom. 
This condition was chosen to ensure a conservative approach to spill response requirements at the site and 
does not reflect Trans Mountain’s expectation for performance of the precautionary boom which will be in 
place to fully contain such a release at the terminal. 

Assessment was made from two considerations: 1) the potential effect pre-booming had on the 
volume of oil available for release into Burrard Inlet; and 2) the total volume of escaped oil that was 
recovered outside the pre-boomed area. Given the configuration of the pre-boom and the underlying 
currents at the time of the incident, a reasonable and conservative scenario applied to spill modelling 
determined that 80% of the total spilled oil was contained and recovered inside the pre-boomed 
containment area. Of the remaining spilled volume that escaped the pre-boomed area (i.e. 20% of the 
total release), responders recovered 35% (i.e. approximately 7% of the total spilled volume) of that 
quantity off the waters of Burrard Inlet. 

The CWC spill (16,500 m3), near Turn Point in Haro Strait, was based on a scenario depicting a tanker 
grounding with Arachne Reef. The simulation outcome showed a 45% recovery of the oil lost at sea. 
Additionally, 19% of the released oil was assumed to have been captured and recovered as a result of 
the earlier placement of defensive booms around the casualty vessel. These recovery numbers are 
above historical cases. An important consequence is that they provide quantifiable values to use in a 
forensic analysis. This leading-edge approach, combining operational experience and numerical science, 
will ultimately translate into response improvements in the field. 

The approach presented here meets the requirements of a systems approach, as recommend in the 
BC Government Oil Spill Preparedness report. Elements of this system approach are: 

1. Realistic environmental scenarios, based on high-accuracy numerical models for currents and 
oil spill behaviour. Winds, an important consideration in oil spill behaviour and mitigation, 
are based on data collected by Environment Canada and US NOAA weather stations and waves 
are based on a hindcast using the third-generation wave model SWAN. Currents are provided by a 
three dimensional numerical model H3D. 

2. The resources for mitigation were based on existing and proposed equipment stored in 
WCMRC warehouse and caches. Resources from other agencies and responders, including the 
Canadian Coast Guard, the United States Coast Guard, and United States OSROs were not considered 
in this evaluation, resulting in a conservative approach: more deployable resources should improve 
the recovery of oil. 

Recommendations for improvement and refinement in the oil recovery process are provided. 
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LIMITATIONS OF REPORT 
This report and its contents are intended for the sole use of Kinder Morgan and their agents. EBA Engineering Consultants 
Ltd. does not accept any responsibility for the accuracy of any of the data, the analysis, or the recommendations contained or 
referenced in the report when the report is used or relied upon by any Party other than Kinder Morgan, or for any Project other 
than the proposed development at the subject site. Any such unauthorized use of this report is at the sole risk of the user. 
Use of this report is subject to the terms and conditions stated in EBA’s Services Agreement. EBA’s General Conditions are 
provided in Appendix A of this report. 
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1.0  INTRODUCTION 

This report is prepared jointly by EBA Engineering Consultants Ltd. operating as EBA, A Tetra Tech 
Company (EBA), and Western Canada Marine Response Corporation (WCMRC), and is concerned with 
developing enhanced spill response mitigation plan for a diluted bitumen spill. 

As part of Trans Mountain's assessment of the risks of increased shipping of crude oils, including diluted 
bitumen (dilbit), by tanker from the Westridge Terminal in Burnaby, two specific scenarios are examined 
with respect to the nature and effectiveness of proposed mitigation measures. The two spills considered 
are a large spill at the Westridge Terminal (160 m³) resulting from an incident during loading of a tanker, 
and a credible worst case spill (16,500 m³) near Turn Point, in Haro Strait, resulting from a tanker 
grounding accident with Arachne Reef. 

Groundings and collisions along the proposed marine route have an extremely low probability but 
need to be considered so that the Project can assess any necessary improvement to emergency 
preparedness and procedures for a future Credible Worst Case (CWC) situation. 

The approach undertaken for this work combines the skills of operational organizations such as 
WCMRC and the skills of scientific numerical modellers. Through this leading-edge combination, 
the purpose is to develop enhanced spill response capacity. 

This approach has been explored in the past with more traditional numerical models such as OilMap, 
but generally not with the level of integration between the modelling process and the process of assigning 
assets to spill mitigation. Moreover, in areas such as the Haro Strait, where the credible worst case scenario 
takes place, surface currents are complex, and vary with respect to tides, winds, the general estuarine 
circulation in the area, and the topographic influences on currents. For these reasons, a fully three 
dimensional, validated circulation model is an essential component of the modelling system, and is used 
for the simulations reported here. 

The efficiency of the mitigation will be quantified through the recovery of oil. Only the removal of oil 
from the water surface is quantified in this report, since that is where the greatest benefit can be realized. 
Deflection booms and exclusion booms are assumed to be available and deployed, but their effects are 
not addressed in the evaluation reported here. The mitigation measures for both scenarios that were 
considered consist of: 

1. Booming the ship, to field-contain oil as it leaks from the stranded ship or impacted terminal; 

2. Skimming unconfined oil off the surface, primarily using self-propelled skimmers operating in 
enhanced mode (i.e., aided by attached booms to increase the area of oil encounter); and skimming oil 
confined by the various booming systems with portable stationary skimming units. In both cases, 
skimmer operations may require adjustments to efficiently recover the oil as it weathers. 

In order for these mitigation measures to work effectively, there must be adequate storage for the oil as it is 
collected by the skimmers. It is generally acknowledged that logistics, particularly the timely arrival of 
storage vessels and transfer capacity, is the major limiting factor during mitigation. As a result, WCMRC has 
proposed to acquire additional assets to respond to these logistics problems, including both equipment and 
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geographically diverse response bases along the shipping route. These developments are a key part of 
the mitigation strategy: to be able to respond within hours to any spill along the shipping route. Indeed, 
the success of the recovery is largely determined within the first 24 hours. Additional storage and vessels 
on site will make a huge difference in how the oil can be recovered. 

The analysis presented in this report considers the combination of both current and proposed equipment 
and terminals as part of the future response system. The staging of various containment vessels is worked 
out for each scenario, and the oil recovery presented as a function of time, on an hour-by-hour basis. 
Assets from other organizations, such as the Canadian and US Coast Guards and US oil spill removal 
organizations (i.e. MSRC), are not considered, so the degree of mitigation reported here is definitely 
conservative: assets from other organizations would likely increase the amount of oil recovered from the 
water surface, before it contacts shorelines. WCMRC has an already established arrangement of mutual aid 
with MSRC, but no equipment from that organization has been used in this scenario. 

The approach presented here meets the requirements of a systems approach, as recommend in the 
BC Government Oil Spill Preparedness report. Elements of this systems approach are: 

 Analysis of the problem; 

 Considering and evaluating a number of solutions, and develop a blend of solutions; 

 Creative “outside the box” thinking to ensure that conventional approaches are challenged and 
determining if new ones have merit; 

 Using a disciplined approach, keeping the important priorities in mind. 

These elements were implemented through: 

1. Realistic environmental scenarios, based on high-accuracy numerical models for currents and oil 
spill behaviour are used in the evaluation. Winds, an important consideration in oil spill behaviour 
and mitigation, are based on data collected by Environment Canada and US NOAA weather stations 
and waves are based on a hindcast using the third-generation model SWAN. Currents are provided 
by a three dimensional numerical model H3D. Having an oil spill model which can communicate 
with a three-dimensional hydrodynamic model and a two-dimensional wave model is crucial in 
coastal waters, where currents are highly variable in space and time, and where wave energy, 
similarly, is also highly variable in space and time. 

2. The resources for mitigation were based on existing and proposed equipment stored in 
warehouse and caches in accordance with the Future Oil Spill Response Approach Plan, 
Trans Mountain Expansion Project, which has been prepared by WCMRC. This work does not 
account for cross-border action: resources from other agencies and responders including the 
Canadian Coast Guard, the United States Coast Guard, and United States OSROs were not considered 
in this evaluation, resulting in a conservative approach: more resources, properly managed, 
would improve the recovery of oil. Some portable skimmers used in this scenario had previously 
been proven as effective in tests using diluted bitumen crude oil (Gainford, 2013). 

Recommendations for improvement and refinement in the oil recovery process are provided. 
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2.0  DESCRIPTION OF MITIGATION RESOURCES 

2.1  Western Canada Marine Response Corporation 

Western Canada Marine Response Corporation (WCMRC) is a member-owned private company certified 
by Transport Canada. The mission of WCMRC is to maintain a response-ready organization capable 
of managing and mitigating marine oil spills that might occur within a specified Geographic Area of 
Response (GAR). WCMRC’s nominal GAR includes all of the coastal waters of British Columbia from the 
federal seaward demarcation line through the connected, navigable and tidal waters of the Province. 
WCMRC must be prepared to respond to a diverse array of potential incidents from a customer base 
that includes: oil companies, oil handling facilities, tank ships and tank barges, freighters, ferry boats, 
cruise ships and many other water-related, water-dependent commercial entities. 

2.2  Current Response Capacity 

Transport Canada has certified that WCMRC is currently able to respond to a 10,000 tonne marine oil spill 
anywhere along the British Columbia coast. The 10,000 tonne threshold is the highest certification 
awarded by the federal government and is based on satisfying the codified deployment of resources 
within designated time periods. This level of preparedness is achieved by maintaining a well-developed 
infrastructure of equipment, response bases and trained personnel throughout the provincial Geographic 
Area of Response. Equipment resources include: oil skimmers (both portable and self-propelled vessels), 
containment booms (in various types suitable for open-water, sheltered-water, and shorelines), 
support vessels (both for fast response and logistical support) and temporary storage devices (barges and 
floating storage bladders). 

2.3  Proposed Enhancements to the Current Response Capacity 

The proposed expansion of Trans Mountain’s Westridge Terminal will bring increased tanker traffic on 
the shipping route between the terminal and the Pacific Ocean Buoy J. To enhance the level of preparedness 
for the increased traffic associated with the Westridge Terminal expansion, WCMRC has recommended 
increasing the capability of Canadian oil spill response organizations to respond efficiently to a credible 
worst case oil spill from a laden Aframax tanker outbound to the Pacific Ocean from Westridge through 
the South Salish Sea. Relying on the ability to cascade resources pre-staged along the shipping route, 
these proposed enhancements would significantly exceed the current legislated response thresholds 
detailed in the Canada Shipping Act, 2001. The increase in response capacity would follow a systems 
approach that not only includes additional equipment but also new bases, more personnel, 24/7/365 
staffing at certain elevated risk locations, and improved logistics. Figure 2.1 shows the proposed spill 
response equipment staging areas. 

2.4  Using the Scenarios and Models 

The scenarios and models collaboratively developed by EBA and WCMRC present an opportunity to both 
challenge and validate the strategies that might be applied in an oil spill response. While each oil spill is 
unique, the outcome of the modelling effort can be used to analyze the resources and strategies employed 
by the response organization. Indeed with respect to the scenarios put forth for the Trans Mountain 
shipping route, WCMRC reviewed and revised their proposed equipment package three times in an 
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effort to optimize the resources specified in it. This procedure is expected to be on going throughout as 
the plan is further developed. It will assist to refine the accuracy of the inputs and assumptions driving 
the model and future oil spill planning standards and to improve oil spill response through knowledge 
gained from the different model outcomes that EBA develops. 

2.5  General Assumptions and Guidelines Used by WCMRC 

The following assumptions and guidelines were applied by WCMRC in the development of the response 
strategies to meet the spill scenarios detailed in this report: 

 From a health and safety standpoint, it was assumed that the spill site atmosphere in each of the 
scenarios presented no toxic or explosive hazards to first responders and that the site may be 
immediately approached. 

 WCMRC maintained a conservative approach to mass balance accounting. Free oil was not 
removed from the mass balance calculation until it was recovered inside a skimmer or other closed 
tankage that was secure from environmental and operational influences. Oil sequestered by 
containment booms was not considered to be recovered oil. 

 In the model, where slick thickness was equal to 50-microns or greater, a pre-established recovery 
efficiency (based on the federal de-rating formula for skimmers or a discounted value of that formula) 
was applied to calculate recovered volumes. Where model slick thickness was less than or equal 
to 50-microns, an encounter rate formula is applied to calculate recovered volumes. Discounted 
values were derived from empirical data gathered during the Gainford test (Polaris & WCMRC, 2013). 

 For the purposes of this study, the ability to boom the casualty vessel in open water assumed there 
was suitable water depth and holding ground to sustain the anchoring of containment boom. 
A leakage factor was applied to these closed booms to recognize the effect of external forces, 
such as local currents, acting upon them. 

 In the early days of the Arachne Reef scenario, the use of larger response assets in the 
immediate vicinity of the casualty vessel was cautiously applied to avoid close quarters 
manoeuvring situations that may have increased the risk of mechanical damage to the critical 
primary containment boom. 

 No assistance from the casualty vessel - such as change of trim, ballast or internal transfers – 
was assumed to have been executed to reduce outflow volume. 

 No cross-border mutual aid or assistance from community-based response groups was assumed 
to have been available to the response organization for these scenarios. 

 Adverse weather conditions did not prevent or complicate a response. In general, the success 
of containment and recovery operations are impacted when significant wave heights approach 
1-meter and winds approach 16-knots. On-water response operations may be suspended when 
significant wave heights exceed 1.5-meters and winds exceed 16-knots. 

 Since the scenario occurs during the month of August, almost 20-hours of daylight exist to benefit 
the efficiency of the response. 
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3.0  THE MITIGATION MODELLING SYSTEM 

The shipping route, Figure 3.1, originates at Westridge Terminal, passes through Burrard Inlet-Vancouver 
Harbour, the Strait of Georgia, Juan de Fuca Strait, and the Pacific Ocean adjacent to Vancouver Island. 
This study encompasses the continental shelf out to the 12 nautical mile limit. Any marine spill would 
originate at a particular location along the shipping route, shown and the released oil would then 
spread and move away from the spill site, depending on local currents, driven by winds, tides and 
estuarine circulation. The waters between Vancouver Island and the mainland, i.e. Georgia Strait, 
Juan de Fuca Strait and the interconnecting channels, form a deep, topographically complex and strongly 
tidal estuarine system. Freshwater from the Fraser River, as well as other rivers draining into these waters, 
provide a driving force for a strong estuarine circulation, which leads to a seaward set to currents along 
the bulk of the shipping route. This estuarine circulation persists out onto the continental shelf, aided 
by additional fresh water from the Columbia River. This entire system is contained within the model 
developed for the Trans Mountain Expansion Project (EBA Technical Report, 2013). The following 
Sections 3.1 and 3.2 provide a summary of that modelling system. 

3.1  H3D 

The oil spill simulations, which form the basis of the mitigation analysis, use surface currents that 
were hindcast using a proprietary three-dimensional hydrodynamic model, H3D. This model is derived 
from GF8 (Stronach et al. 1993) developed for Fisheries and Oceans Canada. H3D has been used on 
several studies along the BC coast, including for the Enbridge Northern Gateway studies. An extensive 
application of an operational version of this model to the St. Lawrence Estuary is described in Saucier 
and Chassée (2000). 

H3D is a three-dimensional time stepping numerical model that computes the three components of velocity 
(u, v and w) on a regular grid in three dimensions (x, y and z), as well as scalar fields such as temperature, 
salinity and various introduced contaminants. A time stepping numerical model is one in which the 
period of interest (e.g., a year-long simulation of currents in the Salish Sea) is broken up into a number 
of small time intervals (e.g., 100 seconds each). The model then takes advantage of the fact that over a 
short time interval, known as a time-step, changes in currents, salinities, and other properties are small and 
can be computed in a rather simple fashion, suitable for coding in a numerical model. 

The spatial grid may be visualized as a number of interconnected computational cells collectively 
representing the water body. Figure 3.2 shows a schematic of a typical grid. Velocities are determined on 
the faces of each cell and non-vector variables, such as temperature or salinity, are situated in the centre 
of each cell.  The selection of grid size is based on consideration of the scale of the phenomena of interest, 
the grid domain, and available computational resources. 

In the vertical, the cells are usually configured such that they are relatively thin near the surface 
and increase in thickness with depth. The increased vertical resolution near the surface is needed 
because much of the variability (e.g., stratification, wind mixing, inputs from streams and land drainage) 
is concentrated near the surface. 
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For the simulations described in this report, two grids, or models, were used: a 1,000 metre resolution 
Regional Model of the Strait of Georgia-Juan de Fuca – Puget Sound system, extending out onto the shelf at 
the western end of Juan de Fuca, and a 125 metre resolution model of Burrard Inlet. Figure 3.3 shows 
the modelled domain, as well as the grid mesh. The model covers the entirety of the Strait of Georgia, 
Juan de Fuca Strait, Puget Sound, and a substantial part of the shelf off the entrance to Puget Sound. 

Important dynamic forcings contained in H3D include: 

 Water level fluctuations, primarily, 

 Wind forcing, 

 Inflows from 50 rivers and creeks, 

 Besides winds, other meteorological data are also needed to compute heat flux into the waterbody 
and thus its temperature structure, 

 Turbulence modelling for horizontal and vertical turbulent transfers of momentum and scalars, 

 Oceanic boundary conditions for salinity and temperature were available via models maintained 
by the Alaska Ocean Observing System (AOOS). 

3.2  SPILLCALC 

SPILLCALC is a proprietary oil spill model developed by EBA. It is described completely in the EBA Technical 
Report (EBA, 2013). The following is a brief summary of its capabilities. SPILLCALC is a time-stepping model 
that computes the motion and weathering of liquid hydrocarbon spills. It can be implemented in one of 
two different versions: stand-alone and embedded within the hydrodynamic model H3D. The stand-alone 
version contains interfaces to the output from one or more H3D circulation models. For the simulations 
reported herein, data from only one hydrodynamic model was used: the 1000 metre resolution model of 
the entire Strait of Georgia and Juan de Fuca Strait as well as part of the shelf. SPILLCALC uses currents 
from this model to move the spill. Oil released on the water surface is represented as a large number of 
independent floating particles, referred to as slicklets in this report. Individual slicklets are not intended to 
be physically meaningful. Instead, the cloud of particles as a whole is the area covered by the spill, and its 
progress is the spill’s dispersion and trajectory. SPILLCALC uses a time-step appropriate to the grid size 
and drift velocities. In order to provide a simulation that resolves the slick movement and shore contact 
better a 500 m resolution grid was used. Figure 3.4 illustrates the SPILCALC grid. 

The key components driving the movement of slicklets or particles are: 

 Advection, based on surface currents obtained from H3D; 

 Wind stress, using winds interpolated from several stations over the Strait of Georgia and Juan de 
Fuca Strait; and 

 Eddy diffusion by oceanic turbulence, simulated through the Monte Carle method as a random 
velocity component. 

 Shoreline retention, and 

 Weathering such as evaporation, dissolution, sinking, shore retention. 
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3.3  The Mitigation Modelling System 

The mitigation modelling system combines two components: 

− A schedule of asset assignments, developed by WCMRC; 

− Numerical simulations to evaluate the impact of these assets on the modelled spill, primarily 
in terms of reducing the amount of oil on the water, and to improve the mitigation strategy plan. 

Figure 3.5 shows a location map of the two simulated incidents: Arachne Reef and Westridge Terminal. 

A schedule of asset assignments is constructed as an additional input file to the oil spill model SPILLCALC, 
listing the asset name, time of deployment, location of deployment, and volumetric capacity over a 
one-hour period. SPILLCALC steps through the spill evolution, and applies each of the assets at the time it 
is deployed, removing the specified quantity of oil that each asset can remove in one hour. More precisely, 
SPILLCALC uses the encounter-rate method: the asset would skim during one hour the minimum of its 
skimming capacity and the oil available on that cell. The spill model computes the oil movement in the 
hours in which the assets for that hour are active, and produces a mitigated spill map, and a corresponding 
entry into the mass balance tables. This process is repeated for the 96 hours (4 days) following the spill in 
the Arachne Reef scenario and repeated for 24 hours in the Westridge Terminal scenario. 

Notes on the resources that were considered in the scenarios are: 

1. Primary and secondary containment, essentially sufficient boom to wrap the stranded vessel twice. 
This tactic is highly effective in containing the spread of oil and assisting in its recovery since the oil 
within the boom will be thick and fresh, hence amenable to skimming and pumping. However, 
booming a ship in distress has its own associated issues. If the incident occurs in open waters, 
the water depth may be too great or the seabed may not be conducive to holding the anchor 
systems necessary to keep the boom away from the ship to achieve containment. 

a. For the Arachne reef spill, the vessel is assumed to be firmly aground, so the issue is then 
holding the boom in place in the relatively strong tidal currents that flow around the reef. 

b. For the Westridge spill, the ship has been pre-boomed, and it is assumed that 20% of the oil 
that enters the boom system as a result of an accident will escape into Burrard Inlet. 

2. Skimmers in common use within the WCMRC inventory were assigned to collect oil in the scenarios. 
Tests done at Gainford (Polaris & WCMRC, 2013) over a period of ten days in the spring of 2013 
proved that the oil cargo floats under meso-scale test conditions and can be recovered from the 
water’s surface with conventional skimming technology. 

3. Temporary storage devices (mini-barges, integrated storage in a supply boat, full-size barges) are 
important assets that increase spill response effectiveness. High volume tank barges are optimal for 
on-water storage devices but are slow to reach the spill from their base port, given the long 
mobilization times and their slow speed of advance. Thus, the provision of integral storage on the 
supply boat (1,880 mt) helps to significantly bridge the storage gap from the start of the incident to 
the arrival of the first barge on site. 
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4.0  THE ARACHNE REEF SPILL MITIGATION 

4.1  Arachne Reef Scenario Narrative 

The waters between Moresby Island and Stuart Island mark the northern entrance to Haro Strait, 
which runs south southeasterly between the Gulf Islands on the Canadian side and the San Juan Islands 
on the US side. Arachne Reef is situated at the northern end of Haro Strait, off to the west side of the Strait. 
It consists of three drying heads (Sailing Directions, 1979), and has a navigation light. A plausible but 
highly unlikely event would be a powered grounding of a laden tanker on Arachne Reef. Figure 3.5 
shows a location map of the incident. The northern entrance to Haro Strait has the greatest level of 
navigation complexity for the entire passage, as well as significant numbers of vessels transiting the Strait. 
The location also has very high environmental value for the route, with the potential to affect several 
distinct areas and habitats, including but not limited to Boundary Bay, the Gulf Islands and San Juan Islands, 
the Salish Sea, and the Juan de Fuca Strait. The event of a powered grounding of a laden tanker has low 
probability due to the tanker being piloted by two highly experienced B.C. coast pilots and the ongoing 
practice of using a tethered escort tug through this part of the route. 

The mean water level at Sidney, the closest long-term tide gauge station, is 2.0 m above local chart 
datum (CD) with higher high water 3.6 m above CD and lower low water 0.2 m below CD. 
Typical tidal range varies from 2.4 m for mean tides and 3.8 m for large tides (FOC-1, 2012). Tidal currents 
in Haro Strait largely follow the channel alignment and can reach 2.0 to 3.0 m/s on an ebb tide (CHS, 2005; 
Thomson, 1981; FOC-3, 2012). As in many tidal systems, currents during slack tide are weak and relatively 
spatially incoherent. Since Arachne Reef is off the main channel of Haro Strait, currents are weaker, 
being about 50% of the full streams in Haro Strait, based on the circulation modelling conducted in the 
Strait of Georgia, the Juan de Fuca Strait and the Haro Strait. 

Wind fetch in most parts of the Strait is rather limited and narrow, except near the southern end where 
waves approach from Juan de Fuca Strait from the southwest and southeast. 

The hypothetical Arachne Reef incident is given to have occurred at 22:00 on August 17th and simulates a 
cause-unspecified tanker grounding using actual tides from August 17, 2012 at 22:00, as the driver for the 
evolving environmental conditions. The partly loaded Aframax departs Westridge Terminal loaded with a 
cargo of Cold Lake Diluted Bitumen (referred to as dilbit in this document) during the high tide and arrives 
in the vicinity of Arachne Reef in the evening. A total volume of 16,500 m3 of oil is released over 13 hours, 
which is the amount DNV calculated as credible worst case oil spill for a partly loaded Aframax tanker. 
The probability of this event to happen is extremely low but needs to be considered for mitigation planning. 

The scenario was selected over 368 independent simulations of the stochastic modelling for the summer 
season. The selection was based on the representativeness of the resulting spill in terms of environmental 
and human-health damages: the summer season was selected for the mitigation simulation, as warmer 
water and air temperatures would facilitate more rapid dissolution and/or volatilization of lighter pseudo-
components into water or air, respectively. This is conservative, as the concentration in water or air would 
be increased by rapid dissolution and/or volatilization. At the same time, generally lower wind speeds 
during the summer would result in less wave action (hence, less vertical mixing of the water column, 
and higher concentrations of dissolved hydrocarbons in the surface water layer), as well as less dilution 
of vapours in air. 
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For the purposes of this study, we are considering the Day-1 operational period to be a stretched day 
measured by elapsed spill time from 22:00 on August 17, until 23:59 on August 18. The Day-2 operational 
period begins at midnight on August 19 during which time we will transition to normal 24-hour clock time. 

4.2  The Unmitigated Spill 

Figure 4.1 shows the P50 and P90 map after 6 hr, 12 hr, 24 hr, 48 hr. This map was built based on 
the stochastic modelling described in the EBA Technical Report (EBA, 2013): a total number of 368 
independent simulations were modelled during the summer period at Arachne Reef. Probability contours 
were then extracted, based on the combination of those 368 independent simulations. The P50 means that 
there is a 50% or greater probability for the area within the P50 contour line to have been contacted by 
the oil. Similarly, the P90 means that there is a 90% or greater probability for the area within the P90 
contour line to have been contacted by the oil. 

Figures 4.2 to 4.7 show the un-mitigated spill location, in terms of slick thickness as computed by 
SPILLCALC after 6 hrs, 12 hrs, 24 hrs, 48 hrs, 72 and 96 hours. Figure 4.8 shows the amount of oil retained 
by the shore in Litre per metre of shoreline. Figure 4.9 shows the mass balance for the un-mitigated case. 
The key performance indicators (KPI) that evaluate the effectiveness of response activities pertaining to 
these simulated spills mitigation are also based on the effect of the response measures towards changes to 
the mass balance over a four (4) day period, e.g.: 

− Reduce the extent and thickness of the slick remaining on the water after 4 days; 

− Reduce the quantity of oil on water after 4 days; 

− Reduce the quantity of  oil reaching shore after 4 days; 

− Reduce the length of shoreline oiled; 

− Account for any oil recovered, ensuring that it is only assessed as recovered once the simulation 
shows any oil that is contained in a secure tank on a skimmer, barge or supply vessel. 

The 4 days length period was selected based on the slick thickness on water, which then becomes too 
thin to be efficiently recoverable after the end of the fourth day. Thereafter, passive sheen management 
with sorbent products remains a viable but unquantifiable countermeasure for the response organization 
to employ. 

4.3  The Mitigated Spill Operational Plan 

4.3.1 Establishing Outflow, Retention, and Escapement 

The Arachne Reef scenario is based on outflow calculations for a 16,500 m3, which is the amount 
DNV calculated as credible worst case oil spill for a partly loaded Aframax tanker. Resulting from the incident, 
25% of the impacted tank volume is lost in the first hour (elapsed time from the beginning of the spill) and 
1,000 m3 of cargo will flow out of the vessel every hour thereafter until the total spilled volume is reached. 
Primary containment booms, as the first line of defense, surround the vessel by spill hour +4 (elapsed 
time); oil retention and escapement rates from the boom are not uniform due to the variable influences of: 
1) current; 2) entrainment loss; 3) critical accumulation failure; and 4) operational impacts. 
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The operational assumptions behind this scenario are recapped as: 

 Immediate loss of 25% tank volume in the first hour; 

 1,000 m³ outflows every hour thereafter until the threshold volume is reached; 

 After hour +4 (elapsed time), primary containment is achieved potentially reducing the 
escapement outside the boom to 500 m³ (50%); 

 At hour +7 (elapsed time), secondary containment is achieved reducing the escapement 
outside the boom by another 250 m³. Now, about 75% of the released oil has the potential to 
be retained in the boom: the boom efficiency is considered to be 50%, so 1,000 m³ is being 
released from the ship every hour up to hour-13, 50% leaks through the first boom (500 m³), 
and 50% of this 500 m³ would leak through the second boom into the ocean, so a loss of 250 m³; 

 When the current at the casualty site is less than 0.5 meter/second (1-knot), escapement from the 
secondary boom is assumed to be zero. 

4.3.2 Shipboard Emergency Measures 

Although shipboard emergency measures were not part of this scenario or factored into the model, for 
background information it is reasonable to assume that the ship would have undertaken the following 
procedures upon recognition that the vessel had run aground: 

 The Master would have notified the CCG and WCMRC about the accident and activated oil spill 
response efforts. At the same time the Master would inform owners, local agents in Vancouver, 
insurance representatives and also made an All-Vessel broadcast over GMDSS indicating the 
vessel’s position and type of accident. 

 The Master’s notification would effectively activate WCMRC response. At the same time, local tug 
operators and global salvage organizations (whether based in the region or elsewhere) would have 
typically begun assessing their opportunities to intervene or assist. If such assistance is taken up 
by the Master or the owners, those would be under separate contractual agreements. 

 When forward motion had been minimized or stopped, both anchors would have been dropped. 
Following a general alarm and the accounting for all crewmembers, a visual assessment would have 
been conducted of the main deck and hull areas in an attempt to locate and quantify the damages. 
At the same time, atmospheric testing would have been initiated to confirm the presence of any 
hazardous vapors either on-deck or in machinery spaces below deck. All tanks would have been 
gauged and their volumes reconciled against the ship’s load computer. The master would have been 
in contact with the vessel’s classification society to review stability issues. 

 Typically, vessel owners have an established relationship with marine professionals, including 
those with experience in casualty and salvage matters. This relationship would have been activated 
either directly from the stricken ship or by relay through the owner’s operations center. 
A coordinated effort amongst the vessel master, owners, the classification society, local 
responders and others would have been initiated to analyze the best immediate course of action. 
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In general, it would be the goal of those parties to prevent the vessel from ranging on the reef causing 
further damage and migrating to higher ground on a rising tide. As such, within the stability limits, 
based upon advice from the ship’s classification society, the vessel might ballast down, adjust 
her trim or engineer a slight list to one side. That could indirectly assist in reducing the rate of oil 
outflow from her. 

 It is important to confirm that the ship’s internal cargo piping had remained intact. If the piping 
and pump systems are operational, the master may attempt to execute an internal cargo transfer 
to reduce stresses on the hull, which again could provide some reduction in outflow from the 
damaged tanks. The ship would maintain the flow of inert gas over the tank tops; a breach in 
the ship’s inerting system would constitute a hazardous situation requiring a timely replacement 
solution. Failure of the ship’s internal piping system might indicate the need for over-the-top 
lightering before the casualty could be freed from the strand. If lightering will be required, 
the salvors will need a real time bathymetric profile to chart a safe course to bring a lightering 
vessel alongside. 

 At this point, the primary mission of the ship’s crew is to record and monitor the situation, 
maintain stability, and communicate the situation to the salvage team. As in all cases associated 
with a release of hydrocarbons, the risk of fire increases and along with that so does the need for 
vigilant fire prevention. 

4.3.3 Day 1 Initial Response 

The response organization (WCMRC) is notified of the incident and begins dispatching resources. 
The 24/7-staffed response bases at Sidney and Delta Port (proposed in the supporting equipment plan) 
are the first units to respond. Other bases at Sooke, Esquimalt and Ucluelet (also proposed in the 
supporting equipment plan – a separate stand-alone document) begin mobilizing resources for the 
Arachne Reef area. Figure 2.1 shows the existing and proposed spill response equipment staging areas. 

Initial response strategies revolve around the following efforts: 1) establish both primary and secondary 
containment around the casualty vessel; 2) use Current Busters to efficiently recover the thicker and more 
easily recovered oil, near the casualty containment area; 3) begin skimming operations in the thickest oil 
around Archane Reef; 4) provide sufficient temporary storage assets to skimmers as quickly as possible; 
and 5) execute protective booming strategies to pre-identified sensitive areas at-risk from the spill. 
To support this and similar scenarios, an offshore supply vessel (OSV) with 1,880 mt (2,000 m3) of 
integral storage was moored in the Sidney area; it was pre-loaded with four Current Buster 6s skimmers 
and four 40-tonne mini-barges (MBs). The immediate mission of the OSV is to support the Current Buster 
recovery operations at the wreck site. 

The first skimmers and boom boats have arrived at the site by hour-2. Coordinated recovery and 
containment operations are well underway at hour-4 after the vessels have oriented themselves to 
the tactics and deployed their containment boom. A 5,000 tonne storage barge is en-route from the 
Saanich Peninsula but it will not arrive until hour-8. The OSV, with its deck load of four mini-barges 
and 1,880 mt (2,000 m3) of integral storage, provides a temporary storage bridge until a 5,000 mt barge 
arrives at hour-8. 
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Boom boats working with Broadwater work skiffs achieve primary containment around the vessel 
by hour-4. While this achievement is helpful, it is assumed ocean conditions allow 50% of the contained 
oil to escape the primary boom. A secondary containment boom is installed by hour-7; when the current 
exceeds 0.5 m/s the secondary boom experiences a loss rate of 25%. Four time-sequenced Current Buster 
6s recovery devices, maintaining position by slow steaming into the current near the casualty containment 
area, would collect oil escaping from the boom. As boom boats fulfill the obligations to contain oil loss 
from the ship, they are immediately assigned to assist skimming vessels working in the enhanced mode. 

By hour-8 the first temporary storage barge is on-site. It takes an hour for this barge to find safe 
anchorage and complete preparations to receive recovered product from the skimming vessels. By hour-9, 
full skimmers previously discharging to the OSV are now coming alongside the barge to begin offloading. 
The OSV will now be dedicated to servicing only the Current Busters recovering oil escaping from the 
wreck site. The primary storage barge is able to accommodate four offloading skimmers at once. 
The arrival of the first temporary storage barge marks the beginning of a measureable cycle of recovery, 
discharge and re-deployment. This cycle will continue until Day-2 begins. For the purposes of this study, 
on Day-1 all skimmers are assumed to be recovering at efficiency equal to their derated capacity 
(calculated according to federal guidelines). By hour-18, suitable equipment has arrived to begin recovery 
operations inside the primary containment boom. This tactic is cautiously applied to avoid stressing, 
damaging or accidentally releasing the first line of defensive boom around the ship that could result in a 
catastrophic loss of containment. 

A summary of recovery operations at the end of Day-1 reveals the following information: 

 14-skimmers have performed 44-individual recovery sorties by the end of the day; 

 During the first 8-hours of the response, the OSV (with 1,880 mt of integral storage) has acted as 
a temporary storage bridge until the arrival of a large barge; 

 In addition to the OSV, Barge #1 (5,000 mt) will be the only other dedicated storage unit 
during Day-1; 

 Eight 40-tonne mini-barges were deployed throughout the day to extend the recovery times of 
certain skimmers. 

4.3.4 Day 2 

The first four hours of each day are designated as a daily out-of-service period during which time skimmers 
are refuelled, resupplied and given a gross decontamination. For the purposes of this study, the daily out-
of-service period is recognized as a solid block of time although, in reality, it would likely be a rolling 
shutdown across the fleet. Overnight, four additional skimmers and one 10,000-tonne storage barge 
have arrived. The fleet is now in a better position to sustain the cycle of recovery, discharge and 
re-deployment of skimmers. To simplify this study, the names of the boom boats tending the enhanced 
skimmers have remained the same; in practice, third party assets would likely replace the boom boats to 
enable them to engage in protective missions elsewhere. 
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As the oil slick weathers, emulsifies, and spreads thinner, skimmer efficiency is assumed to decline. 
To reflect these Day-2 conditions, recovered oil volumes will be calculated based on the previously 
noted recovery guidelines associated with slick thickness and now reducing skimmer efficiency to 85% of 
its derated value. Should one of the temporary storage units reach capacity, it is assumed 3rd-party assets 
operating under a pre-arranged contractual agreement would replace it. Recovery operations will continue 
up until hour-24 of Day-2. 

A summary of recovery operations at the end of Day-2 reveals the following information: 

 17-skimmers have performed 61-individual recovery sorties by the end of the day; 

 In addition to the OSV (1,880 mt), Barge #1 (5,000 mt) and Barge #3 (10,000 mt) will be used 
as dedicated storage units during Day-2; 

 Twenty 40-tonne mini-barges were deployed throughout the day to extend the recovery times 
of certain skimmers. 

4.3.5 Day 3 and Day 4 

The response strategies for Day-3 and Day-4 reflect conditions observed at the end of Day-2. 
Additional recovery assets have been assigned to work inside the primary casualty containment area. 
The operational day begins after the four-hour service period for the vessels. The skimming cycle begins 
in hour-5. As the slick spreads-out, the response area similarly grows. The cycle time for skimmers 
increases to reflect the greater geographic distances covered. To reflect these Day-3 and Day-4 conditions, 
recovered oil volumes will be calculated based on the previously noted recovery guidelines associated with 
slick thickness and now reducing skimmer efficiency to 60% of its derated value. Pre-contracted 3rd-party 
assets are incorporated into the organization. 

A summary of recovery operations at the end of Day-3 and Day-4 reveals the following information: 

 18-skimmers have performed 58-individual recovery sorties by the end of the Day-3; 

 18-skimmers have performed 48-individual recovery sorties by the end of the Day-4; 

 In addition to the OSV (1,880 mt), Barge #1 (5,000 mt), Barge #3 (10,000 mt) and Barge #TBD 
(> 2,000 mt) will be used as dedicated storage units during Day-3 and Day-4; 

 Twenty 40-tonne mini-barges were deployed throughout the day to extend the recovery times of 
certain skimmers. 

4.4  Simulation Results of Proposed Mitigation 

As described in Section 2, two types of mitigation will take place: the containment and subsequent recovery 
of the oil around the ship and the mechanical recovery by skimmers of the oil lost at sea. 

The development of a base at Sidney allows the first responders to reach the casualty vessel within a couple of 
hours. The deployment of the primary containment boom will start two hours after the beginning of 
the release and will be achieved four hours after the beginning of the release. The second containment boom 
will be operational seven hours after the beginning of the release. Those two items are very important since 
they will help the containment of the oil but also concentrate it for skimming. 



EVALUATION OF PROPOSED MITIGATION STRATEGY USING AN OIL SPILL TRACKING MODEL 
EBA FILE: V13203022 | NOVEMBER 2013 | ISSUED FOR USE 

 14 

EBA_WCMRC_Full_Mitigation_Report 

The efficiency of the booms is subject to high variability when wind and surface currents peak up. Based on 
literature and experience, a typical value of 1 knot was selected to represent the threshold above which 
the oil leaks through the boom. There could also be unpredictable situations of critical accumulation failure 
where the depth of oil inside the boom exceeds the draft of the boom skirt. As a result, a conservative boom 
efficiency of 50% was used as a loss allowance for these cases: assuming the oil escapes the tanker at a 
rate of 1,000 m³/hour; when currents are above 1 knot, 500 m³ of oil would escape the primary boom 
during this hour. Similarly, the secondary containment boom would receive 500 m³ of oil and lose 50% 
of it. During this hour, about 250 m³of oil were released into the ocean. 

The removal of the oil inside the containment area and the removal of the oil lost at sea were modelled 
based on the response plan described in Section 4. Four days of mitigation were modelled. 

Figures 4.10 to 4.15 show the mitigated spill location, in terms of slick thickness as computed by 
SPILLCALC after 6 hrs, 12 hrs, 24 hrs, 48 hrs, 72 and 96 hours, by taking into account the skimmer 
operations and the deployment of the primary and secondary booms around the casualty vessel. 
After 96 hours, i.e. 4 days, Figure 4.15 clearly shows that much less oil is left on water, compared to 
Figure 4.7, which shows the un-mitigated case. The efficiency of the mitigation can be appreciated with 
a glance. Also, one can compare the amount retained by the shore in both un-mitigated and mitigated cases: 
Figure 4.8 shows the amount of oil retained by shore in Litre per metre of shoreline in the un-
mitigated case. Similarly, Figure 4.16 shows the mitigated case. Several shoreline segments that were 
impacted in the un-mitigated case were not oiled in the mitigated case. Also, one can notice that the amount 
of oil per metre of shoreline is higher in the un-mitigated case. 

Figure 4.17 shows the mass balance in the mitigated case. Recovery of the oil was conducted at sea and 
in the containment area. Of the total oil outflow from the tanker in this simulated accident, 44.5% was 
recovered from the sea outside the boom and 18.6% was recovered from within the containment area. 
Table 4.1 shows the mass balance in both unmitigated and mitigated cases. 

Table 4.1: Mass Balance Comparison for Arachne Reef 
Amount (m³) Unmitigated Case Mitigated Case 

On shore after 4 Days 38.5 % 15.8 % 
On Shore after 15 Days 70.2 % < 25.7 % 
Left on Water after 4 Days 35.9 % 9.9 % 
Evaporated after 4 Days 19.9 % 7.3 % 
Dissolved after 4 Days 3.8 % 3.4 % 
Biodegraded after 4 Days 1.9 % 0.5 % 
Inside the Containment Area but not yet Recovered * N/A 1 % * 
Recovered Inside the Containment Boom N/A 18.6 % 
Recovered at Sea N/A 44.5 % 

*Note that the 9.9% of oil left on water include the 1% of oil inside the containment area but not yet recovered. 

After 4 days, there is almost no oil inside the containment boom as a result of the recovery operations. 
Less than 10% of the oil is left on water. The amount of oil-impacted shoreline has been reduced from 
about 70% in the unmitigated case after 15 days down to 25% (15% are already on shore after 4 days 
in the mitigated case + 10% left on water conservatively assumed to end up on shore). 
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Figure 4.18 summarizes visually the impact of mitigation of the slick extent. For a better readability, 
Figure 4.18 can be found in the following page. The top and bottom left panels show the slick extent and 
oil thickness after 6 hours and 96 hours respectively in the unmitigated case. The top and bottom right 
panels show the slick extent and oil thickness after 6 hours and 96 hours respectively in the mitigated case. 
When looking at the southern part of the Strait of Georgia and around Stuart Island, it is clear that, 
after 96 hours, the slick spreads over a smaller area after mitigation. 

Figure 4.19 shows the mass balance in both cases: the amount of oil left on water and on shore in the 
unmitigated case and after mitigation took place. 

The amount of oil recovered from the water surface during this model iteration represents somewhat 
more than half of the spill. This amount is very high compared to previous historical cases recoveries, 
and is primarily attributed to the following: 

 Expedited response time: This is the result of prior establishment of bases and allocation 
of equipment and human resources all along the tanker route with specific sites chosen close to 
more navigationally complex areas of the route. 

 Proper planning with the addition of storage units staged at bases along the shipping route: 
Temporary storage logistics, not the number of skimmers, has been pointed out earlier as the 
main limiting factor during an actual spill. The impact of this factor is reduced with the addition 
of a medium speed Offshore Supply Vessel (OSV) containing 1,880 mt of integral storage. 
The OSV can arrive on site within two hours to receive recovered oil from any skimmer, since the 
vessel will be based at Sidney. This unit also helps the efficiency of rotational skimmer offloading 
during the subsequent days of the spill. Having a high capacity storage unit on site within the initial 
few hours makes optimal use of resources, since the earliest oil spilled is the easiest and highest 
value oil to recover. 

 Leading-edge tools with oil spill tracking model using surface currents from a three 
dimensional hydrodynamic model and waves from a two-dimensional wave model: 
The numerical modelling offered unparalleled insight into both the behaviour of the slick and 
identification of the “thickest” patches of oil. As a result, the skimmer efficiency was optimal since 
the model operators directed skimmers to the thickest patches of oil. During an actual spill, 
recovery units will be challenged especially in hours of darkness, in trying to locate those thick 
optimal oil patches. The strength of an efficient mitigation lies in its ability to be adequately 
informed about the spatial distribution of the oil. This information should come from two sources: 
the modelling program used for this report, but implemented in an operational 24/7 mode, and the 
use of remote sensing, both as a direct input into the planning, and as data to be ingested into the 
model to update the spill location. The numerical modelling component can span periods when 
remote sensing is not able to produce high-quality data. 

 Input vetting: In the early days of the spill, a high level of synchronization was applied amongst 
the different units unloading recovered oil into the storage barges. This over-optimization was 
adjusted downward with longer cycles for unloading and return to skimming activity during Day 3 
and Day 4. 
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4.4.1 Comparing Mitigation Outcomes Using the Current Level of Response Assets 

Recovered oil from the Arachne Reef mitigation efforts that were described in the preceding paragraphs 
were generated by the proposed response equipment package recommended by WCMRC. As explained 
earlier, the results of this simulation are based on a future response capacity that is currently not available 
and subject to change. However, without running a full model we could estimate the following recovery 
performance if we were to apply existing WCMRC resources to this scenario: 

Table 4.2: Current Mitigation Efficiency 

 Day-1 Day-2 Day-3 Day-4 

Number of Skimmers Deployed 4 8 9 9 

Number of Task Force Sorties Performed 13 27 30 30 

Estimated On-Water Recovery (m³) 377 802 866 866 

5.0  THE WESTRIDGE SPILL MITIGATION 

5.1  Westridge Scenario Narrative 

The Westridge scenario is located at the Westridge Terminal in Burrard Inlet, Burnaby. Currents in this 
area of the inlet are weak: the 95th percentile of ADCP data installed at the terminal indicates currents 
under 0.5 m/s (EBA, 2013). 

The large spill scenario at the Westridge Terminal occurs during a tanker loading operation: the transfer 
rate is about 1,545 m3/hr per loading arm and it is calculated that a 160 m3 oil spill could have 
resulted from a complete rupture to one loading arm based upon an earlier design of the dock complex. 
Although optimisation of the dock design resulted in a significant reduction of such an oil spill quantity 
to 103 m3, the team has continued to develop the scenario for this simulation based on the higher and more 
conservative assumption, i.e., 160 m3 spill. 

It is standard operating procedure that the receiving tanker be pre-boomed prior to commencement 
of loading operation. Weak surface currents are observed in the vicinity of the terminal: the 95th percentile 
indicates observed currents under 0.5 m/s, as indicated in the oceanography report (EBA, 2013). 
The threshold for entrainment (i.e. oil leaking through the boom as a result of a swift current) is 
not reached. To ensure a conservative approach to spill response requirements at the site, a leakage 
amount of 20% was assumed to have occurred. Of the 160 m3 total spill volume, about 32 m3 of oil 
leaks through the boom and enters Burrard Inlet. The remaining 128 m3 stays confined inside the pre-
deployed boom. 

The incident is assumed to occur at 10 p.m. on August 21. Similar to the selection of the Arachne Reef 
mitigation scenario, the Westridge scenario was selected based on the environmental conditions from 
the 368 stochastic simulations. Figure 3.5 shows a location map of the hypothetical incident. 
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5.2  The Unmitigated Spill 

Figure 5.1 shows the P50 and P90 map after 6 hr, 12 hr, 24 hr and 48 hr. This map was based on the 
stochastic modelling described in the EBA Technical Report (EBA, 2013): 368 independent simulations 
were modelled during the summer period at the Westridge Terminal. Probability contours were then 
extracted, based on the combination of those 368 independent simulations. The P50 means that there is 
a 50% or greater probability for the area within the P50 contour line to have been contacted by the oil. 
The P90 means that there is a 90% or greater probability for the area within the P90 contour line to 
have been contacted by the oil. Based on the stochastic modelling, most of the oil appears as sheen 
after 24 hours. In a non-negligible number of simulations, the oil is in fact gone within 24 hours. This is the 
reason why Figure 5.1 shows very similar behavior between the 24 hr frame and the 48 hr frame and 
little spreading of the slick between those two times. 

Figures 5.2 to 5.5 show the un-mitigated spill location, in terms of slick thickness as computed by 
SPILLCALC after 6 hrs, 12 hrs, 18 hrs and 24 hrs. After 8 hours, the thickness of the slick is below 
10 microns and largely considered to be sheen. Between hour-12 and hour-18, the slick passes 
Second Narrows before coming back towards the terminal. Figure 5.6 shows the amount of oil retained 
by the shore in Litre per metre of shoreline. 

Figure 5.7 shows the mass balance for the un-mitigated case. 

5.3  The Mitigated Spill Operational Plan 

Western Canada Marine Response Corporation (WCMRC) arrives on-site within 1-hour of notification. 
Over the next 13-hours, WCMRC initiates the following strategies: 

 Collection booming at two locations west of the Westridge Marine Terminal 

 Protective booming at pre-identified sensitive locations in Burrard Inlet 

 Mobilization of eight skimming vessels 

 Mobilization of two large temporary storage barges 

 Mobilization of two 40-tonne mini-barges 

 Dispatch of vacuum trucks to support recovery and storage activities. 

As a result of local environmental conditions the thickness of the spill volume is reduced to 5-microns 
or less in 6-hours for the oil which escaped the pre-deployed boom. The relative thinness of the 
slick challenges the efficient use of mechanical skimmers which are only effective at a slick thickness 
of 50-microns or greater. Given the model’s knowledge of the spill trajectory and those locations where 
oil thickness warranted skimming countermeasures, four skimmers were deemed sufficient resources 
to engage in mechanical recovery operation. There were four remaining skimmers on-site that were not 
assigned to mechanical recovery operations; these units performed a support role for booming and 
sheen management. Thus at the beginning of hour-8, task forces were assembled to recover sheen by 
towing sorbent-lined sections of boom between two boats. 
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The set key performance indicators (KPI) that evaluate the effectiveness of response activities pertaining to 
these simulated spills mitigation are also based on the effect of the response measures towards changes 
to the mass balance over a one day period, e.g.: 

− Reduce the extent of the slick remaining on the water after 1 day; 

−  Reduce the quantity of oil on water after 1 day; 

− Reduce the quantity of  oil reaching shore within 1 day; 

− Reduce the length of shoreline oiled; 

− Account for any oil recovered, ensuring that it is only assessed as recovered once the simulation 
shows any oil that is contained in a secure tank on a skimmer, barge or supply vessel. 

5.4  Simulation Results of Proposed Mitigation 

As described in Section 4, the recovery of the 128 m³ of oil contained inside the containment boom 
will be achieved through a terminal based operation and has been quantified to be 100%. Weak currents 
at the terminal and on-site equipment combined with the deployment of a secondary boom support 
this number. 

Away from the terminal, the response effort will be conducted with skimmers and booms. The booms have 
three purposes: first, they protect sensitive shorelines; second, they concentrate the oil into thicker 
patches; and third they increase the encounter rate between the oil and the skimmers. More than collecting 
the oil, the purpose of the booms in this scenario is to deflect the oil. One day of mitigation was modelled. 

Figures 5.8 to 5.11 show the mitigated spill location, in terms of slick thickness as computed by SPILLCALC 
after 6 hrs, 12 hrs, 18 hrs and 24 hrs, by taking into account the skimmers operations and the deployment 
of two deflective booms perpendicular to the south shore near the Shell Terminal. After 24 hours, 
Figure 5.11 shows that less oil is left on water, compared to Figure 5.5, which shows the un-mitigated case. 
One can notice that, in both cases, there is only a sheen left on the water surface, which may be recovered 
by deploying sorbent products, even though the volume of oil recovered by this tactic cannot be quantified 
in the numerical model. 

Figure 5.12 shows the amount of oil retained by the shore in litres per metre of shoreline. 

Figure 5.13 shows the mass balance in the mitigated case. As noted before, the recovery of the oil confined 
in the pre-boomed containment area was understandably 100%, hence 128 m³. This high level of recovery 
validates both the cost and effort of pre-booming vessels prior to product transfer. For the conservative 
amount of oil that escapes the boom, i.e. 32 m³, a total recovery of about 11 m³ was achieved. Table 5.1 
shows the mass balance in both unmitigated and mitigated cases. 
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Table 5.1: Mass Balance Comparison for the Westridge 160 m³ Spill 

(32 m3 escaped the pre-deployed boom) 

Amount (m³) Unmitigated Case Mitigated Case 

On shore after 1 Day 16.6% 10.7% 

Left on Water after 1 Day 0.4% 0.1% 

Evaporated after 1 Day 1.2% 0.9% 

Dissolved after 1 Day 1.8% 1.2% 

Biodegraded after 1 Day < 0.1% < 0.1% 

Inside the Containment Area but not yet Recovered 80% 0% 

Recovered Inside the Containment Boom N/A 80% 

Recovered at Sea N/A 7.1% 

After 1 day, the mitigated case shows very little oil left on water. On the other hand, the unmitigated 
case shows about 80% of oil still left on water: this oil is contained within the boom; but may escape 
overtime to then be collected on the shore. The mitigation reduces the amount of oil on the shore by a 
minimum of 30%. The major issue faced in this scenario is that the oil thickness has been reduced to 
sheen and as such, too thin to be mechanically recoverable within 8 hours after the beginning of the spill. 
As a response, deflective booms were deployed at strategic areas to deflect and concentrate the oil for 
the skimmers. Of the 32 m3 that escaped the pre-deployed boom, about 11 m3 were recovered. Thereafter, 
passive sheen management with sorbent products remains a viable but unquantifiable countermeasure for 
the response organization to employ. 

Figure 5.14 summarizes visually the impact of mitigation of the slick extent. For a better readability, 
Figure 5.14 can be found in the following page. The top and bottom left panels show the slick extent and 
oil thickness after 6 hours and 24 hours respectively in the unmitigated case. The top and bottom right 
panels show the slick extent and oil thickness after 6 hours and 24 hours respectively in the mitigated case. 
The difference between unmitigated and mitigated can be observed in terms of oil thickness but also slick 
extent with much less oil left on water after 24 hours. 

Figure 5.15 shows the mass balance in both cases: the amount of oil left on water and on shore in the 
unmitigated case and after mitigation took place. The mitigation shows less oil stuck on shore and also 
much less oil left on water after 24 hours. 
  



T:\TMEP\working\AH\05-Mitigation\03-Westridge\01-Mitigated_160m3\Summary_Figure\summary_reg_colours_final.lay 20 Nov 2013 13:07:29

NOTES

DATE

CLIENT

PROJECT NO.

V13203022

EBA-VANC

OFFICE

DWN

November 20, 2013

JASAH

APVD REV

0

ISSUED FOR USE

Figure 5.14

Comparison of
Unmitigated and Mitigated Simulation:

Oil Thickness after 6 and 24 Hours

-

CKD

STATUS

- Tracking time was 1 day.
- The average thickness is based on a full coverage
of the 125-m x 125-m grid cell.

TRANS MOUNTAIN OIL SPILL STUDY
Release Location

1 5 10 20 50 100 200 1000 2000

Oil Thickness (microns)

Longitude
-123 -122.95 -122.9

49.26

49.28

49.3

49.32

49.34

Longitude
-123 -122.95 -122.9

49.26

49.28

49.3

49.32

49.34

Longitude
-123 -122.95 -122.9

49.26

49.28

49.3

49.32

49.34

Longitude
-123 -122.95 -122.9

49.26

49.28

49.3

49.32

49.34

Mitigated Simulation
After 6 Hours

Unmitigated Simulation
After 24 Hours

Mitigated Simulation
After 24 Hours

Unmitigated Simulation
After 6 Hours



NOTES

DATE

CLIENT

PROJECT NO.

V13203022

EBA-VANC

OFFICE

DWN

November 20, 2013

JASAH

APVD REV

0

ISSUED FOR USE

Figure 5.15

TRANS MOUNTAIN OIL SPILL STUDY

20 Nov 2013 13:36:19T:\TMEP\working\AH\05-Mitigation\03-Westridge\01-Mitigated_160m3\Summary_Figure\summary_MB.lay

Comparison Between Unmitigated and
Mitigated Simulation at Westridge:

Major Components of the Mass Balance

-

CKD

STATUS

- The major components of the mass balance are shown above.

- The graph represents the fate of the 160 m
3

spill. It combines the oil released into Burrard Inlet (32 m
3
)

and the oil contained inside the boom at the Terminal (128 m3).

Time (Days)

3

0 0.2 0.4 0.6 0.8 1
0 0

20 20

40 40

60 60

80 80

100 100

120 120

140 140

160 160

< 0.1 %

80.4 %

16.6 %

Left on water (Unmitigated)

On shore (Unmitigated)

Left on water (after Mitigation)

On shore (after Mitigation)

10.7%



EVALUATION OF PROPOSED MITIGATION STRATEGY USING AN OIL SPILL TRACKING MODEL 
EBA FILE: V13203022 | NOVEMBER 2013 | ISSUED FOR USE 

 24 

EBA_WCMRC_Full_Mitigation_Report 

6.0  CONCLUSIONS AND RECOMMENDATIONS 

6.1  General Commentary 

Interactive use of an oil spill model is a powerful tool that can effectively challenge and validate response 
strategies. Prior to participation in the modelling project, WCMRC had developed a preliminary equipment 
package and response base location plan to support the proposed Westridge Terminal expansion. 
The proposed equipment package was designed to mitigate a substantial release anywhere along 
the shipping route between the terminal and Buoy J. Proposed bases were sited based on accessibility 
and calculated risk, thus it was no accident that a response base at Sidney would be close to a scenario 
involving Arachne Reef. 

After engaging in two preliminary model runs, it became evident that, to be successful, the proposed 
equipment package had to address the early shortfall of high-volume temporary storage and the ability 
to recover high-value oil leaking from the containment boom deployed around the damaged ship. Hence a 
medium-speed offshore supply vessel with significant integral tankage and a deck capable of carrying four 
Current Buster recovery devices was added to the package and was considered in this current analysis. 

6.2  Lessons Learned 

At the completion of the modelling study, WCMRC has recognized that there were lessons to be learned 
from the outcome; these lessons are detailed in the following bullets: 

 Proximity of ready response capability to a spill site together with site specific response plans that 
responders have exercised help to greatly increase the effectiveness of response. In the case of the 
simulation study, the prior runs helped WCMRC gain good understanding of the key requirements 
that could effectively improve the response. This is similar to the iterative learning achieved 
through oil spill exercises. 

 There is no substitute for establishing an early line of defense by rapidly booming a damaged 
vessel. This knowledge is tempered by the reality that health and safety conditions, suitable 
anchoring bathymetry proximate to the casualty, and operational constraints may not always 
make this outcome possible. 

 The modelling team proactively worked to insure conservative principles were consistently 
applied throughout the effort. The resulting successful recovery of a large fraction of the spilled oil 
begs the question: why was the simulated recovery so much greater than recovery volumes 
reported for historical spill incidents? Several factors contribute to the simulated success of the 
mitigations modelled herein: 

• The recovery assets were located in relatively close proximity to the spill: this would be the 
case for any inshore spill along the TMEP route. 

• The inshore waters are much calmer, in general, than offshore, thus facilitating boat operations 
and skimmer and boom efficiencies. 
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• Should a spill occur in offshore waters, say around Buoy J, efficiency of the assets would likely 
be reduced. However, the time to react is increased, and the general circulation tends to 
carry the slick northwest, with reduced spreading of the slick compared to the behaviour of 
spills at Arachne Reef, for instance. 

• Use of model-derived trajectory and slick thickness information to direct skimmers during 
this scenario led to the determination of optimum recovery locations. The positive results 
attained by this insight validate the real life need to have both operational numerical modelling 
in place, ready to provide spill forecasts for a 24-hour period, and remote sensing data 
to update model results. While remote sensing offers considerable opportunities for spill 
detection, it also has limitations. During night-time conditions, in fact, the utility of the 
remote sensing data may be severely limited. The combination of numerical modelling and 
remotely-sensed data provides the most powerful approach to both nowcasts and forecasts of 
slick positions. 

The lessons learned can be conveniently summarized by comparing the oil recovered using the 
numerical model to optimize asset assignments, and using the expanded asset inventory (i.e. volume of oil 
recovered: 10,421 m3 – Table 4.1), and the oil recovered using the original, smaller, asset inventory, 
and non-optimized asset deployment (i.e. volume of oil recovered: 2,911 m3 – Table 4.2). The difference is 
remarkable, and strongly suggests that the numerical modelling tool should be used to augment the 
understanding of spill response, as well as, to support spill response in actual spill events. 

6.3  Recommendations for Future Use 

Clearly, oil spill modelling is a great enhancement to the development of response tactics and strategies. 
The lessons learned in this iteration can be used to refine future efforts. Given the opportunity to work 
again with this model, a more targeted consideration of emulsification factors to determine those areas 
in need of optimization is recommended. Additionally, we would move toward a more complex analysis of 
skimmer cycle times to better identify either under or over utilized assets. 

In the past, oil spill response efforts have generally not achieved as good recovery as might be expected. 
Although these historic events weren’t studied as part of this investigation, we speculate, based on lessons 
learned from the iterative approach taken to optimize oil recovery for the two sites investigated, that the 
availability of good support tools for optimizing asset assignment can greatly improve oil recovery. 
These tools include the numerical model used in the simulations reported here, but should also include 
remote sensing data. The greatest strength from these two tools is when the remote sensing data is used 
as part of a data assimilation system. Such a system should be incorporate in the planning for the Incident 
Command System that will likely be developed for the Project. 

The numerical modelling helped all parties appreciate the gap between the current mitigation capabilities 
and the proposed future capabilities, with the improvement that the additional equipment could provide. 
The understanding of the behaviour of the slick was critical in assessing the mitigation strategy: 
the approach did prove the importance of increasing the number of response bases, the proximity of the 
different assets being a key in effectiveness. The benefits of this new approach are a recovered oil amount 
much greater than most historical cases. The good results reflect this leading-edge approach; hence the 
benefits coming out of operation and modelling sciences combined. 
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We recommend the modelling tool be carried forward to an operational stage in order to continue 
assessing and improving mitigation strategy. The improvement of the modelling can be done through a 
numerical forecast system which could be tested with WCMRC at different sensitive locations. 
The robustness of the response can be assessed and improved through this comparative process. 
In addition, during an incident, the modelling forecast system will greatly help the response team to 
understand the behaviour of the spill and optimize the mitigation. The most effective mitigation plan would 
incorporate a continuously operating numerical model, so that it was ready to provide forecasts of spill 
movement from the very beginning of the incident. The model should have provision for data assimilation, 
to maximize the benefit of remote sensing. 

6.4  Overall Conclusion 

The mitigations simulated in this report affirm the premise that oil spill recovery at sea can be effective 
given adequate assets, a timely response, access to good environmental and spill information, and the 
ability to identify and correct inefficiencies before they become replicated throughout the response system. 
All of the above functionalities and systems contribute to a highly effective and informed ICS system. 

Importantly, a good numerical model, especially one that has been fully tuned and validated to the locale, 
especially if it is also calibrated to the oil product, is an ideal tool for forecasting and for planning resource 
deployment. Remotely sensed data adds to the functionality of the model. In order to meet the expectations 
of regulatory agencies, government agencies, Aboriginal communities, and the public, and to comply with 
legislation, it is crucial to implement leading edge technologies as part of the response system, in addition 
to the planning and training phases. 
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7.0  CLOSURE 

We trust this report meets your present requirements. If you have any questions or comments, 
please contact the undersigned. 
 
Sincerely, 
EBA Engineering Consultants Ltd. 
 
Prepared by: 
 
 
 
 
 
 
Aurelien Hospital, M.Sc., M.Eng. (EBA) M.W. (Mac) McCarthy (WCMRC) 
Marine Scientist Spill Response Consultant 
Tel: 604.685.0275 ext. 330 Tel: 425.640.2274 
ahospital@eba.ca mwm@macmccarthy.com 
 
 
Reviewed by: 
 
 
 
 
 
 
Jim Stronach (EBA) Mark Johncox, CA (WCMRC) 
Senior Oceanographer Finance Manager 
Tel: 604.685.0275 ext. 251 Tel: 604.294.6001 x 218 
jstronach@eba.ca markj@wcmrc.com 
 
 
AH/MM/JAS/MJ/rbt 

mailto:ahospital@eba.ca
mailto:markj@wcmrc.com
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Figure 2.1 Existing and Proposed Spill Response Equipment Staging Areas 

Figure 3.1 Geographic and Oceanographic Settings Georgia Basin 

Figure 3.2 Typical Grid Mesh 
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Figure 4.1 Summer Stochastic Simulation Arachne Reef (16,500 m³) P50 and P90 after 6 / 12 / 24 / 48 Hours 

Figure 4.2 Unmitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Thickness after 6 Hours 

Figure 4.3 Unmitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Thickness after 12 Hours 

Figure 4.4 Unmitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Thickness after 24 Hours 

Figure 4.5 Unmitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Thickness after 48 Hours 

Figure 4.6 Unmitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Thickness after 72 Hours 

Figure 4.7 Unmitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Thickness after 96 Hours 

Figure 4.8 Unmitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Oil on Shore after 96 Hours 

Figure 4.9 Unmitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Major Components of the 
Mass Balance 

Figure 4.10 Mitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Oil Thickness after 6 Hours 

Figure 4.11 Mitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Oil Thickness after 12 Hours 

Figure 4.12 Mitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Oil Thickness after 24 Hours 

Figure 4.13 Mitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Oil Thickness after 48 Hours 

Figure 4.14 Mitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Oil Thickness after 72 Hours 

Figure 4.15 Mitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Oil Thickness after 96 Hours 

Figure 4.16 Mitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Oil On Shore after 96 Hours 
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Figure 4.17 Mitigated Simulation at Arachne Reef: August 17, 2012, 10:00 p.m. Major Components of the 
Mass Balance 

Figure 4.18 Comparison of Unmitigated and Mitigated Simulation: Oil Thickness after 6 and 96 Hours. 

Figure 4.19 Comparison between Unmitigated and Mitigated Simulation at Arachne Reef: Major Components of the 
Mass Balance 

Figure 5.1 Summer Stochastic Simulation Westridge Terminal (160 m³ with 32³ released into Burrard Inlet P50 and 
P90 after 6 / 12 / 24 / 48 Hours 

Figure 5.2 Unmitigated Simulation at Westridge: August 21 2012, 10:00 pm. Oil Thickness after 6 Hours 

Figure 5.3 Unmitigated Simulation at Westridge: August 21 2012, 10:00 pm. Oil Thickness after 12 Hours 

Figure 5.4 Unmitigated Simulation at Westridge: August 21 2012, 10:00 pm. Oil Thickness after 18 Hours 

Figure 5.5 Unmitigated Simulation at Westridge: August 21 2012, 10:00 pm. Oil Thickness after 24 Hours 

Figure 5.6 Unmitigated Simulation at Westridge: August 21 2012, 10:00 pm. Oil On Shore after 24 Hours 

Figure 5.7 Unmitigated Simulation at Westridge: August 21 2012, 10:00 pm. Major Components of the Mass Balance 

Figure 5.8 Mitigated Simulation at Westridge: August 21 2012, 10:00 pm. Oil Thickness after 6 Hours 

Figure 5.9 Mitigated Simulation at Westridge: August 21 2012, 10:00 pm. Oil Thickness after 12 Hours 

Figure 5.10 Mitigated Simulation at Westridge: August 21 2012, 10:00 pm. Oil Thickness after 18 Hours 

Figure 5.11 Mitigated Simulation at Westridge: August 21 2012, 10:00 pm. Oil Thickness after 24 Hours 

Figure 5.12 Mitigated Simulation at Westridge: August 21 2012, 10:00 pm. Oil On Shore after 24 Hours 

Figure 5.13 Mitigated Simulation at Westridge: August 21 2012, 10:00 pm. Major Components of the Mass Balance 

Figure 5.14 Comparison of Unmitigated and Mitigated Simulation: Oil Thickness after 6 and 24 Hours 

Figure 5.15 Comparison between Unmitigated and Mitigated Simulation at Westridge: Major Components of the Mass 
Balance 
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