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Table 8 - Predicted Vessel Nautical Miles Data in the Study Area in 2018 by Vessel Type and Vessel Size for
Case 0 (without Project)

In Vessel-miles Vessel Size Category

Vessel Category 1 2 3 4 5 6 7 8 Total

Trans Mountain
Tanker - - - - 192 613 3,967 14,372 19,143

Crude Tanker - - - - 6,254 5,754 11,450 73,000 96,458

Product Tanker - - 1,648 38,030 50,400 1,168 - - 91,246

Towing long and
wide 3,433 97,620 179 - - - - - 101,232

Cargo - - 110,700 202,100 189,300 168,700 218,400 157,400 1,046,600

Passenger - 60,900 633,900 63,670 852 - - - 759,322

Fishing - 36,360 34,540 539 - - - - 71,439

Other 113,600 1,375,000 73,930 4,193 546 - - 40,160 1,607,429

Total 117,033 1,569,880 854,897 308,532 247,543 176,235 233,817 284,932 3,792,869

Figure 17 - Distribution of the sailed miles by vessel type for Case 0

For Case 0, the Trans Mountain tanker traffic is more than 9 times less frequent than the other tanker traffic. A
much lower incident frequency for the Trans Mountain tankers than for the other tankers can be expected from this 
fact. The majority of the miles sailed are due to the following vessel types: “Other” (42%), “Cargo” (28%) and
“Passenger” (20%). The Trans Mountain tankers represent 0.5% of the entire number of nautical miles sailed.

Vessel type – Case 0
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An Evaluation of Local Escort and 
Rescue Tug Capabilities in Juan de Fuca Strait 

 
 
 

EXECUTIVE SUMMARY 
 

Robert Allan Ltd. was retained by Trans Mountain Pipeline ULC to conduct a review of the capabilities 
of the local Canadian tug fleet to secure and control a fully laden Aframax tanker (120,000 t DWT), 
assumed to have suffered an engine failure and drifting in the Strait of Juan de Fuca. 
 
Conditions at Neah Bay in the winter are the limiting case for defining imposed wind and wave loads on 
a ship and hence the tug performance requirements.  The 99th and 93rd winter season percentiles were 
selected as important conditions for evaluation of wave forces.  These same percentiles can be selected 
for wind and current, although this is likely conservative. 
 
The following are the approximate overall percentiles of Met-Ocean data used to calculate the required 
tug forces: 
 

 99th percentile (Neah Bay, winter)  - Waves 6 m, Winds 34 knots, Current 1.5 m/s 
 93rd percentile (Neah Bay, winter)  - Waves 4 m, Winds 21 knots, Current 1.3 m/s 

 
For those environmental conditions of interest, force components were calculated using several different 
methods and referencing published data for a variety of tanker sizes. Once overall forces on the tanker 
were determined, adjustments were made for the increase in required towing force due to the effect of 
tanker yawing while under tow, as well as for the reduction in bollard pull for the tug operating in a 
seaway. 
 
Accounting for the towing efficiency of a tug in a seaway, as well as the tendency of a tanker to yaw 
under influence of wind and waves, the individual force components were summed to obtain a total 
required Bollard Pull (maximum thrust at zero speed) for the tugs, as follows: 
 

Component 
93rd Percentile 

(4 m Hs, 21 knots wind,  
1.3 m/s current) 

99th Percentile 
(6 m Hs, 34 knots wind,  

1.5 m/s current) 

Wind Force 8 tonnes 18 tonnes 

Current Force 18 tonnes 24 tonnes 

Wave Force 28 tonnes 42 tonnes 

Subtotal 54 tonnes 84 tonnes 

Tug Efficiency 80% 76% 

Bollard Pull Required 68 tonnes 110 tonnes 
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There are currently approximately 1,200 tugs registered in the Canadian "Pacific Region", however 
almost half of that large number are very small tugs used in support of the logging industry.  Another 
large number are small tugs working in the small ports and rivers of the coast, and which measure under 
15 GT in order to avoid inspection by Transport Canada.  Another group, which measure between 15 
and 150 GT and which are typically under 24 metres in length with between 900 and 1,350 kW (1,200 
and 1,800 bhp), are primarily used in coastal log and barge towing.  That leaves a small cadre of tugs 
which are engaged principally in the business of towing barges along the BC coast, the majority of 
which are quite small (under 30 metres in length) and some of which, engaged in towing larger barges 
are considerably larger and exceed 500 GT.  The latter two groups, 32 tugs in total, are the total pool 
from which escort and rescue tugs can be selected. 
 
 
 
 
 
 
 
 

 
Of these, only a handful have the size and power necessary to be considered seriously for a rescue tug 
role in the exposed waters of Juan de Fuca Strait and even fewer are properly equipped for and capable 
of performing ship escorting.  In order to examine a more logical sample, those tugs under 150 GT were 
eliminated from consideration.  Those tugs are typically too small and of limited power to be useful or 
even safe in the intended role.  All further analysis and discussion considered only those Canadian 
registered tugs in BC waters which are above 150 GT, which is selected as a reasonable indicator of tug 
size (typically more than 24 metres in length).  That left the sample of only 32 tugs to consider, of which 
there is a smaller sub-set of 14 which are dedicated ship assist and/or escort tugs. 
 
Although not part of the study mandate it was considered important to at least identify the approximate 
number of US registered tugs which could be in the vicinity of North Puget Sound or Juan de Fuca 
Strait.  According to Owner websites, there are at least 55 tugs of a size that could be considered capable 
of rendering rescue towing capability, and 25 of those have more than 60 tonnes of Bollard Pull (BP).  
In BC there are only 11 tugs with this much thrust capability. 
 
The International Tug of Opportunity System (ITOS) cited in the West Coast Spill Response Study (for 
BC Department of the Environment) has not existed for more than a decade.  Most tugs operating in any 
specific geographic area can be readily identified through the international Automatic Identification 
System (AIS), but their towing capabilities are not identifiable in that system.  To enable rapid identifi-
cation of tugs with adequate capability, an extension of the AIS system must be created which can 
quickly identify the real escort and rescue towing capabilities of any tugs located in the vicinity of an 
incident.  That system is currently NOT in place and will not be for several years. 
 
  

Pacific Region 

Vessel Size Number of Tugs 

< 5 GT 607 
5 < GT < 15 430 

15 < GT < 150 181 
150 < GT < 500 29 

GT > 500 3 
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There is an industry-funded Rescue Tug permanently stationed at Neah Bay in Washington State. 
However there is "no specific mechanism" for any cross-border cooperation regarding its potential use 
in response to an incident in Canadian waters.  Should this tug be deployed to support an incident in 
Canadian waters it leaves the Washington coast unguarded, which suggests that it would be highly 
unlikely that the Neah Bay tug would be deployed unless there was a direct threat to the US coastline. 
 
The Canadian fleet sample was broken down according to the primary functional role of each tug, and 
then finally those with a BP below 60 tonnes were eliminated due to insufficient power, as per Table 
ES1 below.  Those with less than 70 tonnes BP were identified as only suitable for response in the 
summer months. 
 

Table ES-1    Sample of BC Tugs suitable for Escort and Rescue Towing by Type Category 
 

 
 
From this list, there are only six (6) BC-based tugs which have a clearly definable escort capability.  Of 
that group, three are not fitted with aft towing winches and hence are incapable of rescue towing.  That 
leaves only three tugs in BC which have the combined capability of performing escort and rescue towing 
in Juan de Fuca Strait. There are a total of 8 tugs in the sample which could be considered capable of 
performing rescue tows, but the two largest tugs in that group are most often engaged on longer tows 
and hence cannot be assured of being in the vicinity. Those tugs identified as escort capable are already 
part of the existing escort tug regime of risk-reducing measures, escorting laden tankers from Westridge 
Terminal to Race Rocks. 
 
70 tonnes BP has been identified as the thrust necessary to provide about 93% of the rescue towing 
requirement in winter.  It can then be reasonably argued that two tugs of that capability could satisfy the 
99th percentile condition requirement of 110 tonnes, but that leaves a small margin of performance. 
 
  

Vessel Name Owner
BP    

(tonnes) 

Length    

(metres)

Coastal 

Towing
Ship‐Assist Escort

Rescue 

Capable

SMIT MISSISSIPPI SMIT HARBOUR TOWAGE VANCOUVER INC 65 30.6 summer only

SMIT CLYDE SMIT HARBOUR TOWAGE VANCOUVER INC 65 30.6 summer only

SMIT HUMBER SMIT HARBOUR TOWAGE VANCOUVER INC 65 30.6 summer only

SEASPAN RAVEN SEASPAN ULC 71 28.2

SEASPAN EAGLE SEASPAN ULC 71 28.2

SEASPAN KESTREL SEASPAN ULC 81 28.2 no aft winch

SEASPAN OSPREY SEASPAN ULC 81 28.2 no aft winch

SEASPAN RESOLUTION SEASPAN ULC 82 30.0 no aft winch

SEASPAN COMMODORE SEASPAN ULC 82 43.3

SMIT ORLEANS SMIT MARINE CANADA INC. 85 29.3

SEASPAN ROYAL SEASPAN ULC 93 40.6
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Based on the information available and the analysis performed, the following are recommended as 
the minimum criteria to be used for nominating a tug as suitable for either an escort or a rescue 
tug role in Juan de Fuca Strait: 

 
 > 150 GT   -  essentially identifies an absolute minimum size of 

    tug which could handle the weather and sea state 
    conditions in the Strait 
 

 BP =/> 70 tonnes  - the minimum (calm water) thrust which should be 
available to enable rescue towing in winter (93rd 
percentile conditions) 

 
 Indirect Steering Force (Fs) 

  at 10 knots - the indirect steering force of any tug at 10 knots  
should be at least equal to its BP.  However the as-
sessment of the actual Fs requirement to prevent a 
tanker grounding anywhere along the tethered es-
cort route is not part of this study and must be 
identified before proper conclusions can be drawn 
 

 Towline Size and Strength: 
- UTS > 200 tonnes - requires the towline breaking strength to be rated at 

  approx. 3 x BP 
- Length > 610 metres - suitable for deep sea towing 

 
Based on the criteria above, the list of tug candidates which can be considered capable of rendering 
assistance to an Aframax size tanker in Juan de Fuca Strait is as follows: 
 
 

A. Escort Only – All Seasons: 
 

 Seaspan Kestrel 
 Seaspan Osprey 
 Seaspan Resolution 

 
 

B. Rescue Only - Summer Only: 
 

 SMIT Mississippi 
 SMIT Clyde 
 SMIT Humber 
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C. Rescue Only - All Seasons: 
 

 Seaspan Commodore 
 Seaspan Royal 

 
 

D. Combined Escort and Rescue – All Seasons: 
 

 Seaspan Raven 
 Seaspan Eagle 
 SMIT Orleans 

 
 
Particulars of all of these eligible tugs are summarized in Table ES-2 below: 
 
 

Table ES-2    Escort Capable and Rescue Towing Capable Tugs in BC 

 
 

 
 
 

* * * 
 

Vessel Name Company
Length     

(m)

Beam     

(m)
Power     
(kW)

BP 
(tonnes) 

Propulsion 

Type
Aft Towing Winch Details 

SMIT MISSISSIPPI SMIT HARBOUR TOWAGE VANCOUVER INC 30.6 10.6 3660 65 Z‐Drive Hydraulic, single drum

SMIT CLYDE SMIT HARBOUR TOWAGE VANCOUVER INC 30.6 10.6 3660 65 Z‐Drive Hydraulic, single drum

SMIT HUMBER SMIT HARBOUR TOWAGE VANCOUVER INC 30.6 10.6 3660 65 Z‐Drive Hydraulic, single drum

SEASPAN RAVEN SEASPAN ULC 28.2 12.6 3728 71 Z‐Drive Rolls‐Royce single drum

SEASPAN EAGLE SEASPAN ULC 28.2 12.6 3728 71 Z‐Drive Rolls‐Royce single drum

SEASPAN KESTREL SEASPAN ULC 28.2 12.6 4698 81 Z‐Drive no aft winch fitted

SEASPAN OSPREY SEASPAN ULC 28.2 12.6 4698 81 Z‐Drive no aft winch fitted

SEASPAN RESOLUTION SEASPAN ULC 30.0 12.2 4476 82 Z‐Drive no aft winch fitted

SEASPAN COMMODORE SEASPAN ULC 43.3 10.9 4290 82 Twin Screw

Burrard Iron Works double drum type HK‐D, 

1280m wire port & 1158m wire starboard, tow 

pins c/w hold down blocks

SMIT ORLEANS SMIT MARINE CANADA INC. 29.3 12.2 5050 85 Z‐Drive
John Rie Series 525, capacity of 792m of 

57mm wire

SEASPAN ROYAL SEASPAN ULC 40.6 11.89 4623 93 Twin Screw

Burrard Iron Works double drum type HK‐D, 

914m wire port & 1158m wire starboard, tow 

pins



ROBERT ALLAN LTD. 
NAVAL ARCHITECTS 

Project 213-063 
November 27, 2013  

Rev. 3 
 

  

 

Contents 
 
EXECUTIVE SUMMARY 

1.0  TERMS OF REFERENCE 1 

2.0  METHODOLOGY 1 

3.0  MET-OCEAN DATA 2 
3.1  Wave Conditions 3 
3.2  Wind Conditions 4 
3.3  Current 5 
3.4  Overall Met-Ocean Statistics 6 

4.0  FORCES ON TANKERS 7 
4.1  Design Case Tanker 7 
4.2  Forces 7 

5.0  THE WEST COAST TUG FLEET 10 
5.1  The Canadian Tug Fleet 10 
5.2  U.S. Tug Fleet 17 
5.3  Tug of Opportunity System 20 
5.4  Neah Bay Rescue Station Tug 21 

6.0  TUGBOAT SERVICES AND PERFORMANCE 22 
6.1  Coastal Towing 22 
6.2  Ship-Handling 24 
6.3  Escorting 25 
6.4  Rescue Towing 27 

7.0  EVALUATION OF THE BC COASTAL FLEET FOR TANKER ESCORT OR RESCUE 30 

8.0  INCIDENT RISK 33 

9.0  CONCLUSIONS 36 
9.1  Met-Ocean Conditions 36 
9.2  Tanker Size 36 
9.3  Tug Performance 36 

10.0  SUMMARY 38 
 
 ANNEX A    Data Sheet – Neah Bay Tug 
 ANNEX B    Datasheets for Escort and Rescue Capable Tugs in BC 
 
 

* * * 



ROBERT ALLAN LTD. 
NAVAL ARCHITECTS 

Project 213-063 
November 27, 2013  

Rev. 3 
 

 

An Evaluation of Local Escort and  
Rescue Tug Capabilities in Juan de Fuca Strait 

 
For:  Trans-Mountain Pipeline ULC 

Calgary, AB 
 
 
 
 
  
1.0 TERMS OF REFERENCE 
 

Robert Allan Ltd. was retained by Trans Mountain Pipeline ULC to conduct a review of the ca-
pabilities of the local Canadian tug fleet to control a fully laden Aframax tanker, assumed to 
have suffered an engine or steering failure and drifting in the Strait of Juan de Fuca. 
 
The agreed scope of work was as follows: 
 
 Identify the range of environmental conditions (wind, wave, current) in the area of pro-

posed tanker traffic 
 Determine empirically the forces required to hold the nominated tanker in position in the 

identified range of environmental conditions (Note:  No computer-based simulations were 
proposed.) 

 Analyze the capability of existing Canadian tugs in the region against the determined forces 
when operating in those same sea states (i.e. factoring in a reduction in tug performance 
due to environmental conditions) 

 
This report describes the work done and the findings of this study. 

 
 
2.0 METHODOLOGY 
 

Trans Mountain Pipelines provided Robert Allan Ltd. with a report by EBA Engineering Con-
sultants Ltd. [1] on Met-Ocean conditions in areas relevant to the tanker route, including through 
Juan de Fuca Strait.  That report provides information which was used to determine magnitudes 
and associated probabilities of occurrence of individual components of wind, waves, and current.  
These individual components were then evaluated together to obtain overall combined conditions 
expressed in terms of percentiles of occurrence.  This analysis is summarized in Section 3.0 of 
this report. 
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For those environmental conditions of interest, force components were calculated using several 
different methods and refer to published data for a variety of tanker sizes. 
 
Once overall forces on the tanker were determined, adjustments were made for the increase in 
required towing force due the effect of tanker yawing while under tow, as well as for the reduc-
tion in bollard pull due to tug motions in a seaway.  This yields the overall requirement for tug 
"static" bollard pull for each environmental condition.  These results are described in further de-
tail in Section 4.0. 

 
 
3.0 MET-OCEAN DATA 

 
Information on the wind, waves and current in the study area was by taken from the report by 
EBA Engineering Consultants Ltd. [1] 
 
The study area is illustrated in Figure 1 below: 
 

 
 

Figure 1    Juan de Fuca Strait 
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3.1 Wave Conditions 
 
Presently there are wave buoys located near both extremities of Juan de Fuca Strait; one at Neah 
Bay (near Cape Flattery) and one at New Dungeness. 
 
 New Dungeness: 

 
 This buoy is located in a location protected from Pacific swells and as a result sees rela-
tively calm water. The following statistics describe the waves in the area: 
 
   Winter         Summer 
 98.70% less than 2 m Hs     99.87% less than 2 m Hs 
 
Waves at New Dungeness are primarily from the West in summer.  There is some scatter in 
the direction of the waves in the winter, but the magnitudes are small. 
 

 Neah Bay: 
 
Being close to the open Pacific, Neah Bay logically presents the more challenging condi-
tions.  The following are values for waves from the West (SW to NW).  These are predom-
inant, and waves from other directions make up very small percentages. 
 
     Winter         Summer 
 99.96% less than 8 m Hs     99.97% less than 6 m Hs 
 99.44% less than 6 m Hs     99.71% less than 4 m Hs 
 
 93.39% less than 4 m Hs     97.18% less than 3 m Hs 
 77.44% less than 3 m Hs     81.72% less than 2 m Hs 
 
 99th percentile: < 6 m Hs     99th percentile: < 4 m  Hs 
 93rd percentile: < 4 m Hs     97th percentile: < 3 m Hs 
 

This clearly establishes the obvious, that there are more challenges in the winter than in the 
summer, although conditions more severe than 6 m significant wave height are only likely to oc-
cur on an average of one day per year.  Given the infrequency of such conditions, it is likely pos-
sible to avoid transits through the Strait when waves at Neah Bay are in excess of 6 m significant 
wave height.  The 99th percentile waves in winter are therefore a logical condition to consider as 
an extreme case within the Strait. 
 
Waves of more than 4 m significant wave height are also quite rare, with 93% less than this 
height in winter at Neah Bay, and nearly all smaller than 4 m in summer.  Wave drift loads on a 
vessel decrease very quickly with reductions in wave height, so it becomes much more realistic 
for a single moderately powerful tug to perform a rescue in such conditions. Conditions requiring 
a more powerful tug, or possibly a second tug, would only occur approximately 13 days per year. 
Therefore, the 93rd percentile winter wave condition (also the 99.7th percentile condition in sum-
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mer) represents an interesting condition for evaluating tug bollard pull requirements for the vast 
majority of the year. 
 
Waves are still less than 3 m significant height for the majority of the winter, and in fact nearly 
all of the summer, but the relative frequency of larger waves in the winter means that any tug just 
powerful enough for these conditions would frequently need help.  Therefore, this condition was 
not investigated any further. 
 
As there is no buoy in the middle of the Strait, it is difficult to estimate how quickly the waves 
dissipate on their way to the east end of the Strait.  The wave buoy at New Dungeness is partially 
sheltered so any interpolation would be quite questionable.  Therefore, this study only considers 
waves reported by the buoy at Neah Bay, which adds a degree of conservatism for areas which 
are significantly east of the buoy. 
 
The following conditions were thus selected for calculation of wave forces: 
 
 99th percentile winter waves:  6 m Hs 
 93rd percentile winter waves:  4 m Hs 

 
 
3.2 Wind Conditions 

 
There are weather stations recording wind at Tatoosh Island (west entrance), Sheringham Point 
(mid-Strait), and Race Rocks (east entrance).  Although there is some scatter in the wind direc-
tions at these stations, westerly winds are very common (in some cases predominant), and have 
the potential to be additive to the wave loads from the west.  Therefore, the following statistics 
are for westerly winds only (NW to SW) rather than overall, since these have an impact on the 
required bollard pull of the tugs. 
 
 Tatoosh Island: 

 
This station is positioned at the tip of Cape Flattery and may be affected as a result (there 
appears to be a blind spot north of the station).  Taken at face value, winds are predomi-
nantly from the south in the winter, although westerlies are common.  In the summer, east-
erlies are the most common, but some strong winds do come from the west.  Data compiled 
for westerly winds (NW to SW) are as follows: 

 
    Winter         Summer 
 99.27% below 35 knots     99.80% below 35 knots 
 98.26% below 29 knots     99.51% below 29 knots 
 96.04% below 23 knots     98.75% below 23 knots 
 92.41% below 17.5 knots     96.92% below 17.5 knots 
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 Sheringham Point: 
 
In the summer, nearly all wind is from the west (or WNW). In winter, there is some scatter, 
but most of the high winds come from the west. The following statistics are compiled for 
the westerly winds: 

 
    Winter          Summer 
 99.58% below 35 knots     99.95% below 35 knots 
 98.63% below 29 knots     99.68% below 29 knots 
 97.06% below 23 knots     96.41% below 23 knots 
 92.96% below 17.5 knots     82.86% below 17.5 knots 

 
 Race Rocks: 

 
In the summer, nearly all wind at Race Rocks is from the west.  In winter, there is quite a bit 
of scatter, but the most common direction for the high winds is also from the west.  The sta-
tistics for those westerly winds are as follows. 

 
    Winter          Summer 
 99.24% below 35 knots     99.54% below 35 knots 
 97.51% below 29 knots     95.89% below 29 knots 
 93.34% below 23 knots     84.04% below 23 knots 
 87.70% below 17.5 knots     63.74% below 17.5 knots 

 
Unlike with the waves, there is generally no relaxation in winds in the eastern end of the Strait, 
when compared to the west. 

 
 
3.3 Current 
 

Currents in Juan de Fuca Strait are rather logically mostly west to east and east to west, and may 
be summarized as follows: 

 
    Winter          Summer 
 99th percentile: 1.5 m/s     99th percentile:  1.9 m/s 
 93rd percentile: 1.3 m/s     93rd percentile:  1.6 m/s 
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3.4 Overall Met-Ocean Statistics 
 
As discussed in Section 3.1, it is clear that conditions at Neah Bay in the winter are the limiting 
case for defining imposed wind and wave loads on a ship and hence the associated tug require-
ments. The 99th and 93rd winter season percentiles were selected as important conditions for 
evaluation of wave forces. These same percentiles can be selected for wind and current, although 
this is likely conservative. For example, there is no guarantee that the 99th percentile high winds 
or current will occur simultaneously with the 99th percentile waves. Nonetheless, assuming sim-
ultaneous wind, wave, and current loads at the same percentiles is a convenient approach, and 
one that likely results in some conservatism for the cases being considered. 
 
The following are therefore the approximate overall percentiles: 
 
 99th percentile (Neah Bay, winter)  - Waves 6 m, Winds 34 knots, Current 1.5 m/s 
 93rd percentile (Neah Bay, winter)  - Waves 4 m, Winds 21 knots, Current 1.3 m/s 

 
The latter condition is also quite close to the 100th percentile in summer.  A tug which can handle 
a disabled tanker in the 93rd percentile winter condition will also be able to handle virtually all 
conditions in the summer. 
 

  Conclusion 1:  The following are deemed appropriate as the limiting conditions in which a rescue 
tug ought to be able to effect control over a tanker in Juan de Fuca Strait: 
 99th percentile (Neah Bay, winter): 

- Waves 6 m, Winds 34 knots, Current 1.5 m/s 
 93rd percentile (Neah Bay, winter): 

- Waves 4 m, Winds 21 knots, Current 1.3 m/s 
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4.0 FORCES ON TANKERS 
 

 
4.1 Design Case Tanker 

 
The defined requirement was to identify the required tug capabilities with respect to an Aframax 
tanker, which is defined as a tanker of more than 80,000 tonnes but less than 120,000 tonnes 
DWT.  For the purposes of this study, a large Aframax tanker of 120,000 tonnes DWT is as-
sumed, which represents a "worst-case" scenario.  The following principal dimensions are used 
as representative, and are approximately equal to those of the large Aframax tanker Erik Spirit: 
 

 Deadweight -  120,000   tonnes 
 Length OA -  249.9  metres 
 Beam -  43.9  metres 
 Load Draft -  14.9  metres 

 
It should be noted that the forces derived, as discussed below, will vary somewhat according to 
vessel size and load state; smaller or more lightly laden tankers will require less tug power and 
larger vessels will require more.  A detailed matrix of tug power vs. tanker size and weather con-
ditions is beyond the terms of reference of this study. 

 
 
4.2 Forces 

 
For each climactic condition of interest (Section 3.4), forces for current, wind, and waves were 
individually calculated using separate methods prior to summation of the overall forces on the 
tanker. 
 
The most authoritative source of information for wind and current forces is the Mooring Equip-
ment Guidelines, published by OCIMF [2].  This publication provides individual force coeffi-
cients for current and wind derived from model tests, which are specifically for oil tankers and 
LNG gas carriers.  These coefficients were then be used in standard formulae to obtain overall 
current and wind loads in the longitudinal direction on the design case Aframax tanker.  
 
It is important to note that the summation of forces in the longitudinal direction is not equal to 
the tug's required towline force to overcome the wind, wave, and current forces on the tanker. 
When towed, especially at very low speeds, a tanker yaws, which introduces a transverse force 
component which adds to the tug's total towline tension.  For the purposes of this report, this ef-
fect is called the "Y-factor", and it is different for the various force components due to the differ-
ence in the tanker's geometry above and below the waterline.  In the case of current and waves, 
the transverse component of each force on the tanker can be equal to the longitudinal force com-
ponent due to tanker yaw, which effectively increases the tug's required towline force by up to 
41%. 
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By using the recommended wind and current coefficients from the Mooring Equipment Guide-
lines [2], and applying a representative Y-factor, the following wind and current loads are calcu-
lated, expressed in terms of required towline tension: 
 
 Wind force (at zero speed of advance): 
  - 34 knots - 18 tonnes 
  - 21 knots -   8 tonnes 
 Current force (at zero speed of advance) : 
  - 1.5 m/s - 24 tonnes 
  - 1.3 m/s - 18 tonnes 

 
Wave force coefficients are not published in OCIMF's Mooring Equipment Guidelines. Howev-
er, another OCIMF publication [3] on tanker drift studies provides some combined wind and 
wave forces for a VLCC in various sea states, based on experimental results and numerical mod-
els. Some manipulation of this data was necessary to remove the wind component, as well as 
some scaling to suit an Aframax tanker. 
 
Robert Allan Ltd. has also previously performed computational fluid dynamics (CFD) simula-
tions in order to determine wave loads on VLCCs.  These can be scaled as well in order to obtain 
approximate wave forces on an Aframax tanker in the sea states of interest. Results from this 
method compare very well with those based on OCIMF's drift studies described above. 
 
A publication of the National Academy of Sciences (USA) [4] provides wave forces for a range 
of tanker sizes, based on the results from a program named OCMOTA, developed by the Mari-
time Research Institute of the Netherlands (MARIN) for OCIMF. These results can be extracted 
quite easily for the design case Aframax tanker. 
 
After adjustment for the Y-factor, these three methods converge towards the following wave 
forces, expressed in terms of required towline tension: 
 
 Wave Forces (at zero speed of advance):  

 - 6 m Hs - 42 tonnes 
 - 4 m Hs - 28 tonnes 

 
When added together, the three force components (wind, waves and current) equal the required 
effective towline force that a tug must provide in order to simply hold station against the defined 
environmental forces.  However, when operating in the sea states considered in this study, the 
tug's effective towline pull is reduced due to tug motions (and potentially propeller emergence), 
as well as the relative motions between the tug and the tanker.  The Marine Salvage Study of the 
National Academy of Sciences [4] provides guidance on these losses in efficiency, which can be 
summarized as: 
 
 Tug Efficiency Ratings: 

 - 6 m Hs - 76%   
 - 4 m Hs - 80% 
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It should be noted that these tug efficiencies are generally valid for conventional twin screw and 
azimuthing stern drive (ASD) tug configurations, which currently accounts for virtually the en-
tire tug fleet in BC, there being only a very few much older single screw tugs still in service.  
Tug propulsion configurations with more deeply submerged propellers will likely have some-
what higher efficiencies, but no reference on this topic considers anything above 80%. 
 
With these values for efficiency, the individual force components can now be summed, per Table 
4.1 below, to obtain a total required "calm water" Bollard Pull (BP) value for the tugs. 
 

     Table 4.1    Required Tug Bollard Pull vs. Met-Ocean Conditions 
 

Component 
93rd Percentile 

(4 m Hs, 21 knots wind,  
1.3 m/s current) 

99th Percentile 
(6 m Hs, 34 knots wind,  

1.5 m/s current) 

Wind Force 8 tonnes 18 tonnes 

Current Force 18 tonnes 24 tonnes 

Wave Force 28 tonnes 42 tonnes 

Subtotal 54 tonnes 84 tonnes 

Tug Efficiency 80% 76% 

Bollard Pull Required 68 tonnes 110 tonnes 

 
 
 
 
 
 
 
It should be noted again that the forces defined above relate solely to those required to control a 
120,000 t DWT. Aframax tanker in the defined percentile conditions.  Smaller vessels, or more 
lightly laden tankers will require less tug power. 

 
 
  

Conclusion 2:  The Bollard Pull ratings required of a rescue tug (or tugs) in Juan de Fuca 
Strait are as follows: 
 93rd percentile (winter)     =   68 tonnes 
 99th percentile (summer)   =   68 tonnes 
 99th percentile winter      = 110 tonnes 
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5.0 THE WEST COAST TUG FLEET 
 

 
5.1 The Canadian Tug Fleet 

 
There are currently approximately 1,200 tugs registered in the Canadian "Pacific Region" (ac-
cording to the Transport Canada Vessel Registry), however that large number is extremely mis-
leading in the context of tugs capable of working at sea in a rescue or escort towing mode. The 
data is also somewhat unreliable as there were a number of vessels included in the registry which 
are either not tugs, or which operate in other locales such as the Mackenzie River.  The majority 
of those anomalies however have been weeded out in the course of this analysis.  As shown in 
Table 5.1 below, almost half of those are very small tugs used in the logging industry to organize 
log booms and do small "yarding" tasks (Figure 5.1).  These tugs invariably measure under 5 
Gross Tons (GT) and hence are not subject to any rules of design or construction under Transport 
Canada.  Another large number are small tugs working in the small ports and rivers of the coast 
which measure under 15 GT in order to avoid inspection by Transport Canada.  These tugs are 
almost exclusively under about 15 metres in length and cannot be considered as "sea-going" in 
any context. (Figure 5.2).  Vessels which do fall under Transport Canada's purview form another 
group, which measure between 15 and 150 GT.  The latter hurdle is the threshold above which 
vessels are subject to annual inspections rather than quadrennial inspections.  Tugs or 15 to 150 
GT are typically under 24 metres in length, would typically have propulsive power between 900 
and 1,350 kW (1,200 and 1,800 bhp), and would primarily be used in coastal log and barge tow-
ing.  That leaves a much smaller cadre of only about 32 tugs (> 150 GT) which are engaged prin-
cipally in the business of towing barges along the BC coast, the majority of which are quite small 
(under 30 metres in length) (Figure 5.3) and some of which, engaged in towing larger barges and 
often on the exposed West Coast, are considerably larger and are close to or exceed 500 GT 
(Figure 5.4). 
 

Table 5.1    Active Vessels in Canada's Pacific Region Registry by GT Categories 
 
 
 
 
 
 
 
 
 
 
There is a much smaller group of tugs whose primary function is ship-handling, and even fewer 
that are properly equipped for and capable of performing ship escorting.  These purpose-
designed tugs (Figure 5.5) tend to be congregated in the Port of Vancouver and environs, and to 
a much lesser degree in Prince Rupert. 

 
  

Pacific Region 

Vessel Size Number of Tugs 

< 5 GT 607 
5 < GT < 15 430 

15 < GT < 150 181 
150 < GT < 500 29 

GT > 500 3 
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Obviously not all of the tugs registered can be considered as capable of providing tanker support 
in Juan de Fuca Strait.  In order to examine a more logical sample those tugs under 150 GT have 
been eliminated from consideration.  Those tugs are typically too small and of limited power to 
be useful or even safe in the intended role.  All further discussion in this report therefore consid-
ers only those Canadian registered tugs in BC waters which are above 150 GT, which is selected 
as a reasonable indicator of tug size (typically more than 24 metres in length). 
 
Table 5.2 lists the names of tugs and their Owners, and shows the particulars of those Canadian 
West Coast tugboats which are in excess of 150 GT.  It is a modest list of only 32 tugs distribut-
ed along the entire BC coast. 
 
Table 5.3 lists and shows the particulars of the much smaller sub-set of 14 West Coast tugs, ex-
tracted from the set shown in Table 5.2, which are dedicated ship assist or escort tugs.  It should 
be noted that occasionally some of the other more conventional tugs in Table 5.2 will also be 
used for ship-handling, but in general those tugs are not designed for, nor well-equipped for that 
service. 
 
 

 
 
 
 
 
 
 
 
 
  

Conclusion 3:  Although there are more than 1,200 tugboats registered in BC, only about 32 of 
these are of a size which can even remotely be considered suitable for operation in a rescue 
tug role, being more than 150 GT.  Of that total only a handful have the size and power 
necessary to be considered seriously for a rescue tug role in the exposed waters of Juan de 
Fuca Strait. 

Conclusion 4:  Only 14 tugs > 150 GT in BC have been specifically designed and equipped to 
operate as ship-handling tugs, and of that number only 6 could be considered as serious 
tanker escort tugs. 
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Figure 5.1  Typical small yarding tugs 
like the one at left make up half of the 
BC tug fleet. 

Figure 5.2  Tugs under 15 GT, such as 
the vessel to right, avoid Inspection by 
Transport Canada. 

Figure 5.3 (below) Coastal tugs < 150 
GT, as shown below, are typical for  
towing barges on the BC coast. 
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Figure 5.4   Tugs of 500 GT and larger are more typical for larger coastal 
tows, and on the exposed West Coast. 
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Photo credit:  Mike Zelt 

Photo credit:  Mike Zelt 

Figure 5.5a    Typical Vancouver Harbour Z-Drive Ship-Assist Tug, 
50 Tonnes BP 

Figure 5.5b    Dedicated Terminal Support/Escort Tug, 28 metres,  
70-80 tonnes BP.  Vessels of this class are the largest and 
most powerful tugs of this type on the BC coast. 
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Note:  BP values shown in red are estimated based on known power and propulsion type. 
SMIT Tiger Sun is just < 150 GT but is included here as one of the more powerful tugs in Vancouver Harbour  

Vessel Name Company Year Built Length (m) Beam (m) Power (kW) BP Ahead (t)
Propulsion 

Type
Aft Towing Winch Details 

NEVA STRAITS SEA‐LINK MARINE SERVICES LTD. 1962 26.4 7.6 984 18 Single Screw aft winch fitted: details unknown

JOSE NARVAEZ LAFARGE CANADA INC. 1969 24.6 7.3 1081 20 Single Screw aft winch fitted: details unknown

SEA WARRIOR SEA‐LINK MARINE SERVICES LTD. 1959 27.6 8.0 1141 21 Single Screw aft winch fitted: details unknown

PACIFIC RANGER II PACIFIC TOWING SERVICES LTD. 1975 25.1 8.1 1268 23 Twin Screw aft winch fitted: details unknown

OCEAN CLIPPER PACIFIC CACHALOT LTD. 1965 26.5 8.3 1342 24 Single Screw aft winch fitted: details unknown

ISLAND SCOUT ISLAND TUG AND BARGE LTD. 2001 23.9 7.5 1268 25 Twin Screw

Burrard Iron Works HF,single drum, 823 m of 

45 mm wire 80 ton capacity, tow pins c/w 

hold down block

SEASPAN QUEEN SEASPAN ULC 1964 29.0 8.0 1275 26 Twin Screw
Burrard Iron Works HF ‐ single drum, 549m 

capacity, tow pins c/w hold down block

ARCTIC TAGLU SEA‐LINK MARINE SERVICES LTD. 1976 31.5 10.4 1678 31 Twin Screw aft winch fitted: details tbd

ARCTIC HOOPER SEA‐LINK MARINE SERVICES LTD. 1976 31.1 10.4 1678 31 Twin Screw aft winch fitted: details tbd

SEASPAN PACER SEASPAN ULC 1967 29.0 7.9 1676 34 Twin Screw
Burrard Iron Works HJL ‐ single drum, 549m 

capacity, tow pins c/w hold down block

SEASPAN MONARCH SEASPAN ULC 1977 34.8 9.1 1940 39 Twin Screw
Burrard Iron Works HJL ‐ 792m capacity, tow 

pins c/w hold down block

SEASPAN FALCON SEASPAN ULC 1993 24.6 9.8 2312 40 Z‐Drive no aft winch fitted

SEASPAN HAWK SEASPAN ULC 1993 24.6 9.8 2312 40 Z‐Drive no aft winch fitted

ISLAND TUGGER ISLAND TUG AND BARGE LTD. 1981 35.9 10.4 2274 41 Twin Screw

Burrard Iron Works HF‐D double drum, 823 m 

of 45 mm wire on each drum 80 ton capacity, 

towing pins c/w hold down hooks 

ISLAND MONARCH ISLAND TUG AND BARGE LTD. 1966 41.5 9.8 2237 41 Twin Screw

Burrard Iron Works HID double drum, 790 m 

of 51 mm wire on each drum 120 ton capacity, 

towing pins c/w hold down hooks 

SEA COMMANDER SEA‐LINK MARINE SERVICES LTD. 1945 43.5 10.1 2282 42 Single Screw aft winch fitted: details unknown

SMIT NASS SMIT MARINE CANADA INC. 1979 30.2 11.0 2655 45 Z‐Drive no aft winch fitted

SMIT SKEENA SMIT MARINE CANADA INC. 1979 30.3 11.0 2655 45 Z‐Drive no aft winch fitted

SEASPAN KING SEASPAN ULC 1968 40.2 9.8 2684 49 Single Screw
Burrard Iron Works HJS ‐ 1158m capacity, tow 

pins c/w hold down block

SMIT TIGER SUN ** SMIT MARINE CANADA INC. 1999 21.7 10.7 4027 53 Z‐Drive no aft winch fitted

SMIT MISSISSIPPI SMIT HARBOUR TOWAGE VANCOUVER INC 1999 30.6 10.6 3660 65 Z‐Drive Hydraulic, single drum

SMIT CLYDE SMIT HARBOUR TOWAGE VANCOUVER INC 2000 30.6 10.6 3660 65 Z‐Drive Hydraulic, single drum

SMIT HUMBER SMIT HARBOUR TOWAGE VANCOUVER INC 2000 30.6 10.6 3660 65 Z‐Drive Hydraulic, single drum

SEASPAN RAVEN SEASPAN ULC 2009 28.2 12.6 3728 71 Z‐Drive Rolls‐Royce single drum

SEASPAN EAGLE SEASPAN ULC 2011 28.2 12.6 3728 71 Z‐Drive Rolls‐Royce single drum

SEASPAN KESTREL SEASPAN ULC 2011 28.2 12.6 4698 81 Z‐Drive no aft winch fitted

SEASPAN OSPREY SEASPAN ULC 2011 28.2 12.6 4698 81 Z‐Drive no aft winch fitted

SEASPAN RESOLUTION SEASPAN ULC 2008 30.0 12.2 4476 82 Z‐Drive no aft winch fitted

SEASPAN COMMODORE SEASPAN ULC 1974 43.3 10.9 4290 82 Twin Screw

Burrard Iron Works double drum type HK‐D, 

1280m wire port & 1158m wire starboard, tow 

pins c/w hold down blocks

SMIT ORLEANS SMIT MARINE CANADA INC. 2007 29.3 12.2 5050 85 Z‐Drive
John Rie Series 525, capacity of 792m of 

57mm wire

SEASPAN ROYAL SEASPAN ULC 1981 40.6 11.9 4623 93 Twin Screw

Burrard Iron Works double drum type HK‐D, 

914m wire port & 1158m wire starboard, tow 

pins

Table 5.2    BC Coastal Tugs > 150 GT
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Note:  BP values shown in red are estimated based on known power and propulsion type.  
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Vessel Name Company Length (m) Beam (m) Power (kW) BP Ahead (t)
Propulsion 

Type
Towing Winch Details 

SEASPAN FALCON SEASPAN ULC 24.6 9.8 2312 40 Z‐Drive no aft winch fitted

SEASPAN HAWK SEASPAN ULC 24.6 9.8 2312 40 Z‐Drive no aft winch fitted

SMIT NASS SMIT MARINE CANADA INC. 30.2 11.0 2655 45 Z‐Drive no aft winch fitted

SMIT SKEENA SMIT MARINE CANADA INC. 30.3 11.0 2655 45 Z‐Drive no aft winch fitted

SMIT TIGER SUN ** SMIT MARINE CANADA INC. 21.7 10.7 4027 53 Z‐Drive no aft winch fitted

SMIT MISSISSIPPI SMIT HARBOUR TOWAGE VANCOUVER INC 30.6 10.6 3660 65 Z‐Drive Hydraulic, single drum

SMIT CLYDE SMIT HARBOUR TOWAGE VANCOUVER INC 30.6 10.6 3660 65 Z‐Drive Hydraulic, single drum

SMIT HUMBER SMIT HARBOUR TOWAGE VANCOUVER INC 30.6 10.6 3660 65 Z‐Drive Hydraulic, single drum

SEASPAN RAVEN SEASPAN ULC 28.2 12.6 3728 71 Z‐Drive Rolls‐Royce single drum

SEASPAN EAGLE SEASPAN ULC 28.2 12.6 3728 71 Z‐Drive Rolls‐Royce single drum

SEASPAN KESTREL SEASPAN ULC 28.2 12.6 4698 81 Z‐Drive no aft winch fitted

SEASPAN OSPREY SEASPAN ULC 28.2 12.6 4698 81 Z‐Drive no aft winch fitted

SEASPAN RESOLUTION SEASPAN ULC 30.0 12.2 4476 82 Z‐Drive no aft winch fitted

SMIT ORLEANS SMIT MARINE CANADA INC. 29.3 12.2 5050 85 Z‐Drive
John Rie Series 525, capacity of 792m of 

57mm wire

Table 5.3    Dedicated Ship-Handling and/or Escort Tugs in BC > 150 GT 



ROBERT ALLAN LTD. 
NAVAL ARCHITECTS 

Project 213-063 
Page 17. 

Rev. 3 
 

 

5.2 U.S. Tug Fleet 
 
The terms of reference for this study did not include any review of the US tug fleet operating in 
proximity to Juan de Fuca Strait, however it is too important to ignore.  The presence of major 
oil refineries in Northern Washington State, specifically at Cherry Point and in Anacortes, dictat-
ed that some quite significant tugs had to be built to support those operations and to provide a 
highly capable system of terminal support and escort tugs.  In addition there is a fairly sizeable 
fleet of larger, powerful tugs routinely engaged in towing barges to Alaska, almost exclusively 
travelling through the Inside Passage waters of BC. 

 
Table 5.4 identifies the fleet of US tugs which are, according to their Owner's web-sites, based in 
Puget Sound and which are described as "Ocean-Going".  The table also highlights those tugs 
which are dedicated to oil terminal support and tanker escort service and the latter group includes 
two significant dedicated tanker escort tugs, the Garth Foss (Figure 5.6) and Lindsey Foss, both 
serving North Puget Sound. 

 
 
 
 

Figure 5.6    79 Tonne BP VSP Escort Tug Garth Foss 
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It is critically important in the context of this study to understand any restrictions or commit-
ments which may exist with respect to the potential deployment of any of these US registered 
tugs in the event of an emergency on the Canadian side of the border.  Their fleet is in general 
larger and more capable for escort and rescue towing than are almost any Canadian tugs. That 
evaluation was not however a part of the current limited tasking covered by this study. 
 
Among the US fleet are many large and capable tugs.  Many of these routinely tow barges be-
tween Washington and Alaska and hence cannot reliably be said to regularly be "in the vicinity". 
However there are quite a number of very large and powerful escort capable tugs, dedicated to 
the support of tanker movements and terminal operations in North Puget Sound, whose capabili-
ties to execute emergency response manoeuvres would greatly influence the number of available 
tugs in this study. 

 
 
 
 
 
 
 
 
  

Conclusion 5:  Any regulatory or industry cooperative agreements which are in place with 
respect to US registered tugs acting in Canadian waters in an emergency response role need 
to be identified and clarified. 
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Note:  BP values shown in red are estimated based on known power and propulsion type.  

Table 5.4    Major US "Ocean-Going" Tugs Located in Puget Sound and Alaska Waters 

Tug Name Company Type BP Location per AIS ‐ Nov 25, 2013

bhp kW ft metres tonnes

Keegan Foss Foss Maritime TS 3900 2909 110.0 33.5 33 Oakland, CA

Pacific Escort Foss Maritime ASD 3000 2238 100.2 30.5 35 Columbia River, OR

Western Mariner Western Towboat Co. TS 3000 2238 90.0 27.4 41 Unkown position

Daniel Foss Foss Maritime ASD 3300 2462 95.2 29.0 41
Portland, OR (assigned to Valdez area 

according to Crowley website)

Stacey Foss  Foss Maritime TS 2800 2089 102.4 31.2 42 Seattle, WA

Ocean Navigator Western Towboat Co. TS 3100 2313 83.7 25.5 42 Port McNeill, BC

Western Navigator Western Towboat Co. TS 3100 2313 94.0 28.6 42 Inside Passage, BC

Ocean Mariner Western Towboat Co. TS 3200 2387 94.0 28.6 44 Seattle, WA

Arthur Foss Foss Maritime VSP 4000 2984 107.0 32.6 44 Long Beach, CA

Tioga Crowley Maritime  Corp. ASD 4400 3282 N/A N/A 46 Seattle, WA

Henry Foss Foss Maritime VSP 5000 3730 100.0 30.5 47 Seattle, WA

Western Ranger  Western Towboat Co. TS 3420 2551 N/A N/A 47 Seattle, WA

Justine Foss Foss Maritime TS 4300 3208 126.0 38.4 49 Gulf of Alaska

Andrew Foss Foss Maritime
Tractor‐plus       

= 2 x VSP plus      

1 Z‐drive

4290 3200 106.7 32.5 49 Tacoma, WA

Chief Crowley Maritime  Corp. VSP 4800 3581 N/A N/A 51 Tacoma, WA

Guide Crowley Maritime  Corp. VSP 4800 3581 N/A N/A 51 Tacoma, WA

Weddel Foss  Foss Maritime VSP 5000 3730 100.0 30.5 52 Anacortes, WA

Brynn Foss Foss Maritime VSP 4700 3506 100.0 30.5 52 Los Angeles, WA

Protector Crowley Maritime  Corp. VSP 5500 4103 N/A N/A 54 Port Angeles, WA

Alaska Mariner Western Towboat Co. TS 4000 2984 108.8 33.1 54 Seattle, WA

Ocean Ranger Western Towboat Co. TS 4200 3133 117.0 35.6 57 Seattle, WA

Pacific Titan Western Towboat Co. ASD 4500 3357 108.0 32.9 58 Seattle, WA

Western Titan Western Towboat Co. ASD 4500 3357 108.0 32.9 58 Prince Rupert, BC

Gulf Titan Western Towboat Co. ASD 4500 3357 120.0 36.6 58 Gulf of Alaska

Barbara Foss Foss Maritime TS 4300 3208 118.7 36.2 60 Seattle, WA

Guardian  Crowley Maritime  Corp. TS 5750 4290 N/A N/A 61
Alaska (assigned to Valdez area 

according to Crowley website)

Goliath Crowley Maritime  Corp. ASD 4400 3282 N/A N/A 63

Seattle, WA (assigned to San 

Francisco Bay area according to 

Crowley website)

Jeffrey Foss  Foss Maritime TS 4300 3208 120.0 36.6 64 on station at Neah Bay, WA

Alaska Titan Western Towboat Co. ASD 5000 3730 120.0 36.6 65 Seattle, WA

Ocean Titan Western Towboat Co. ASD 5000 3730 120.0 36.6 65 Seattle, WA

Arctic Titan Western Towboat Co. ASD 5000 3730 120.0 36.6 65 Juneau, AK

Bulwark Crowley Maritime  Corp. TS 7200 5371 N/A N/A 68
Prince Rupert (assigned to Valdez 

area according to Crowley website)

Invader Crowley Maritime  Corp. TS 7200 5371 N/A N/A 68
Portland, OR (assigned to Valdez area 

according to Crowley website)

Hunter Crowley Maritime  Corp. TS 7200 5371 N/A N/A 68 Gulf of Alaska

Stalwart Crowley Maritime  Corp. TS 7200 5371 N/A N/A 68 Valdez, AK

Response Crowley Maritime  Corp. VSP 7240 5401 N/A N/A 70 Anarcortes, WA

Marshall Foss Foss Maritime ASD 6250 4663 98.0 29.9 76 Oakland, CA

Lynn Marie Foss Maritime ASD 6250 4663 98.0 29.9 77 San Francisco, CA

Garth Foss Foss Maritime VSP 8000 5968 155.0 47.2 79 Anacortes, WA

Lindsey Foss  Foss Maritime VSP 8000 5968 155.0 47.2 79 Anacortes, WA

America Foss Maritime ASD 6610 4931 98.0 29.9 80 Berkeley, CA

Endurance Crowley Maritime  Corp. TS 5750 4290 N/A N/A 82
Juneau, AK (assigned to Valdez area 

according to Crowley website)

Pacific Star  Foss Maritime ASD 6610 4931 98.0 29.9 82 Seattle, WA

Vigilant Crowley Maritime  Corp. ASD 6700 4998 N/A N/A 83

Anacortes, WA (assigned to Cook 

Inlet, AK area according to Crowley 

website)

Valor Crowley Maritime  Corp. ASD 6772 5052 N/A N/A 83
San Francisco, CA (assigned to Valdez 

according to Crowley website)

Delta Lindsey Foss Maritime ASD 6850 5110 100.0 30.5 85 Berkeley, CA

Pacific Explorer Foss Maritime ASD 4400 3282 99.0 30.2 85 Juneau, AK

Nanuq  Crowley Maritime  Corp. VSP 10192 7603 153.0 46.6 94 permanently stationed in Valdez AK

Tan’erliq  Crowley Maritime  Corp. VSP 10192 7603 153.0 46.6 94 permanently stationed in Valdez AK

Corbin Foss Foss Maritime TS 8000 5968 149.8 45.6 97 Panama

Lauren Foss  Foss Maritime TS 8000 5968 149.8 45.6 98 Seattle, WA

Sea Voyager Crowley Maritime  Corp. TS 7200 5371 N/A N/A 109
Alaska (assigned to Valdez area 

according to Crowley website)

Alert  Crowley Maritime  Corp. ASD 10192 7603 140.0 42.7 125 permanently stationed in Valdez AK

Attentive Crowley Maritime  Corp. ASD 10192 7603 140.0 42.7 125 permanently stationed in Valdez AK

Aware  Crowley Maritime  Corp. ASD 10192 7603 140.0 42.7 125 permanently stationed in Valdez AK

Power Length
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5.3 Tug of Opportunity System 
 
In about 1997 the USCG endorsed an industry coordinated "International Tug of Opportunity 
System" (ITOS) which identified those tugs with some rescue towing capability, and equipped 
each of those vessels with a transponder unit, enabling the rapid locating of any of those tugs in 
the event of an incident. At the time of its initiation the system involved both US and Canadian 
tugs. 
 
The West Coast Spill Response Study, Volume 1 [5] states the following: 
 

"BC currently relies on a tug-of-opportunity system for rescue services.  A tug-of-
opportunity system provides a less costly but also less certain rescue tug response 
capacity by relying on nearby commercial tugs to provide rescue services, if 
needed.  The Canadian and US vessel traffic services track tug availability as part 
of the International Tug of Opportunity System (ITOS), which allows for a quick 
assessment of nearby tugs in the event of an emergency.  There is no guarantee 
that appropriately sized or capable tugs-of-opportunity will be available or prox-
imate to the vessel in need of assistance.  If a tug-of-opportunity already has a 
vessel or barge in tow, there may be additional delays associated with safely re-
leasing the primary tow so that the tug can respond to the emergency.  Tugs-of-
opportunity can be an effective prevention measure for certain types of accidents 
(i.e. drift groundings), but would not be as effective as an escort tug in preventing 
collisions or powered groundings. (USCG, 1999) 

 
The statement "if a tug of opportunity already has a vessel or barge in tow…" indicates a distinct 
lack of understanding of the nature of marine traffic on the BC coast.  There are VERY few tugs 
which are ever going anywhere on this coast without something in tow; that is the nature of mari-
time commerce in this Province. 

 
However telephone and email contacts with both the Council of Marine Carriers in BC (repre-
senting the majority of tug owners in the Province), and with the Marine Exchange of Puget 
Sound (MEPS) confirmed that the ITOS has not existed for about 10 years.  The assumptions of 
the West Coast Spill Response Study are clearly inaccurate. With the advent of the International 
Maritime Organization (IMO) regulated shipboard "Automatic Identification System" (AIS) and 
with the implementation of the dedicated standby/rescue tug at Neah Bay (Ref. Section 5.4) the 
ITOS system was made effectively redundant.  However AIS is only required on ships over 300 
GT engaged on international voyages, and so many tugs in local waters would not necessarily 
have this equipment fitted.  Although the AIS system can quickly identify the participating ves-
sels in any geographic area, at present it does not have the capability to identify the specific 
characteristics of the vessel identified.  MEPS advised that they are working on the development 
of a system which could have that ability, but that is more than a couple of years away in terms 
of its potential implementation. 
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5.4 Neah Bay Rescue Station Tug 

 
Since about 1997 Washington State has mandated the deployment of a designated "Emergency 
Response Towing Vessel" (ERTV), or rescue tug, at Neah Bay, near the western entrance to Juan 
de Fuca Strait. The cost of maintaining this tug capability has been rather hotly debated since its 
inception, but is now currently paid for by a levy on all ships entering state waters.  A report 
from the Washington State Department of Ecology in 2010 [6] states the following. 
 

"The emergency response tug stationed at Neah Bay is an important safety net to 
prevent disabled ships and barges from grounding in the western Strait of Juan de 
Fuca or off our outer coast. 
  
Funding for the Neah Bay tug has successfully transitioned from Washington 
State management to private maritime industry financed and managed operations. 
The maritime shipping industry established an ERTV contract (vessel under char-
ter to the Washington State Maritime Cooperative) to maintain an industry funded 
standby towing capability at Neah Bay.  As required by statute the U.S. Coast 
Guard and Ecology may separately contract for the services of the ERTV sta-
tioned at Neah Bay to respond to an emerging maritime casualty, or as a precau-
tionary measure. 
 
Since 1999, the tug has deployed to stand by or directly assist 46 vessels that were 
either completely disabled or had reduced maneuvering ability. On 11 of these re-
sponses the tug had to take the disabled vessels in tow to prevent them from drift-
ing onto the rocks and spilling oil. The actions taken in those 11 cases helped 
prevent a combined spill potential of nearly 5 million gallons of oil." 

 
The West Coast Oil Spill Response Study [5] states that: 
 

"There are no rescue tugs stationed in BC, but there is a rescue tug stationed just 
over the US border in Neah Bay, Washington (Figure 3.2) that could provide 
some emergency towing support to an incident in BC waters, if the State of Wash-
ington allows the tug to be released, though there is no specific mechanism de-
signed to facilitate this." 

 
  

Conclusion 6:  The ITOS system cited in the West Coast Spill Response Study has not existed 
for more than a decade.  Participating tugs operating in any specific geographic area can be 
readily identified through the newer AIS system, but the towing capabilities of those tugs are 
not identifiable in AIS. To enable rapid identification of tugs with adequate towing capability, 
an extension of the AIS system must be in place which can quickly identify the real escort and 
rescue towing capabilities of any tugs located in the vicinity of an incident.  That system is 
currently NOT in place and will not be for several years. 
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The fact that there is "no specific mechanism" for such cross-border cooperation speaks volumes.  
Should the Neah Bay tug be deployed to support an incident in Canadian waters it leaves the 
Washington coast unguarded.  Since incidents are either most likely to occur in bad weather or 
the risks from any incident will become greater in bad weather,  it is highly unlikely that the 
Neah Bay tug would be deployed unless there was a direct threat to the US coast.  At the present 
time the tug stationed at Neah Bay is the 36.6 metre, twin-screw, 3,207 kW (4,300 bhp) tug Jef-
frey Foss, with a BP of 64 tonnes.  A data sheet describing the basic particulars of this tug is at-
tached as Annex A. 

 
 
 
 
 
 

6.0 TUGBOAT SERVICES AND PERFORMANCE 
 
This section of the report will briefly describe the general configuration of tugs designed for the 
various major roles in which they are engaged along the BC coast. 
 
 

6.1 Coastal Towing 
 
Tugs engaged in coastal towing are typically twin screw with conventional propulsion systems 
and rudders.  Towing is performed from a large winch on the main deck aft, relatively close to 
amidships.  These tugs are designed to tow barges at moderate speeds 6–9 knots, and their pro-
pellers are pitched accordingly, rather than to maximize thrust at zero speed (Bollard Pull (BP)). 
The majority of these tugs are in the 20–30 metre length range and typically have total power 
ranging from 750-1,500 kW (1,000 bhp to 2,000 bhp) (Figure 6.1).  These tugs are generally not 
equipped to conduct any rescue towing other than they have usually about 600–750 metres of 
steel towline, the breaking strength of which will correspond to 2.5–3 times the BP.  As a very 
typical power is about 1,350 kW (1,800 bhp), corresponding to a BP of say 25 tonnes, the ulti-
mate towline strength may be about 75 tonnes. 

Conclusion 7:  The ability or likelihood of the Washington State Emergency Response Towing 
Vessel, stationed at Neah Bay, to respond to any incident in Canadian waters requires detailed 
examination and clarification.   
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There are a few tugs in the 30–40 metre length range on this coast (Figure 6.2) principally en-
gaged in towing large log barges and larger deck cargo barges on longer coastal tows or on the 
open West Coast, or on voyages to Oregon or California.  Their power is typically in the 1,900-
3,000 kW (2500-4,000 bhp) range, so towline ultimate strengths will be in the range of 100–150 
tonnes.  Some of these larger tugs have dual winches and towlines, making them more suitable 
for rescue towing operations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.1    Typically Coastal Barge Towing Tug (Foreground) 

Figure 6.2    Larger Type of Coastal Barge Towing Tug; 35 metres length, 1,940 kW, Dual Winch
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6.2 Ship-Handling 
 
Ship-handling is the business of guiding ships into and out from their berths within the ports.  
This is typically a quite slow speed operation and involves smaller but more high-powered tugs 
whose function is to push or pull on the command of the Pilots in order to safely berth the at-
tended ships.  In Vancouver and most BC ports tugs engaged in this activity are much smaller 
than found in other parts of the world.  Accordingly these tugs are too small to work in more than 
the sort of relatively calm conditions found within the confines of a sheltered harbour.  Although 
there are still a few twin-screw tugs doing this work in the Port of Vancouver, the majority of 
these tugs have Z-Drive propulsion in an "azimuthing stern drive" (ASD) configuration.  These 
tugs are exceptionally manoeuvrable and controllable and exert essentially uniform thrust 
through 360°.  They typically do their work over the bow from a winch with a synthetic, relative-
ly short towline (200 metres max).  Very few of this class of tug have any towing gear aft. 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 6.3 Typical Ship-Handling Tugs; 25 metres length, 2,300
kW, single hawser winch forward, no towing winch aft. 
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6.3 Escorting 
 
Escorting with tugs is a relatively new game in world terms, essentially created after the Exxon 
Valdez incident in 1989.  It is generally defined in the industry as the activity of providing a spe-
cially designed tug to accompany a large vessel (usually tankers), which can control the ship as 
effectively as its own steering and propulsion system in the event of a propulsion or steering sys-
tem failure, when operating at relatively high speeds, in the region of 8–10 knots.  The critical 
distinction between ship-handling and escorting is the speed at which these operations take place, 
and thus the manner in which the tugs must operate in order to perform these tasks safely and 
most effectively.  Escorting is distinguished by the tug operating in what is known as the "Indi-
rect" mode, (Figure 6.4) whereby the combination of hydrodynamic forces generated by the hull 
and its appendages and the direct thrust of the propellers work in combination to generate tow-
line forces considerably higher than can be generated by the propellers alone.  Total towline 
forces 30–50% higher than the BP are common. 
  
Escort tugs most typically work with synthetic lines on a winch on the fore deck (in the case of 
ASD tugs), or on the aft deck in the case of tractor tugs.  Many ASD escort tugs also have con-
ventional steel wire towing gear aft.  That facility is less common on tractor tugs as it is a chal-
lenge to work with both steel wire and synthetic hawsers in the same area.  The expensive syn-
thetic hawsers are very susceptible to damage from the nicks and grooves which steel lines will 
inevitably inflict on the bitts and bulwark rails, so it is critically important to keep the two tow-
line mediums isolated from one another. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 Figure 6.4    Large escort tug working in "indirect" mode at an oblique angle to 

the attended ship. 
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Ref. [5] cites the following with respect to tanker escorting in BC waters: 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

However, notable by omission in this document is any mention of the actual required escort ca-
pability of the tugs to perform this critical work.  The escort capability must be defined by (a) 
minimum Bollard Pull, (b) Indirect Escort Force generation capability (steering and braking) at 
speeds of up to 10 knots, and (c) the winch specification necessary to deal with the associated 
forces. 
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6.4 Rescue Towing 
 
Rescue towing is the act of taking a disabled vessel under tow in whatever the prevailing weather 
and sea conditions might be.  As the risks of a vessel grounding are obviously higher in the more 
severe conditions, almost by definition rescue towing will take place in high wind and wave con-
ditions. 
 
Tugs engaged in rescue towing must have suitable towing gear and almost as critically, have 
crews who are well-trained to handle the heavy and often dangerous gear associated with making 
towing connections in bad weather.  The very basic towing gear required for this role should in-
clude: 
 
 Towing winch (preferably dual winches) 
 Stern towline roller and tow pins 
 Main steel wire rope (SWR) towline 
 Possible use of a synthetic emergency towline/hawser 
 Synthetic spring line element in SWR system 
 Lead chain or wire pendant 
 Chain bridle/chafing gear 
 Connecting "jewelry" (shackles, etc.) 
 Spare components; secondary towline 

 
A larger tug equipped for heavier coastal towing (Figure 6.5) is likely to be equipped with dual 
winches, and thus most capable of satisfying this rescue towing requirement. 
 
 
 
 
 
 
 
 

 
  

Figure 6.5    Large coastal towing tug, equipped with heavy duty towing gear
and dual winch system. 
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In this context it is also important to understand how tankers are equipped to handle an emergen-
cy tow. The standard international requirements for towing fittings on tankers are defined by the 
"Mooring Equipment Guidelines" [2] (the "Guidelines") published by OCIMF, which reflect the 
requirements of SOLAS, which are in turn reflected in the vast majority of Flag State Regula-
tions.  The basic equipment requirements are as shown in Figure 6.6 below: 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.6    Extract from OCIMF "Mooring Equipment Guidelines" defining tanker
shipboard emergency towing fitting requirements. 
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The presence of this "pick-up" gear on a tanker makes an emergency connection a great deal saf-
er and faster than if it were necessary for the tug to get a line up to the deck of the ship and then 
have the tanker crew make it fast. 
 
Rescue towing is more likely to take place in severe conditions than in calm, as sometimes fail-
ures are initiated by the actions of a ship in a seaway As tug motions are directly linked to their 
size and weight, and as crew safety on deck is directly linked to the amplitude of motions and the 
associated accelerations, larger tugs are considerably safer for rescue towing than are smaller 
tugs.  Figure 6.7 illustrates the motions of a typical mid-sized coastal towing tug in a gale off 
Cape Mudge; one can get a sense of the motions aboard this tug in what are probably about 2-2.5 
metre seas.  There are conditions far more severe that will be encountered in Juan de Fuca Strait, 
emphasizing that rescue towing is a role for the biggest possible tug, not the typical West Coast 
barge towing tug.  Size is almost as important as power, as that has a direct impact on the ability 
of a tug to exert forces in a more continuous manner, and has a significant bearing on the ability 
of the crew to work safely on deck. 
 

 
  

Figure 6.7 Motions of tugs are very directly related to their size relative to the
prevailing sea conditions.  Tugs such as the one illustrated here (< 30
m length) will be very "active" in sea-states more than 2 metres Hs.
Crew effectiveness and safety is greatly affected by these motions. 
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7.0 EVALUATION OF THE BC COASTAL FLEET FOR TANKER ESCORT OR RESCUE 
 
Based on the functional distinctions described in Section 6.0 above, Table 7.1 below indicates 
the all the specific tugs in the >150 GT sample in each primary functional category, namely: 
 
 Coastal towing 
 Ship-handling 
 Escort rated 

 
In addition Table 7.1  identifies those tugs which by virtue of their size, power and towing con-
figuration are deemed  capable of rescue towing in the broad sense (before consideration of the 
actual towing force requirements). 
 

Table 7.1    BC Tugs > 150 GT:  Description by Service Category 

 
 
 

  

Vessel Name Owner
BP Ahead   

(tonnes) 

Length    

(metres)

Coastal 

Towing
Ship‐Assist Escort

Rescue 

Capable

NEVA STRAITS SEA‐LINK MARINE SERVICES LTD. 18 26.4

JOSE NARVAEZ LAFARGE CANADA INC. 20 24.6

SEA WARRIOR SEA‐LINK MARINE SERVICES LTD. 21 27.6

PACIFIC RANGER II PACIFIC TOWING SERVICES LTD. 23 25.1

OCEAN CLIPPER PACIFIC CACHALOT LTD. 24 26.5

ISLAND SCOUT ISLAND TUG AND BARGE LTD. 25 23.9

SEASPAN QUEEN SEASPAN ULC 26 29.0

ARCTIC TAGLU SEA‐LINK MARINE SERVICES LTD. 31 31.5

ARCTIC HOOPER SEA‐LINK MARINE SERVICES LTD. 31 31.1

SEASPAN PACER SEASPAN ULC 34 29.0

SEASPAN MONARCH SEASPAN ULC 39 34.8

SEASPAN FALCON  * SEASPAN ULC 40 24.6

SEASPAN HAWK  * SEASPAN ULC 40 24.6

ISLAND TUGGER ISLAND TUG AND BARGE LTD. 41 35.9

ISLAND MONARCH ISLAND TUG AND BARGE LTD. 41 41.5

SEA COMMANDER SEA‐LINK MARINE SERVICES LTD. 42 43.5

SMIT NASS  * SMIT MARINE CANADA INC. 45 30.2

SMIT SKEENA  * SMIT MARINE CANADA INC. 45 30.3

SEASPAN KING SEASPAN ULC 49 40.2

SMIT TIGER SUN  ** SMIT MARINE CANADA INC. 53 21.7

SMIT MISSISSIPPI SMIT HARBOUR TOWAGE VANCOUVER INC 65 30.6

SMIT CLYDE SMIT HARBOUR TOWAGE VANCOUVER INC 65 30.6

SMIT HUMBER SMIT HARBOUR TOWAGE VANCOUVER INC 65 30.6

SEASPAN RAVEN SEASPAN ULC 71 28.2

SEASPAN EAGLE SEASPAN ULC 71 28.2

SEASPAN KESTREL  * SEASPAN ULC 81 28.2

SEASPAN OSPREY  * SEASPAN ULC 81 28.2

SEASPAN RESOLUTION  * SEASPAN ULC 82 30.0

SEASPAN COMMODORE SEASPAN ULC 82 43.3

SMIT ORLEANS SMIT MARINE CANADA INC. 85 29.3

SEASPAN ROYAL SEASPAN ULC 93 40.6

Note:  **  SMIT Tiger Sun is just < 150 GT, but is included here as one of the 

more powerful tugs in Vancouver Harbour

Note:   *  Tugs without any aft winch are deemed unsuitable for rescue towing
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As identified in Section 4 the proposed tanker escort / rescue service demands tugs of about 70 
tonnes BP., Given that number, (rather rarified territory in the BC tug fleet), it is perhaps prudent 
to identify all tugs with more than 60 tonnes of BP, a lower threshold which enables identifica-
tion of those marginal vessels which in more moderate conditions may also be suitable.  Table 
7.2 below segregates this select group of tugs from the larger group of > 150 GT tugs. 
 
 
 

 
 
It can be seen from Table 7.2 that there are only six (6) BC-based tugs which have a clearly de-
finable escort capability.  The escort ratings according to Classification Society standards for the 
five (5) Seaspan ASD tugs are known, as those vessels were designed by this office.  The escort 
rating of the SMIT Orleans is at present not known, but has reportedly been determined through 
some direct tests with the BC Coast Pilots.  Only these six tugs should be considered for the de-
manding escort towing service, and ideally the actual indirect steering and braking capabilities 
required to affect a recovery from a steering or propulsion failure on a tanker should be identified 
through a careful analysis or simulation, after which the precise escort capabilities of these six 
(6) tugs should be reassessed. 
 
It should be noted that those tugs identified above as escort capable are already part of the exist-
ing escort tug regime of risk-reducing measures, escorting laden tankers from Westridge Termi-
nal to Race Rocks. 
 
 
 
 
 
 
Of that group of six (6), three are not fitted with aft towing winches, hence are incapable of res-
cue towing.  That leaves only three tugs in BC which have the combined capability of perform-
ing escort and rescue towing in Juan de Fuca Strait. 
 
There are a total of eight (8) tugs in the above list which could be considered capable of perform-
ing rescue tows.  That includes the three (3) escort/rescue-capable tugs identified above, plus 
three relatively large 65 tonne BP ASD harbour tugs owned by SMIT Canada Ltd which have 

Vessel Name Owner
BP    

(tonnes) 

Length    

(metres)

Coastal 

Towing
Ship‐Assist Escort

Rescue 

Capable

SMIT MISSISSIPPI SMIT HARBOUR TOWAGE VANCOUVER INC 65 30.6 summer only

SMIT CLYDE SMIT HARBOUR TOWAGE VANCOUVER INC 65 30.6 summer only

SMIT HUMBER SMIT HARBOUR TOWAGE VANCOUVER INC 65 30.6 summer only

SEASPAN RAVEN SEASPAN ULC 71 28.2

SEASPAN EAGLE SEASPAN ULC 71 28.2

SEASPAN KESTREL SEASPAN ULC 81 28.2 no aft winch

SEASPAN OSPREY SEASPAN ULC 81 28.2 no aft winch

SEASPAN RESOLUTION SEASPAN ULC 82 30.0 no aft winch

SEASPAN COMMODORE SEASPAN ULC 82 43.3

SMIT ORLEANS SMIT MARINE CANADA INC. 85 29.3

SEASPAN ROYAL SEASPAN ULC 93 40.6

Conclusion 8:  The actual indirect steering and braking capabilities required to affect a 
recovery from a steering or propulsion failure on a tanker anywhere on the intended route 
should be identified through a careful analysis or simulation, after which the precise escort 
capabilities of the six (6) escort-rated tugs should be reassessed. 

Table 7.2    Escort and Rescue Towing Capable Tugs in BC 
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reasonable towing gear aft, and two large twin screw coastal towing tugs with reasonable power 
and heavy duty towing gear.  These latter two tugs are typically engaged in long distance barge 
tows to the US or the BC North Coast/Gulf of Alaska, hence their availability in event of an 
emergency is moot. 
 
 
 
 
 
 
 
 
 
Section 4 of this report identified the towing force requirements necessary to affect rescue tows 
in Juan de Fuca Strait in a range of weather conditions. Summarizing that data: 
 
 99th percentile winter condition (6 m Hs, 34 knots wind, 1.5 m/s current): 110 t BP required 
 93rd percentile winter condition (4 m Hs, 21 knots wind, 1.3 m/s current):  68 t (say 70 t) 

BP required 
 
As 70 tonnes BP is necessary to provide about 93% of the requirement in winter, then it could be 
argued that two tugs of that capability could satisfy the 99th percentile condition of 110 tonnes, 
but that leaves  a small margin of error.  There are also some risks associated with a tandem res-
cue tow, principally the risk of the tugs interfering with each other and getting their towing gear 
entangled. The use of tandem tugs however is not unusual and does offer the advantage of re-
dundancy. 
 
 

  

Conclusion 9:  The following numbers of BC-based tugs are capable of conducting tethered 
escorts or performing rescue tows of an Aframax tanker in Juan de Fuca Strait:  

 Tethered Escorts - 6 
 Tethered Escort and Rescue Tows - 3 
 Rescue Tows – Summer Conditions - 8 
 Rescue Tows – Winter 93rd Percentile - 5 
 Rescue Tows – Winter 99th Percentile - 0  (if acting alone) 
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8.0 INCIDENT RISK 
 

The risk of any incident involving tankers has been analyzed by Det Norske Veritas [8].  That 
report provides the comments in italics below regarding the use of support tugs in the tanker 
voyages.  Some elements of this discussion have been highlighted for further comment: 

 
"In the risk model, the presence of tugs affects the frequency of drift grounding incidents.  
Some may argue that the presence of tugs also reduces the frequency of powered ground-
ing, but DNV has considered only a tethered tug as having the response capability to re-
duce the powered grounding incident frequency.  In combination with VTS and pilotage, 
DNV does not allocate any additional reduction in collision frequency merely by having 
a tug present (either tethered or untethered). 

 
A tethered escort tug is immediately available to respond to a mechanical failure on the 
tanker (drift grounding hazard).  In the risk model, this modifies the rate of mechanical 
failure on the tanker.  DNV is unaware of a grounding incident which has occurred with 
a tethered tug in attendance, so a reduction factor of 100 times reduction is applied to the 
mechanical failure rate of tethered tankers.  It is assumed that the escort tug is capable 
of controlling the tanker in the event of a tanker mechanical failure. (Robert Allan Ltd. 
emphasis) Tugs are tethered to the outbound tanker in Segments 1, 2 and 5 and thus ben-
efits from it (Trans Mountain and other tankers (vessel types 1, 2 and 3)) in these seg-
ments. 

 
A tethered escort tug may also respond to prevent a powered grounding incident.  In pre-
vious work, DNV has assessed the benefit of this as a reduction by a factor of 2.  This is 
applied to the powered grounding failure frequencies for Trans Mountain and other 
tankers, vessel types 1, 2, and 3 in segments 5.  Additional risk reduction benefits are as-
signed to the tethered tugs in segments 1 and 2 due to the low tanker speed through the 
harbour and MRA, and in berth approach operations. 

 
The presence of a powerful escort tug tethered to the tanker also introduces additional 
failure modes associated with incorrect actions on the tug leading to a vessel grounding.  
DNV assumes that good coordinated command and control structures exist in the tanker-
tug combination that reduces the frequency of occurrence of such additional failure 
modes to insignificant levels. 
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Escort tugs navigate with the laden outbound tanker but are not tethered to it.  In the 
event of a tanker failure, the escort tug needs to connect a line and exert a saving force 
on the vessel.  This must be done before the tanker drifts aground so the time for the es-
cort to reach the tanker (usually short when escorting, but will be longer for tugs of op-
portunity, see below) and the time to connect the line must be compared to the time to 
drift to shore to determine if the escort tug can prevent the grounding.  So the effective 
risk reduction provided by an untethered escort would, among other factors, be depend-
ent on the proximity of the vessel from a possible grounding location in the event of a 
propulsion failure.  The escort tug must also be capable of controlling the tanker in the 
wind and wave conditions. 

 
For escort tugs, DNV assumes a tug with a bollard pull of about 40 tons and a length of 
about 40 m.  The tug is dedicated to escort duty (100% available) and navigates within 
0.5 nm of the tanker it is escorting.  In the case of Trans Mountain tankers, the actual ca-
pacity of the escort tugs used in practice are at least 50 tons or more. 

 
In addition, tugs of opportunity and emergency response tugs may be able to provide as-
sistance to a drifting tanker.  Such tugs may have limited availability (assigned to other 
duties) or limited capability in open waters (typical small harbour tugs).  Tugs of oppor-
tunity are not included in the risk model. Neither is the risk reduction from the rescue tug 
stationed in Neah Bay, although it will have an effect on the drift grounding risk in the 
Strait of Juan de Fuca. This was not included because it cannot be confirmed with any 
certainty that this facility will be available to Trans Mountain tankers for the duration 
of the Project, as well because the rescue tug is primarily provided to safeguard US 
bound traffic, including loaded tankers bound US port, there is no certainty at this time 
that even if the tug is available it will be made available to use for a Trans Mountain 
tanker requiring its assistance.  

 
Although the current probability of an actual oil spill (as opposed to any marine "incident") 
without tug escort measures in place for laden tankers in Juan de Fuca Strait has been analyzed 
in the DNV study, and estimated as a once in every 921 year event, DNV analyzed the impact on 
spill probabilities of extending the escort tug area of operation further out into Juan de Fuca 
Strait, with the following results: 

 
"… shows that the increased level of tug escort in Case 1a [i.e. a case extending tug es-
corts to include Juan de Fuca Strait] decreases the incident frequency for the Trans 
Mountain tanker traffic by 12%— 38% for the various shipping lanes (Seg. 3-7). 

 
More importantly, for the oil cargo spill accident frequency, the frequency reduction re-
sulting from the tug escort change is much more pronounced:  with reduction achieved 
between 46% (Seg. 5) and 91% (Seg. 4) for the shipping lanes (Seg. 3-7). {Note:  Seg-
ment 7 is Juan de Fuca Strait.} 

 
It is clear that the increase in tug escort would significantly reduce both frequencies, es-
pecially in Segments 3, 4, and 7." 
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The elements of the DNV report [8] which have been bold emphasized above deserve further 
comment: 

 
a. The assumption that the escort tug is capable of controlling the tanker in the event of a 

mechanical breakdown is valid for the type of study, but the precise indirect escort forces 
required of the escort tugs have not been defined.  These force requirements MUST be 
thoroughly analyzed and defined; it cannot be assumed that just because there are some 
"escort tugs" in BC waters that those specific tugs have all the capabilities required to be 
fully effective when needed. 

 
b. DNV state that the escort tugs "must also be capable of controlling the tanker in the wind 

and wave conditions".  The DNV Study used the same reference source [1] for Met Ocean 
Data as did Robert Allan Ltd. in this study, hence it is assumed that the same effects have 
been considered. 

 
c. "DNV assumes a tug with a bollard pull of about 40 tons and a length of about 40 m".  

There is no substantiation of the above assumptions regarding power and size, and a re-
view of the tug sample (Table 4.2) shows clearly that in fact there are only 5 tugs in BC 
which satisfy both these criteria, and all of those are coastal towing tugs. All of the more 
powerful escort-rated tugs are less than 30 metres in length.  It is reasonable to assume 
that DNV identified the larger size in order to ensure a reasonably safe tug in the predicted 
sea-states, however that must be confirmed by them. 

 
d. It is also noted that DNV did not assume (correctly, in our estimation) that the Neah Bay 

tug would be available to respond to an incident in Canadian waters 
 
The DNV report certainly highlights the significant benefit of a well-founded escort tug system 
as a serious and effective oil spill risk mitigation measure.  It remains however to clearly define 
the specific escort tug performance capabilities required along the entire tanker route.  At the 
present time it appears that precise capability has not been clearly defined, and more critically it 
also appears that it might be assumed that it does exist, simply by the presence of the existing tug 
fleet. 

 
  

Conclusion 10:   It is clear from the General Risk Analysis Study conducted by DNV that the 
use of tethered escort tugs is a highly effective tool by which to reduce the risk of a tanker 
grounding and an associated oil spill incident.  The precise force-generating capacity required 
for escort tugs at various stages along the route however does not appear to be clearly 
defined.  The assessment of the present tug fleet against those force requirements is a critical 
missing link in defining safe procedures for tanker escort in BC waters. 
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9.0 CONCLUSIONS 
 
 
9.1 Met-Ocean Conditions 
 

It is virtually impossible to define a capability suitable for 100% of all conditions, especially 
when the worst conditions are reasonably detectable and predictable, and a ship can delay its 
outbound voyage for a relatively short duration and avoid the more severe sea conditions at the 
outer portions of the Strait.  Therefore the following are deemed appropriate as the limiting Met-
Ocean conditions in which a rescue tug should be able to effect control over a tanker in Juan de 
Fuca Strait: 
 
 99th percentile (Neah Bay, winter) - Waves 6 m, Winds 34 knots, Current 1.5 m/s 
 93rd percentile (Neah Bay, winter) - Waves 4 m, Winds 21 knots, Current 1.3 m/s 
 99th percentile (Neah Bay, summer) - Waves 3.5 m, Winds 26 knots, Current 2.0 m/s 

 
 
9.2 Tanker Size 
 

This analysis has focussed on the forces required to control a fully laden 120,000 t DWT Afram-
ax tanker.  The tug forces defined herein therefore would be overly conservative as the minimum 
required  for a smaller or more lightly laden ship, and similarly would be insufficient to control a 
larger vessel.  To properly assess the overall capability of the BC coastal tug fleet, the matrix of 
analysis should be extended to a broader size range of tankers and through a broader spectrum of 
Met-Ocean conditions. 

 
 
9.3 Tug Performance 

 
Based on the information available and the analysis performed, the following are recom-
mended as the minimum criteria to be used for nominating a tug as suitable for either an 
escort or a rescue tug role in Juan de Fuca Strait, in support of the largest Aframax tank-
ers: 
 
 > 150 GT  -  essentially identifies an absolute minimum size of 

    tug which could handle the weather and sea state 
    conditions in the Strait.  This also ensures that the 

tug would at least fall under the scrutiny of 
Transport Canada's inspection regime on an annual 
basis and therefore meet some minimum standard 
of quality. 
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 BP =/> 70 tonnes  - the minimum (calm water) thrust which should be 
    available to enable rescue towing in winter  

(93rd winter percentile conditions).  In more severe 
conditions two tugs of this class would be required 
to effect full control over the tanker. It is important 
to understand that this power is that which is suffi-
cient to simply hold against the environmental 
forces.  Another  10 tonnes of BP would ensure 
that the tug could actually make some headway 
against those conditions 

 
 Indirect Steering Force (Fs)  

at 10 knots - the indirect steering force capability of any tug at 
10 knots should at the very least be equal to its BP 
However the assessment of the actual Fs require-
ment to prevent a tanker grounding anywhere 
along the tethered escort route is not part of this 
study and must be identified before proper conclu-
sions can be drawn 

 
 Towline Size and Strength: 

- UTS > 200 tonnes - requires the towline breaking strength to be rated at 
  approx. 3 x BP 

- Length > 610 metres - suitable for deep sea towing  
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10.0 SUMMARY 
 

The conditions at Neah Bay in the winter are the limiting case for defining Met-Ocean forces 
imposed on a ship. The following are approximate overall percentiles of conditions used in this 
analysis: 
 
 99th percentile (Neah Bay, winter) - Waves 6 m, Winds 34 knots, Current 1.5 m/s 
 93rd percentile (Neah Bay, winter) - Waves 4 m, Winds 21 knots, Current 1.3 m/s 
 99th percentile (Neah Bay, summer) - Waves 3.5 m, Winds 26 knots, Current 2.0 m/s 

 
Although there are more than 1200 tugs boats registered in BC, only about 32 of these are of a 
size which could even remotely be considered as suitable for operation in any rescue tug role. Of 
that total only a handful have the size and power necessary to be considered seriously for a res-
cue tug role in the exposed waters of Juan de Fuca Strait. 
 
Only 6 tugs in BC have been designed and equipped to operate as serious tanker escort tugs, but 
three of these are not equipped with aft towing winches, hence are not capable of rescue towing, 
leaving only three tugs capable of both tasks.  There are a total of 8 tugs in the list of BC tugs  
which could be considered capable of performing rescue tows, but the two largest tugs are most 
often engaged on longer tows and hence cannot be assured of being in the vicinity. 
 
The US fleet operating in the vicinity of North Puget Sound is in general larger and more capable 
for escort and rescue towing roles than almost any Canadian tugs.  Although the major US tugs 
believed to be based in Puget Sound have been identified, the evaluation of the escort and rescue 
capability of those tugs was not a part of the current study. 
 
Any regulatory or industry cooperative agreements which are in place with respect to US regis-
tered tugs acting in Canadian waters in an emergency response role need to be identified and 
clarified. 
 
The ITOS system cited in the West Coast Spill Response Study [5] has not existed for more than 
a decade.  Tugs operating in any specific geographic area can be readily identified through the 
AIS system, but their specific towing capabilities are not identifiable in AIS. To enable rapid 
identification of tugs with adequate capability, an extension of the AIS system must be created 
which can quickly identify the real escort and rescue towing capabilities of any tugs located in 
the vicinity of an incident.  That system is currently NOT in place and will not be for several 
years. 
 
The ability or likelihood of the Washington State Emergency Response Towing Vessel, stationed 
at Neah Bay, to respond to any incident in Canadian waters requires detailed examination and 
clarification.  
  

  



ROBERT ALLAN LTD. 
NAVAL ARCHITECTS 

Project 213-063 
Page 39. 

Rev. 3 
 

 

The actual indirect steering and braking capabilities required of an escort tug to affect a recovery 
from a steering or propulsion failure on a tanker anywhere on the intended route should be iden-
tified through a careful analysis or simulation after which the precise escort capabilities of the six 
escort-rated tugs identified in this report should be reassessed. 
 
It is clear from the General Risk Analysis Study conducted by DNV that the use of tethered es-
cort tugs is a highly effective tool by which to reduce the risk of a tanker grounding and an asso-
ciated oil spill incident.  The precise force-generating capacity required for escort tugs at various 
stages along the route however does not appear to be clearly defined.  The assessment of the pre-
sent tug fleet against those force requirements is a critical missing link in defining safe proce-
dures for tanker escort in BC waters. 
 
The following are recommended as the minimum criteria to be used for nominating a tug 
as suitable for either an escort or a rescue tug role in Juan de Fuca Strait: 
 
 
 > 150 GT  -  essentially identifies an absolute minimum size of 

    tug which could handle the weather and sea state 
    conditions in the Strait 
 

 BP =/> 70 tonnes  - the minimum thrust which should be available to 
    enable rescue towing in winter (93rd percentile 
    conditions) 
 

 Indirect Steering Force (Fs)  
> 70 tonnes at 10 knots - assumes that a tug must at least be able to generate 

an indirect steering force at 10 knots at least equal 
to its BP  

 
 Towline Size and Strength: 

- UTS > 200 tonnes - requires the towline breaking strength to be rated at 
  approx. 3 x BP 

- Length > 610 metres - suitable for deep sea towing  
 

  



ROBERT ALLAN LTD.
NAVAL ARCHITECTS

P roject 213-063
Page 40.

R ev. 3

Based on the criteria above, the list of tug candidates which can be considered capable of render-
ing assistance to an Afrarnax size tanker in Juan de Fuca Strait is as follows:

A. Escort Onlv - All Seasons:

Seaspan Kestrel
Seaspan Osprey
Seaspan Resolution

B. Rescue Onlv - Summer Onlv:

SMIT Mississippi
SMIT Clyde
SMITHumber

C. Rescue Onlv - All Seasons:

Seaspan Commodore
Seaspan Royal

D. Combined Escort and Rescue - All Seasons:

Seaspan Raven
Seaspan Eagle
SMIT Orleans

D ata sheets describing each of the above vessels are attached as Annex B.

R obert Pr Allan, P. Eng.
Executive Chairman of the Board

RGA:da
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Annex A 
 

Data Sheet – Neah Bay Tug 
  



 
Photo by: Unknown 

Vessel Name: JEFFREY FOSS 
USCG Doc. No.: 526844 
Vessel Service: TOWING VESSEL 
IMO Number: 7029536 
Trade Indicator: Coastwise Unrestricted, 
Registry 
Call Sign: WY9383 
Hull Material: STEEL 
Hull Number: 165 
Ship Builder: MCDERMOTT SHIPYARD 
Year Built: 1970 
Length: 112.2 
Hailing Port: SEATTLE, WA. 

Hull Depth: 13.5 
Hull Breadth: 31 
Gross Tonnage: 177 
Net Tonnage: 120 
Owner: 
FOSS MARITIME COMPANY  
1151 FAIRVIEW AVENUE NORTH  
SEATTLE, WA 98109 
Previous Vessel Owners: 
FOSS MARITIME COMPANY 

 
Photo by: Clark Crawford 

JEFFREY FOSS 
Built in 1970, by McDermott Shipyard of Morgan City, 
Louisiana (hull #165) as the Jeffery Foss for Foss Maritime 
of Seattle, Washington.  
 
She was chartered by Department of Ecology for commercial 
tug services, including rescue standby and operational drills, 
at the western end of the Strait of Juan de Fuca and along 
Washington's outer coast. The tug had been specifically 
outfitted and the crew specially trained to support its 
mission as a dedicated rescue tug.  
 
Powered by two EMD diesel engines, for a rated 4,300 
horsepower. The tug has a fuel capacity of over 100,000 
gallons. 

 

 
Back to FOSS MARINE HOLDINGS 

Copyright 2013 TugboatInformation.com 
Website developed by: The TBI Group 

Programmed by: Craig Verrastro 
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Annex B 
 

Datasheets for Nominated  
Escort and Rescue Capable Tugs in BC 
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Annex B-1 
 

Escort Only Tugs – All Seasons 
  



SEASPAN KESTREL

604.988.3111       www.seaspan.com

GENERAL
Owner  Seaspan ULC
Designer Robert Allan Ltd.
Built 2011
Certification

Classification ABS +1, Towing & Escort Vessel
Fi-Fi 1, +AMS, +ABCU
Unrestricted service

Official No.

DIMENSIONS
Length overall 28.20 m / 92.52’
Breadth 12.60 m / 41.34’
Draft 5.39 m / 17.68’
GRT 441 tonnes

ENGINES, PROPULSION & PERFORMANCE
Main engine 2 x Caterpillar 3516C
Total power 4,698 kw / 6,300 BHP @ 1,600 RPM
Propulsion Z-Peller
Bollard pull 81 t / 179,000 lbs
Propellers 4 Blade CP, 240 cm / 94.5” dia.

DECK EQUIPMENT
Hawser winch Rolls-Royce TW 2000/500 AW 24 U2 H
Deck crane Palfinger knuckle boom crane

of 1,040 kg pull at 10.3 outreach
Tow line length 152 m / 500’

TANK ARRANGEMENT
Fuel capacity 119,300 L / 26,246 Imp. gallons
Fresh water capacity 12,900 L / 2,838 Imp. gallons



SEASPAN OSPREY

604.988.3111       www.seaspan.com

GENERAL
Owner  Seaspan ULC
Designer Robert Allan Ltd.
Built 2011
Certification

Classification ABS +1, Towing & Escort Vessel
Fi-Fi 1, +AMS, +ABCU
Unrestricted service

Official No. 836296

DIMENSIONS
Length overall 28.20 m / 92.52’
Breadth 12.60 m / 41.34’
Draft 5.39 m / 17.68’
GRT 441 tonnes

ENGINES, PROPULSION & PERFORMANCE
Main engine 2 x Caterpillar 3516C
Total power 4,698 kw / 6,300 BHP @ 1,600 RPM
Propulsion Z-Peller
Bollard pull 81 t / 179,000 lbs
Propellers 4 Blade CP, 240 cm / 94.5” dia.

DECK EQUIPMENT
Hawser winch Rolls-Royce TW 2000/500 AW 24 U2 H
Deck crane Palfinger knuckle boom crane

of 1,040 kg pull at 10.3 outreach
Tow line length 152 m / 500’

TANK ARRANGEMENT
Fuel capacity 119,300 L / 26,246 Imp. gallons
Fresh water capacity 12,900 L / 2,838 Imp. gallons



SEASPAN RESOLUTION

604.988.3111       www.seaspan.com

GENERAL
Owner  Seaspan ULC
Designer Robert Allan Ltd.
Built 2008
Certification Transport Canada

NC2, Limited HT3
Classification Lloyd’s Register 

+100 A1 Tug
Official No. 833674

DIMENSIONS
Length overall 30 m / 98’
Breadth 12.19 m / 40’
Draft 5.38 m / 18’
GRT 469 tonnes

ENGINES, PROPULSION & PERFORMANCE
Main engine 2 x EMD L12710G7C-T2
Total power 4,476 kw / 6,000 BHP @  900 RPM
Propulsion Twin screw, Z-Peller
Bollard pull 82 t / 180,000 lbs
Propellers 270 cm /  106.30” dia.

DECK EQUIPMENT
Hawser winch Burrard Iron Works electric
Tow line length 548.6 m / 1,800’

TANK ARRANGEMENT
Fuel capacity 110,000 L / 24,200 Imp. gallons
Fresh water capacity 16,000 L / 3,520 Imp. gallons
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Rescue Only Tugs – Summer Only 
  



 

 

HARBOUR TOWAGE HARBOUR TOWAGE HARBOUR TOWAGE HARBOUR TOWAGE     

SMIT Marine Canada Inc. 

2285 Commissioner Street 
Vancouver, B.C.  
V5L 1A8 
Canada 

 

Phone +1 604 253 8881 
Fax +1 604 255 9322 

company.vancouver@smit.com 
www.smit.com 

 

SMIT MISSISSIPPISMIT MISSISSIPPISMIT MISSISSIPPISMIT MISSISSIPPI    
Azimuth Stern Drive (ASD) 

65 tonnes bollard pull harbour/coastal tug 

All details are believed to be correct but are not guaranteed. 

 General Dimensions

IMO Number 9187241 Length overall 93.7 FT 28.56 m

Transport Canada Number 832964 Breadth over all 34.8 FT 10.61 m

Year Built 1999 Draft 16.4 FT 5.00 m

Port of Registry Vancouver, B.C. Gross Tonnage 354 mT

Certification C.S.I. Lloyds Displacement 688.128 LT 681.00 mT

Engines and propulsion Performance

Main engines 2-6L26 Wartsilla Bollard pull ahead 147,000 LBS 65 mT

Power (hp) 4,908 Bollard pull astern 63 mT

Power (kW) 3,660 Speed ahead 14 Kn

Reduction Gear Twin Disc MCD 3000 Slip Clutch Speed astern 12.4 Kn

Reduction Ratio Aquamaster 4.424:1

Propeller Aquamaster 5 Blade 2600mm

Nozzle Tanks

Generators 2 x Cat 3304DI-T 115KVA Fuel Oil 22,457 Gal. 102.09 m
3

Deck equipment

Towing winch Fore Ridderinkhof 150T            25T Line pull

Aft Ridderinkhof 150T            30T Line pull





General

Lloyd's Register * 100 41 Tug

Delivery date
IMO Number

Dimensions
Length over all

Beam over all

Maximum draught
GRT

Machinery/Propu lsion
Main engines
Total power
Propulsion

Performance
Bollard pull (ahead)

Bollard pull (astern)

Speed ahead (maximum)

Speed (economic)

Tank Capacity
Fuel oil
Potable water
Foam

+ LMC UMS

April 2000
9190406

30.60 m

10.60 m

5.10 m !:^ ':,
353

2 x Wartsila 6126
3,660 kw

2 x controllable pitch ASD propeller

Accommodation
Accommodation, air-conditioned, for

Deck equipment - fore
Fore winch

8 persons

Hydraulic
Double drum - i 50 T. brake load

Line pull 30 T. @ 12 m/min. on 'l st layer

Mampaey,65 ton SWL

Hydraulic
Single drum - 150 T. brake load

Line pull 30 T. @ 12 m/min. on '1 st layer

Kelvin Hughes Observator
Alphatron Alphanav

Sailor RT 2048

JRC JMA 53 1 O

Raytheon NAV 398

Deck equipment - aft
Towing hook
Aft winch

657
607
1 3 knots
9 knots

Navigation and communication equipment
Magnetic compass
Echo sounder
VHF

Radar

GPS

Other equipment
Capacity fire-fig hting monitors
Waterspray tr

136 m3

40 mj
13 m3
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Rescue Only Tugs – All Seasons 
  



SEASPAN COMMODORE

604.988.3111       www.seaspan.com

GENERAL
Owner  Seaspan ULC
Designer Cove Dixon & Company
Built 1974
Certification Transport Canada

NC1, Unlimited Voyages
Classification Lloyd’s Register 

+100 A1, Tug +LMC
Official No. 369068

DIMENSIONS
Length overall 43.3 m / 142’
Breadth 10.9 m / 35’-8”
Draft 6.19 m / 20.3’
GRT 667 tonnes

ENGINES, PROPULSION & PERFORMANCE
Main engine 2 x EMD 645
Total power 4,290 kw / 5,750 BHP @ 900 RPM
Propulsion Twin screw, Kort nozzles
Bollard pull 82 t / 180,000 lbs
Propellers 4 Blades, 2 x 305 cm / 120”

DECK EQUIPMENT
Towing winch Burrard double drum type HK-D
Tow pins & roller assembly 6 x 12” (30.48cm) dia pins

with hold down blocks 
Tow line length 4,200’ pt / 3,800’ stbd

1,280.16m pt / 1,158.24m stbd

TANK ARRANGEMENT
Fuel capacity 500,060 L / 110,000 Imp. gallons
Fresh water capacity 38,641 L / 8,500 Imp. gallons
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GENERAL
Owner  Seaspan ULC
Designer Talbot, Jackson & Assoc.
Built 1981
Certification Transport Canada

NC1, Unlimited Voyages
Classification ABS 

A1, Towing Service, E, +AMS
Official No. 801519
I.M.O. 8020018

DIMENSIONS
Length overall 40.62 m / 133.26’
Breadth 11.89 m / 39’ 
Draft 4.54 m / 14.89’
GRT 975 tonnes

ENGINES, PROPULSION & PERFORMANCE
Main engine 2 x GM EMD 645
Total power 4,623 kw / 6200 BHP @ 900 RPM
Propulsion Twin screw
Bollard pull 93 t / 204,000 lbs
Propellers 4 Blade , 120” fixed pitch

DECK EQUIPMENT
Towing winch Burrard double drum type HK-D
Tow pins 5 x 12” (30.48 cm) tow pins 
Tow line length 3,000’ pt / 3,800’ stbd

914.40m pt / 1,158.24m stbd

TANK ARRANGEMENT
Fuel capacity 644,050 L /  141,674 Imp. gallons
Fresh water capacity 34,449 L / 7,579 Imp. gallons

Photo to come



ROBERT ALLAN LTD. 
NAVAL ARCHITECTS 
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SEASPAN RAVEN
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GENERAL
Owner  Seaspan ULC
Designer Robert Allan Ltd.
Built 2009
Certification Transport Canada

NC2, Limited HT3
Classification ABS +1, Towing & Escort Vessel

Fi-Fi 1, +AMS, +ABCU
Unrestricted service

Official No. 835230

DIMENSIONS
Length overall 28.20 m / 92.52’
Breadth 12.60 m / 41.34’
Draft 5.39 m / 17.68’
GRT 441 tonnes

ENGINES, PROPULSION & PERFORMANCE
Main engine 2 x Caterpillar 3516B
Total power 3,728 kw / 5,000 BHP @ 1,600 RPM
Propulsion Z-Peller
Bollard pull 71 t / 157,000 lbs
Propellers 4 Blade CP, 240 cm / 94.5” dia.

DECK EQUIPMENT
Hawser winch Rolls-Royce TW 2000/500 AW 24 U2 H
Aft towing winch Rolls-Royce single drum
Deck crane Palfinger knuckle boom crane

of 1,040 kg pull at 10.3 outreach
Tow line length 152 m / 500’

TANK ARRANGEMENT
Fuel capacity 119,300 L / 26,246 Imp. gallons
Fresh water capacity 12,900 L / 2,838 Imp. gallons



SEASPAN EAGLE

604.988.3111       www.seaspan.com

GENERAL
Owner  Seaspan ULC
Designer Robert Allan Ltd.
Built 2011
Certification

Classification ABS +1, Towing & Escort Vessel
Fi-Fi 1, +AMS, +ABCU
Unrestricted service

Official No. 835966

DIMENSIONS
Length overall 28.20 m / 92.52’
Breadth 12.60 m / 41.34’
Draft 5.39 m / 17.68’
GRT 441 tonnes

ENGINES, PROPULSION & PERFORMANCE
Main engine 2 x Caterpillar 3516B
Total power 3,728 kw / 5,000 BHP @ 1,600 RPM
Propulsion Z-Peller
Bollard pull 71 t / 157,000 lbs
Propellers 4 Blade CP, 240 cm / 94.5” dia.

DECK EQUIPMENT
Hawser winch Rolls-Royce TW 2000/500 AW 24 U2 H
Aft towing winch Rolls-Royce single drum
Deck crane Palfinger knuckle boom crane

of 1,040 kg pull at 10.3 outreach
Tow line length 152 m / 500’

TANK ARRANGEMENT
Fuel capacity 119,300 L / 26,246 Imp. gallons
Fresh water capacity 12,900 L / 2,838 Imp. gallons
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SMIT Marine Canada Inc. 

P.O. Box 65 
Prince Rupert, B.C.  
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Canada 

 

Phone +1 250 627 1331 
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info.canada@smit.com 
www.smit.com 

 

SMIT SMIT SMIT SMIT ORLEANSORLEANSORLEANSORLEANS    
Azimuth Stern Drive (ASD) 

85 tonnes bollard pull harbour/coastal tug 

All details are believed to be correct but are not guaranteed. 

 General Dimensions

IMO Number 9424998 Length overall 103 FT 31.39 m

Transport Canada Number 832019 Breadth over all 40 FT 12.19 m

Year Built 2007 Draft 16.4 FT 4.97 m

Port of Registry Prince Rupert, B.C. Gross Tonnage 402 mT

Certification C.S.I. Displacement LT 720.00 mT

Engines and propulsion Performance

Main engines 2 x Caterpillar 3516C Bollard pull ahead 200,000 LBS 85 mT

Power (hp)  Brake 6,772 Bollard pull astern 182,000 81 mT

Power (kW) 4,476 Speed ahead 14 Kn

Reduction Gear 2 x Hitachi Nico duel modulation slip Speed astern 13 Kn

Reduction Gear no. RGCP180KY

Propeller (Ice Strength)  Nigata 2700mmx2400mm nickle bronze Tanks

Nozzle Nigata ZP41 Z drives Fuel Oil 70,899 Gal. 322.31 m
3

Generators 2 x Caterpillar C9 250kw

1 x Caterpillar C2 27kw FiFi Fishcon NV off ship fire syst.

40,000 liters per minute

Deck equipment Smith Berger tow pins 5,481 litres foam capacity

Towing winch Fore Markey render recover DEPCF-52

Aft JonRie ser. 525 - 2600 feet 2.25" steel



 

 

A STUDY OF FATE AND 

BEHAVIOR OF DILUTED 

BITUMEN OILS ON 

MARINE WATERS 
Dilbit Experiments   –    Gainford, Alberta 

Witt O’Brien’s, Polaris Applied Sciences, and                                       
Western Canada Marine Response Corporation 

 

Abstract 
This document is a final report for a series of physical and chemical tests that were conducted on 
the fate and behavior of diluted bitumen oils at a test facility in Gainford, Alberta. Additionally, as 
part of this study, a series of tests were conducted to determine the efficiency of various types of 
oil spill response equipment under similar conditions. 
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About Witt O’Brien’s 
Witt O'Brien's is a global leader in preparedness, crisis management, and disaster response and 

recovery with the depth of experience and capability to provide services across the crisis and 

disaster life cycle. Witt O'Brien's is uniquely positioned to bring together policy architects and 

technical experts in public safety with leaders from all levels of government and private sector 

partners to forge solutions to emergency management challenges.  

Witt O’Brien’s brings a new approach to the crisis and disaster industry by combining extensive 

real world experience with innovative planning, training, exercise, and technology solutions. 
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Polaris Applied Sciences has been involved with oil spill response and related research for more 
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Western Canada Marine Response Corporation’s customer base (2,000+ members) includes oil 

handling facilities, barging companies, freighters visiting our ports, ferries, cruise ships, US-bound 
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industry facilities, fish camps, and float plane companies. 

 

  



 

Fate and Behavior Study Final Report ii 11/22/13 

Disclaimer 
This report prepared by Witt O’Brien’s is provided solely for the use and benefit of the requesting 

party, the Trans Mountain Pipeline ULC (TMPL). Any warranties, expressed and/or implied, are 

specifically waived. Any statements, allegations, and recommendations in this report should not be 

construed as a governing policy or decision, unless so designated by other documentation. The 

report is based on the most accurate data available to Witt O’Brien’s at the time the report was 

delivered and is subject to change without notice. 
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Acronyms and Abbreviations 

Acronym Meaning 

a.k.a. also known as 

ANS Alaska North Slope (crude) 

API American Petroleum Institute (standards, protocols) 

ASTM American Society for Testing and Materials (standards) 

AWB Access Western Blend 

bbl/hr barrels per hour (recovery rate) 

BTEX benzene, toluene, ethylbenzene, xylene 
oC degrees Celsius 

C1-C7 HC molecules containing between 1 to 7 carbons 

C1-C29 HC molecules containing between 1 to 29 carbons 

CLB Cold Lake Blend 

CLWB Cold Lake Winter Blend 

cm centimeters 

cSt centistokes 

D day(s) 

dilbit diluted bitumen 

dyn/cm dyne per centimeter 

EBRD European Bank for Reconstruction and Development 

EPA US Environmental Protection Agency (& their test protocols) 
oF degrees Fahrenheit 

FAQs Frequently Asked Questions 

FERC Federal Energy Regulatory Commission 

g grams 

GC/MS gas chromatography / mass spectrometry (combo test) 

HC hydrocarbon(s) 

hr(s) hour(s) 

I.D. identification (number) 

IMF International Monetary Fund 

IMO International Maritime Organization 

in inches 

ISB in-situ burning 

kg/m3 kilogram per meter cubed 

KMC Kinder Morgan Canada, Inc. 

L liters 

LEL lower explosive limit 

m meters 

m3/hr meters cubed per hour (recovery rate) 

mL milliliter 

mm millimeters 

MPa megapascal 

mph miles per hour 

m/s meters per second 

n/a not applicable 

NRDA natural resource damage assessment 

OSR oil spill response 

PAH poly aromatic hydrocarbon 

ppm parts per million 
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Acronym Meaning 
ppt parts per thousand 

psi pounds per square inch 

SCAT Shoreline Cleanup Assessment Technique  

SOCSEX subsurface oil in coarse sediments experiment(s) 

SOP standard operating procedure 

SVOCs semi-volatile organic compounds 

synbit synthetic (crude) bitumen  

syncrude synthetic crude oil 

TMPL Trans Mountain Pipeline ULC 

TMX Trans Mountain Pipeline Expansion Project 

tPAH total poly aromatic hydrocarbons  

TPH total petroleum hydrocarbons 

µg/L micrograms per liter 

USG US gallons (versus gallons – UK) 

UV ultraviolet (light/radiation) 

WEC World Energy Council 

WCMRC Western Canada Marine Response Corporation 
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1 Executive Summary 
In June 2012, Trans Mountain Pipeline ULC (TMPL) asked O’Brien’s Response Management (now 

Witt O’Brien’s) to organize a study on diluted bitumen (dilbit) products that are being transported 

out of the oil fields of Northern Alberta to support a pending application for their system expansion 

(Trans Mountain Pipeline Expansion Project: TMX). The purpose of the requested study was to 

further the knowledge of dilbit in general and, more specifically, to investigate the behavior of dilbit 

when spilled into a marine environment. Some of the basic questions to be answered were: 

Will diluted bitumens sink or float in marine waters? 

Will diluted bitumens behave any differently than other heavy crude oils as they weather? 

Is the performance of the equipment currently stockpiled by North American oil spill recovery 

organizations adequate to mechanically remove diluted bitumens off the surface of the water? 

The study’s multi-disciplinary Project Team consisted of Witt O’Brien’s (acting in a management 

role); Polaris Applied Sciences (undertaking the project science); and Western Canada Marine 

Response Corporation (supporting the equipment test). This team was tasked with designing and 

executing a controlled test to evaluate the fate and behavior of dilbit discharged into a simulated 

marine environment similar to that of Burrard Inlet (Vancouver, BC, Canada) where the Westridge 

Terminal is located.   

The resulting study consisted of the following steps: 

1. Literature Review; 

2. Gap Analysis and Research Plan Development; 

3. Execution of Test and Experiments to Support the Research; 

4. Final Reporting 

The literature review was conducted in the fall of 2012. World-wide, dilbit have occupied a small 

share of the commercial energy market with few instances of their involvement in significant spill 

events. As a result, limited empirical observations have been recorded about how these products 

reacted when spilled into the environment. The literature review was forced to rely largely on 

available information on other heavy crude oils. 

Following the literature review, data gaps were identified and a research plan was developed. 

Research was conducted from May 13 through May 26 in Gainford, Alberta, and consisted of three 

main focus areas: 

 Scientific sampling of oil and its impact on water quality as the dilbit oils weathered under 

varied physical conditions; 

 The testing of mechanical equipment to recover these products weathering on the surface 

of the water over a 10-day period; 

 Testing the efficacy of non-mechanical countermeasures, such as in-situ burning, chemical 

dispersants, and shoreline cleaning agents. 



 

Fate and Behavior Study Final Report 2 11/22/13 

To execute the scientific portion of the study, the team employed a series of dedicated tanks where 

they could observe the 10 day behavior of two types of dilbit on brackish water: Cold Lake Blend 

(CLB) and Access Western Blend (AWB). Wind and wave generating devices were used to simulate 

environmental conditions for the study. Neither of the two weathered dilbits sank under the 

conditions tested. In the end, the behavior of both products proved to be no different than what 

might be expected of so-called conventional heavy crude oils when exposed to similar conditions. 

For the equipment portion of the study, the operational team employed only CLB dilbit carefully 

discharged into a series of large rectangular tanks. The tanks were staged outdoors where they 

would be subject to ambient atmospheric conditions. Each recovery device was uniformly tested 

and analyzed for both its ability to recover spilled oil and the efficiency with which that task was 

accomplished. All skimming devices were able to recover the spilled dilbits at all stages of the 10-

day weathering cycle. 

Three non-mechanical countermeasures were investigated for their ability to mitigate spilled CLB 

dilbit under specific conditions. In-situ burning was found to be effective on oil that had only 

weathered for 24 hours or less. Chemical dispersants were marginally effective for up to a 6 hour 

weathering window. Corexit 9580, a shoreline cleaning agent, proved effective up to a 4 day 

weathering cycle.  
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2 Introduction 
Although several detailed studies have been completed that characterize the fate and behavior of 

heavy crude oils made from Alberta oil sands, most are laboratory and bench-scale tests. Kinder 

Morgan Canada, Inc. (KMC) undertook an initiative to expand upon this knowledge through larger, 

meso-scale tests of diluted Alberta oil sands bitumen (dilbit) crude oil. Larger tank tests allow for 

simulated wave and current conditions that may be more typical of the marine setting of Burrard 

Inlet, the export point for dilbit from the Trans Mountain Pipeline (TMPL) (Figures 2-1 and 2-2). 

 

Figure 2-1: Overview of the Oil Export Area 

Burrard Inlet 
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Figure 2-2: Detailed View of the Oil Export Area near Vancouver 

2.1 Background 
The crude bitumen contained in the Canadian oil sands can be described as a naturally occurring 

petroleum that exists in the semi-solid or solid phase in natural deposits. The extracted bitumen is 

extremely viscous, and it will not flow unless heated or diluted with lighter hydrocarbons (HC). At 

room temperature, it is much like cold molasses. The World Energy Council (WEC) defines natural 

bitumen as “oil having a viscosity greater than 10,000 centipoise under reservoir conditions and an 

American Petroleum Institute (API) gravity of less than 10° API.” In order to transport it through 

pipelines, a diluent is added to the bitumen. The diluent used could be lighter crude oils, synthetic 

crude oils, or natural gas condensates. Diluted bitumen (diluted with naphtha to make it flow in 

pipelines) is known as dilbit in the Canadian petroleum industry, while bitumen upgraded to 

synthetic crude oil is known as syncrude, and syncrude blended with bitumen as synbit. Blending 

produces a homogeneous product that has considerably lower density and viscosity with good 

Westridge 

Terminal 
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pumping and flow properties. The product has to meet quality specifications that are posted with 

the National Energy Board in Canada and the Federal Energy Regulatory Commission (FERC) in the 

US.  

The oil properties and behavior of dilbit are of interest to spill modelers, transportation and 

handling operators, environmental scientists, and spill responders as proposed pipeline expansion 

programs are underway for delivery of diluted Alberta oil sands crude oils to export destinations. 

Although dilbits have been transported via pipeline for the past 30 years and their general 

properties are akin to other heavy oils, the specific characteristics and behaviors of these oils as 

they weather have been the subject of a limited number of published studies. As a precursor to this 

study, the Project Team undertook a literature search and review that focused on the behavior of, 

and response to, spilled dilbits. Although there are numerous reports and studies that have been 

conducted on heavy oils (crudes and refined), the literature review resulted in only six reported 

studies focused specifically on dilbits in available on-line searches. Two documented spills of dilbit 

into an aquatic setting are the 2010 Marshall Spill (Kalamazoo, MI) from the Enbridge Pipeline 

(NTSB 2012; see also Enbridge Line 6B Response) and the 2007 Burnaby Spill (Burrard Inlet) from 

an excavator puncture of the TMPL. The Marshall Spill involved both Cold Lake and MacKay River 

dilbits on land and into a freshwater setting whereas the Burrard Inlet incident was an Albian 

Heavy blend that reached the estuarine waters and shoreline near the TMPL Westridge Terminal 

(Stantec, 2012; also see TMPL Westridge 2007 Spill). 

Tests conducted by Brown et al. (1992) documented the evaporative loss of CLB from four types of 

shoreline material, ranging from approximately 1 percent to 9 percent of 24 hour weathered oil. 

SLRoss (2010) evaluated the physical properties of two dilbit products to generate the necessary 

parameters for marine oil spill modeling. The products tested were MacKay River Heavy Bitumen 

diluted with synthetic crude (Suncor Synthetic Light) and CLB bitumen diluted with condensate. 

The 2010 report notes that test oils were placed in a wind tunnel to generate evaporated oil 

products under controlled conditions and measure the changes in physical properties. The tests 

showed that all oils, with the exception of the MacKay River blend, had densities less than one when 

evaporated. The MacKay River blend densities remained lighter than standard seawater throughout 

the evaporation tests. Subsequently, SLRoss (2011) undertook a series of meso-scale tests using a 

circulating loop (flume) to assess the behavior of CLB dilbit under more natural weathering 

conditions in freshwater where, once again, weathered dilbit continued to float on the freshwater 

surface in the flume during the full 13 days of testing.  

Two workshops specifically focused on dilbits and the current state of knowledge, including 

implications for spill response, have been held in Canada (Halifax 2011 and Devon 2012). 

Recommendations made during both workshops included the continued need to expand knowledge 

of dilbit characterization, behavior when spilled into a number of distinct receiving environments, 

and spill countermeasures. 
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2.2 Study Objectives 
The overall study goal was to better understand and assess oil behavior, weathering, and oil spill 

response (OSR) countermeasures for spilled dilbit crude in a controlled simulated condition similar 

to the potential receiving environment of Burrard Inlet (Figure 2-1 and Figure 2-2). The objectives 

of the applied research were multifaceted. One objective was to better understand and characterize 

the changes in physical and chemical properties of dilbit in an estuarine simulated condition over a 

10-day period. Another objective of the meso-scale trials was to determine efficiency and 

effectiveness of dispersant, in-situ burning, and shoreline cleaning agents as potential 

countermeasures for various stages of weathered oil. The third part of the study was to test various 

types of oil spill response equipment under similar weathering conditions and to assess their 

efficiencies over time. Air sampling and monitoring also was included with the objective of 

providing measured emission rates that could be used to ground-truth numerical estimates 

modeled for accidental release/hazard assessment (reported separately).   

2.3 Burrard Inlet Setting 
A brief summary of the range of conditions found in Burrard Inlet is provided in consideration of 

variables for meso-scale tests, based largely on Thompson (1991). 

2.3.1 Oceanography 

Most of Burrard Inlet is characterized by an upper surface layer of brackish water subject to 

runoff and river inputs, predominantly the Fraser River for the outer harbor and the Indian, 

Seymour, and Capilano rivers for the inner harbor. The surface water layer temperatures 

are dependent on local weather conditions and precipitation, generally ranging from a 

mean near 7 ˚Celsius (˚C) in February to approximately 17 ˚C in July. On average, salinities 

decrease from approximately 20-25 ppt (parts per thousand) at First Narrows to 

approximately 15 ppt near the south end of Indian Arm.  

2.3.2 Weather 

Winds typically are east-west, controlled by local topography, with monthly mean wind 

speeds ranging from 2.5 meters per second (m/s) to 3 m/s for Vancouver Harbor. Average 

high and low temperatures (Coal Harbor) range from 7 ˚C and 1 ˚C (December) to 23 ˚C and 

14 ˚C (July-August) (World Weather Online). 

2.3.3 Shoreline Types 

Burrard Inlet has a large range of shoreline types. Primary natural shorelines include mud 

flats, mixed sediment, cobble beaches, boulder beaches, and bedrock. Much of the shoreline 

is man-made rip-rap. Fine mud occurs in deposition areas such as Port Moody Arm, with 

coarse cobble and pebble at First and Second Narrows, and on river deltas such as the 

mouth of the Capilano River (Vancouver Harbor Shoreline Atlas).  

2.3.4 Oil Types 

A Cold Lake Winter Blend (CLWB) dilbit was selected to provide a “standard” dilbit, with the 

winter blend representing more diluent initially. The slightly higher diluent is expected to 

result in higher hydrocarbon flux to atmosphere and to the water column (dissolution of 

acutely toxic low molecular weight hydrocarbons). The summer blend has fewer lighter end 
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hydrocarbons and hence a slightly higher initial density than CLWB. More research has 

been completed with CLB dilbit than other blends; thus, it was expected that results from 

these tests would provide a basis for comparison with a broader range of prior research.  

Winter specification Access Western Blend (AWB) was the second oil tested for physical 

and chemical properties under similar weathering scenarios as the tests on CLWB. AWB is a 

dilbit from the Athabasca region south of Fort McMurray, Alberta. 

Oil sands bitumens are blended with diluents to meet pipeline export specifications. These 

blends meet specific oil export tariffs and must fall within a defined range of density (not to 

exceed 940 kg/m3 and viscosity (not to exceed 350 centistokes (cSt)) at reference 

temperatures (see range of oil properties for AWB and Cold Lake dilbits in Appendix A, from 

CrudeMonitor). The blend is a single-phase liquid with its own unique properties. Dilbit is 

not a bitumen in suspension, in emulsion, or a two-phase liquid. 
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3 Methodology 

3.1 Tanks / Facility Description 
The CLWB and AWB studies were conducted from May 13 through May 26, 2013 at the TMPL pump 

station in Gainford, Alberta (Figure 3-1). The Gainford site was divided into several distinct 

research areas:  

 Scientific study for CLWB, located outside the shed (Figure 3-1 and Figure 3-2);  

 Scientific study for AWB, located inside the facility’s shed;  

 Equipment testing for CLWB, located outside and adjacent to the shed (Figure 3-1 and 

Figure 3-2); and  

 In-situ burning test site located in a close but safe distance from the rest of the research 

areas. 

The scientific study tanks were filled with water at a prepared salinity, using SolarSalt, of 20 ppt. 

Water temperature, pH, and salinity were monitored twice daily in all of the science tanks.  

Figure 3-1: Gainford, Alberta (site of study) 

3.2 CLWB and AWB Research Tanks 
The scientific study area for AWB was located inside an open shed while the CLWB dilbit study area 

was located outside the shed (Figure 3-2). During the first two days of weathering, all CLWB tanks 

were directly exposed to wind (carrying visible amounts of dust) and direct sunlight. The night of 

May 17 (after approximately 48 hours of weathering without cover), these tanks were covered with 

a tent (Figure 3-3) in preparation for forecasted windy and rainy weather. 

Two types of air monitoring were carried out, for occupational safety purposes, during field testing 

operations: 

1.  At least one worker wore a four-gas detector in all potentially vaporous areas. Air 

monitoring for benzene, lower explosive limit (LEL), oxygen, and carbon monoxide was 

done throughout the test period. These gas detectors were calibrated before the field tests 

and were bump tested daily.   
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2.  A field safety person carried out benzene levels monitoring whenever testing activities 

warranted it. For example, benzene levels were monitored during the oil pours, during 

skimming and pumping activities in the equipment testing area, and during sample 

collections in the science shed. When levels rose above 0.05 ppm, all personnel in that area 

donned half-face respirators. Note: All those personnel were fit-tested before being allowed to 

wear respirators.  

Benzene levels were within tolerances for half-face (cartridge) respirators and were required for all 

personnel working with oil inside the shed or working directly with the oil in tanks. The only alarm 

that activated was when a worker stepped immediately downwind of the exhaust from a skimmer 

power pack. 

Tanks S1 through S3 were used for AWB weathering. The CLWB weathering was conducted in an 

industrial tank, shown on the left picture in Figure 3-2, divided into three rectangular areas: S9A, 

S9B, and S9C. Tanks S9A and S9C were rectangular surface tanks (2.97 m2) inside S9B (18.58 m2). 

Tank S4, measuring 1 m by 1 m, was located outside, uncovered, and was used to weather CLWB for 

countermeasures testing. Table 3-1 summarizes the dimensions of these tanks and includes the 

volume of spilled oil and estimated initial oil thickness. 

Tank 
I.D. 

Tank dimensions 
(shape) 

Water 
depth 

Type of 
Dilbit 

Oil spill quantity 
(Liters) 

Initial Oil 
Thickness 

(mm) 

Imposed 
weathering 
conditions 

S1 2.38 m2 x 2.13 m 
(Cylinder) 

1.9 m AWB 25 10.68 Static 

S2 2.35 m2 x 2.13 m 
(Cylinder) 

1.9 m AWB 25 10.80 Mild 

S3 2.38 m2 x 2.13 m 
(Cylinder) 

1.9 m AWB 25 10.68 Moderate 

S4 1.49 m2 x 1.22 m 
(Cube) 

1 m CLWB 20 13.46 Mild 
(outside) 

S9A 2.97 m2 x 1.4 m 
(Rectangular) 

1.2 m CLWB 30 10.09 Moderate 

S9B 55.02 m2 x 1.4 m 
(Rectangular) 

1.2 m CLWB 148 11.71 Static 

S9C 2.97 m2 x 1.4 m 
(Rectangular) 

1.2 m CLWB 30 10.09 Mild 

Table 3-1: Tanks and oil characteristics 
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Figure 3-2: Tanks S9A, S9B, and S9C (left) and AWB tanks S1, S2, and S3 (right) 

 

 

Figure 3-3: Tanks S9A, S9B, and S9C covered with tent 

  



 

Fate and Behavior Study Final Report 11 11/22/13 

Each type of oil (CLWB and AWB) was exposed to three similar types of weathering conditions. 

Table 3-2 and Figures 3-4, 3-5, and 3-6 summarize the agitation conditions imposed on each tank: 

 Static Conditions: No agitation induced. Wind exposure was minimized as far as was 

practical. 

 Mild Agitation: Low imposed wind and wave conditions; induced by simple mechanical 

means through intrinsically safe fans and a paddle mechanism.     

 Moderate Agitation: Greater induced wind and wave agitation. 

 

Tank 
# 

Dilbit 
Type 

Agitation Average T 
(Max and 

Min) 

Average Salinity  
(Max and Min) 

 

Average pH 
(Max and Min) 

S1 AWB Static – no agitation 15.9 
(19 – 14) 

20.6 
(22 – 20) 

7.5 
(8.0 – 7.0) 

S2 AWB Mild – avg. wavelets height approx. 2 
cm – 4 cm; avg. wind 5 mph (2.23 
m/s) 

14.3 
(16 – 13) 

21 
(22 – 20) 

7.5 
(8.0 – 7.0) 

S3 AWB Moderate – avg. wavelets height 
approx. 5 cm – 7 cm; avg. wind 10 
mph (4.5 m/s) 

11.7 
(16 – 10) 

21.6 
(23 – 20) 

7.7 
(9.0 – 7.0) 

S4 CLWB Mild – avg. wavelets height approx. 2 
cm – 4 cm; avg. wind 5 mph (2.2 m/s) 

16.1 
(19 – 13) 

22.5 
(24 – 20) 

7.6 
(9.0 – 7.0) 

S9A CLWB Moderate – avg. wavelets height 
approx. 5 cm – 7 cm; avg. wind 10 
mph (4.5 m/s) 

15.2 
(23 – 9.3) 

22.3 
(24 – 20) 

7.6 
(8.5 – 7.0) 

S9B CLWB Static – no agitation 14.9 
(22 – 9) 

21.2 
(22 – 20) 

7.5 
(8.0 – 7.0) 

S9C CLWB Mild – avg. wavelets height approx. 2 
cm – 4 cm; avg. wind 5 mph (2.2 m/s) 

15.1 
(22 – 9.6) 

21.7 
(23 – 20) 

7.5 
(8.0 – 7.0) 

Table 3-2: Summary of water conditions during weathering experiments 

 

 

Figure 3-4: (Left) Moderate wave (5 cm – 7 cm) and (right) moderate wind (10 – 18 mph) generated in S9A 

 

5 cm – 7 cm 

wind direction 
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Figure 3-5: CLWB oil pushed by moderate waves and moderate wind in S9A 

 

 

 

 

 

 

  

 

 

3.3 Flux Chamber Sampling Program 
A flux chamber sampling program was conducted outside the shed (Tank S8) to analyze the 

emission rate of chemical groupings (e.g., total petroleum hydrocarbon (TPH), volatile organic 

compounds, reduced sulphur compounds, and light hydrocarbons (C1 to C5)) from CLWB over a 

nine day sampling period by RWDI AIR Inc. 

Tank 8 was a freshwater cube tank (1.49 m2 by 1.22 m) exposed to ambient conditions with no 

agitation imposed. Using a floating flux chamber placed onto the surface of Tank S8, CLWB emission 

fluxes were sampled over a 2 minute period every 8 hours for the first day, every 12 hours from day 

2 to day 7, and once per day on days 8 and 9.   

A report of the flux chamber sampling program, including decay times in emission rates, is included 

in Appendix I.  

wave direction 

wave direction 

wind direction 

Figure 3-6: Panoramic view (180°) of AWB oil pushed by moderate waves and moderate wind in S3 
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3.4 Oil Fate and Weathering 
Oil was applied to achieve approximately 1 cm slick thickness at the moment released (prior to 

evaporation or weathering processes; see Table 3-1). Containment by the tank configuration 

limited what would be the natural spreading of oil in an unconfined condition, creating a thick slick 

similar to a confined spill, thus representing a case for slower evaporation rates with possible 

increased exposure to light ends, and potentially greater dissolution of hydrocarbons into the water 

column. 

Sampling was conducted throughout the 10-day weathering period for both whole oil (surface layer 

oil sample) and the water column of each tank at frequencies indicated in Table 3-3. Water column 

samples were drawn from 0.5, 1, and 1.5 m depths from each of the AWB test tanks (S1 to S3) and 

at 0.5 for the CLWB tanks. Physical tests for whole oil and chemical tests for water column samples 

were conducted by Maxxam Analytics Inc. (Maxxam) in Edmonton and Calgary, with test protocols 

as defined in Tables 3-4 and 3-5. During the 10-day experimental period, several probes using a 

weighted sorbent drop and an oil snare on the end of a hand tool were employed to ascertain if any 

oil had sunken to the bottom of the tanks. No evidence of sunken oil was found from these probes 

nor was oil observed on the bottom of the tanks at the conclusion of testing when tanks were 

emptied. 

Note: Source oil extracted from the reservoir tank (S4) was taken to small tanks for dispersant, 

shoreline cleaner tests, and to an outdoor tank for in-situ burning (ISB). While sampling for 

physical and chemical properties of oil and water was collected in both CLWB and AWB, 

countermeasure tests were conducted only on CLWB oil. 

Elapsed Time  Oil 
Properties 

Water 
Column HC 

CLWB - Field 
Dispersant 

Effectiveness 

CLWB - 
ISB 

CLWB 
Shore 

Cleaner 

0 hr      

2 hrs      

4 hrs      

6 hrs      

12 hrs      

1 day      

2 days      

3 days      

4 days      

5 days      

6 days      

8 days      

9 days      

10 days      

Table 3-3: Sampling frequency and testing protocols used for oil and water column studies 
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Property Test 
Temperature 
°C 

Technique/Instrumentation Procedure 
(Lab SOP) 

Density  15 Anton Paar Densitometer  
(DMA 4500) 

ASTM D5002 
(PTC SOP-00100) 

Viscosity  Variable: 
5 to 80 °C 

Anton Paar Viscometer  
(SVM 3000 Stabinger) 

ASTM D341, D7042 
(PTC SOP-00267) 

Interfacial Tension  15 CSC DuNouy Ring Tensiometer  ASTM D971-99a  

Pour Point  N/A ASTM Test Jars and 
Thermometers  

ASTM D97/ASTM D5853 
(PTC SOP-00068) 

Flash Point  N/A Closed Cup Flash Tester  ASTM D93 
(PTC SOP-00082) 

Water Content N/A Karl-Fischer Titration ASTM D1123/ASTM D4377 
(PTC SOP-000167) 

Dispersant Effectiveness  20 Swirling Flask ASTM F2059 

Table 3-4: Test procedures used to measure physical properties of oil and/or oil-water emulsion 

 

Analysis Procedure 
(Lab SOP) 

Medium Samples 

BTEX (benzene, toluene, 
ethylbenzene, and xylenes) 

EPA 8260 -HS GC/MS 
(AB SOP-00039) 

Water 3 each 40 mL 

Alkylated PAH/SVOCs ESTD-OR-20/EPA 8270D –
GC/MS 
(AB SOP-000037;  
CAL SOP-00250) 

Water 2 each 250 mL  

HC Light Ends (C1-C7) ASTM D5580 Water 2 each 250 mL 

Total petroleum hydrocarbons 
(TPH) 

EPA 3550C 
SM 5520CF - IR 
(CAL SOP-00096) 

Water 1 each 500 mL 

HC (C1 thru C29) + BTEX Modified ASTM D2887  Oil 1 L 

Table 3-5: Chemical analyses 

 

Notes regarding several of the test methods and limitations due to incorporated water include: 

Density- Approximately 0.7 mL of crude oil is introduced into an oscillating sample tube and the 

change in oscillating frequency caused by the mass in the tube is used in conjunction with internal 

calibration data to determine the density of the sample. Water incorporated into the oil matrix, 

noted in several cases, may affect the oil density, but is likely representative of the emulsion. 

Viscosity- The sample is introduced into the measuring cells, which are at a closely controlled and 

known temperature. The measuring cells consist of a pair of rotating concentric cylinders. The 

dynamic viscosity is determined from the equilibrium rotational speed of the inner cylinder under 
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the influence of the sheer stress of the sample and an eddy current brake in conjunction with 

adjustment data. Tests are run at increasing temperatures to achieve measurable values within the 

equipment range. All dynamic viscosities were measured at least at three temperatures. Viscosity 

values reported at temperatures other than the test temperatures were calculated by extrapolation 

following internal lab and the American Society for Testing and Materials (ASTM) procedures. High 

water content, as found in an oil-water emulsion, may affect the results. 

Flash Point- A sample is heated at a slow constant rate with continuous stirring. An ignition source 

is directed into the test cup at regular intervals with simultaneous interruptions to stirring. The 

flash point is the lowest temperature at which application of the ignition source causes vapor above 

the sample to ignite. Presence of water in the sample may prohibit the ascension of vapor during 

the test which can result in a non-flammable vapor. 

Pour Point- After preliminary heating, the sample is cooled at a specified rate and examined at 

intervals of 3 °C for flow characteristics. Water in the sample, such as from an emulsion, may 

interfere with test results. 

3.5 Chemical Dispersant Application 
Tank S4 served as the CLWB weathering reservoir tank. The weathered oil collected from S4 was 

used for burning, dispersant, and shore cleaning tests. Tank SD, built to the same dimensions as S4, 

was located inside the shed, filled with water, and prepared to a salinity of 35 ppt to simulate more 

oceanic conditions for the dispersant tests. Salt water was chosen to represent the most likely 

location for dispersant application approval as opposed to a brackish (Burrard Inlet) condition. A 

measured volume of weathered CLWB oil previously collected from Tank S4 was applied to the 

water surface and allowed to spread on the static water surface. A water sample was drawn from 1 

m below the surface before and at approximately 20 minutes following oil application for 

hydrocarbon analysis. Dispersant (Corexit EC 9500A) was then applied directly to the oil on water 

at a 1:20 ratio from a handheld spray bottle. The tank was then provided with mild agitation (3 cm - 

5 cm chop) to aid in dispersant mixing and penetration into the oil.   

Visual and photographic documentation were obtained of the dispersant application. A third water 

sample was collected from 1 m below the surface at approximately 20 minutes following dispersant 

application for hydrocarbon analysis. Sorbent pads were used to collect all oil remaining on the 

water surface and clinging to tank walls following the dispersant application. Sorbents were 

weighed to gauge how much oil remained after dispersant application (see Appendix C). Tank S9 

was then drained and cleaned immediately after each test in preparation for the next test. 

Swirling flask tests (ASTM 2059) were also conducted on bulk weathered CLWB samples collected 

from tanks S9 and S4 (Table 3-4). Tests were run at 20 °C and with water at 33 ppt salinity. 
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3.6 Controlled Burning 
Two liters of oil were collected from Tank S4 at each of the following weathering intervals: 6 hours, 

1 day, 3 days, and 5 days. Burns were conducted under a specific Safety Plan, with a waiver for the 

burn ban in place at the time, and with local fire department personnel and a fire engine on site. 

The outdoor burn basin consisted of an open top tank, 3 m in diameter, filled with freshwater and 

in which a 50 cm diameter steel ring was positioned on blocks such that the ring provided 

approximately 5 cm of freeboard above the water line. The 2 L weathered oil sample jars were 

weighed, then oil was slowly poured into the ring, and the empty containers with “clingage” were 

re-weighed. 

Burn ignition was aided with diesel and a hand-held propane torch. More weathered oils (Day 1 and 

Day 3) required re-starts, for which additional diesel starter was added. Data recorded during the 

burns included air temperature, water temperature, average wind speed and peak gusts, and time 

of burn. Following the burn test, oil was collected using sorbents and weighed to provide an 

indication of the amount of oil remaining (see Appendix D). A small quantity of small (generally less 

than 3 mm) oil particulates and droplets were not recovered with sorbent pads.  

3.7 Substrate Washing 
A series of surface washing tests using shoreline cleaning agents were conducted on granite tiles 

using CLWB dilbit from three stages of on-water weathering in Tank S4 and with variable drying 

times on tiles (Table 3-6). Shoreline cleaners, also known as surface washing agents or beach 

cleaners, are chemical agents applied to oil that are stranded on shoreline substrates, with the 

intent to lift oil off the substrate for subsequent containment and recovery. Untreated granite tiles 

were oiled by hand with CLWB collected after 1 day, 3 days, and 5 days of weathering in Tank S4 

(Figure 3-7, Tank S4). Weathered CLWB dilbit from Tank S4 was poured onto each of six 12 in by 6 

in (30.5 by 15.2 cm), light colored, porous (not polished) granite tiles by hand such that the oil 

covered an entire side of the tile evenly with an oil coat (0.01 to 0.1 cm) as defined by Shoreline 

Cleanup Assessment Technique (SCAT) standard terminology. Once oiled, tiles were allowed to 

stand in shade and/or sun, tilted at approximately 45 degrees, from 24 to 144 hours before 

treatment (Table 3-6; Figure 3-7). Oil thickness was estimated by running a thin piece of rigid 

waterproof paper through the oil and examining the oiled band on the paper against a graduated 

scale (Figure 3-7). This process was repeated with oil weathered on water for 72 hours (3 days) 

and 96 hours (5 days; Table 3-6). Air temperatures throughout the experiment ranged from 10oC at 

night to a maximum of 23oC during the day. 

Tiles were treated with two agents: an off-the-shelf degreaser containing D-limonene, and Corexit 

9580, a shoreline cleaning agent. Commercial D-Limonene was unavailable and the results should 

not be compared to other surface washing tests using commercial D-Limonene. The application 

rates used are those recommended by the US Environmental Protection Agency (EPA) for shoreline 

treatment for Corexit 9580. The application ratio tested was the recommended dosage of 

approximately 1 US gallon per 100 square feet (0.41 L/m2) or 1.3 ounces (approximately 37 mL) 

per tile. The application volume was tested with the spray bottle to estimate the number of hand 

sprays that equals 1.3 ounces ( 37 mL).   
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A photograph of each tile was taken before and after treatment and compared to untreated wet 

tiles. For each test condition there was a reference tile with no shoreline cleaning agent and a tile 

each with cleaning agents.    

The treatment consisted of ambient temperature freshwater run through a power washer adjusted 

to the lowest pressure available, and fitted with a fan tip to distribute the water to approximately 

25 cm wide, or the width of the tile being cleaned. The tip was maintained by a governor at 22.5 cm 

from the tile surface (Figure 3-7). The pressure from the tip was consistent with a garden hose 

(0.21 – 0.31 megapascal (MPa); 30-45 pounds per square inch (psi)) and was safe for contact with 

human skin at 22.5 cm with no adverse effects. The treatment proceeded for 30 seconds 

(approximately 11 passes with the wand) and used approximately 3 L of water.  

Observations included standard SCAT terminology for oil remaining on tile, oil removed in water, 

nature of oil removed in water (sinking, floating, color, character, adherence to sorbent materials), 

whether the cleaned tile produces sheen, and ease with which additional oil wipes off with casual 

contact and sorbent.  
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Figure 3-7: 1) Surface washing test area; 2) Apparatus for consistent wash distance and pressure; 3) Applying Corexit 9580; 

4) Washing; 5) Post-wash results on side by side pre-wet and pre-dry tiles; 6) Example measure of oil thickness on tile (lines 

are 1 mm apart)  



 

Fate and Behavior Study Final Report 19 11/22/13 

Table 3-6: Surface washing tests 

Note: Some high pressure and hot water was tested following ineffective results with flushing alone.  

An additional treatment included several tests of high pressure and hot water flushing following 

ineffective treatment using low pressure on several tiles. A pressure wand set to the lowest setting 

(low pressure) was used to flush a number of tiles for approximately three passes of 3-5 seconds 

each with the wand roughly 25 cm from the tiles. When completed, the tiles were allowed to sit for 

several minutes and then a photograph of each tile was taken with a label in each photograph 

listing date, time, post-spill day, cleaning agent applied, and indicating that high pressure flushing 

had occurred.   

Tile ID Tile 
Condition 
When Oiled 

Oil on 
water 
(Days) 

Agent Applied Time Oil on 
Tiles 
Prior to 
Treatment 
(hrs.) 

Total Time before 
Treatment (hrs.) 

1D-W-C-24 Wet 1D Corexit 9580 24 48 
1D-W-L-24 Wet 1D D-Limonene 24 48 
1D-W-N-24 Wet 1D None 24 48 
1D-W-C-48 Wet 1D Corexit 9580 48 72 
1D-W-L-48 Wet 1D D-Limonene 48 72 
1D-W-N-48 Wet 1D None 48 72 
1D-D-C-24 Dry 1D Corexit 9580 24 48 
1D-D-L-24 Dry 1D D-Limonene 24 48 
1D-D-N-24 Dry 1D None 24 48 
1D-D-C-48 Dry 1D Corexit 9580 48 72 
1D-D-L-48 Dry 1D D-Limonene 48 72 
1D-D-N-48 Dry 1D None 48 72 
3D-W-C-24 Wet 3D Corexit 9580 24 94.5 
3D-W-L -24 Wet 3D None 24 95 
3D-W-C-48 Wet 3D Corexit 9580 48 119 
3D-W-N-48 Wet 3D None 48 119 
3D-W-C-72 Wet 3D Corexit 9580 72 143 
3D-W-C-96 Wet 3D Corexit 9580 96 167 
3D-D-C-24 Dry 3D Corexit 9580 24 95 
3D-D-N-24 Dry 3D None 24 95 
3D-D-C-48 Dry 3D Corexit 9580 48 119 
3D-D-N-48 Dry 3D None 48 119 
3D-D-C-72 Dry 3D Corexit 9580 72 143 
3D-D-C-96 Dry 3D Corexit 9580 96 167 
3D-W-C-120 Wet 3D Corexit 9580 120 191 
3D-D-C-120 Dry 3D Corexit 9580 120 191 
5D-W-C-24 Wet 5D Corexit 9580 24 144 
5D-W-N-24 Wet 5D None 24 144 
5D-W-C-48 Wet 5D Corexit 9580 48 168 
5D-W-N-48 Wet 5D None 48 168 
5D-W-c-72 Wet 5D Corexit 9580 72 192 
5D-W-C-96 Wet 5D Corexit 9580 96 216 
5D-D-C-24 Dry 5D Corexit 9580 24 144 
5D-D-N-24 Dry 5D None 24 144 
5D-D-C-48 Dry 5D Corexit 9580 48 168 
5D-D-N-48 Dry 5D None 48 168 
5D-D-C-72 Dry 5D Corexit 9580 72 192 
5D-D-C-96 Dry 5D Corexit 9580 96 216 
5D-W-C-120 Wet 5D Corexit 9580 120 240 
5D-D-C-120 Dry 5D Corexit 9580 120 240 
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4 Results 

4.1 Physical Properties of Weathered AWB Dilbit 
Summaries of the measured oil physical properties for AWB during weathering are provided below 

in Table 4-1 through Table 4-3 (see Appendix B – Oil Physical Data for detailed results). Density 

increases during weathering were more pronounced with moderate agitation, whereas oil under 

static conditions and mild agitation had comparable change (Figure 4-1). In all cases absolute 

densities (at 15 °C) reached or slightly exceeded 1000 kg/m3 (freshwater equivalent). The increase 

in AWB pour point and in viscosity as it weathered was pronounced in the first 48 hours, with the 

latter ranging 108 to over 60,000 cSt within that timeframe Figure 4-3). 

Sample ID Hours 
post-
spill 

Absolute 
Density @ 

15 °C 
(kg/m3) 

Viscosity @ 
15 °C (cSt) 

Water 
Content 
(mass 

%) 

Pour Point 
(°C) 

Closed Cup 
Flash Point 

(°C) 

Interfacial 
Tension 

(dyn/cm) 

S1-PS-O1 0 920.1 270.5* 3.4 -21 <-35 27 
S1-2H-O1 2 943.4 1,026* 6.7 -18 <-35 30 
S1-4H-O1 4 946.2 1,210 5.0 -12 <-35 22 
S1-6H-O1 6 959.0 2,844 5.1 -12 -12 22 
S1-12H-O1 12 967.4 6,296* 0.8 -6 <-35 51 
S1-1D-O1 24 980.7 -- 8.3 -- <-35 22 
S1-2D-O1 48 979.1 20,269* 1.0 6 -10 27 
S1-4D-O1 96 987.3 59,126* 1.2 6 20 48 
S1-6D-O1 144 994.0 116,477* 1.6 12 22 55 
S1-8D-O1 192 997.9 228,350* 1.7 12 52 130 
S1-10D-O1 240 1000.0 265,263* 4.5 9 58 150 

Table 4-1: AWB in tank S1 weathered under static conditions. Note: * denotes calculated values 

 

Sample ID Hours 
post-spill 

Absolute 
Density @ 

15 °C 
(kg/m3) 

Viscosity @ 
15 °C (cSt) 

Water 
Content 

(mass %) 

Pour 
Point 
(°C) 

Closed Cup 
Flash 

Point (°C) 

Interfacial 
Tension 

(dyn/cm) 

S2-PS-O1 0 920.1 270.5* 3.4 -21 <-35 27 
S2-2H-O1 2 936.5 749.0* 0.2 -24 <-35 31 
S2-4H-O1 4 942.9 1,097 0.9 -27 <-35 34 
S2-6H-O1 6 949.7 1,658 0.2 -18 <-35 35 
S2-12H-O1 12 958.4 3,128* 4.2 -15 <-35 41 
S2-1D-O1 24 971.2 9,027* 0.5 3 <-35 43 
S2-2D-O1 48 983.0 31,539* 0.9 12 -13 49 
S2-4D-O1 96 995.7 151,596* 3.7 9 5 76 
S2-6D-O1 144 978.0 241,152* 5.8 9 24 250 
S2-8D-O1 192 1002.0 435,942* 6.3 15 24 130 
S2-10D-O1 240 1010.0 763,943* 18.2 12 75 190 

Table 4-2: AWB in tank S2 weathered under mild agitation conditions. Note: * denotes calculated values 
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Sample ID Hours 
post-
spill 

Absolute 
Density @ 

15 °C 
(kg/m3) 

Viscosity @ 
15 °C (cSt) 

Water 
Content 
(mass 

%) 

Pour Point 
(°C) 

Closed Cup 
Flash Point 

(°C) 

Interfacial 
Tension 

(dyn/cm) 

S3-PS-O1 0 920.1 270.5* 3.4 -21 <-35 27 
S3-2H-O1 2 956.3 2,665 8.6 -6 <-35 36 
S3-4H-O1 4 969.1 6,994* 25.3** -6 <-35 44 
S3-6H-O1 6 979.2 13,766 24.1** 0 -3 50 
S3-12H-O1 12 982.4 26,746* -- 3 -3 52 
S3-1D-O1 24 984.2 35,607* 42.4** 3 4 83 
S3-2D-O1 48 995.8 117,267* 42.5** 15 3 96 
S3-4D-O1 96 997.2 371,916* 45.3** 6 25 71 
S3-6D-O1 144 993.7 117,493* 3.4 15 25 200 
S3-8D-O1 192 991.2 47,117* 52.0** 12 26 55 
S3-10D-O1 240 1007.0 135,014* 43.4** 12 20 190 

Table 4-3: AWB in tank S3 weathered under moderate agitation conditions  

(Note: * denotes calculated values based on three measures at other temperatures; Note: ** denotes anomalies due to high 

level of free water content that could have affected physical properties results analyzed during lab-tests) 

 

 

Figure 4-1: AWB - Absolute Density 
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Figure 4-2: AWB - Pour Point 

 

 

 Figure 4-3: AWB Viscosities 
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4.2 Physical Properties of Weathered CLWB Dilbit 
Summaries of the measured oil physical properties for CLWB dilbit during weathering are provided 

below in Tables 4-4 through 4-6 (see Appendix B – Oil Physical Data for detailed results). Density 

increases were more pronounced in the first 24 hours of weathering for the moderate agitation 

(Figure 4-4) but oils in both agitation tanks achieved similar densities after that time. In all cases, 

absolute densities (at 15 °C) never exceeded 1000 kg/m3 (freshwater equivalent) with the 

exception of a single measurement at 8 days for the CLWB oil under moderate agitation. The 

increase in pour point was continual in all tanks with pour points in excess of 10 °C noted within 4-

5 days (Figure 4-5). Viscosities increased to over 10,000 cSt within the first 48 hours, although 

increases in viscosity were much less pronounced in the static tank (Figure 4-6). 

Sample ID Hours 
post-
spill 

Absolute 
Density @ 

15 °C 
(g/L) 

Viscosity @ 
15 °C (cSt) 

Water 
Content 
(mass 

%) 

Pour Point  
(°C) 

Closed Cup 
Flash Point  

(°C) 

Interfacial 
Tension 

(dyn/cm) 

S9-OH-OIL 0 924.8 -- 0.9 -21 <-35 31 
S9A-2H-01 2 954.9 1661* 1.6 -15 <-35 36 
S9A-4H-01 4 959.7 2706* 1.4 -9 <-35 39 
S9A-6H-01 6 965.8 4521* 2.5 -21 <-22 39 
S9A-12H-01 12 973.3 8933* 5.1 -6 -3 37 
S9A-1D-01 24 980.4 14,133* 8.5 -3 15 40 
S9A-2D-01 48 989.7 35,626* 11.4 -6 32 52 
S9A-4D-01 96 995.9 154,077* 39.6** 0 70 150 
S9A-6D-01 144 999.7 411,114* 40.2** 12 26 140 
S9A-8D-01 192 1002.0 159,600* 36.1** 9 73 160 
S9A-9D-01 216 996.5 417,801* 24.6** 24 71 190 
S9A 10D 01 240 996.5 14,634* 35.9** 21 >100 170 

Table 4-4: S9-A: CLWB in tank S9A weathered under moderate agitation conditions  

(Note: * denotes calculated values based on three measures at other temperatures; Note: ** denotes anomalies due to high 

level of free water content that could have affected physical properties results analyzed during lab-tests) 

Sample ID Hours 
post-
spill 

Absolute 
Density @ 

15 °C 
(kg/m3) 

Viscosity @ 
15 °C (cSt) 

Water 
Content 
(mass 

%) 

Pour Point 
(°C) 

Closed Cup 
Flash Point 

(°C) 

Interfacial 
Tension 

(dyn/cm) 

S9-OH-OIL 0 924.8 -- 0.9 -21 <-35 31 
S9B-2H-01 2 939.4 568* 1.4 -30 <-35 30 
S9B -4H-01 4 946.1 915* 1.2 -21 <-35 34 
S9B -6H-01 6 954.8 1586* 2.0 -15 <-20 38 
S9B -12H-01 12 958.7 2255* 0.8 -9 <-15 36 
S9B -1D-01 24 961.8 3985* 0.6 -6 -27 29 
S9B-2D-01 48 969.7 5862* 1.6 -9 24 34 
S9B-4D-01 96 975.6 12,179* 1.4 -6 25 34 
S9B-6D-01 144 979.2 17,687* 1.1 6 5 46 
S9B-8D-01 192 980.3 19,454* 0.8 9 34 40 
S9B-9D-01 216 982.0 29,440* 2.2 15 34 45 
S9B 10D 01 240 975.2 27,968* 1.9 12 35 51 

Table 4-5: S9-B: CLWB in tank S9B weathered under static conditions 
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Sample ID Hours 
post-
spill 

Absolute 
Density @ 

15 °C 
(kg/m3) 

Viscosity @ 
15 °C (cSt) 

Water 
Content 
(mass 

%) 

Pour Point 
(°C) 

Closed Cup 
Flash Point 

(°C) 

Interfacial 
Tension 

(dyn/cm) 

S9-OH-OIL 0 924.8 -- 0.9 -21 <-35 31 
S9C-2H-01 2 941.5 632.7 1.2 -21 <-35 39 
S9C-4H-01 4 946.2 935.8 1.0 -18 <-35 36 
S9C-6H-O1 6 952.4 1443 1.8 -18 <-35 33 
S9C-12H-01 12 963.2 4744 1.5 -- -10 34 
S9C-1D-01 24 984.4 5653 1.7 -3 -10 33 
S9C-2D-01 48 983.4 26,479 2.3 3 31 45 
S9C-4D-01 96 992.5 75,896 7.3 0 23 77 
S9C-6D-01 144 996.3 117,498 9.7 9 73 88 
S9C-8D-01 192 998.9 743,871 19.4 12 75 150 
S9C-9D-01 216 997.7 195,792 --** 21 70 -- 
S9C 10D 01 240 996.8 302,527 22.3** 21 >100 170 

Table 4-6: S9-C: CLWB in tank S9C weathered under mild agitation conditions 

(Note: * denotes calculated values based on three measures at other temperatures; Note: ** denotes anomalies due to high 

level of free water content that could have affected physical properties results analyzed during lab-tests) 

 

 

Figure 4-4: CLWB - Absolute Density 
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Figure 4-5: CLWB Pour Point 

 

 

Figure 4-6: CLWB Viscosities 
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Tank S4 was used as a source of weathered oil for dispersant application, burning, and shore 

cleaning agent tests. With agitation conditions similar to Tank S2, the major difference between S2 

and S4 was the location of S4 (exposed to sunlight and ambient atmospheric conditions). Absolute 

densities (at 15 °C) exceeded 1000 kg/m3 (freshwater) after weathering nine days, similar to Day 8 

for the moderate agitation Tank S9A (Table 4-7).  

Sample ID Hours 
post-
spill 

Absolute 
Density @ 

15 °C 
(kg/m3) 

Viscosity @ 
15 °C (cSt) 

Water 
Content 
(mass 

%) 

Pour Point 
(°C) 

Closed Cup 
Flash Point 

(°C) 

Interfacial 
Tension 

(dyn/cm) 

S9-OH-OIL 0 924.8 -- 0.9 -21 <-35 31 
S4-6H-01 6 969.9 5703* 4.1 3 -12 38 
S4-1D-01 24 984.2 24762* 3.5 15 4 48 
S4-3D-04 72 997.7 201284* 33.4** 9 56 170 
S4-5D-04 120 997.3 179587* 42.9** 9 >100 130 
S4-9D-01 216 1008.0 254489* 36.8** 12 72 220 

Table 4-7: CLWB in tank S4 (oil reservoir tank) – weathered under mild agitation conditions, sun light, and local weather 

conditions (wind and rain) 

(Note: * denotes calculated values based on three measures at other temperatures; Note: ** denotes anomalies due to high 

level of free water content that could have affected physical properties results analyzed during lab-tests) 

 

4.3 Chemistry of Weathered Oil 
Oil chemistry, including C1-C30 and poly aromatic hydrocarbon (PAH) analyses, were to 

characterize the originating (fresh oil) dilbit and to assess hydrocarbon content and degradation 

patterns. Figures 4-7 and 4-8 show PAH data for weathered and fresh AWB oil samples. Figures 4-9 

and 4-10 show relative weight concentrations of C1 through C30 compounds in fresh and 

weathered AWB and CLWB dilbits, respectively, and compare changes in these compounds with 

different levels of induced agitation. Also see Appendix F (Oil Chemistry Data) tables for additional 

details data on specific compounds. 

PAH includes compounds that have some of the more serious environmental effects of the 

compounds in crude oil. PAHs in the environment are derived largely from combustion of oil and 

coal, but are also produced by the burning of wood, forest fires, and a variety of other combustion 

sources. In general, PAH content is low in both oils compared to many other crude oils. A typical 

crude oil may contain 0.2 percent to more than 7 percent total PAH. The National Research Council 

(2003) reports an average PAH content of 1.39 for 25 crude oils (heavy and light) using data from 

numerous sources. Heavy distillates and light distillates averaged 2.42 and 3.44 percent, 

respectively. Fresh oil samples of CLWB and AWB dilbits contained 1.1 and 0.45 percent PAH by 

weight, respectively. 

PAH chromatograms over time show similar relative abundance of analytes in the oil with little 

noticeable depletion of PAH under static conditions and slightly more PAH loss in the mild and 

moderate weathering tanks after 10 days. Concentrations of total poly aromatic hydrocarbons 

(tPAH) increased in the oil over time in some instances as other lighter constituents in the oil are 

lost to volatilization. This is evident in the static tanks and not the weathering tanks, which had 
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lower tPAH at the end of the experiment than in other conditions. C1-C30 analysis shows rapid 

depletion of lower molecular weight compounds in all instances and maximum depletion in the 

tanks with moderate weathering conditions (Figures 4-9 and 4-10). The percent of compounds 

present by weight decreases rapidly in the lighter compounds and can consequently increase in 

heavier molecular weight compounds in light or low weathering conditions. Moderate agitation 

resulted in reduction in percent by weight among all compounds. 
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Figure 4-7: Oil chemistry data - AWB 
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Figure 4-8: Oil chemistry data – CLWB dilbit 
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Figure 4-9: Light ends (C1 – C30) AWB 
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Figure 4-10: Light ends (C1-C30) CLWB dilbit 
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4.4 Oil Distribution in the Water Column 

Oil distribution and partitioning into the water column are provided through TPH and BTEX 

analyses of water samples at specific depths below the water surface (also see Appendix G (Water 

Chemistry Data) tables and graphs for additional details). Note that the limited volume of water 

within each tank and the lack of any possible dilution provides for very conservative measures of 

oil constituents in the water column relative to what may happen in open water conditions such as 

in Burrard Inlet. 

4.4.1 TPH in the Water Column 

Total petroleum hydrocarbon (TPH) measured in the water columns of the AWB and CLWB 

dilbit tanks were in nearly all cases below detection thresholds (<2 mg/L) with the 

exception of tanks with moderate agitation (S3- AWB and S9A- CLWB). The highest TPH 

values measured were 120 mg/L at 1 m below the water surface from the CLWB dilbit and 

60 mg/L at 50 cm below the water surface for AWB (Figure 4-11). By approximately 12 

hours, all TPH values, regardless of depth in the water column or oil type, were near 10 

mg/L in the tanks with moderate agitation. This pattern demonstrates that the lower 

molecular weight fractions of TPH tend to be more soluble in water and weather (e.g., 

volatilize) faster.  

 

 

Figure 4-11: TPH in water column samples - AWB and CLWB weathering under moderate conditions 
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4.4.2 BTEX in the Water Column 

BTEX is the collective name for benzene, toluene, ethylbenzene, and xylenes, the volatile 

single-ringed aromatic compounds found in crude oils. The behavior of the four compounds 

is somewhat similar when released to the environment and thus they are usually 

considered as a group. Most crude oils contain BTEX usually from about 0.5 up to 5 percent 

or more. The CLWB and AWB contain approximately 1 percent BTEX in the fresh oil 

samples, consistent with other crude oils. Gasoline can contain up to 40 percent BTEX. BTEX 

compounds are volatile and, if discharged into the sea, rapidly volatilize producing a net 

loss of BTEX compounds.  

Single-ringed aromatics are also soluble in water at low parts per million (ppm) levels and 

readily partition out of the heavy crude. In the study of both CLWB and AWB, the BTEX 

compounds partitioned into the water column evenly at all depths examined (Figure 4-12) 

but behaved somewhat differently overall under different wind and wave conditions. BTEX 

in both oils behaved very similarly. In the static tests, dissolution of BTEX in the water 

column increased at 12 to 24 hours with maximum concentrations reaching approximately 

900 micrograms per liter (µg/L) (∑ BTEX) at approximately 6 days (Figure 4-12). There 

was little evidence of a net loss of BTEX in the static water leading up to 10 days. 

In mild wind and wave conditions, BTEX began to partition into the water column 

immediately reaching maximum ∑ BTEX concentrations of 1,200 µg/L (CLWB) to 1,500 

µg/L (AWB) in 48 hours (Figure 4-12; also see Appendix G). Net loss of BTEX to 

volatilization was apparent at 48 hours with water concentrations dropping to less than 

200 µg/L by 8 days. 

In moderate wind and wave conditions, CLWB ∑BTEX reached 3,000 µg/L almost 

immediately followed by a net loss to <100 µg/L in 4 days (Figure 4-12). The AWB ∑BTEX 

reached maximum concentrations of approximately 1,700 µg/L after four hours followed by 

a slightly slower net loss to <200 µg/L after 4 days. It is possible that the CLWB tanks 

located outdoors resulted in more rapid net loss of BTEX compounds.  

In general, the results are expected, following the trend of more rapid and complete 

dissolution with mixing, as well as more rapid net loss of these constituents.  
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Figure 4-12: BTEX in water column samples – AWB Tanks 
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4.5 Dispersant Application 
Visual observations suggested that the dispersant was marginally effective on the relatively fresh 

oil (six hours weathered CLWB) but not effective on the one day weathered CLWB. The one day 

weathered CLWB was affected by the dispersant as application produced oil globules/droplets in 

the cm-scale size range; however, substantially more oil remained on or returned to the surface 

following the test than the six hour weathered oil sample. Comparisons of the weights of applied oil 

and oil recovered on sorbent pads corroborate the visual assessment of dispersant action (Table 4-

8; Figure 4-13; also see Appendix C for dispersant datasheets). Measures of the TPH content in the 

water column prior to oil placement, following oil placement and prior to dispersing, and post-

dispersant application (Table 4-9) corroborate the visual observations. 

Oil Sample  
(Weathering Time) 

Weight Applied 
(g) 

Weight Recovered 
(g) 

% Dispersed 
(Not Recovered on 

Sorbent) 

SD-6HR 871 422 52 

SD-1 Day 895 929 -4 

Table 4-8: Calculated weights of CLWB tested and recovered during dispersant trials 

 
Oil Sample ID Description 

(Weathering Time) 
TPH / Alkanes (mg/L) 

SD-0H-W500 Water sample taken prior to spill (6 hours weathered 
CLWB) 

<2.0 

SD-6H-W500-1 Water sample taken 20 min after spill (6 hours weathered 
CLWB) 

<2.0 

SD-6H-W500-2 Water sample taken 20 min after using Corexit 9500 on 
oil (6 hours weathered CLWB) 

360 ( 1 ) 

SD-1D-W500 Water sample taken prior to spill (1 day weathered 
CLWB) 

<2.0 

SD-1D-W500-1 Water sample taken 20 min after spill (1 day weathered 
CLWB) 

<2.0 

SD-1D-W500-2 Water sample taken 20 min after using Corexit 9500 on 
oil (1 day weathered CLWB) 

80 ( 1 ) 

Table 4-9: TPH / Alkanes (mg/L) measured in water samples during dispersant trials 
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Sample Agitation Density % Effectiveness 

S9B-6H-01 Static 0.9557 7.8 

S9B-1D-01 Static 0.9627 4.6 

S9B-4D-01 Static 0.9765 0 

       

S9C-6H-01 Mild 0.9471 5.5 

S9C-1D-01 Mild 0.9853 5.4 

S9C-4D-01 Mild 0.9934 0 

       

S4-6H-01 Mild 0.9708 5 

S4-1D-01 Mild 0.9851 3.3 

       

S9A-6H-01 Moderate 0.9667 6 

S9A-1D-01 Moderate 0.9813 5 

S9A-4D-01 Moderate 0.9968 0 

Table 4-10: Laboratory measured dispersibility of weathered CLWB determined by Swirling Flask testing 
 

 

Figure 4-13: Photos of dispersant application on weathered CLWB dilbit 

Although visual observations and the measured floating oil weight recovered during the meso-scale 

field tests indicated that Corexit 9500 is not effective on the one day weathered CLWB, additional 

research is required to further characterize this and other types of dispersants’ effectiveness on 

CLWB.    

Laboratory tests conducted of Corexit 9500 dispersant on weathered CLWB samples showed 

minimum dispersant effectiveness with values ranging between 0 to 7.8 percent (Table 4-10). All 

samples weathered for four days showed no dispersibility. The maximum dispersibility 

corresponded to six hour weathered CLWB oil that had remained in the static tank. 
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4.6 Controlled Burning 
Tests revealed that CLWB can be successfully ignited and burned provided weathering is limited to 

less than three days (i.e., the 1-day weathered oil had an equivalent density of less than 984.2 

kg/m3 and viscosity of approximately 25,000 cSt at 15 °C). The first burn test (six hour weathered 

CLWB) ignited relatively easily and burned well for a period of approximately two minutes and 

extinguished on its own. The second test (24 hour weathered CLWB) was difficult to ignite and took 

two attempts. The second attempt, using more accelerant than 6 hour weathered CLWB (200 mL 

more diesel) and higher torch-temperature, burned for approximately 2 minutes once started. A 

sustained burn was not achieved for the 72 hour weathered oil sample, despite added diesel as an 

accelerant and repeated direct attempts with the propane torch. Comparisons of the weights of 

applied oil and oil recovered on sorbent pads provide approximate oil removal efficiency from the 

test burns (Table 4-11; Figure 4-14; also Appendix D for ISB datasheets). Burn residue from the 

successful tests was sticky and formed cohesive residue that remained floating on the fresh water 

surface, though easily submerged. Burn residue on the steel ring was only partially removed 

between burns two and three and likely contributed to the higher amount of oil recovered on 

sorbents following the S4-3 day post-burn attempt. 

Oil Sample 
(Weathering Time) 

Weight Applied 
(g) 

Weight Recovered^ 
(g) 

% Burned 
(Not Recovered on 

Sorbent) 

S4-6HR 1735 447 74 

S4-1 Day 1803 856 53 

S4-3 Day 1657 1912 0 

Table 4-11: Calculated weights of CLWB dilbit tested and recovered during burn trials 
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Figure 4-14: Photos of CLWB dilbit burns 

4.7 Substrate Surface Washing 
Flushing alone was ineffective at removing the majority of bulk oil and black stain in all instances. 

Increasing pressure removed bulk oil throughout the experiment but black stain persisted. Only 

increasing the pressure and temperature to >60 psi (0.41 MPa) and >60 °C, a point known to be 

more harmful to biota than the benefit of the treatment (Mauseth et al. 1997), removed all but a 

black stain during the test period without the use of a shoreline cleaning agent (see additional 

photos in Appendix E).   

The duration of effectiveness of Corexit 9580 in combination with ambient temperature, low 

pressure flushing was determined mainly by the time oil spent weathering on land. Effectiveness 

diminished at approximately 4 days (96 hours) on dry land in sunlight with no immersion in water 

(tide exchange) (Figure 4-15). This is assumed to represent a worst case scenario of oil stranded at 

extreme high tide and with no further submersion. As expected, oil exposure to sunlight made a 

difference in cleaner effectiveness. Oiled tiles that remained in shade were effectively cleaned with 

Corexit 9580 after up to 5 days (120 hours) of exposure to air. The time oil spent weathering on 
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water had little noticeable effect given that Corexit 9580 effectively removed oil from the tiles for 

all three on-water weathering scenarios – 1 day (24 hours), 3 days (72 hours), and 5 days (120 

hours) –when oil was allowed to sit on the tiles for 96 hours (sunlight) to 120 hours (shade). The 

thickness of the oil on tiles after 24 hours, however, varied from 0.5 mm (24 hours in water) to up 

to 2 mm (5 days in water)(Figure 4-15). Despite slightly thicker oil on tiles after the oil weathered 

for three and five days in the water, the Corexit 9580 appeared to be similarly effective on these 

tiles after equivalent drying times. Oil thickness may also be affected by slope and temperature, 

although there was no observed difference in oil thickness on several tiles that were laid flat. Colder 

temperatures or prolonged weathering may result in greater oil thickness, which could lead to 

variations in shoreline cleaning agent effectiveness. 

A portion of the removed oil in the Corexit tests floated and was recoverable in both snare and 

sorbent pads while a portion appeared to have been dispersed rendering the water “muddy” in 

appearance. Once the agent was ineffective, the oil had weathered to a point where it could only be 

scraped off, or removed with high pressure and temperature. Little sheen was observed in the 

water after flushing, even with freshly coated tiles after 24 hours.   

Flushing in combination with an off-the-shelf degreaser containing D-Limonene was ineffective at 

removing the majority of bulk oil and black stain in all instances. Commercial D-Limonene was not 

available and would likely have been more effective than off-the-shelf degreaser containing D-

Limonene. Given the results of Corexit 9580, there is no reason to believe commercial D-Limonene 

would not be similarly effective on this oil. These results are not comparable to other studies using 

commercial grade D-Limonene. 
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Figure 4-15: 1) Oil on water 24 hours, in air 24 hours, flushing, and D-limonene alone (ineffective); 2) Oil on water 24 hours, 

in air 24 hours, Corexit 9580; 3) Oil on water 3 days, 72 hours in air, Corexit 9580; 4) Oil thickness of oil on water 24 hours, in 

air 24 hours; 5) Oil thickness of oil on water 3 days, in air 24 hours; 6) Oil thickness of oil on water 5 days, in air 24 hours; 7) 

Oil on water 24 hours, in air 48 hours, Corexit 9580; 8) Oil on water 3 days, in air 48 hours, Corexit 9580; 9) Oil on water 5 

days, in air 72 hours, Corexit 9580; 10) Oil on water 3 days, in air 96 hours, Corexit 9580 
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5 Discussion 

5.1 Oil Fate and Behavior 
Changes in the physical properties of AWB and CLWB dilbits were similar throughout the 10-day 

trials. Increased agitation (wave paddle and wind) yielded slightly faster weathering rates as 

revealed in oil densities (Figure 5-1). Initial oil densities of 921 kg/m3 and 925 kg/m3 of the AWB 

and CLWB dilbits, respectively, increased to greater than 980 kg/m3 within approximately 24-48 

hours of weathering in all cases in which agitation was applied. Relative densities continued to 

increase with further weathering albeit at a slower rate. Like many other heavy crude oils with only 

slightly positive buoyancy after weathering, these oils could become submerged with the addition 

of sediment and negatively buoyant particulates, or after contact with the shoreline where they 

may attach to particulate matter.  

Oil and emulsion viscosities increased for both AWB and CLWB dilbits within the first 24 to 48 

hours, factors that influence oil behavior on water and potentially affect oil skimming and pumping 

systems. AWB dilbit under moderate agitation showed the most pronounced initial increase in 

viscosity (Figure 5-2), increasing from an initial value of less than 1000 cSt to over 10,000 cSt 

within a 4 to 6 hour window. CLWB dilbit under moderate agitation reached 10,000 cSt at 

approximately 12 hours, whereas both dilbits, under mild agitation, required approximately 24 

hours of weathering to achieve the same viscosity. Depending on the type of dilbit and agitation 

conditions, the viscosities of the emulsions continue to increase over time to the next order of 

magnitude, 100,000 cSt, after 4 to 8 days of weathering. 

Exposure to ultraviolet (UV) and ambient air conditions (S4 and initial 48 hrs for S9) may account 

for a slight increase in weathering rates.  
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Figure 5-1: AWB and CLWB dilbit densities relative to degree of weathering 

 

 

Figure 5-2: Viscosity of weathered AWB and CLWB dilbits under mild to moderate agitation  
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Both AWB and CLWB dilbits exhibit water uptake within the weathered oil matrix, although not as a 

stable, uniform emulsion but rather as a mechanically mixed and unstable oil-water combination. 

Water content analyses, conducted following procedures for whole oil, showed no systematic 

uptake or pattern for either oil during the weathering process. Given the unstable character of 

water in oil, sampling and sample processing may result in very different oil-water mixtures at the 

time of analyses; hence, no conclusions are drawn for those tests other than to note that the 

maximum water contents measured, above 40 percent, were noted on samples from three tanks 

(S3, S9A, and S4) with moderate and mild agitation, respectively, and after 1 to 3 days of 

weathering. 

5.2 Spill Countermeasures 
The meso-scale tests provided an opportunity to test various spill countermeasures and to 

ascertain to what extent these may be viable options for response in marine waters.  

5.2.1 Dispersants’ Effectiveness 

Dispersants can be effective as a spill countermeasure provided appropriate environmental 

and operating conditions are met and that the dispersant is effective on the oil as it 

weathers. The meso-scale tests with weathered CLWB dilbit showed that some dispersion 

can be achieved using the recommended dose of 1:20 with Corexit 9500 on CLWB dilbit 

within the first day of response, depending on extent and degree of weathering. With 

viscosities approaching 10,000 cSt within the first 12 hours, the potential window for 

dispersant use is limited. Dispersants are very unlikely to be applicable within Burrard Inlet 

but may be an appropriate response option in open marine settings to complement 

mechanical systems. Although dispersant use has not been approved for use on actual spills 

in Canada, they have been conceptually approved on spill exercises and are part of the 

response options in the State of Washington waters of the Strait of Juan de Fuca. 

5.2.2 Controlled In-Situ Burning 

Like dispersants, controlled in-situ burning (ISB) can be effective as a spill countermeasure 

provided appropriate environmental and operating conditions are met and that ignition can 

be started and sustained on the oil as it weathers. The meso-scale tests conducted with 

weathered CLWB dilbit showed that ISB is viable on oil weathered up to one day. Agitation 

led to water uptake within the oil matrix and could impede initiation of a burn. Burns would 

not be expected to be a countermeasure used within Burrard Inlet but could be an effective 

countermeasure to complement mechanical response options particularly in remote areas.  

5.2.3 Shoreline Cleaner 

Options for shoreline cleaning depend on the degree of oiling, type of substrate oiled, and 

character of oil. The Gainford test provided an opportunity to consider a shore cleaning 

agent, Corexit 9580, for its effectiveness as a possible aid in shore cleanup operations for 

weathered, stranded CLWB dilbit. Prior experience during response to the Burnaby spill 

had shown that Corexit 9580 worked effectively to enhance shoreline cleanup. Quick 

assessment field tests conducted during that spill response were used to gain approval for 

use of the agent during cleanup of the dilbit on cobble shorelines in Burrard Inlet.  
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The meso-scale tests showed that removal of oil that had weathered for five days on water 

and then remained on tiles and exposed to air for four days was still effective when using 

washing substrate treated with Corexit 9580. Low pressure washing (up to approximately 

50 psi) of oiled substrate alone is unlikely to be effective for a shoreline oiled with dilbit. 

Over-the-counter degreaser with D-Limonene proved to be ineffective, although these tests 

are not comparable to others using commercial formulations intended for spill response. 

Approval for use of Corexit 9580 should be sought immediately following a spill and prior to 

shoreline contact to ensure there is sufficient time to use it effectively if needed. 

5.3 Oil and Water Chemistry 
A comparison of the polycyclic aromatic chemical components in fresh oils (AWB, CLWB, and 

Alaska North Slope (ANS)) is shown in Figure 5-3. Generally, the naphthalene content is higher in 

the ANS crude relative to CLWB or AWB, whereas the latter crudes have slightly higher heavier PAH 

contents.
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Figure 5-3: Comparison of PAH concentrations between CLWB and AWB dilbits and ANS crude
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BTEX in the water column dissolves faster and is depleted in the water column with increased 

agitation (Figure 5-4 and Figure 5-5). These BTEX concentrations and the depletion rates shown 

are from the confined water in the tank below an artificially thick slick. Unconfined oil, mixing, and 

dilution would result in much faster depletion rates and lower concentrations.  

 

Figure 5-4: Average BTEX concentrations in water from 0.5, 1, and 1.5 m below AWB dilbit 

 

Figure 5-5: BTEX concentrations in water at 1 m depth below CLWB dilbit 
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6 Equipment Testing 
The oil spill recovery equipment testing was conducted concurrently with the scientific study as a 

way to investigate the efficacy of mechanical skimmers on oil sands products, specifically dilbit. The 

parallel testing of skimming equipment with the scientific study offered attractive efficiencies for 

the project including: 1) maximum use of personnel and supporting material; 2) complete site 

utilization; 3) execution under similar conditions; and 4) availability of common source oil. 

Additionally, conducting the studies at the same time and location enabled test site visitors to 

simultaneously observe both studies.   

Skimming equipment for the Gainford field test was provided by interested vendors who 

volunteered to exercise their equipment in an effort to better evaluate unit performance on oils 

produced from bitumen extracted from oil sands in Alberta, Canada. Western Canada Marine 

Response Corporation (WCMRC) personnel worked closely with the equipment vendors to enhance 

the overall test experience. 

 

Figure 6-1: Vendor providing a briefing prior to equipment testing 

6.1 Methodology 

6.1.1 Facility Design and Tank Layout 

The equipment test was conducted adjacent to the scientific study area at the same pump 

station located in Gainford, Alberta (Figure 6-1). Heavy equipment was used to construct a 

below grade containment pad which was then lined with an impermeable membrane.  

Inserted into the test pit were a series of open-top welded steel bins, also known as “roll-off 

boxes.” These 26.5 m3 (7,000 gallon) capacity rectangular tanks measured 6.4 m by 3.0 m by 

1.4 m. Each skimmer was assigned a dedicated test tank. The equipment test tanks were 

given the following designations: 
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Tank 
Designation 

Purpose Note 

E1-E5 Skimmer Testing The test site was initially designed for five skimmer tests; three vendors 
participated in the Gainford test. Those vendors were assigned tanks E-3, E-
4 & E-5. E-1 was later consigned to additional science testing and re-
designated S-9. E-2 was a surplus tank. 

E6 Common Discharge 
Tank 

Described in the methodology section below. 

E7 Weathered Oil Tank Contained oil that was left to weather for ten days, then used for the last 
day of skimmer testing (May 22). 

E8 Waste Oil Tank a.k.a. the “Slop Tank.” 

CC Calibration Cube Used for measuring oil recovered during the timed portion of the skimmer 
tests.  

Table 6-1: Tank designations 

 

 

Figure 6-2: Equipment test tank schematic 
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6.1.2 Testing Protocols/ASTM Standards 

The objective of the Gainford equipment test was to evaluate whether the current inventory 

of oil skimmers is suitable for recovering a common dilbit product. Each skimmer 

manufacturer was offered the opportunity to perform under consistent operating 

conditions and measurement procedures that were guided by the following ASTM 

standards:  

 

F-631: Standard Guide for Collecting Skimmer Performance Data in Controlled 

Environments 

F-2008: Standard Guide for Qualitative Observations of Skimmer Performance 

F2709-08:  Standard Test Method for Determining Nameplate Recovery Rate of Stationary 

Oil Skimmer Systems 

 

It should be noted that each of the respective manufacturers of the devices exercised at 

Gainford had previously tested their units under strict adherence to ASTM standards as part 

of the nameplate recovery certification process. As such, it was not the intent of the 

Gainford study to replicate any of those prior tests. Rather, the ASTM standards referenced 

at Gainford were used only as guidance for the following parameters: 

 

 Quantitative measurement of ambient conditions  

 Appropriate laboratory analysis of virgin and recovered product 

 Test facility design 

 Test methodology 

 Skimmer performance calculations 

 

To allow vendors to correctly configure power units, check hose connections, and ensure 

operability prior to test commencement, vendors were given the opportunity to calibrate 

their equipment with the water of their respective tanks prior to the discharge of any oil. 

 

Oil was discharged into the test tanks on May 13, and the subsequent tests followed the 

protocol as detailed below: 

 

1. Allow the oil to stand for four hours prior to skimmer testing to reduce the combustible 

gas and benzene levels.   

2. Skimmer discharge lines were plumbed so that the recovered liquids could be diverted 

to either a calibration cube or to the common waste tank (E6). After achieving steady 

state operation in the discharged oil, the subject skimmer effluent was diverted from the 

common waste tank (E6) to the calibration cube for a specified time (initially 30 

seconds but modified in later test periods to a full 4 minutes; see modification 1 below).   

3. The product in the calibration cube was allowed to settle for approximately one day 

after which the total liquid volume was measured. The cube was then decanted of free 

water. Once the water was removed the volume of the cube was again measured. An oil 

sample was then taken from the calibration cube sample tap and analyzed offsite for 
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water content according to Karl-Fischer Titration procedures (ASTM D1123). The 

volumetric measurements were then used to determine the skimmer’s recovery 

capacity and efficiency.   

4. The fluids accumulated in the common waste tank (E6) were allowed to settle for 

approximately one day. Thereafter, the water was decanted, and the remaining 

emulsion was gravity fed in equal amounts back to the test tanks. This procedure 

provided each of the skimmers with a common starting point for the next test in the 

sequence (see modification 2 below). 

 

In accordance with the plan, these procedures were repeated on Day 3 (~48 hours after the 

initial oil release); Day 5 (~96 hours); Day 7 (~144 hours); and Day 9 (~192 hours).   

 

On the last test day, Day 10 (~240 hours), a final test was conducted with skimmers 

exercised in tank E7, the weathered oil tank. The weathered oil tank (E7) was charged with 

625 L (165 US gallons) of CLWB that had been poured in it on Day 1 (May 13) and left 

undisturbed for ten days. Originally, this last day test with 10 day weathered oil was to be a 

“Best in Show” exercise; however, this test was also modified (see modification 3 below) to 

better reflect evolving conditions. 

 

 

Figure 6-3: Day 10 testing 

6.1.3 Discussion of Test Modifications Made During the Test Period:  

Modification 1 - Discharge Time to the Calibration Cube: The initial plan called for the 

tests to be conducted for a uniform 30 seconds. This duration was based on ASTM guidance 

and the concern that the 1 m3 calibration cube capacity would be exceeded. After the first 

day of testing concluded, it was determined that the calibration cubes had sufficient 

capacity and that the tests could be run for longer durations. As of the second round of 

equipment tests (Day 3; ~48 hours), it was mutually agreed that the skimmers would run 

for four minutes after achieving steady state operation. This modification to the testing 

procedure remained consistent for the subsequent five tests. 
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Modification 2 - Common Waste Tank: After the first day of testing it was determined that 

diverting oil to the common waste tank, settling the liquids, and then redistributing that oil 

back to the test tanks was laborious and offered no benefit to the test. Therefore, a second 

protocol modification was made such that skimmer discharge – prior to diversion to the 

calibration cube – would no longer be directed to E6, but would now simply be recirculated 

back to the source tank. 

Modification 3 - Last Test Day: The last test day was modified such that any vendor who 

wished to test their skimmer in tank E7 (10 day weathered CLWB) would be given that 

opportunity. Two of the vendors agreed to do so. 

6.2 Oil Type and Properties 
The same CLWB (winter blend) as was issued for the fate and behavior science study was chosen to 

be used for the equipment test. The CLWB was drawn from the pipeline in March and stored until 

the time of the test in closed-top drums in Edmonton, Alberta. The CLWB possessed the following 

properties at the beginning of the test period at Gainford: 

Absolute Density (kg/m3) 925.2 
Viscosity cSt @ 15 °C 220.3 
Water Content (mass %) 0.43 

Table 6-2: Properties of CLWB at the start of the equipment tests 

Each test tank was given a measured, initial charge of three full 55 gallon drums (625 L or 165 US 

gallons) at the start of the test. To avoid emulsifying the oil from a plunging discharge stream, hand 

pumps were used to deliver the product onto a horizontal spillway resting on the surface of water. 

Releasing the oil into the E-series tanks took place between 1000 and 1100 on May 13. 

The average thickness of the oil at the start of the test was measured to be + 30 mm. This dimension 

was derived from calculations using vertical height measurements. In the interest of safety, 

skimmers had been pre-positioned in each tank after water depth measurements were taken but 

prior to discharge of the oil. This caused a perceived variation in slick thickness as a result of the 

different displacements of the skimming systems.   

In accordance with the work plan, testing began on the first day of the release, approximately four 

hours after the nominal start of the spill, roughly between 1530 and 1600 on May 13. 

6.3 Water Properties 
Comparable to the science test tanks, the water properties of the equipment test tanks were 

representative of Burrard Inlet in British Columbia. The following target water conditions were 

determined to replicate Burrard Inlet water conditions for the purposes of this exercise: 

Water Temperature 10 °C (50 °F) 

Salinity 20 ppt (estuarine/brackish) 

pH 7 (neutral) 

Table 6-3: Water properties (target) 
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Site personnel were able to meet the target values for salinity and pH; however, higher than 

expected ambient air temperatures caused the tank water temperature to rise above the target 

value (see Table 6-4). Elevated water temperature was not deemed to be a significant factor in 

skimmer performance and realistically constituted conditions that could be experienced on Burrard 

Inlet surface waters during a summer day. 

6.4 Equipment Tested 
Under uniform conditions, the following skimming systems were tested in succession on the same 

days: 

6.4.1 Aquaguard RBS Triton 60 DI3 Oil Skimming System 

The Aquaguard system tested at Gainford was a brush skimmer driven by a 

diesel/hydraulic power pack. The skimmer’s recovery technology uses oleophilic adhesion 

of the oil to the bristles of a brush rotating through the oil/water interface. A scraper 

removes the recovered product which is then collected in a common sump and pumped to a 

remote storage container. 

 

Figure 6-4: Aquaguard RBS Triton Skimmer 

Below are RBS Triton features summarized from the Aquaguard brochure: 

 Stated recovery rates based on tests “witnessed by ABS Marine Services and Det Norske 

Veritas –tested to the ASTM-F631-93/99 standard;” 

 Up to 98 percent efficiency; 

 Versatile; brushes can be interchanged with either drums or discs for various oil types; 

 When outfitted with the brush attachment, the recovery rate is 63 m3/hr (396 bbl/hr). 

 

6.4.2 Desmi DBD-5 Skimmer 

The Desmi DBD-5 system was a diesel/hydraulic powered skimmer fitted with an oleophilic 

brush-drum assembly. The drum rotates through the oily water where oil is attracted and 

adheres to the brush surfaces. A scraper transfers the recovered oil into a central collection 

sump. 
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Below are DBD-5 features summarized from the Desmi brochure: 

 Stated recovery rate with brushes is 7 m3/hr (44 bbl/hr); 

 This small unit has a 0.12 m or 5 inch draft suitable for use in shallow water 

environments  

 

Figure 6-5: Desmi DBD-5 Skimmer 

6.4.3 Lamor MultiMax LAM 50/3C Brush Skimmer 

The Lamor system tested at Gainford was a stiff-brush conveyor belt type oil skimmer. The 

conveyor belt consists of three stiff-brush-chains. The oleophilic brush conveyor belt uses a 

patented brush cleaner to separate the oil from the water and lift the recovered product to 

the oil transfer pump.   

Below are LAM 50/3C features summarized from the Lamor brochure: 

 Bureau Veritas-certified recovery rate of 53.1 m3/hr (334 bbl/hr); 

 Designed to recover all types of oil with particular effectiveness in weathered oils, 

crude, high viscosity bunker oil, and emulsions. 

 

 

Figure 6-6: Lamor MultiMax Skimmer 

  



DRAFT 

 

Fate and Behavior Study Final Report 54 11/22/13 

6.5 Results 

6.5.1 Qualitative Observations and Comments 

The Gainford equipment test sought to investigate the following questions: 
 

 Does Cold Lake bitumen behave differently from other heavy crude oils commonly 

handled by this industry?  

 Is the current inventory of skimmers, available to Trans Mountain Pipeline ULC and its 

contractors, capable of mechanically recovering dilbit under conditions that can be 

reasonably expected in the subject marine environment?  

 From a recovery equipment operator’s perspective, does dilbit behave differently from 

other crude oils you have recovered?  

 Also from the operator’s perspective, does the equipment get compromised in any way 

as a result of recovering dilbit?  

 How does weathered dilbit affect equipment operation, performance, and ultimately the 

recovery rate?  

 Can adjustments be identified to improve skimming operations of dilbit spilled on 

marine waters?  

 

Observations associated with the primary equipment test objective: 

 Throughout the allotted time period, all of the skimmers proved effective in recovering 

the product, whether it was fresh, emulsified, or naturally weathered after a 10 day 

exposure to ambient element conditions. 

 There were no conditions during the testing period under which any of the three 

skimmers failed to operate.   

 

Peripheral observations: 

 At discharge the oil was less viscous than anticipated, prompting the vendors to state 

they would have preferred to have used oleophilic discs at the outset of the test and 

then switched to brushes later as the oil became more viscous. 

 The oil floated throughout the 10 day period. No instances were observed of the oil’s 

buoyancy being compromised either neutrally downward in the water column or 

sunken to the bottom of the tank. Visual observations of the tanks during final 

decontamination further affirmed the absence of sunken oil.  

 Vendors and contractors both agreed that under the test conditions this dilbit behaved 

no differently than other crude oils and proved to be mechanically recoverable by the 

skimming units tested. As mentioned previously, owing to the light viscosity, recovery 

of the early discharged product would have been improved by the use of drum and disc 

skimming attachments. It was not until after a few days of weathering that the vendors 

would have opted to use the brush/belt attachments. 
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Figure 6-7: Equipment testing (Calibration Cube is to the right of Tank E5) 

 

6.6 Weathered Oil Properties  

 The data presented in Table 6-4: Summary data from equipment testing (also see Appendix 

H) documents the average density of the oil in the equipment test tanks starting at a value 

of 925.2 (absolute density at 15 °C/API 21.3) on May 13 and steadily increasing to 

988.8/11.5 by May 21. These density numbers represent an average value for the oil 

contained in each of the three equipment test tanks over that time period. It should also be 

noted that this oil was not only weathering but was also being agitated and emulsified by 

the skimmers. 

 The following density numbers for the same time period were for the undisturbed oil in 

tank E7 (the static tank): 925.2 kg/m3 (API 21.3) to 975.1 kg/m3 (API 13.5).  

 Viscosities calculated (per ASTM 341) to 15 °C based on laboratory tests of oil samples 

collected from the tanks before skimming ranged from a starting value of 220 to over 

30,000 cSt (Table 6-4).  
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Figure 6-8: Timed equipment test 

 

6.7 Quantitative Data Results 
Table 6-4 summarizes the conditions under which the equipment test was performed and displays 

a range of performance results measured during the test. 
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Table 6-4: Summary data from equipment testing (shown on the next two pages) 
 

  Prior to Skimmer Testing 

Date of 
Test 

Duration 
of Peak 

Test 

Number 
of 

Skimmers 
Tested 

Air 
Temp 

(Avg./°C) 

Water 
Temp 

(Avg./°C) 

Salinity 
(Avg./ppt) 

pH (Avg.) 

Water Content in Oil 
Sample (lab result; 

mass %) 
 

Density of Oil 
Sample (lab result; 
Absolute; kg/m3 @ 

15 °C) 

Viscosity of Oil 
Sample (lab result: 
cSt extrapolated to 

15 °C)* 

13-May 2 min 3 23.0 13.6 21.0 7.0 0.4 925.2 220 

15-May 4 min 3 17.0 15.5 22.6 7.0 4.1 952.4 1252 

17-May 4 min 3 14.5 17.1 20.3 7.7 8.8 - 35.5 970.1 - 985.1 6603 - 15523 

19-May 4 min 3 11.8 18.9 20.0 7.6 27.7 - 41.2 982.5 - 989.9 7982 – 17234* 

21-May 4 min 3 14.8 19.5 21.3 8.0 22.5 - 45.1 986.2 - 993.0 15903 – 30304 

22-May 4 min 2 15.1 18.4 18.0 7.5 1.2 975.1 9642 

             

              These values were for the oil at the beginning of the test and the oil from the 
common discharge tank. After the modification of the test, such that skimmers were 
discharging into their own tanks, there was a high and low value from those three 
tanks. 

 Values are from one tank (E7) which had 
been left for 10 days undisturbed. 

             

         

*Tank E5 extrapolated values for May 18 
not included in range as curve was outlier. 
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Date of 
Test 

Approx. 
Elapsed 

Time from 
Oil Release 

that Test 
was 

Conducted 
(Hrs.) 

Cal. 
Cube 
Avg. 

Settling 
Time 

(hh:mm) 

Water Content in Oil 
Sample from Cal. Cube 

(lab result; %) 

Total Fluid 
Recovered in 

Calibration Cube 
(measuring 113 cm 

x 92 cm; values 
below  
in cm) 

Total Rate of Oil 
Recovery 

(liters/sec.) 

% of Oil Content in 
Cal. Cube 

% of Water Content 
in Cal. Cube 

High Low High Low High Low High Low High Low 

13-May 4 24:00 22.0 5.7 34.0 7.5 0.86 0.21 33 19 81 66 

15-May 46 19:56 91.1 8.2 16.5 14.5 0.59 0.58 95 81 18 5 

17-May 96 21:03 50.4 24.1 17.7 8.1 0.70 0.31 98 79 21 2 

19-May 144 21:38 47.5 20.0 39.8 10.6 0.71 0.40 94 28 72 6 

21-May 192 23:40 49.0 26.2 20.0 6.1 0.82 0.25 95 79 21 5 

22-May 216 22:34 17.0 13.2 8.2 2.9 0.26 0.12 97 73 27 3 
 

             

               This particular sample jar was almost all 
water and this number is an anomaly. The 
comparative numbers should be 11.8 (high) 
and 8.2 (low). 
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7 Recommended Future Research 

7.1 Science 
The experiments conducted at Gainford, combined with previous and other recent tests, have 

advanced the general knowledge of dilbit weathering, fate, and behavior. Recent meso-scale tank 

tests have encompassed different imposed energy conditions as well as freshwater to brackish 

water conditions. Areas for potential future investigation include: 

 Sediment interaction and sinking – a series of tests to help understand the sediment/oil 

interaction (degree of binding or adhesion, and resulting densities). Experience from the 

Enbridge spill at Marshall (2010, Kalamazoo, Michigan) noted oil bound to sediment had 

sunk but, in many cases, was easily released back into the water column with agitation. This 

indirectly suggests that the weathered dilbit was not tightly bound to sediment particles. 

 Effects of different diluents and bitumens – more oil weathering testing has been completed 

with CLB dilbit, as this is one of the predominant commodities transported; however, 

different diluents and source bitumens in dilbit and synthetic crude (syncrude) blends may 

behave differently when spilled, as well as have very different chemical characteristics and 

potential effects. Laboratory and meso-scale testing with additional blends would augment 

and broaden the knowledge base for these oils. 

 Sediment penetration and flushing – a series of previous experiments were conducted by 

Environment Canada to determine penetration and retention of different crude oils in 

different sediments and under different hydraulic and environmental conditions (Harper et 

al., 1995; Humphrey et al., 1993). Using similar protocols, subsequent testing was 

conducted by Environment Canada using bitumen (Harper et al., 2002b). Additional testing, 

following test protocols used for the subsurface oil in coarse sediments experiment(s) 

(SOCSEX; Humphrey et al., 1993; Harper et al., 1995), can provide improved details on oil 

penetration and retention for a broader range of sediment/soil types and under different 

hydraulic conditions (i.e., simulated riverbed on water level drops and rises, tidal flushing). 

Other variables to investigate would include sediment grain size, hydraulic conditions such 

as water level change/ tidal flushing, and temperature and weathering state. These results 

could be used in conjunction with data from previous similar experiments and spill 

observations to describe a more accurate projection of dilbit penetration, retention, 

persistence, effects, and removal.   

 Shoreline cleaning agents – additional testing for cleaner effectiveness using a variety of 

available cleaning agents is recommended. Only two cleaning agents were tested during 

these trials, and one proved to be effective. A more robust complement of potential cleaning 

agents would assist with pre-approvals should they be needed. 

 Dispersant effectiveness – additional testing of dispersants using fluorometers and for 

different dilbit blends under variable conditions of Day 0 to Day 1 weathering will provide 

valuable feedback as an early countermeasure option. Additional testing using a range of 

dispersant to oil ratios is also suggested. 
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 Controlled burning – additional tests of controlled burning on various dilbit blends and a 

range of initial oil thicknesses will provide important information to operational feasibility 

and constraints as an early countermeasure. 

 Biodegradation – tests to determine the effectiveness of natural and enhanced 

biodegradation on dilbits will provide important information on guidelines for cleanup and 

remediation. An understanding of biodegradation rates under different environmental 

conditions and using varying combinations of nutrient enrichments will assist in guiding net 

benefits analyses for spill cleanup.  

7.2 Equipment 
When the opportunity for future testing presents itself, the following situations would benefit from 

further investigation: 

 Interchanging oleophilic discs/drums with brushes at the outset or low viscosity portion of 

the test period. 

 Providing equipment manufacturers with oil samples for use in their respective test 

facilities.  

 While the dilbit used at Gainford did not sink, certain circumstances (notably those 

involving fresh water and robust sediment loads) may cause heavy oils to become 

submerged. This phenomenon would benefit from further experimentation and study.  
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8 Conclusions 
The overall study objective was to obtain an expanded understanding and assessment of dilbit 

behavior, weathering, and OSR countermeasures performance under controlled simulated 

conditions similar to the potential receiving environment of Burrard Inlet. This objective was 

achieved through the Gainford meso-scale tests. Answers to some of the fundamental questions 

posed regarding potential dilbit spills into a setting such as Burrard Inlet were obtained, as 

summarized in Table 8-1. 

8.1 Scientific Testing 
Specific goals were to better understand and characterize the changes in physical and chemical 

properties and oil distribution of dilbit in an estuarine simulated condition over a 10 day period 

and to determine efficiency and effectiveness of dispersant, in-situ burning, and shoreline cleaning 

agents as potential countermeasures for various stages of weathered oil. The Gainford tests 

successfully met these goals. 

Both AWB and CLB dilbits exhibited properties typical of a heavy, “conventional” crude oil. In no 

instance was any oil observed to have sunk. Visual observations of the surface of the oil in the 

various tanks showed that a crust, or armoring, formed as the oil weathered. In some instances, 

especially noted under static conditions, the lighter components of the oil came out the oil as 

bubbles within the slick. These bubbles rose to the surface and, in places, became trapped under the 

crusted layer. Weathered oil densities approached, and in several instances, exceeded that of 

freshwater but not that used to represent Burrard Inlet brackish water. Visual observations were 

made of weathered oil overwashing within tanks with agitation; however, the weathered oil did not 

submerge or sink in the tanks.  

Chemical analyses of the weathered oils and of the water column showed that concentrations of 

BTEX diminished rapidly within 48 hours and that TPH in the water column only exceeded the 

detection limit (2 mg/L) during the first 48 hours in tanks with moderate surface agitation, despite 

the artificial confinement imposed by tanks relative to what may be expected in an open, natural 

setting. 

Countermeasures tested included dispersant application, burning, and shoreline cleaners. The 

visual observations of the dispersant test revealed that Corexit 9500 was marginally effective on 6 

hour weathered oil and not particularly effective for more weathered CLWB dilbit. The early test 

burn (6 hour weathered CLWB dilbit) was effective with a sustained burn of 2 L of oil lasting for 

more than 2 minutes with approximately 70 percent of oil removed through burning. Additional 

burn testing showed approximately 50 percent of 24 hour weathered oil was removed, but only 

after sustained effort to ignite. The 72 hour weathered oil was not successfully ignited. Tests with 

Corexit 9580 found the cleaning agent to be effective on oils weathered up to five days. Test 

observations noted that the time oil weathers on water before being placed on the tile was less 

important than the time the weathered oil was exposed to air. 

Comments regarding frequently asked questions (FAQs; see Table 8-1) and key points are: 

 There was no two-phase separation into bitumen and diluent; 
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 Off-gassing of light-ends has safety implications for responders and the public during the 

initial hours of exposure to a release, as is the case for most oil spills;  

 Both AWB and CLWB dilbits remained floating on brackish water during the 10 days of 

weathering; 

 Both AWB and CLWB weathered dilbits surpassed viscosities of 10,000 cSt within 48 hours 

and exhibited strong tendencies to form a more continuous thick mat rather than a thin 

sheen on water which, with continued weathering and agitation, can be expected to produce 

tar balls. 

8.2 Equipment Testing 
It should be recognized that any time operators, contractors, and scientists have the opportunity to 

work with crude oils in an environmentally-sound field exercise, all stakeholders will benefit. As 

such, the Gainford equipment test delivered positive results, as summarized below: 

 No performance shortcomings were observed in the current inventory of recovery 

equipment available to TMPL and its contractors; 

 The more viscous oil encountered on test days 7, 9, and 10 caused no skimmer malfunctions 

including stalls, seizures, or poor recovery; 

 Operational adjustments to compensate for increased dilbit viscosity were no different than 

field adjustments made to equipment during actual spill events for most oils; 

 This particular dilbit behaved similarly to any other crude oil that the Gainford spill 

response professionals had experienced in the past. 
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Does dilbit sink in water when spilled?  
Both Cold Lake Blend (CLB) and Access Western Blend (AWB) dilbits are lighter than freshwater. Dilbit 
spilled into fresh, brackish, or saltwater will stay on the water surface unless another mechanism mixes it 
into the water column, as would be the case for any oil. Only after extensive weathering may some portion 
become submerged or sink in freshwater, without invoking additional parameters that can modify the density 
of the spilled product. 

Can dilbit be recovered from water using conventional spill response skimmers?  
Fresh dilbit oil is much like most medium to heavy crude oils and can be recovered using a variety of skimmer 
systems, ranging from weirs to oleophilic units. As dilbit weathers, the oil viscosity increases significantly but 
skimmers designed for more viscous oils, including brush, belt, and mechanical systems, can continue to 
effectively recover weathered oil (demonstrated in up to 10 days of weathering in tank tests). 

Can chemical dispersants be effectively used on dilbit spills?  
Given appropriate safety, environmental, and operating conditions, dispersants may be effective within the 
first day of a spill before weathering results in oil that is too viscous to effectively disperse. 

Is controlled burning a possible countermeasure for use on dilbit spills?  
Given appropriate safety, environmental, and operating conditions, burning may be effective but likely for a 
short time period (approximately 12-24 hours) before weathering results in oil that is too viscous to 
effectively ignite an sustain combustion. 

How toxic is dilbit relative to other crude oils? 
The BTEX (benzene, toluene, ethylbenzene, and xylene) components in crude oils are some of the key 
chemicals of concern for toxicity. The BTEX content in CLB and AWB dilbits is approximately 1 to 1.2 percent 
by volume, respectively, which is slightly less than that found in Alaska North Slope or Alberta Sweet crude 
oils. 

How variable are the weathering patterns and oil properties between different dilbits and synbits? 
The Gainford tests showed that the weathering patterns between CLB and AWB are similar and that oil 
physical and chemical properties are consistent with other heavy crude oil. The full range of properties of 
dilbit blends are well known and published (see CrudeMonitor), although weathering characterization of the 
range of oils is the subject of ongoing research.  

Can spilled dilbit be contained on water? 
Lab and meso-scale tests have consistently shown both AWB and CLB dilbits to float on freshwater and 
saltwater. Spill containment strategies and tactics for floating oils are quite applicable to dilbit. Changes in 
spilled oil behavior and movement on water can be influenced by numerous factors. Effective containment 
requires adjusting strategies and tactics to changing conditions for a spill of any oil type.  

Can spilled dilbit be effectively cleaned off shorelines? 
The Gainford meso-scale tests showed that fresh to very weathered CLB can be effectively removed from a 
hard substrate through a combination of shoreline cleaner (Corexit 9580) and low to moderate water 
pressure flushing. These techniques may not be suited for all types of shorelines; however, they generally are 
appropriate for coarse-grained materials (gravel, cobbles, and boulders and including coarse sediment 
mixes). 

Table 8-1: Frequently Asked Questions. 
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What is Access Western Blend crude? 
Access Western Blend (AWB) is a heavy, high TAN dilbit produced by Devon Energy 
Canada and MEG Energy Corp. Production is from the Athabasca region south of Fort McMurray, 
Alberta. Production is generated by SAGD thermal methods. Diluent is supplied to the production 
sites from Edmonton and dilbit is pumped back to Edmonton on the Access Pipeline. AWB is 
available for upgrading in the Edmonton area, and for export on the Enbridge and Kinder Morgan 
systems. 

 

 

Light Ends Summary 
Property(vol%) Most Recent Sample 6 Month Average 1 Year Average 5 Year Average 

 C3- 0.02 0.02 0.03 0.03 

 Butanes 0.37 0.45 0.55 0.68 

 Pentanes 7.17 8.47 8.48 8.38 

 Hexanes 6.31 6.68 6.81 6.78 

 Heptanes 4.28 4.01 4.15 4.33 

 Octanes 2.31 2.18 2.27 2.55 

 Nonanes 0.90 1.02 1.09 1.23 

 Decanes 0.41 0.48 0.52 0.53 

 

BTEX 
Property(vol%) Most Recent Sample 6 Month Average 1 Year Average 5 Year Average 

 Benzene 0.25 0.28 0.30 0.29 

 Toluene 0.44 0.46 0.49 0.50 

 Ethyl Benzene 0.04 0.05 0.05 0.06 

 Xylenes 0.29 0.33 0.35 0.39 

  

http://www.devonenergy.com/Operations/Canada/Pages/jackfish_project.aspx
http://www.devonenergy.com/Operations/Canada/Pages/jackfish_project.aspx
http://www.megenergy.com/l_christina_lake.php
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Most Recent Sample Comments: AWB-803, Sep 20, 2013 
Last 6 Samples 

On a seasonally adjusted basis, Access Western Blend was consistent with historical averages for 

the month of September. 
Monthly Reports 

 

Basic Analysis 
Property Most Recent Sample 6 Month Average 1 Year Average 5 Year Average 

 Density (kg/m3) 
930.8 925.3 923.6 922.7 

 Gravity (oAPI) 
20.4 21.3 21.6 21.7 

 Sulphur (wt%) 
4.12 4.01 3.95 3.94 

 MCR (wt%) 
11.00 10.79 10.65 10.65 

 Sediment (ppmw) 
- 94 89 193 

 TAN (mgKOH/g) 
1.77 1.73 1.72 1.70 

 Salt (ptb) 
- 4.7 6.4 6.4 

 Nickel (mg/L) 
77.0 76.6 73.8 72.4 

 Vanadium (mg/L) 
206.0 202.0 196.7 194.1 

 Olefins (wt%) 
- - ND ND 

*ND indicates a tested value below the instrument threshold. 

Trend Charts 

 

e-mail: Crude Quality Inc.  

phone: +1 (780) 757-9909  

#201, 17850 105 Avenue  

Edmonton, Alberta Canada T5S 2H5 

© 2013 CrudeMonitor.ca  

http://www.crudemonitor.ca/recentdata.php?acr=AWB&name=Access%20Western%20Blend
http://www.crudemonitor.ca/report.php?acr=AWB
mailto:%20crudequality@gmail.com?subject=Inquiry%20re%20crudemonitor.ca
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Access Western Blend (AWB) 

Basic Analysis 

 
Feb 23, 2013 Sample 

5 Year Average 
(prior to Feb 23, 2013 sample) 

Density (kg/m3) 919.6 922.2 ± 5.5 
Gravity (oAPI) 22.2 21.8 ± 0.9 
Sulphur (wt%) 3.82 3.94 ± 0.10 
MCR (wt%) 10.50 10.66 ± 0.50 
TAN (mgKOH/g) 1.77 1.70 ± 0.12 
Nickel (mg/L) 66.0 71.8 ± 4.9 
Vanadium (mg/L) 197.0 193.2 ± 11.9 

 

Light Ends 

 
Feb 23, 2013 Sample 5 Year Average 

C3- (vol%) 0.05 0.03 ± 0.01 
Butanes (vol%) 0.69 0.70 ± 0.14 
Pentanes (vol%) 8.42 8.41 ± 1.20 
Hexanes (vol%) 6.74 6.80 ± 0.68 
Heptanes (vol%) 4.23 4.36 ± 0.48 
Octanes (vol%) 2.56 2.58 ± 0.42 
Nonanes (vol%) 1.29 1.25 ± 0.24 
Decanes (vol%) 0.54 0.54 ± 0.12 

 

BTEX 

 
Feb 23, 2013 Sample 5 Year Average 

Benzene (vol%) 0.28 0.29 ± 0.03 
Toluene (vol%) 0.50 0.50 ± 0.07 
Ethyl Benzene (vol%) 0.06 0.06 ± 0.01 
Xylenes (vol%) 0.39 0.39 ± 0.08 

 

Source: http://www.crudemonitor.ca/crude.php?acr=AWB 

 

 

 

 

  

http://www.crudemonitor.ca/crude.php?acr=AWB
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What is Cold Lake crude? 

The main players in the Cold Lake oil sands deposit are Imperial Oil Resources, Cenovus Energy, 
Canadian Natural Resources Limited and Shell Energy. Cold Lake production is bitumen based and 
requires the use of steam to release the bitumen from the underground reservoirs, and the use of 
diluents to meet pipeline viscosity and density specifications. 

 

Light Ends Summary 
Property(vol%) Most Recent Sample 6 Month Average 1 Year Average 5 Year Average 

 C3- 0.02 0.03 0.04 0.04 

 Butanes 0.69 0.82 0.85 1.01 

 Pentanes 8.06 6.53 6.29 6.25 

 Hexanes 5.50 5.30 5.52 5.33 

 Heptanes 2.85 3.31 3.42 3.36 

 Octanes 1.36 2.04 2.18 2.21 

 Nonanes 0.79 1.32 1.38 1.33 

 Decanes 0.42 0.71 0.71 0.63 

 

BTEX 
Property(vol%) Most Recent Sample 6 Month Average 1 Year Average 5 Year Average 

 Benzene 0.20 0.23 0.24 0.23 

 Toluene 0.28 0.40 0.41 0.39 

 Ethyl Benzene 0.02 0.05 0.06 0.06 

 Xylenes 0.15 0.32 0.34 0.33 

 

http://www.crudemonitor.ca/crude.php?acr=CL
http://www.crudemonitor.ca/crude.php?acr=CL
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Most Recent Sample Comments: CL(E)-732, Sep 21, 2013 
Last 6 Samples 

As expected, based on the seasonality of Cold Lake, density is slightly elevated, while light ends and 

BTEX are reduced for this September sample at Edmonton. 
Monthly Reports 
 

Basic Analysis 
Property Most Recent Sample 6 Month Average 1 Year Average 5 Year Average 

 Density (kg/m3) 
934.0 930.0 927.9 928.1 

 Gravity (oAPI) 
19.9 20.5 20.9 20.8 

 Sulphur (wt%) 
3.91 3.83 3.79 3.80 

 MCR (wt%) 
10.90 10.57 10.43 10.48 

 Sediment (ppmw) 
175 119 104 162 

 TAN (mgKOH/g) 
0.96 0.98 0.98 0.98 

 Salt (ptb) 
7.8 8.5 9.6 11.6 

 Nickel (mg/L) 
68.0 69.1 66.0 65.6 

 Vanadium (mg/L) 
172.0 180.2 174.5 171.1 

 Olefins (wt%) 
- ND ND ND 

*ND indicates a tested value below the instrument threshold. 

Trend Charts 

 

e-mail: Crude Quality Inc.  
phone: +1 (780) 757-9909  
#201, 17850 105 Avenue  
Edmonton, Alberta Canada T5S 2H5 
 © 2013 CrudeMonitor.ca  

http://www.crudemonitor.ca/recentdata.php?acr=CL&name=Cold%20Lake
http://www.crudemonitor.ca/report.php?acr=CL
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Cold Lake (CL) 

 

Basic Analysis 

 
 

Feb 28, 2013 Sample 

 
5 Year Average 

(prior to Feb 28, 2013 sample) 

Density (kg/m3) 923.7 928.0 ± 5.1 
Gravity (oAPI) 21.6 20.9 ± 0.8 
Sulphur (wt%) 3.68 3.80 ± 0.08 
MCR (wt%) 10.10 10.46 ± 0.33 
TAN (mgKOH/g) 1.00 0.98 ± 0.08 
Nickel (mg/L) 60.0 65.3 ± 3.0 
Vanadium (mg/L) 170.0 169.8 ± 12.5 

 

Light Ends 

 
 

Feb 28, 2013 Sample 
 

5 Year Average 

C3- (vol%) 0.04 0.04 ± 0.01 
Butanes (vol%) 0.60 1.05 ± 0.24 
Pentanes (vol%) 5.84 6.18 ± 0.95 
Hexanes (vol%) 5.58 5.30 ± 0.64 
Heptanes (vol%) 3.60 3.34 ± 0.45 
Octanes (vol%) 2.54 2.22 ± 0.40 
Nonanes (vol%) 1.68 1.34 ± 0.27 
Decanes (vol%) 0.78 0.62 ± 0.14 

 

BTEX 

 
Feb 28, 2013 Sample 5 Year Average 

Benzene (vol%) 0.25 0.23 ± 0.03 
Toluene (vol%) 0.46 0.39 ± 0.06 
Ethyl Benzene (vol%) 0.07 0.05 ± 0.01 
Xylenes (vol%) 0.42 0.33 ± 0.06 
 

Source: http://www.crudemonitor.ca/crude.php?acr=CL 

 

 
 

 

http://www.crudemonitor.ca/crude.php?acr=CL
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Tile ID W/D Days 
Oil on 
water 

Date Oiled Hours 
post-
spill 

Oiled 
observations 

Thickness 
Measured 

(mm) 

Agent 
Applied 

Setup 
Hours 

Total 
Time 

Clean 
observations^ 

Comments Conclusion 

1D-W-C-24 Wet 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 Corexit 9580 24 48 "<1%, FL/ST" Oil floating in water Effective 
1D-W-L-24 Wet 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 D-Limonene 24 48 "100%, CT" No oil in water Ineffective 
1D-W-N-24 Wet 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 None 24 48 "100%, CT" No oil in water Ineffective 
1D-W-C-48 Wet 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 Corexit 9580 48 72 "<1%, FL/ST" Oil floating on water Effective 
1D-W-L-48 Wet 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 D-Limonene 48 72 "100%, CT" No oil in water Ineffective 
1D-W-N-48 Wet 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 None 48 72 "100%, CT" No oil in water Ineffective 
1D-D-C-24 Dry 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 Corexit 9580 24 48 "3-5%, FL/ST" Oil floating in water Effective 
1D-D-L-24 Dry 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 D-Limonene 24 48 "100%, CT" No oil in water Ineffective 
1D-D-N-24 Dry 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 None 24 48 "100%, CT" No oil in water Ineffective 
1D-D-C-48 Dry 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 Corexit 9580 48 72 "2%, FL/ST" Oil floating in water Effective 
1D-D-L-48 Dry 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 D-Limonene 48 72 "100%, CT" No oil in water Ineffective 
1D-D-N-48 Dry 1D 14/May/13 24 "100%, CT" 0.5 - 1.0 None 48 72 "100%, CT" No oil in water Ineffective 
3D-W-C-24 Wet 3D 16/May/13 71 "100%, 

CT/CV" 
1.0 - 1.1 Corexit 9580 24 94.5 "1%,FL/ST" Oil on water Effective 

3D-W-L -24 Wet 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 None 24 95 "100%, CT/CV" No oil in water Ineffective 

3D-W-C-48 Wet 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 Corexit 9580 48 119 1-3% CT FL/ST Oil on water Effective 

3D-W-N-48 Wet 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 None 48 119 "100%, CT/CV"  Ineffective 

3D-W-C-72 Wet 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 Corexit 9580 72 143 "5% CT, 95% 
ST/FL" 

Oil in water Mostly 
Effective 

3D-W-C-96 Wet 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 Corexit 9580 96 167 "80% ST/CT, 
20% ST/FL, " 

Oil in water Marginally 
effective 

3D-D-C-24 Dry 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 Corexit 9580 24 95 "1-3% CT, FL/ST" Oil on water Effective 

3D-D-N-24 Dry 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 None 24 95 "100%, CT/CV" No oil on water Ineffective 

3D-D-C-48 Dry 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 Corexit 9580 48 119 "1-3%, FL/ST" Oil on water Effective 

3D-D-N-48 Dry 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 None 48 119 "100%, CT/CV" No oil on water Ineffective 

3D-D-C-72 Dry 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 Corexit 9580 72 143 "1-3% CT, 97% 
ST/FL" 

Oil in water" Mostly 
effective 

3D-D-C-96 Dry 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 Corexit 9580 96 167 "65% CT/ST 
(black), 35% 
ST/FL" 

Oil in water "Marginally 
effective, 
possibly needs 
full 30 min 
soak time" 

3D-W-C-120 Wet 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 Corexit 9580 120 191 "85% CT/ST 
(black), 15% ST 
(transparent)" 

"Previously washed in 
water only (24h), oil in 
water, black oil thickness 
< 0.5 mm" 
 
 

Removed oil 
but left black 
stain 



 

Fate and Behavior Study Final Report  E-2 11/22/13 

Tile ID W/D Days 
Oil on 
water 

Date Oiled Hours 
post-
spill 

Oiled 
observations 

Thickness 
Measured 

(mm) 

Agent 
Applied 

Setup 
Hours 

Total 
Time 

Clean 
observations^ 

Comments Conclusion 

3D-D-C-120 Dry 3D 16/May/13 71 "100%, 
CT/CV" 

1.0 - 1.1 Corexit 9580 120 191 "70% CT/ST, 
30% ST" 

"Previously washed in 
water only (24h), oil in 
water, black oil thickness 
< 0.5 mm" 

Removed oil 
but left black 
stain 

5D-W-C-24 Wet 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 Corexit 9580 24 144 "20% CT, 80% 
ST/FL" 

"Oil on water, lower part 
of tile likely had thicker 
oil" 

Mostly 
effective 

5D-W-N-24 Wet 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 None 24 144 100% CT/CV "Ineffective, no oil on 
water" 

Ineffective 

5D-W-C-48 Wet 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 Corexit 9580 48 168 "90% ST/FL, 5-
10% ST/CT" 

Oil in water Effective 

5D-W-N-48 Wet 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 None 48 168 100% CT/CV No oil in water Ineffective 
5D-W-c-72 Wet 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 Corexit 9580 72 192 100% ST/FL Oil in water effective 
5D-W-C-96 Wet 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 Corexit 9580 96 216    
5D-D-C-24 Dry 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 Corexit 9580 24 144 "15% CT, 85% 

ST/FL" 
"Oil on water, lower part 
of tile likely had thicker 
oil" 

Mostly 
Effective 

5D-D-N-24 Dry 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 None 24 144 100% CT/CV No oil on water Ineffective 
5D-D-C-48 Dry 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 Corexit 9580 48 168 "90% ST/FL, 

10% CT" 
Oil in water Effective 

5D-D-N-48 Dry 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 None 48 168 100% CT/CV "Ineffective, no oil on 
water" 

Ineffective 

5D-D-C-72 Dry 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 Corexit 9580 72 192 100% ST/FL Oil in water Effective 
5D-D-C-96 Dry 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 Corexit 9580 96 216    
5D-W-C-120 Wet 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 Corexit 9580 120 240  Previously washed in 

water only (24h) 
 

5D-D-C-120 Dry 5D 18/May/13 120 "100%, CV" 1.0 - 2.0 Corexit 9580 120 240  Previously washed in 
water only (24h) 

 

^ Notes: % denotes percent covered with oil: Oil thicknesses are CV>0.1cm but ≤1cm, CT ≤ 0.1cm and >0.01 cm (can be scratched off tile with fingernail, ST is visible oil 
but ≤0.01cm (not easily scratched off), and FL is film (usually as a translucent sheen) 

Table E-1: Substrate Washing Test Results
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Tiles coated with CLWB in 20 ppt seawater weathering under mild conditions (2 cm – 3 cm waves 

and 5 mph (2.2 m/s) winds).  
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Appendix F: Oil Chemistry 

Data 
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Introduction 

This appendix section presents the chemistry data (light ends in weight % according to ASTM 

D5580) and poly aromatic hydrocarbons (PAHs) of Access Western Blend (AWB) and Cold Lake 

Winter Blend (CLWB) as they weather under three turbulence conditions: 

 Static Conditions: One tank with no agitation induced. Wind exposure was minimized as far 

as was practical. 

 Mild Agitation: One tank with low wind and wave conditions (e.g. 2 cm – 4 cm waves and 5 

mph (2.2 m/s) winds, which were induced by simple mechanical means (intrinsically safe 

fans and paddles mechanism)).     

 Moderate Agitation: One tank with conditions similar to Tank 2 but with a larger induced 

wind and wave agitation (e.g. 5-7 cm waves and 10 mph (4.5 m/s) winds). 
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COMPONENT 
0 Hours 
(WT%) 

12 Hours 
(WT%) 

I Day 
(WT%) 

2 Days 
(WT%) 

2 Days 
(WT%) 

8 Days 
(WT%) 

10 Days 
(WT%) 

10 Days 
(WT%) 

10 Days 
(WT%) 

Methane <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Ethane <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Propane 0.03 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Isobutane 0.06 0.02 0.01 0.01 0.01 <0.01 0.01 <0.01 <0.01 

n-Butane 0.43 0.10 0.03 0.05 0.06 0.01 0.02 0.02 0.01 

Isopentane 3.15 1.13 0.31 0.59 0.65 0.21 0.19 0.09 0.07 

n-Pentane 3.35 0.90 0.23 0.41 0.45 0.09 0.08 0.05 0.05 

Hexanes (C6) 3.76 1.46 0.40 0.76 0.75 0.26 0.22 0.09 0.13 

Heptanes (C7) 2.02 1.03 0.31 0.59 0.51 0.24 0.21 0.09 0.14 

Octanes (C8) 1.38 0.88 0.27 0.53 0.44 0.25 0.22 0.09 0.14 

Nonanes (C9) 0.92 0.71 0.21 0.41 0.34 0.21 0.20 0.07 0.12 

Decanes (C10) 0.79 0.72 0.22 0.45 0.38 0.26 0.24 0.09 0.16 

Undecanes (C11) 0.74 0.75 0.24 0.52 0.46 0.36 0.35 0.16 0.22 

Dodecanes (C12) 0.72 0.78 0.25 0.55 0.53 0.48 0.48 0.26 0.29 

Tridecanes (C13) 0.88 1.00 0.32 0.71 0.72 0.73 0.77 0.49 0.43 

Tetradecanes (C14) 0.98 1.13 0.36 0.81 0.86 0.93 1.02 0.74 0.53 

Pentadecanes (C15) 1.07 1.25 0.38 0.90 0.96 1.08 1.23 0.98 0.61 

Hexadecanes (C16) 1.28 1.49 0.45 1.06 1.18 1.34 1.54 1.30 0.75 

Heptadecanes (C17) 1.37 1.60 0.45 1.11 1.21 1.44 1.68 1.48 0.81 

Octadecanes (C18) 1.46 1.71 0.50 1.16 1.37 1.49 1.79 1.59 0.83 

Nonadecanes (C19) 1.15 1.36 0.37 0.93 1.06 1.10 1.40 1.25 0.66 

Eicosanes (C20) 1.40 1.67 0.45 1.11 1.28 1.53 1.57 1.40 0.72 

Heneicosanes (C21) 1.36 1.63 0.42 1.07 1.24 1.38 1.76 1.53 0.77 

Docosanes (C22) 1.29 1.56 0.41 1.02 1.17 1.30 1.46 1.33 0.66 

Triacosanes (C23) 1.22 1.45 0.38 0.96 1.08 1.20 1.41 1.30 0.65 

Tetracosanes (C24) 1.22 1.49 0.37 0.95 1.07 1.21 1.39 1.27 0.64 

Pentacosanes (C25) 1.20 1.45 0.35 0.93 1.03 1.15 1.30 1.24 0.60 

Hexacosanes (C26) 1.05 1.28 0.30 0.81 0.90 1.01 1.13 1.06 0.51 

Heptacosanes (C27) 1.06 1.33 0.29 0.84 0.91 1.02 1.09 1.01 0.47 

Octacosanes (C28) 1.10 1.37 0.29 0.87 0.93 1.05 1.03 0.93 0.42 

Nonacosanes (C29) 1.07 1.35 0.27 0.84 0.91 1.01 1.12 1.00 0.43 

Methylcyclopentane 0.72 0.35 0.11 0.20 0.18 0.09 0.09 0.05 0.05 

Benzene 0.27 0.11 0.03 0.05 0.04 0.01 0.01 <0.01 <0.01 

Cyclohexane 0.61 0.33 0.11 0.21 0.19 0.10 0.09 0.03 0.04 

Methylcyclohexane 0.89 0.54 0.17 0.34 0.30 0.17 0.15 0.05 0.08 

Toluene 0.48 0.25 0.08 0.14 0.06 0.04 0.02 0.01 0.01 

Ethylbenzene 0.06 0.04 0.01 0.03 0.02 0.01 0.01 <0.01 <0.01 

Meta and para-xylene 0.26 0.19 0.07 0.14 0.11 0.05 0.03 0.01 0.02 

Ortho-xylene 0.08 0.06 0.02 0.04 0.03 0.02 0.01 <0.01 0.01 

Trimethylbenzene 0.08 0.08 0.03 0.07 0.06 0.04 0.03 0.01 0.02 

Table F-1: Light ends (C1-C30) of AWB weathering under static conditions 
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 COMPONENT 
0 Hours 
(WT%) 

12 Hours 
(WT%) 

I Day 
(WT%) 

8 Days 
(WT%) 

Methane <0.01 <0.01 <0.01 <0.01 

Ethane <0.01 <0.01 <0.01 <0.01 

Propane 0.03 0.01 <0.01 <0.01 

Isobutane 0.06 0.02 0.01 <0.01 

n-Butane 0.43 0.12 0.03 0.01 

Isopentane 3.15 1.07 0.31 0.16 

n-Pentane 3.35 0.95 0.23 0.08 

Hexanes (C6) 3.76 1.29 0.72 0.18 

Heptanes (C7) 2.02 0.81 0.47 0.15 

Octanes (C8) 1.38 0.63 0.38 0.15 

Nonanes (C9) 0.92 0.47 0.29 0.12 

Decanes (C10) 0.79 0.45 0.30 0.16 

Undecanes (C11) 0.74 0.46 0.34 0.26 

Dodecanes (C12) 0.72 0.46 0.36 0.38 

Tridecanes (C13) 0.88 0.57 0.46 0.63 

Tetradecanes (C14) 0.98 0.63 0.52 0.86 

Pentadecanes (C15) 1.07 0.69 0.57 1.06 

Hexadecanes (C16) 1.28 0.81 0.68 1.36 

Heptadecanes (C17) 1.37 0.85 0.71 1.49 

Octadecanes (C18) 1.46 0.89 0.74 1.59 

Nonadecanes (C19) 1.15 0.70 0.57 1.16 

Eicosanes (C20) 1.40 0.85 0.69 1.66 

Heneicosanes (C21) 1.36 0.82 0.66 1.37 

Docosanes (C22) 1.29 0.77 0.65 1.54 

Triacosanes (C23) 1.22 0.72 0.61 1.32 

Tetracosanes (C24) 1.22 0.72 0.61 1.32 

Pentacosanes (C25) 1.20 0.70 0.59 1.28 

Hexacosanes (C26) 1.05 0.62 0.53 1.14 

Heptacosanes (C27) 1.06 0.62 0.53 1.15 

Octacosanes (C28) 1.10 0.64 0.54 1.20 

Nonacosanes (C29) 1.07 0.62 0.53 1.17 

Methylcyclopentane 0.72 0.29 0.16 0.06 

Benzene 0.27 0.09 0.04 0.01 

Cyclohexane 0.61 0.26 0.17 0.06 

Methylcyclohexane 0.89 0.41 0.25 0.10 

Toluene 0.48 0.20 0.11 0.02 

Ethylbenzene 0.06 0.03 0.02 0.01 

Meta and para-xylene 0.26 0.14 0.10 0.03 

Ortho-xylene 0.08 0.04 0.03 0.01 

Trimethylbenzene 0.08 0.05 0.04 0.02 

Table F-2: Light ends (C1-C30) of AWB weathering under mild agitation conditions 
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 COMPONENT 
0 Hours 
(WT%) 

12 Hours 
(WT%) 

I Day 
(WT%) 

2 Days 
(WT%) 

8 Days 
(WT%) 

Methane <0.01 <0.01 <0.01 <0.01 <0.01 

Ethane <0.01 <0.01 <0.01 <0.01 <0.01 

Propane 0.03 <0.01 <0.01 <0.01 <0.01 

Isobutane 0.06 0.01 <0.01 0.01 <0.01 

n-Butane 0.43 0.03 0.02 0.03 0.01 

Isopentane 3.15 0.39 0.21 0.33 0.11 

n-Pentane 3.35 0.29 0.15 0.23 0.08 

Hexanes (C6) 3.76 0.50 0.25 0.41 0.20 

Heptanes (C7) 2.02 0.38 0.19 0.30 0.18 

Octanes (C8) 1.38 0.35 0.17 0.27 0.18 

Nonanes (C9) 0.92 0.30 0.14 0.21 0.16 

Decanes (C10) 0.79 0.33 0.16 0.23 0.20 

Undecanes (C11) 0.74 0.38 0.19 0.28 0.28 

Dodecanes (C12) 0.72 0.43 0.21 0.32 0.35 

Tridecanes (C13) 0.88 0.56 0.28 0.46 0.50 

Tetradecanes (C14) 0.98 0.65 0.32 0.55 0.62 

Pentadecanes (C15) 1.07 0.72 0.35 0.63 0.70 

Hexadecanes (C16) 1.28 0.87 0.42 0.79 0.86 

Heptadecanes (C17) 1.37 0.93 0.44 0.83 0.92 

Octadecanes (C18) 1.46 0.99 0.46 0.96 0.97 

Nonadecanes (C19) 1.15 0.80 0.35 0.77 0.70 

Eicosanes (C20) 1.40 0.96 0.42 0.93 1.00 

Heneicosanes (C21) 1.36 0.96 0.41 0.92 0.83 

Docosanes (C22) 1.29 0.90 0.40 0.91 0.94 

Triacosanes (C23) 1.22 0.84 0.38 0.82 0.80 

Tetracosanes (C24) 1.22 0.86 0.38 0.82 0.80 

Pentacosanes (C25) 1.20 0.84 0.37 0.80 0.78 

Hexacosanes (C26) 1.05 0.74 0.33 0.72 0.70 

Heptacosanes (C27) 1.06 0.77 0.33 0.73 0.70 

Octacosanes (C28) 1.10 0.80 0.35 0.76 0.73 

Nonacosanes (C29) 1.07 0.79 0.34 0.75 0.71 

Methylcyclopentane 0.72 0.14 0.06 0.11 0.06 

Benzene 0.27 0.03 0.01 0.01 <0.01 

Cyclohexane 0.61 0.13 0.07 0.11 0.06 

Methylcyclohexane 0.89 0.21 0.11 0.18 0.11 

Toluene 0.48 0.08 0.04 0.05 0.01 

Ethylbenzene 0.06 0.02 0.01 0.01 0.01 

Meta and para-xylene 0.26 0.07 0.05 0.07 0.04 

Ortho-xylene 0.08 0.02 0.01 0.02 0.01 

Trimethylbenzene 0.08 0.04 0.02 0.04 0.03 

Table F-3: Light ends (C1-C30) of AWB weathering under moderate agitation conditions 
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 COMPONENT 
0 Hours 
(WT%) 

12 Hours 
(WT%) 

I Day 
(WT%) 

2 Days 
(WT%) 

4 Days 
(WT%) 

8 Days 
(WT%) 

10 Days 
(WT%) 

Methane <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Ethane <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Propane 0.02 0.01 0.01 <0.01 <0.01 <0.01 <0.01 

Isobutane 0.06 0.02 0.03 0.02 0.01 0.01 0.01 

n-Butane 0.33 0.10 0.10 0.06 0.04 0.03 0.02 

Isopentane 1.85 0.81 0.81 0.49 0.39 0.28 0.21 

n-Pentane 2.05 0.70 0.67 0.37 0.25 0.16 0.11 

Hexanes (C6) 2.76 1.26 1.18 0.73 0.58 0.39 0.29 

Heptanes (C7) 1.69 0.97 0.88 0.59 0.50 0.36 0.29 

Octanes (C8) 1.49 1.04 0.94 0.67 0.61 0.42 0.34 

Nonanes (C9) 1.15 0.93 0.84 0.63 0.70 0.44 0.36 

Decanes (C10) 1.03 0.94 0.86 0.69 0.69 0.52 0.44 

Undecanes (C11) 1.07 1.11 1.02 0.85 0.93 0.75 0.65 

Dodecanes (C12) 1.05 1.18 1.10 0.95 1.10 0.94 0.83 

Tridecanes (C13) 1.27 1.53 1.43 1.25 1.54 1.39 1.26 

Tetradecanes (C14) 1.35 1.71 1.60 1.41 1.80 1.71 1.57 

Pentadecanes (C15) 1.37 1.77 1.67 1.46 1.91 1.87 1.74 

Hexadecanes (C16) 1.53 2.02 1.90 1.65 2.19 2.21 2.04 

Heptadecanes (C17) 1.50 2.02 1.90 1.63 2.18 2.25 2.07 

Octadecanes (C18) 1.46 1.99 1.89 1.60 2.12 2.25 2.05 

Nonadecanes (C19) 1.12 1.55 1.48 1.25 1.49 1.76 1.60 

Eicosanes (C20) 1.31 1.70 1.63 1.43 2.03 2.12 1.91 

Heneicosanes (C21) 1.28 1.94 1.88 1.41 1.64 2.06 1.83 

Docosanes (C22) 1.19 1.71 1.65 1.27 1.88 1.97 1.75 

Triacosanes (C23) 1.10 1.58 1.52 1.13 1.59 1.83 1.64 

Tetracosanes (C24) 1.08 1.57 1.55 1.14 1.57 1.82 1.62 

Pentacosanes (C25) 1.04 1.53 1.50 1.05 1.48 1.77 1.57 

Hexacosanes (C26) 0.92 1.38 1.36 0.94 1.30 1.58 1.40 

Heptacosanes (C27) 0.93 1.44 1.43 0.94 1.28 1.60 1.41 

Octacosanes (C28) 0.97 1.41 1.42 0.97 1.28 1.55 1.37 

Nonacosanes (C29) 0.94 1.60 1.62 0.94 1.18 1.72 1.51 

Methylcyclopentane 0.54 0.31 0.29 0.19 0.17 0.12 0.10 

Benzene 0.20 0.09 0.07 0.05 0.03 0.02 0.01 

Cyclohexane 0.45 0.27 0.25 0.02 0.17 0.11 0.09 

Methylcyclohexane 0.70 0.47 0.43 0.31 0.28 0.21 0.17 

Toluene 0.40 0.22 0.29 0.13 0.06 0.05 0.04 

Ethylbenzene 0.08 0.06 0.05 0.04 0.03 0.02 0.02 

Meta and para-xylene 0.34 0.24 0.21 0.15 0.11 0.08 0.06 

Ortho-xylene 0.10 0.07 0.07 0.05 0.04 0.04 0.04 

Trimethylbenzene 0.13 0.12 0.11 0.09 0.08 0.07 0.06 

Table F-4: Light ends (C1-C30) of CLWB weathering under static conditions 
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 COMPONENT 
0 Hours 
(WT%) 

12 Hours 
(WT%) 

I Day 
(WT%) 

2 Days 
(WT%) 

4 Days 
(WT%) 

8 Days 
(WT%) 

10 Days 
(WT%) 

Methane <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Ethane <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Propane 0.02 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Isobutane 0.06 0.02 0.02 0.01 <0.01 <0.01 <0.01 

n-Butane 0.33 0.09 0.06 0.02 0.01 <0.01 0.01 

Isopentane 1.85 0.71 0.54 0.19 0.08 0.02 0.02 

n-Pentane 2.05 0.61 0.43 0.12 0.04 0.01 0.01 

Hexanes (C6) 2.76 1.06 0.80 0.26 0.10 0.03 0.02 

Heptanes (C7) 1.69 0.79 0.63 0.23 0.10 0.04 0.04 

Octanes (C8) 1.49 0.86 0.73 0.28 0.13 0.04 0.04 

Nonanes (C9) 1.15 0.80 0.71 0.30 0.18 0.05 0.04 

Decanes (C10) 1.03 0.85 0.80 0.38 0.22 0.08 0.07 

Undecanes (C11) 1.07 1.03 1.02 0.57 0.41 0.16 0.16 

Dodecanes (C12) 1.05 1.12 1.16 0.73 0.63 0.29 0.30 

Tridecanes (C13) 1.27 1.46 1.55 1.07 1.07 0.56 0.64 

Tetradecanes (C14) 1.35 1.62 1.76 1.27 1.42 0.84 1.03 

Pentadecanes (C15) 1.37 1.68 1.84 1.36 1.61 1.03 1.34 

Hexadecanes (C16) 1.53 1.92 2.12 1.57 1.91 1.27 1.68 

Heptadecanes (C17) 1.50 1.89 2.12 1.55 1.93 1.29 1.78 

Octadecanes (C18) 1.46 1.88 2.09 1.52 1.89 1.28 1.81 

Nonadecanes (C19) 1.12 1.47 1.67 1.18 1.34 0.99 1.41 

Eicosanes (C20) 1.31 1.61 1.82 1.37 1.82 1.15 1.69 

Heneicosanes (C21) 1.28 1.81 2.07 1.36 1.47 1.12 1.63 

Docosanes (C22) 1.19 1.61 1.82 1.23 1.66 1.03 1.55 

Triacosanes (C23) 1.10 1.50 1.66 1.07 1.38 0.91 1.44 

Tetracosanes (C24) 1.08 1.48 1.70 1.07 1.34 0.92 1.45 

Pentacosanes (C25) 1.04 1.45 1.61 0.99 1.28 0.85 1.39 

Hexacosanes (C26) 0.92 1.31 1.49 0.89 1.11 0.76 1.26 

Heptacosanes (C27) 0.93 1.36 1.53 0.89 1.12 0.76 1.29 

Octacosanes (C28) 0.97 1.33 1.52 0.92 1.13 0.74 1.25 

Nonacosanes (C29) 0.94 1.51 1.74 0.88 1.07 0.82 1.41 

Methylcyclopentane 0.54 0.26 0.21 0.08 0.04 0.02 0.02 

Benzene 0.20 0.07 0.05 0.01 0.01 <0.01 <0.01 

Cyclohexane 0.45 0.23 0.19 0.07 0.04 0.01 0.01 

Methylcyclohexane 0.70 0.39 0.33 0.13 0.06 0.02 0.02 

Toluene 0.40 0.18 0.23 0.04 <0.01 <0.01 <0.01 

Ethylbenzene 0.08 0.05 0.04 0.02 0.01 <0.01 <0.01 

Meta and para-
xylene 0.34 0.21 0.17 0.07 0.02 0.01 0.01 

Ortho-xylene 0.10 0.07 0.06 0.02 0.01 <0.01 <0.01 

Trimethylbenzene 0.13 0.11 0.10 0.05 0.03 0.01 0.01 

Table F-5: Light ends (C1-C30) of CLWB weathering under mild agitation conditions 
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 COMPONENT 
0 Hours 
(WT%) 

12 Hours 
(WT%) 

I Day 
(WT%) 

2 Days 
(WT%) 

4 Days 
(WT%) 

8 Days 
(WT%) 

10 Days 
(WT%) 

Methane <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Ethane <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Propane 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Isobutane 0.06 0.01 0.01 <0.01 <0.01 <0.01 <0.01 

n-Butane 0.33 0.05 0.04 0.01 0.01 <0.01 0.01 

Isopentane 1.85 0.43 0.32 0.09 0.04 0.02 0.02 

n-Pentane 2.05 0.35 0.25 0.06 0.03 0.01 0.01 

Hexanes (C6) 2.76 0.65 0.47 0.13 0.06 0.02 0.02 

Heptanes (C7) 1.69 0.53 0.38 0.12 0.06 0.03 0.03 

Octanes (C8) 1.49 0.61 0.45 0.15 0.08 0.03 0.03 

Nonanes (C9) 1.15 0.62 0.47 0.16 0.09 0.03 0.03 

Decanes (C10) 1.03 0.72 0.57 0.22 0.14 0.05 0.05 

Undecanes (C11) 1.07 0.96 0.81 0.35 0.25 0.11 0.09 

Dodecanes (C12) 1.05 1.12 1.00 0.47 0.39 0.20 0.14 

Tridecanes (C13) 1.27 1.51 1.40 0.71 0.68 0.37 0.26 

Tetradecanes (C14) 1.35 1.72 1.63 0.87 0.91 0.52 0.37 

Pentadecanes (C15) 1.37 1.80 1.71 0.94 1.04 0.62 0.43 

Hexadecanes (C16) 1.53 2.06 1.97 1.08 1.24 0.75 0.51 

Heptadecanes (C17) 1.50 2.06 1.96 1.06 1.26 0.76 0.51 

Octadecanes (C18) 1.46 2.02 1.93 1.03 1.24 0.75 0.49 

Nonadecanes (C19) 1.12 1.59 1.50 0.79 0.89 0.58 0.37 

Eicosanes (C20) 1.31 1.72 1.65 0.91 1.22 0.69 0.43 

Heneicosanes (C21) 1.28 1.97 1.83 0.87 1.00 0.65 0.40 

Docosanes (C22) 1.19 1.72 1.66 0.79 1.14 0.62 0.38 

Triacosanes (C23) 1.10 1.57 1.53 0.69 0.96 0.58 0.34 

Tetracosanes (C24) 1.08 1.58 1.51 0.68 0.94 0.57 0.34 

Pentacosanes (C25) 1.04 1.52 1.48 0.62 0.91 0.55 0.32 

Hexacosanes (C26) 0.92 1.36 1.32 0.54 0.81 0.49 0.28 

Heptacosanes (C27) 0.93 1.41 1.36 0.53 0.83 0.50 0.28 

Octacosanes (C28) 0.97 1.38 1.33 0.54 0.87 0.49 0.27 

Nonacosanes (C29) 0.94 1.56 1.50 0.50 0.82 0.54 0.30 

Methylcyclopentane 0.54 0.17 0.12 0.04 0.03 0.01 0.01 

Benzene 0.20 0.04 0.03 0.01 <0.01 <0.01 <0.01 

Cyclohexane 0.45 0.15 0.12 0.04 0.02 0.01 0.01 

Methylcyclohexane 0.70 0.27 0.20 0.07 0.03 0.01 0.01 

Toluene 0.40 0.12 0.16 0.02 0.01 <0.01 <0.01 

Ethylbenzene 0.08 0.04 0.03 0.01 <0.01 <0.01 <0.01 

Meta and para-
xylene 0.34 0.16 0.12 0.04 0.02 <0.01 <0.01 

Ortho-xylene 0.10 0.05 0.04 0.01 0.01 <0.01 <0.01 

Trimethylbenzene 0.13 0.09 0.08 0.03 0.02 0.01 0.01 

Table F-6: Light ends (C1-C30) of CLWB weathering under moderate agitation conditions 
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 COMPONENT 
0 Hours 
(WT%) 

6 Hours 
(WT%) 

I Day 
(WT%) 

5 Days 
(WT%) 

Methane <0.01 <0.01 <0.01 <0.01 

Ethane <0.01 <0.01 <0.01 <0.01 

Propane 0.02 <0.01 <0.01 <0.01 

Isobutane 0.06 0.01 <0.01 <0.01 

n-Butane 0.33 0.05 0.01 <0.01 

Isopentane 1.85 0.38 0.11 0.01 

n-Pentane 2.05 0.33 0.08 <0.01 

Hexanes (C6) 2.76 0.25 0.18 0.01 

Heptanes (C7) 1.69 0.19 0.17 0.02 

Octanes (C8) 1.49 0.17 0.22 0.02 

Nonanes (C9) 1.15 0.14 0.25 0.02 

Decanes (C10) 1.03 0.16 0.33 0.04 

Undecanes (C11) 1.07 0.19 0.49 0.10 

Dodecanes (C12) 1.05 0.21 0.63 0.19 

Tridecanes (C13) 1.27 0.28 0.87 0.38 

Tetradecanes (C14) 1.35 0.32 1.00 0.58 

Pentadecanes (C15) 1.37 0.35 1.04 0.71 

Hexadecanes (C16) 1.53 0.42 1.17 0.88 

Heptadecanes (C17) 1.50 0.44 1.16 0.91 

Octadecanes (C18) 1.46 0.46 1.12 0.90 

Nonadecanes (C19) 1.12 0.35 0.86 0.70 

Eicosanes (C20) 1.31 0.42 1.00 0.82 

Heneicosanes (C21) 1.28 0.41 0.97 0.81 

Docosanes (C22) 1.19 0.40 0.89 0.73 

Triacosanes (C23) 1.10 0.38 0.80 0.65 

Tetracosanes (C24) 1.08 0.38 0.79 0.65 

Pentacosanes (C25) 1.04 0.37 0.75 0.60 

Hexacosanes (C26) 0.92 0.33 0.66 0.55 

Heptacosanes (C27) 0.93 0.33 0.67 0.55 

Octacosanes (C28) 0.97 0.35 0.69 0.57 

Nonacosanes (C29) 0.94 0.34 0.67 0.55 

Methylcyclopentane 0.54 0.15 0.06 0.01 

Benzene 0.20 0.04 0.01 <0.01 

Cyclohexane 0.45 0.14 0.05 <0.01 

Methylcyclohexane 0.70 0.25 0.10 0.01 

Toluene 0.40 0.13 0.04 <0.01 

Ethylbenzene 0.08 0.04 0.01 <0.01 

Meta and para-
xylene 0.34 0.16 0.06 <0.01 

Ortho-xylene 0.10 0.05 0.02 <0.01 

Trimethylbenzene 0.13 0.09 0.05 0.01 

Table F-7: Light ends (C1-C30) of CLWB used for dispersant effectiveness tests (weathering under mild agitation conditions) 
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Figure F-1: AWB Light ends (C1 - C30) 
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Figure F-2: CLWB Light ends (C1 - C30) 
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Figure F-3: AWB Light ends (C1 - C30) - Static conditions
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Figure F-4: AWB Light ends (C1 - C30) - Mild conditions
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Figure F-5: AWB Light ends (C1 - C30) - Moderate condition
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Appendix G: Water 

Chemistry Data  

(PAH, BTEX & C6-C10,      

and TPH) 
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Introduction 

This appendix section presents the chemistry data (PAH, BTEX, and TPH) of water samples 

collected from AWB and CLWB fate and behavior tests as the oils weathered under three agitation 

conditions: 

 Static Conditions: One tank with no agitation induced. Wind exposure was minimized as far 

as was practical. 

 Mild Agitation: One tank with low wind and wave conditions (e.g. 2 cm – 4 cm waves and 5 

mph (2.2 m/s) winds, which were induced by simple mechanical means (intrinsically safe 

fans and paddles mechanism)).     

 Moderate Agitation: One tank with conditions similar to Tank 2 but with a larger induced 

wind and wave agitation (e.g. 5-7 cm waves and 10 mph (4.5 m/s) winds). 
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Table G-1: AWB Static - PAH water data at 0.5 m 
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S1-PS-L2-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.14 0.12 0.056 <0.050 <0.020 <0.20 <0.050 0.34 0.3 0.12 <0.10

S1-PS-L2-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.15 0.13 0.061 <0.050 <0.020 <0.20 <0.050 0.35 0.31 0.11 <0.10

S1-2H-L1-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.18 0.16 0.069 <0.050 <0.020 0.21 <0.050 0.41 0.36 0.14 0.11

S1-2H-L1-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 0.0093 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.17 0.15 0.067 <0.050 <0.020 <0.20 <0.050 0.38 0.36 0.13 0.11

S1-4H-L1-W250-1

S1-4H-L1-W250-2

S1-6H-L1-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.15 0.16 <0.050 <0.050 <0.020 <0.20 <0.050 0.28 0.33 <0.10 0.13

S1-6H-L1-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.21 0.23 0.06 <0.050 <0.020 <0.20 <0.050 0.41 0.47 0.15 0.16

S1-12H-L1-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.16 0.18 0.064 <0.050 <0.020 0.2 <0.050 0.3 0.35 0.13 0.1

S1-12H-L1-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.16 0.16 0.061 <0.050 <0.020 0.21 <0.050 0.29 0.31 0.13 <0.10

S1-1D-L1-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.32 0.43 0.054 <0.050 <0.020 0.25 <0.050 0.66 0.4 0.13 0.11

S1-1D-L1-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.31 0.43 0.053 <0.050 <0.020 0.22 <0.050 0.62 0.42 0.13 <0.10

S1-2D-L1-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 0.027 <0.040 <0.050 <0.0085 0.43 0.61 0.056 <0.050 <0.020 0.22 <0.050 0.88 0.55 0.16 0.13

S1-2D-L1-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.020 <0.040 <0.050 <0.0085 0.44 0.62 0.058 <0.050 <0.020 0.24 <0.050 0.9 0.55 0.15 0.14

S1-4D-L1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.77 1.1 0.069 <0.050 <0.020 <0.85 <0.050 1.4 0.82 0.23 0.16

S1-6D-L1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.055 <0.0085 0.83 1.1 0.074 <0.050 <0.020 <0.65 <0.050 1.5 1.1 0.21 0.13

S1-8D-L1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.083 <0.0085 1.2 1.7 0.097 <0.050 <0.020 0.83 <0.050 2.1 1.2 0.33 0.26

S1-10D-L1 <0.10 <0.10 <0.20 0.014 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.077 <0.0085 1.4 1.9 0.097 <0.050 <0.020 0.9 <0.050 2.6 1.6 0.46 0.28
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S1-PS-L2-W250-1 0.028 0.15 0.071 0.089 0.13 0.2 0.035 0.037 0.082 0.046 <0.020 0.055 <0.050 0.06 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-PS-L2-W250-2 0.032 0.16 0.075 0.09 0.12 0.23 0.035 0.039 0.073 0.037 <0.020 0.059 <0.050 0.054 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-2H-L1-W250-1 0.032 0.14 0.071 0.098 0.15 0.18 0.038 0.052 0.1 0.091 <0.020 0.075 0.088 0.16 0.072 <0.020 0.05 0.068 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-2H-L1-W250-2 0.034 0.17 0.087 0.1 0.13 0.2 0.036 0.044 0.091 0.076 <0.020 0.075 0.074 0.14 0.051 <0.020 0.046 0.049 <0.020 0.015 0.046 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-4H-L1-W250-1

S1-4H-L1-W250-2

S1-6H-L1-W250-1 0.03 0.14 0.079 0.083 0.095 <0.10 0.028 0.04 0.07 0.079 <0.020 0.054 0.055 0.059 <0.050 <0.020 0.043 0.064 <0.020 0.0094 0.069 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-6H-L1-W250-2 0.039 0.18 0.11 0.1 0.15 <0.10 0.039 0.047 0.084 0.053 <0.020 0.071 0.076 0.11 0.06 0.028 0.06 0.089 0.043 0.017 0.12 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-12H-L1-W250-1 0.032 0.18 0.099 0.14 0.16 0.13 0.036 0.045 0.075 0.052 <0.020 0.074 0.068 0.067 <0.050 <0.020 0.034 <0.020 <0.020 0.011 0.043 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-12H-L1-W250-2 0.031 0.18 0.091 0.14 0.15 0.14 0.035 0.041 0.079 0.052 <0.020 0.069 0.071 0.072 <0.050 <0.020 0.033 <0.020 <0.020 <0.0085 0.049 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-1D-L1-W250-1 0.047 0.15 0.081 0.084 0.11 0.24 0.032 0.036 0.059 0.049 <0.020 0.074 <0.050 0.055 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 0.03 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-1D-L1-W250-2 0.045 0.14 0.14 0.089 0.12 0.19 0.032 0.042 0.059 0.044 <0.020 0.067 <0.050 <0.050 <0.050 <0.020 0.027 <0.020 <0.020 <0.0085 0.025 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-2D-L1-W250-1 0.052 0.16 0.079 0.092 0.13 <0.050 0.035 0.043 0.076 0.074 <0.020 0.071 0.069 0.061 <0.050 <0.020 0.03 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-2D-L1-W250-2 0.053 0.15 0.079 0.1 0.14 <0.050 0.037 0.043 0.083 0.071 <0.020 0.077 0.058 0.06 <0.050 <0.020 0.026 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-4D-L1 0.1 0.17 0.17 0.1 0.11 <1.4 0.04 <0.020 0.072 0.054 <0.020 0.11 0.058 0.054 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.060 <0.33 <0.14 <0.22 <0.10

S1-6D-L1 0.094 0.27 0.2 0.11 0.11 0.19 0.035 0.047 0.092 0.055 0.53 0.083 0.068 0.053 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-8D-L1 0.13 0.27 0.24 0.17 0.2 0.42 0.051 0.087 0.11 0.07 <0.020 0.11 0.1 0.07 <0.050 0.021 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-10D-L1 0.18 0.27 0.21 0.16 0.16 <1.4 0.055 0.084 0.1 0.07 <0.020 0.14 0.15 0.13 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.060 <0.33 <0.14 <0.22 <0.10
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Table G-2: AWB Static - PAH water data at 1.0 m 
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S1 2H L2 W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.16 0.15 0.06 <0.050 <0.020 <0.20 <0.050 0.36 0.34 0.12 0.1

S1 2H L2 W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.18 0.16 0.071 <0.050 <0.020 <0.20 <0.050 0.41 0.37 0.14 0.14

S1-4H-L2-W250-1

S1-4H-L2-W250-2

S1-6H-L2-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.16 0.17 <0.050 <0.050 <0.020 <0.22 <0.050 0.29 0.36 0.13 0.11

S1-6H-L2-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.18 0.22 0.051 <0.050 <0.020 <0.20 <0.050 0.32 0.38 0.12 0.12

S1-12H-L2-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.052 <0.0085 0.16 0.17 0.061 <0.050 <0.020 0.24 <0.050 0.27 0.32 0.1 0.11

S1-12H-L2-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.15 0.16 0.056 <0.050 <0.020 0.21 <0.050 0.27 0.3 <0.10 <0.10

S1-1D-L2-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.37 0.51 0.061 <0.050 <0.020 0.23 <0.050 0.73 0.52 0.16 0.11

S1-1D-L2-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.35 0.48 0.054 <0.050 <0.020 0.21 <0.050 0.69 0.46 0.15 0.1

S1-2D-L2-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 0.028 <0.040 <0.050 <0.0085 0.46 0.66 0.062 <0.050 <0.020 0.24 <0.050 0.95 0.6 0.19 0.15

S1-2D-L2-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.020 <0.040 <0.050 <0.0085 0.42 0.6 0.058 <0.050 <0.020 0.22 <0.050 0.86 0.57 0.16 0.13

S1-4D-L2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.75 1.1 0.066 <0.050 <0.020 <0.85 <0.050 1.4 0.81 0.22 0.19

S1-6D-L2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.052 <0.0085 0.86 1.2 0.072 <0.050 <0.020 <0.52 <0.050 1.6 0.9 0.23 0.12

S1-8D-L2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.082 <0.0085 1.2 1.7 0.088 <0.050 <0.020 0.74 <0.050 2.1 1.2 0.31 0.2

S1-10D-L2 <0.10 <0.10 <0.20 0.013 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.078 <0.0085 1.4 1.8 0.095 <0.050 <0.020 0.87 <0.050 2.4 1.5 0.46 0.29
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S1 2H L2 W250-1 0.032 0.15 0.077 0.093 0.14 0.18 0.034 0.047 0.089 0.078 <0.020 0.075 0.073 0.13 0.056 <0.020 0.042 <0.020 <0.020 0.012 0.079 0.017 <0.0085 <0.0075 <0.0075 <0.10 0.13

S1 2H L2 W250-2 0.034 0.16 0.079 0.1 0.18 0.26 0.038 0.047 0.095 0.077 <0.020 0.085 0.081 0.15 0.057 <0.020 0.039 0.04 0.021 0.012 0.068 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.15

S1-4H-L2-W250-1

S1-4H-L2-W250-2

S1-6H-L2-W250-1 0.029 0.15 0.1 0.097 0.13 <0.10 0.03 0.039 <0.020 0.084 <0.020 0.071 0.078 0.065 0.05 0.021 0.046 0.074 <0.020 0.015 0.11 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.14

S1-6H-L2-W250-2 0.03 0.17 0.077 0.082 0.15 <0.10 0.033 0.037 0.073 0.097 <0.020 0.071 0.1 0.094 0.067 <0.020 0.06 0.036 <0.020 0.014 0.12 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.14

S1-12H-L2-W250-1 0.033 0.2 0.097 0.15 0.17 0.15 0.035 0.046 0.07 0.067 <0.020 0.076 0.074 0.074 <0.050 <0.020 0.04 <0.020 <0.020 0.01 0.047 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.12

S1-12H-L2-W250-2 0.029 0.16 0.09 0.14 0.16 0.16 0.033 0.04 0.076 0.056 <0.020 0.071 0.065 0.068 <0.050 <0.020 0.031 <0.020 <0.020 <0.0085 0.034 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.12

S1-1D-L2-W250-1 0.05 0.15 0.084 0.1 0.14 0.23 0.036 0.041 0.07 0.052 <0.020 0.079 0.066 0.061 <0.050 <0.020 0.027 <0.020 <0.020 0.0095 0.037 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.28

S1-1D-L2-W250-2 0.046 0.13 0.065 0.087 0.13 0.19 0.033 0.037 0.065 0.047 <0.020 0.073 0.061 0.057 <0.050 <0.020 0.025 <0.020 <0.020 <0.0085 0.029 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.26

S1-2D-L2-W250-1 0.056 0.17 0.086 0.12 0.16 <0.050 0.04 0.053 0.084 0.077 <0.020 0.083 0.071 0.068 <0.050 <0.020 0.028 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.38

S1-2D-L2-W250-2 0.051 0.16 0.082 0.1 0.14 <0.050 0.035 0.039 0.075 0.074 <0.020 0.077 0.067 0.067 <0.050 <0.020 0.025 <0.020 <0.020 <0.0085 0.036 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.34

S1-4D-L2 0.091 0.18 0.16 0.097 0.11 <1.4 0.035 0.068 0.065 0.052 <0.020 0.14 0.15 0.12 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 0.034 <0.060 <0.33 <0.14 <0.22 <0.10

S1-6D-L2 0.097 0.24 0.18 0.11 0.11 0.26 0.037 0.071 0.072 0.052 0.5 0.079 0.058 <0.050 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-8D-L2 0.14 0.25 0.23 0.17 0.17 0.38 0.051 0.061 0.1 0.065 <0.020 0.094 0.098 0.081 <0.050 <0.020 0.033 <0.020 <0.020 0.013 0.012 0.0099 0.017 <0.0075 <0.0075 <0.10

S1-10D-L2 0.16 0.25 0.19 0.15 0.14 <1.4 0.054 0.074 0.12 0.073 <0.020 0.16 0.18 0.12 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.060 <0.33 <0.14 <0.22 <0.10
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Table G-3: AWB Static - PAH water data at 1.5 m 
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S1-2H-L3 W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.14 0.13 0.055 <0.050 <0.020 <0.20 <0.050 0.32 0.29 0.1 <0.10

S1 2H L3 W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.14 0.12 0.053 <0.050 <0.020 <0.20 <0.050 0.32 0.28 <0.10 <0.10

S1-4H-L3-W250-1

S1-4H-L3-W250-2

S1-6H-L3-W250-1

S1-6H-L3-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.16 0.21 <0.050 <0.050 <0.020 <0.20 <0.050 0.31 0.35 0.11 <0.10

S1-12H-L3-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.15 0.19 0.059 <0.050 <0.020 0.24 <0.050 0.29 0.31 0.12 0.11

S1-12H-L3-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.15 0.17 0.053 <0.050 <0.020 0.23 <0.050 0.3 0.33 0.11 0.1

S1-1D-L3-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.42 0.6 0.057 <0.050 <0.020 0.27 <0.050 0.83 0.52 0.18 0.12

S1-1D-L3-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.44 0.63 0.062 <0.050 <0.020 0.25 <0.050 0.88 0.57 0.17 0.11

S1-2D-L3-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 0.028 <0.040 <0.050 <0.0085 0.5 0.75 0.061 <0.050 <0.020 0.24 <0.050 1 0.63 0.17 0.13

S1-2D-L3-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.020 <0.040 <0.050 <0.0085 0.51 0.75 0.063 <0.050 <0.020 0.23 <0.050 1 0.66 0.15 0.15

S1-4D-L3 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.72 1 0.064 <0.050 <0.020 <0.85 <0.050 1.4 0.78 0.22 0.17

S1-6D-L3 <0.10 <0.10 <0.20 0.014 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.062 <0.0085 0.97 1.3 0.092 <0.050 <0.020 <0.54 <0.050 1.9 0.97 0.27 0.16

S1-8D-L3 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.082 <0.0085 1.1 1.6 0.097 <0.050 <0.020 0.75 <0.050 1.9 1.2 0.31 0.2

S1-10D-L3 <0.10 <0.10 <0.20 0.012 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.073 <0.0085 1.3 1.8 0.091 <0.050 <0.020 1.2 <0.050 2.3 1.4 0.43 0.27

Sa
m

p
le

 P
o

in
t

B
ip

h
en

yl

C
1

-B
ip

h
en

yl

C
2

-B
ip

h
en

yl

C
1

-F
lu

o
re

n
e

C
2

-F
lu

o
re

n
e

C
3

-F
lu

o
re

n
e

D
ib

en
zo

th
io

p
h

en
e

C
1

-D
ib

en
zo

th
io

p
h

en
e

C
2

-D
ib

en
zo

th
io

p
h

en
e

C
3

-D
ib

en
zo

th
io

p
h

en
e

C
4

-D
ib

en
zo

th
io

p
h

en
e

C
1

-P
h

en
an

th
re

n
e/

an
th

ra
ce

n
e

C
2

-P
h

en
an

th
re

n
e/

an
th

ra
ce

n
e

C
3

-P
h

en
an

th
re

n
e/

an
th

ra
ce

n
e

C
4

-P
h

en
an

th
re

n
e/

an
th

ra
ce

n
e

C
1

-F
lu

o
ra

n
th

en
e/

p
yr

en
e

C
2

-F
lu

o
ra

n
th

en
e/

p
yr

en
e

C
3

-F
lu

o
ra

n
th

en
e/

p
yr

en
e

C
4

-F
lu

o
ra

n
th

en
e/

p
yr

en
e

C
1

-B
en

zo
(a

)a
n

th
ra

ce
n

e/
ch

ry
se

n
e

C
2

-B
en

zo
(a

)a
n

th
ra

ce
n

e/
ch

ry
se

n
e

C
3

-B
en

zo
(a

)a
n

th
ra

ce
n

e/
ch

ry
se

n
e

C
4

-B
en

zo
(a

)a
n

th
ra

ce
n

e/
ch

ry
se

n
e

C
1

-B
en

zo
(b

jk
)f

lu
o

ra
n

th
en

e/
b

en
zo

(a
)p

yr
en

e

C
2

-B
en

zo
(b

jk
)f

lu
o

ra
n

th
en

e/
b

en
zo

(a
)p

yr
en

e

C
1

-A
ce

n
ap

h
th

en
e

1
-M

et
h

yl
n

ap
h

th
al

en
e

S1-2H-L3 W250-1 0.028 0.14 0.067 0.087 0.13 0.17 0.033 0.03 0.055 0.044 <0.020 0.057 <0.050 0.078 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.12

S1 2H L3 W250-2 0.027 0.14 0.071 0.085 0.14 0.16 0.033 0.039 0.065 0.043 <0.020 0.057 <0.050 0.077 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.12

S1-4H-L3-W250-1

S1-4H-L3-W250-2

S1-6H-L3-W250-1

S1-6H-L3-W250-2 0.028 0.11 0.086 0.086 <0.050 <0.10 0.031 <0.020 0.079 0.079 <0.020 <0.050 0.082 0.11 <0.050 <0.020 0.048 0.063 0.049 0.013 0.091 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.13

S1-12H-L3-W250-1 0.032 0.18 0.097 0.15 0.17 <0.050 0.033 0.044 0.067 0.073 <0.020 0.08 0.084 0.096 <0.050 <0.020 0.041 <0.020 0.048 0.015 0.071 0.028 <0.0085 <0.0075 <0.0075 <0.10 0.12

S1-12H-L3-W250-2 0.03 0.17 0.094 0.14 0.17 0.15 0.035 0.043 0.084 0.076 <0.020 0.068 0.076 0.078 <0.050 <0.020 0.043 0.059 0.034 0.012 0.061 0.019 <0.0085 <0.0075 <0.0075 <0.10 0.12

S1-1D-L3-W250-1 0.053 0.16 0.089 0.097 0.11 0.24 0.032 0.038 0.072 0.056 <0.020 0.074 0.073 0.077 <0.050 <0.020 0.032 <0.020 <0.020 0.011 0.041 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.31

S1-1D-L3-W250-2 0.056 0.15 0.15 0.1 0.12 0.23 0.034 0.043 0.072 0.058 <0.020 0.064 0.072 0.072 <0.050 <0.020 0.044 0.051 0.025 0.013 0.06 0.022 <0.0085 <0.0075 <0.0075 <0.10 0.33

S1-2D-L3-W250-1 0.059 0.17 0.087 0.12 0.15 <0.050 0.039 0.049 0.082 0.072 <0.020 0.077 0.062 0.066 <0.050 <0.020 0.034 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.41

S1-2D-L3-W250-2 0.06 0.17 0.072 0.11 0.12 <0.050 0.041 0.05 0.081 0.075 <0.020 0.086 0.081 0.077 <0.050 <0.020 0.031 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.4

S1-4D-L3 0.098 0.18 0.17 0.089 0.092 <1.4 0.035 0.052 0.067 0.047 <0.020 0.11 0.061 0.1 <0.050 <0.020 <0.020 <0.020 <0.020 0.009 <0.0085 <0.060 <0.33 <0.14 <0.22 <0.10

S1-6D-L3 0.11 0.27 0.12 0.13 0.15 0.26 0.045 7.9 0.11 <0.020 0.54 0.1 0.076 0.07 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-8D-L3 0.13 0.26 0.26 0.19 0.18 0.37 0.051 0.021 0.09 0.083 <0.020 0.11 0.11 0.079 <0.050 0.02 0.053 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S1-10D-L3 0.17 0.25 0.2 0.15 0.16 <1.4 0.053 0.081 0.14 0.094 <0.020 0.13 0.15 0.11 <0.050 <0.020 0.028 <0.020 <0.020 <0.0085 0.029 <0.060 <0.33 <0.14 <0.22 <0.10



 

Fate and Behavior Study Final Report G-5 11/22/13 

 

 

Table G-4: AWB Mild Conditions - PAH water data at 0.5 m 
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S2-2H-L1-W40 <0.19 <0.19 <0.37 <0.019 <0.016 <0.016 <0.016 <0.016 <0.093 <0.014 <0.093 <0.016 <0.014 <0.074 <0.093 <0.016 <0.19 <0.19 <0.093 <0.093 <0.037 <0.37 <0.093 0.23 0.28 <0.19 <0.19

S2-4H-L1-W250-1

S2-4H-L1-W250-2

S2-6H-L1-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.31 0.43 0.07 <0.050 <0.020 0.21 <0.050 0.65 0.48 0.16 0.13

S2-6H-L1-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.052 <0.0085 0.33 0.46 0.084 <0.050 <0.020 0.22 <0.050 0.73 0.48 0.18 0.14

S2-12H-L1-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.052 <0.0085 0.42 0.67 0.057 <0.050 <0.020 0.32 <0.050 0.84 0.54 0.16 0.12

S2-12H-L1-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.052 <0.0085 0.42 0.66 0.059 <0.050 <0.020 0.28 <0.050 0.85 0.53 0.15 0.1

S2-1D-L1-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.65 1 0.059 <0.050 <0.020 0.28 <0.050 1.3 0.7 0.2 0.12

S2-1D-L1-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.72 1.1 0.064 <0.050 <0.020 0.3 <0.050 1.4 0.74 0.2 0.12

S2-2D-L1-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.020 <0.040 0.069 <0.0085 1.2 1.9 0.081 <0.050 <0.020 0.34 <0.050 2.3 1.3 0.34 0.18

S2-2D-L1-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.020 <0.040 0.067 <0.0085 1.2 1.9 0.079 <0.050 <0.020 0.33 <0.050 2.3 1.3 0.34 0.18

S2-4D-L1 <0.10 <0.10 <0.20 0.011 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 0.0088 <0.050 <0.0085 <0.0075 <0.040 0.093 <0.0085 2 2.6 0.1 <0.050 <0.020 1.4 <0.050 3.5 2 0.55 0.3

S2-6D-L1 <0.10 <0.10 <0.20 0.012 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.097 <0.0085 1.5 1.6 0.11 <0.050 <0.020 <0.75 <0.050 2.8 1.8 0.49 0.24

S2-8D-L1 <0.10 <0.10 <0.20 0.016 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.14 <0.0085 1.4 1.5 0.16 <0.050 <0.020 1.2 <0.050 2.5 1.8 0.65 0.35

S2-10D-L1 <0.10 <0.10 <0.20 0.021 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.13 <0.0085 1.5 1.3 0.14 <0.050 <0.020 1.3 <0.050 2.6 2.2 0.71 0.45
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S2-2H-L1-W40 0.045 ( 1 )0.30 ( 1 ) 0.42 ( 1 ) 0.19 ( 1 ) 0.13 ( 1 ) 0.51 ( 1 ) <0.037 <0.037 0.050 0.045 0.073 <0.093 <0.093 <0.093 <0.093 <0.037 <0.037 <0.037 <0.037 <0.016 <0.016 <0.016 <0.016 <0.014 <0.014 <0.19 <0.19

S2-4H-L1-W250-1

S2-4H-L1-W250-2

S2-6H-L1-W250-1 0.046 0.18 0.09 0.11 0.15 0.18 0.037 0.05 0.098 0.07 <0.020 0.088 0.077 0.13 <0.050 <0.020 0.049 0.048 <0.020 0.014 0.073 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.24

S2-6H-L1-W250-2 0.055 0.2 0.095 0.11 0.2 0.26 0.041 0.056 0.092 0.074 <0.020 0.087 0.086 0.16 0.057 <0.020 0.042 0.036 <0.020 0.013 0.057 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.25

S2-12H-L1-W250-1 0.051 0.18 0.089 0.15 0.17 0.14 0.037 0.042 0.086 0.062 <0.020 0.074 0.082 0.087 <0.050 <0.020 0.039 0.051 0.047 0.014 0.059 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.31

S2-12H-L1-W250-2 0.05 0.18 0.099 0.15 0.18 0.11 0.036 0.044 0.08 0.063 <0.020 0.074 0.084 0.081 <0.050 <0.020 0.038 0.051 0.043 0.012 0.063 0.018 <0.0085 <0.0075 <0.0075 <0.10 0.32

S2-1D-L1-W250-1 0.073 0.15 0.067 0.1 0.15 0.21 0.034 0.04 0.052 0.047 <0.020 0.081 0.065 0.057 <0.050 <0.020 0.034 <0.020 0.022 <0.0085 0.04 0.018 <0.0085 <0.0075 <0.0075 <0.10 0.47

S2-1D-L1-W250-2 0.079 0.16 0.066 0.1 0.13 0.2 0.036 0.042 0.065 0.048 <0.020 0.08 0.063 0.06 <0.050 <0.020 0.036 <0.020 <0.020 <0.0085 0.037 0.013 <0.0085 <0.0075 <0.0075 <0.10 0.52

S2-2D-L1-W250-1 0.13 0.23 0.1 0.14 0.21 <0.050 0.046 0.049 0.075 0.059 <0.020 0.1 0.079 0.059 <0.050 <0.020 0.037 <0.020 <0.020 0.0091 0.024 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.91

S2-2D-L1-W250-2 0.13 0.22 0.099 0.12 0.18 <0.050 0.044 0.05 0.071 0.056 <0.020 0.1 0.072 0.06 <0.050 <0.020 0.026 <0.020 <0.020 <0.0085 0.03 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.89

S2-4D-L1 0.24 0.32 0.19 0.15 0.13 <1.4 0.049 0.072 0.08 0.066 <0.020 0.15 0.085 0.061 <0.050 <0.020 <0.020 <0.020 <0.020 0.01 0.017 <0.060 <0.33 <0.14 <0.22 <0.10

S2-6D-L1 0.17 0.34 0.16 0.16 0.16 <0.050 0.044 0.06 0.076 0.062 <0.020 0.12 0.098 0.081 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S2-8D-L1 0.21 0.39 0.29 0.24 0.21 0.42 0.064 0.096 0.11 0.095 <0.020 0.17 0.16 0.11 <0.050 0.029 0.041 <0.020 <0.020 <0.0085 0.014 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S2-10D-L1 0.23 0.34 0.25 0.21 0.18 <1.4 0.068 0.084 0.11 0.071 <0.020 0.21 0.24 0.18 <0.050 0.025 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.060 <0.33 <0.14 <0.22 <0.10



 

Fate and Behavior Study Final Report G-6 11/22/13 

 

 

Table G-5: AWB Mild Conditions - PAH water data at 1.0 m 
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S2-2H-L2-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.19 0.19 <0.050 <0.050 <0.020 <0.20 <0.050 0.36 0.33 0.13 0.11

S2-2H-L2-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.19 0.2 0.051 <0.050 <0.020 <0.20 <0.050 0.37 0.35 0.12 0.11

S2-4H-L2-W250-1

S2-4H-L2-W250-2

S2-6H-L2-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.051 <0.0085 0.31 0.43 0.082 <0.050 <0.020 0.25 <0.050 0.64 0.5 0.18 0.12

S2-6H-L2-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.29 0.4 0.072 <0.050 <0.020 0.24 <0.050 0.64 0.46 0.17 0.15

S2-12H-L2-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.052 <0.0085 0.42 0.67 0.065 <0.050 <0.020 0.28 <0.050 0.82 0.5 0.18 0.13

S2-12H-L2-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.051 <0.0085 0.42 0.66 0.065 <0.050 <0.020 0.29 <0.050 0.84 0.56 0.21 0.13

S2-1D-L2-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.67 1 0.063 <0.050 <0.020 0.29 <0.050 1.3 0.72 0.2 0.11

S2-1D-L2-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.67 1.1 0.064 <0.050 <0.020 0.32 <0.050 0.49 0.74 0.2 0.12

S2-2D-L2-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.020 <0.040 0.069 <0.0085 1.3 1.9 0.081 <0.050 <0.020 0.33 <0.050 2.4 1.3 0.36 0.2

S2-2D-L2-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.020 <0.040 0.067 <0.0085 1.3 2 0.081 <0.050 <0.020 0.3 <0.050 2.5 1.3 0.36 0.2

S2-4D-L2 <0.10 <0.10 <0.20 0.012 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.11 <0.0085 2.3 3 0.12 <0.050 <0.020 1.2 <0.050 4.1 2.4 0.56 0.3

S2-6D-L2 <0.10 <0.10 <0.20 0.012 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.1 <0.0085 1.6 1.7 0.11 <0.050 <0.020 <0.61 <0.050 2.9 1.8 0.48 0.25

S2-8D-L2 <0.10 <0.10 <0.20 0.017 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.12 <0.0085 1.3 1.3 0.14 <0.050 <0.020 1.2 <0.050 2.2 1.8 0.59 0.35

S2-10D-L2 <0.10 <0.10 <0.20 0.021 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.12 <0.0085 1.4 1.3 0.14 <0.050 <0.020 1.1 <0.050 2.5 2 0.7 0.42
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S2-2H-L2-W250-1 0.046 0.14 0.14 0.072 0.12 0.48 0.033 0.051 0.099 0.093 <0.020 0.062 0.083 0.1 0.056 <0.020 0.059 0.089 <0.020 0.015 0.063 0.049 <0.0085 <0.0075 0.016 <0.10

S2-2H-L2-W250-2 0.047 0.15 0.095 0.074 0.11 0.43 0.032 0.052 0.091 0.083 <0.020 0.062 0.073 0.088 0.053 <0.020 0.051 0.098 <0.020 0.013 0.044 0.033 0.057 0.021 0.032 <0.10

S2-4H-L2-W250-1

S2-4H-L2-W250-2

S2-6H-L2-W250-1 0.05 0.2 0.099 0.12 0.14 0.21 0.039 0.05 0.099 0.079 <0.020 0.09 0.077 0.2 0.053 <0.020 0.047 0.046 <0.020 0.015 0.091 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.24

S2-6H-L2-W250-2 0.046 0.19 0.089 0.11 0.13 0.21 0.037 0.045 0.084 0.069 <0.020 0.081 0.08 0.16 <0.050 <0.020 0.043 <0.020 <0.020 0.012 0.046 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.23

S2-12H-L2-W250-1 0.051 0.16 0.091 0.14 0.18 0.16 0.036 0.041 0.087 0.07 <0.020 0.077 0.083 0.096 <0.050 <0.020 0.036 <0.020 0.056 0.012 0.067 0.014 <0.0085 <0.0075 <0.0075 <0.10 0.31

S2-12H-L2-W250-2 0.052 0.18 0.098 0.15 0.18 0.18 0.038 0.042 0.093 0.065 <0.020 0.079 0.081 0.1 <0.050 <0.020 0.049 0.089 0.049 0.014 0.061 0.017 <0.0085 <0.0075 <0.0075 <0.10 0.31

S2-1D-L2-W250-1 0.076 0.17 0.072 0.1 0.14 0.17 0.034 0.035 0.064 0.046 <0.020 0.078 0.061 0.054 <0.050 <0.020 0.027 0.035 0.022 <0.0085 0.05 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.49

S2-1D-L2-W250-2 0.076 0.17 0.066 0.1 0.14 0.24 0.033 0.041 0.06 0.049 <0.020 0.075 0.06 0.059 <0.050 <0.020 0.03 <0.020 <0.020 <0.0085 0.044 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.49

S2-2D-L2-W250-1 0.14 0.23 0.11 0.14 0.21 <0.050 0.046 0.054 0.082 0.06 <0.020 0.097 0.077 0.067 <0.050 <0.020 0.035 <0.020 <0.020 0.011 0.041 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.94

S2-2D-L2-W250-2 0.13 0.22 0.097 0.13 0.17 <0.050 0.047 0.054 0.087 0.064 <0.020 0.098 0.074 0.065 <0.050 <0.020 0.033 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.94

S2-4D-L2 0.27 0.35 0.25 0.16 0.16 <1.4 0.053 0.071 0.081 0.07 <0.020 0.16 0.18 0.14 <0.050 <0.020 0.028 <0.020 <0.020 <0.0085 0.025 <0.060 <0.33 <0.14 <0.22 <0.10

S2-6D-L2 0.19 0.35 0.22 0.17 0.16 0.22 0.045 0.072 0.089 0.054 <0.020 0.13 0.093 0.078 <0.050 0.022 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S2-8D-L2 0.19 0.35 0.29 0.24 0.19 0.33 0.058 0.078 0.093 0.073 <0.020 0.14 0.12 0.084 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S2-10D-L2 0.21 0.34 0.27 0.19 0.14 <1.4 0.061 0.073 0.1 0.065 <0.020 0.18 0.17 0.13 <0.050 0.025 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.060 <0.33 <0.14 <0.22 <0.10
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Table G-6: AWB Mild Conditions - PAH water data at 1.5 m 
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S2-2H-L3-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.18 0.2 <0.050 <0.050 <0.020 <0.20 <0.050 0.33 0.32 0.11 <0.10

S2-2H-L3-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 0.0088 0.18 0.2 <0.050 <0.050 <0.020 <0.20 <0.050 0.35 0.32 0.12 0.12

S2-4H-L3-W250-1

S2-4H-L3-W250-2

S2-6H-L3-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.31 0.42 0.074 <0.050 <0.020 0.23 <0.050 0.61 0.43 0.17 0.13

S2-6H-L3-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.053 <0.0085 0.32 0.44 0.087 <0.050 <0.020 0.22 <0.050 0.66 0.46 0.19 0.13

S2-12H-L3-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.056 <0.0085 0.41 0.64 0.071 <0.050 <0.020 0.26 <0.050 0.74 0.52 0.2 0.13

S2-12H-L3-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 0.0095 <0.050 <0.0085 <0.0075 <0.040 0.054 <0.0085 0.39 0.61 0.069 <0.050 <0.020 0.25 <0.050 0.79 0.48 0.17 0.11

S2-1D-L3-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.72 1.1 0.069 <0.050 <0.020 0.33 <0.050 1.4 0.73 0.21 0.14

S2-1D-L3-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.68 1.1 0.063 <0.050 <0.020 0.26 <0.050 1.3 0.72 0.22 0.12

S2-2D-L3-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.020 <0.040 0.07 <0.0085 1.3 2 0.081 <0.050 <0.020 0.29 <0.050 2.5 1.4 0.35 0.21

S2-2D-L3-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.020 <0.040 0.069 <0.0085 1.3 1.9 0.082 <0.050 <0.020 0.33 <0.050 2.4 1.4 0.36 0.17

S2-4D-L3 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.11 <0.0085 2.2 2.9 0.11 <0.050 <0.020 1.2 <0.050 3.9 2.2 0.59 0.33

S2-6D-L3 <0.10 <0.10 <0.20 0.015 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.11 <0.0085 1.6 1.7 0.12 <0.050 <0.020 <0.48 <0.050 2.9 2 0.48 0.26

S2-8D-L3 <0.10 <0.10 <0.20 0.019 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.13 <0.0085 1.4 1.5 0.14 <0.050 <0.020 0.99 <0.050 2.6 1.9 0.65 0.4

S2-10D-L3 <0.10 <0.10 <0.20 0.017 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.12 <0.0085 1.4 1.3 0.14 <0.050 <0.020 1.5 <0.050 2.6 2 0.7 0.42
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S2-2H-L3-W250-1 0.047 0.14 0.14 0.069 0.1 0.52 0.03 0.044 0.087 0.09 <0.020 0.061 0.069 0.096 <0.050 <0.020 0.043 <0.020 <0.020 0.012 0.067 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S2-2H-L3-W250-2 0.05 0.13 0.063 0.068 0.11 0.42 0.031 0.051 0.084 0.092 0.033 0.064 0.072 0.091 <0.050 <0.020 0.043 <0.020 <0.020 0.013 0.045 0.033 <0.0085 <0.0075 0.011 <0.10

S2-4H-L3-W250-1

S2-4H-L3-W250-2

S2-6H-L3-W250-1 0.047 0.2 0.092 0.12 0.18 0.2 0.036 0.048 0.099 0.077 <0.020 0.08 0.07 0.12 0.059 <0.020 0.043 0.021 <0.020 0.012 0.046 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.23

S2-6H-L3-W250-2 0.054 0.22 0.095 0.13 0.16 0.23 0.041 0.048 0.11 0.084 <0.020 0.088 0.089 0.17 0.06 <0.020 0.063 0.031 <0.020 0.015 0.043 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.25

S2-12H-L3-W250-1 0.055 0.2 0.11 0.15 0.18 <0.050 0.036 0.047 0.088 0.07 <0.020 0.081 0.076 0.1 <0.050 <0.020 0.045 <0.020 <0.020 0.013 0.053 0.016 <0.0085 <0.0075 <0.0075 <0.10 0.3

S2-12H-L3-W250-2 0.053 0.19 0.095 0.14 0.15 0.14 0.035 0.04 0.083 0.065 <0.020 0.074 0.076 0.092 <0.050 <0.020 0.038 0.061 0.044 0.013 0.063 0.012 <0.0085 <0.0075 <0.0075 <0.10 0.29

S2-1D-L3-W250-1 0.083 0.18 0.18 0.11 0.15 0.26 0.037 0.051 0.068 0.063 <0.020 0.084 0.065 0.074 <0.050 <0.020 0.041 0.049 <0.020 <0.0085 0.048 0.0099 <0.0085 <0.0075 <0.0075 <0.10 0.53

S2-1D-L3-W250-2 0.077 0.16 0.066 0.098 0.12 0.17 0.034 0.041 0.062 0.044 <0.020 0.073 <0.050 0.053 <0.050 <0.020 0.023 <0.020 <0.020 <0.0085 0.03 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.49

S2-2D-L3-W250-1 0.14 0.23 0.098 0.12 0.2 <0.050 0.047 0.057 0.093 0.068 <0.020 0.098 0.087 0.07 <0.050 <0.020 0.026 <0.020 <0.020 <0.0085 0.035 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.94

S2-2D-L3-W250-2 0.13 0.23 0.1 0.13 0.16 <0.050 0.046 0.055 0.081 0.074 <0.020 0.1 0.091 0.058 <0.050 <0.020 0.039 <0.020 <0.020 <0.0085 0.054 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.93

S2-4D-L3 0.25 0.33 0.23 0.16 0.14 <1.4 0.055 0.059 0.086 0.081 <0.020 0.18 0.11 0.17 <0.050 0.02 <0.020 <0.020 <0.020 <0.0085 0.03 <0.060 <0.33 <0.14 <0.22 <0.10

S2-6D-L3 0.19 0.37 0.24 0.17 0.16 0.22 0.048 0.069 0.094 0.07 <0.020 0.13 0.11 0.092 <0.050 0.022 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S2-8D-L3 0.21 0.34 0.28 0.23 0.21 0.3 0.067 0.081 0.12 0.072 <0.020 0.15 0.14 0.092 <0.050 0.026 0.043 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S2-10D-L3 0.21 0.33 0.21 0.2 0.15 <1.4 0.066 0.07 0.1 0.068 <0.020 0.2 0.21 0.14 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.060 <0.33 <0.14 <0.22 <0.10
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Table G-7: AWB Moderate Conditions - PAH water data at 0.5 m 

Sa
m

p
le

 P
o

in
t

A
ce

n
ap

h
th

en
e

A
ce

n
ap

h
th

yl
en

e

A
cr

id
in

e

A
n

th
ra

ce
n

e

B
en

zo
(a

)a
n

th
ra

ce
n

e

B
en

zo
(b

&
j)

fl
u

o
ra

n
th

en
e

B
en

zo
(k

)f
lu

o
ra

n
th

en
e

B
en

zo
(g

h
i)

p
er

yl
en

e

B
en

zo
(c

)p
h

en
an

th
re

n
e

B
en

zo
(a

)p
yr

en
e

B
en

zo
(e

)p
yr

en
e

C
h

ry
se

n
e

D
ib

en
z(

ah
)a

n
th

ra
ce

n
e

Fl
u

o
ra

n
th

en
e

Fl
u

o
re

n
e

In
d

en
o

(1
2

3
-c

d
)p

yr
en

e

2
-M

et
h

yl
n

ap
h

th
al

en
e

N
ap

h
th

al
en

e

P
h

en
an

th
re

n
e

P
er

yl
en

e

P
yr

en
e

Q
u

in
o

lin
e

R
et

en
e

C
1

-N
ap

h
th

al
en

e

C
2

-N
ap

h
th

al
en

e

C
3

-N
ap

h
th

al
en

e

C
4

-N
ap

h
th

al
en

e

S3-2H-L1-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 0.033 <0.0085 0.046 <0.050 0.02 <0.050 <0.0085 <0.0075 <0.040 0.091 0.022 1.3 1.4 0.17 0.084 0.045 <0.20 0.075 2.1 2.9 1 1.1

S3-2H-L1-W250-2 <0.10 <0.10 <0.20 <0.010 0.021 0.057 <0.0085 0.055 <0.050 0.037 0.065 0.038 0.02 <0.040 0.12 0.037 1.4 1.5 0.23 0.15 0.068 0.23 0.12 1.4 2.6 1.5 1.7

S3-4H-L1-W250-1

S3-4H-L1-W250-2

S3-6H-L1-W250-1 <0.10 <0.10 <0.20 0.017 0.021 0.065 0.013 0.055 <0.050 0.049 0.065 0.036 <0.022 <0.040 0.16 <0.027 2 2.3 0.33 0.15 0.094 0.41 0.2 3.6 3.4 1.9 1.8

S3-6H-L1-W250-2 <0.10 <0.10 <0.20 0.035 0.04 0.13 0.032 0.081 <0.050 0.098 0.12 0.09 <0.046 0.062 0.23 <0.054 2.3 2.2 0.54 0.29 0.18 0.42 0.42 4.3 5.3 3.4 3.6

S3-12H-L1-W250-1 <0.10 <0.10 <0.20 0.013 0.012 0.045 <0.0085 0.03 <0.050 0.03 <0.050 0.021 <0.034 <0.040 0.15 <0.020 1.8 2.1 0.25 0.095 0.067 0.47 0.12 3.3 2.9 1.5 1.3

S3-12H-L1-W250-2 <0.10 <0.10 <0.20 0.011 <0.0085 0.031 <0.0085 0.022 <0.050 0.015 <0.050 0.016 <0.035 <0.040 0.14 <0.014 1.7 2.1 0.21 0.061 0.047 0.49 0.093 3.2 2.6 1.2 1

S3-1D-L1-W250-1 <0.10 <0.10 <0.20 0.018 0.026 0.066 0.011 0.044 <0.050 0.036 0.061 0.039 <0.021 <0.040 0.14 <0.040 1.7 2.1 0.3 0.15 0.097 0.47 0.21 3.2 3.1 1.9 1.9

S3-1D-L1-W250-2 <0.10 <0.10 <0.20 0.018 0.018 0.057 0.01 0.041 <0.050 0.047 0.057 0.025 <0.016 <0.040 0.15 <0.040 1.9 2.3 0.29 0.14 0.09 0.46 0.18 3.5 3.1 1.8 1.7

S3-2D-L1-W250-1 <0.10 <0.10 <0.20 0.016 0.016 0.049 0.0094 0.033 <0.050 0.037 <0.050 0.035 <0.020 <0.040 0.13 <0.024 1.6 2 0.25 0.11 0.077 0.42 0.14 3 2.5 1.4 1.4

S3-2D-L1-W250-2 <0.10 <0.10 <0.20 0.014 0.015 0.047 <0.0085 0.029 <0.050 0.024 <0.050 0.027 <0.020 <0.040 0.13 <0.019 1.6 2.1 0.24 0.1 0.072 0.4 0.14 3.1 2.5 1.3 1.3

S3-4D-L1 <0.10 <0.10 <0.20 0.017 <0.0085 0.034 <0.0085 0.023 <0.050 0.017 <0.050 0.015 0.0075 <0.040 0.1 0.017 1.2 1.5 0.17 0.064 0.047 1.9 0.084 2.1 1.6 0.83 1.1

S3-6D-L1 <0.10 <0.10 <0.20 0.028 <0.0085 0.027 <0.0085 0.019 <0.050 0.014 <0.050 <0.0085 <0.0075 <0.040 0.092 <0.0085 1 1.2 0.15 0.052 0.05 <0.90 0.065 1.9 1.3 0.55 0.59

S3-8D-L1 <0.10 <0.10 <0.20 0.026 <0.0085 0.019 <0.0085 0.0094 <0.050 0.0089 <0.050 <0.0085 <0.0075 <0.040 0.12 <0.0085 1.4 1.6 0.17 <0.050 0.04 1 <0.050 2.4 1.7 0.62 0.55

S3-10D-L1 <0.10 <0.10 <0.20 0.027 <0.0085 0.015 <0.0085 <0.0085 <0.050 0.0087 <0.050 <0.0085 <0.0075 <0.040 0.09 <0.0085 0.96 1 0.14 <0.050 0.044 1.9 <0.050 1.7 1.2 0.53 0.48
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S3-2H-L1-W250-1 0.16 0.31 0.39 0.28 0.62 1.8 0.089 0.31 0.91 1.1 1.3 0.54 1.1 1.9 1.2 0.3 0.95 2 1.5 0.26 0.97 0.66 0.72 0.18 0.19 <0.10

S3-2H-L1-W250-2 0.18 0.43 0.52 0.41 0.85 2.7 0.12 0.43 1.4 1.9 2.1 0.82 1.7 3.2 2.2 0.53 1.4 3.5 2.5 0.46 1.7 1.1 1.5 0.36 0.29 <0.10

S3-4H-L1-W250-1

S3-4H-L1-W250-2

S3-6H-L1-W250-1 0.23 0.54 0.38 0.48 1.2 2.6 0.14 0.51 1.5 1.9 2.4 0.96 1.9 3.8 2.4 0.64 1.7 3.8 2 0.47 3.7 1.3 0.41 0.46 0.3 <0.10 1.4

S3-6H-L1-W250-2 0.29 0.78 0.7 0.87 2 4.8 0.22 0.95 3 4.2 5.3 1.6 3.7 7.4 4.8 1.3 3.1 7.5 5.3 0.92 7.7 2.4 0.63 0.84 0.62 0.16 1.6

S3-12H-L1-W250-1 0.21 0.47 0.31 0.44 0.99 0.89 0.11 0.32 1.2 1.3 1.7 0.64 1.3 2.6 1.6 0.44 1.1 2.4 1.4 0.3 2.3 1.1 0.16 0.63 0.83 <0.10 1.3

S3-12H-L1-W250-2 0.2 0.47 0.26 0.36 0.73 0.58 0.09 0.25 0.81 0.97 0.99 0.48 0.89 1.8 1.1 0.28 0.76 1.5 0.94 0.2 1.6 0.4 0.1 0.16 0.077 <0.10 1.2

S3-1D-L1-W250-1 0.21 0.49 0.3 0.47 0.99 2.8 0.13 0.5 1.5 1.9 2.3 0.98 1.9 3.7 2.4 0.62 1.8 3.9 2.8 0.49 3.9 1.3 0.35 0.43 0.37 <0.10 1.3

S3-1D-L1-W250-2 0.23 0.46 0.29 0.45 0.93 2.5 0.12 0.42 1.4 1.8 2 0.85 1.7 3.4 2.1 0.55 1.6 3.2 2.5 0.43 3.5 1.1 0.32 0.37 0.29 <0.10 1.4

S3-2D-L1-W250-1 0.2 0.41 0.27 0.39 0.88 2.3 0.11 0.36 1.2 1.6 1.9 0.7 1.4 2.9 1.9 0.48 1.3 2.8 1.7 0.36 3 1 0.21 0.43 0.27 <0.10 1.2

S3-2D-L1-W250-2 0.2 0.39 0.27 0.36 0.69 1.9 0.11 0.32 1.1 1.5 1.7 0.67 1.3 2.7 1.8 0.46 1.1 2.4 1.4 0.33 2.7 0.89 0.17 0.37 0.29 <0.10 1.2

S3-4D-L1 0.18 0.28 0.33 0.27 0.49 1.5 0.068 0.25 0.69 0.85 1.1 0.51 1 2 1.3 0.32 0.98 1.9 0.98 0.25 1.4 0.69 <0.33 0.28 0.26 <0.10

S3-6D-L1 0.14 0.3 0.25 0.23 0.44 0.95 0.055 0.21 0.52 0.63 0.77 0.39 0.74 1.4 0.9 0.23 0.59 1.4 0.82 0.2 0.74 0.44 0.1 0.11 0.11 <0.10

S3-8D-L1 0.18 0.32 0.32 0.28 0.36 0.94 0.079 0.17 0.39 0.44 0.5 0.3 0.5 0.86 0.48 0.16 0.36 0.72 0.4 0.11 0.54 0.25 0.051 0.095 0.055 <0.10

S3-10D-L1 0.14 0.22 0.21 0.18 0.25 <1.4 0.061 0.13 0.33 0.46 0.58 0.32 0.54 0.94 0.54 0.16 0.39 0.85 0.43 0.12 0.61 0.3 <0.33 <0.14 <0.22 <0.10
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Table G-8:  AWB Moderate Conditions - PAH water data at 1.0 m 
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S3-2H-L2-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 0.055 <0.0085 0.059 <0.050 0.035 0.062 0.026 0.021 <0.040 0.12 0.036 1.3 1.3 0.22 0.14 0.072 <0.20 0.12 2.3 2.6 1.5 1.8

S3-2H-L2-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 0.06 <0.0085 0.053 <0.050 0.036 0.07 <0.0085 0.021 <0.040 0.11 0.042 1.4 1.3 0.24 0.15 0.071 <0.20 0.13 2.2 2.7 1.6 1.9

S3-4H-L2-W250-1

S3-4H-L2-W250-2

S3-6H-L2-W250-1 <0.10 <0.10 <0.20 0.03 0.035 0.12 0.019 0.074 <0.050 0.087 0.11 0.054 <0.032 0.057 0.2 <0.049 2.1 2.1 0.5 0.27 0.17 0.44 0.37 3.9 5 3 3

S3-6H-L2-W250-2 <0.10 <0.10 <0.20 <0.020 0.03 0.081 0.017 0.051 <0.050 0.062 0.077 0.042 <0.029 <0.040 0.16 <0.036 1.8 1.9 0.36 0.17 0.11 0.36 0.24 3.3 3.4 2 2.1

S3-12H-L2-W250-1 <0.10 <0.10 <0.20 0.012 0.0095 0.038 <0.0085 0.025 <0.050 0.017 <0.050 0.015 <0.013 <0.040 0.15 <0.018 1.9 2.2 0.23 0.078 0.057 0.48 0.1 3.5 3 1.3 1.2

S3-12H-L2-W250-2 <0.10 <0.10 <0.20 0.012 0.0097 0.04 <0.0085 0.027 <0.050 0.018 <0.050 0.017 <0.013 <0.040 0.14 <0.024 1.9 2.2 0.23 0.082 0.059 0.4 0.11 3.5 3 1.4 1.1

S3-1D-L2-W250-1 <0.10 <0.10 <0.20 0.021 0.021 0.076 0.0088 0.051 <0.050 0.042 0.07 0.031 <0.022 <0.040 0.17 <0.040 1.9 2.3 0.35 0.17 0.11 0.47 0.26 3.5 3.5 2.1 2.1

S3-1D-L2-W250-2 <0.10 <0.10 <0.20 0.017 0.016 0.058 0.014 0.039 <0.050 0.033 0.053 0.021 <0.015 <0.040 0.14 <0.040 1.8 2.1 0.27 0.13 0.085 0.47 0.17 3.3 2.8 1.6 1.6

S3-2D-L2-W250-1 <0.10 <0.10 <0.20 0.019 0.017 0.06 0.01 0.04 <0.050 0.034 0.058 0.035 0.027 <0.040 0.14 <0.027 1.7 2.1 0.29 0.13 0.091 0.44 0.19 3.1 2.6 1.6 1.7

S3-2D-L2-W250-2 <0.10 <0.10 <0.20 0.018 0.019 0.055 0.011 0.038 <0.050 0.032 0.054 0.028 <0.020 <0.040 0.15 <0.025 1.8 2.2 0.27 0.12 0.084 0.47 0.17 3.3 2.6 1.5 1.5

S3-4D-L2 <0.10 <0.10 <0.20 0.02 <0.0085 0.036 <0.0085 0.024 <0.050 0.018 <0.050 <0.0085 0.0083 <0.040 0.11 0.019 1.3 1.7 0.19 0.081 0.057 1.9 0.12 2.3 1.7 0.9 1.1

S3-6D-L2 <0.10 <0.10 <0.20 0.037 0.014 0.035 <0.0085 0.023 <0.050 0.019 <0.050 0.016 <0.0075 <0.040 0.12 0.013 1.4 1.6 0.19 0.069 0.048 <0.75 0.084 2.5 1.8 0.72 0.73

S3-8D-L2 <0.10 <0.10 <0.20 0.015 <0.0085 0.025 <0.0085 0.012 <0.050 0.012 <0.050 <0.0085 <0.0075 <0.040 0.13 0.01 1.4 1.5 0.16 <0.050 0.047 1.2 0.051 2.4 1.7 0.63 0.69

S3-10D-L2 <0.10 <0.10 <0.20 0.031 <0.0085 0.021 <0.0085 0.016 <0.050 0.011 <0.050 <0.0085 <0.0075 <0.040 0.1 0.011 1.1 1.1 0.16 <0.050 0.038 1.4 <0.050 2 1.5 0.61 0.62
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S3-2H-L2-W250-1 0.17 0.44 0.49 0.4 0.97 3.1 0.11 0.45 1.5 1.9 2.4 0.83 1.7 3.5 2.1 0.55 1.5 3.6 2.5 0.44 1.8 1.1 1.1 0.32 0.31 <0.10

S3-2H-L2-W250-2 0.17 0.39 0.49 0.42 1 2.9 0.12 0.5 1.6 2 2.4 0.9 1.8 3.6 2.2 0.58 1.6 3.7 2.8 0.45 1.8 1.3 1.2 0.31 0.29 <0.10

S3-4H-L2-W250-1

S3-4H-L2-W250-2

S3-6H-L2-W250-1 0.26 0.68 0.58 0.85 2 3.8 0.21 0.8 3.1 3.9 4.3 1.6 3.5 7 4.4 1.1 2.9 7.2 3.8 0.85 7 2.3 0.58 0.75 0.66 0.14 1.5

S3-6H-L2-W250-2 0.21 0.55 0.43 0.56 1.2 3.1 0.14 0.58 1.9 2.5 2.8 1 2.4 4.5 2.8 0.73 1.9 4.2 2.6 0.55 4.6 1.5 0.35 0.48 0.23 0.11 1.3

S3-12H-L2-W250-1 0.22 0.49 0.32 0.4 0.67 1.6 0.1 0.27 0.93 1 1.3 0.56 1 2 1.3 0.34 0.89 2.3 1.3 0.25 2 0.73 0.27 0.22 0.17 <0.10 1.3

S3-12H-L2-W250-2 0.21 0.44 0.3 0.43 0.7 1.8 0.11 0.28 0.98 1.2 1.4 0.57 1.1 2.2 1.3 0.36 0.97 2.1 1.2 0.26 2.1 0.74 0.21 0.24 0.24 <0.10 1.3

S3-1D-L2-W250-1 0.24 0.51 0.44 0.56 1.1 3.2 0.15 0.54 1.8 2.5 2.8 1.1 2.1 4.3 2.8 0.74 1.8 4.4 3.7 0.54 4.4 1.3 0.4 0.46 0.4 0.1 1.4

S3-1D-L2-W250-2 0.22 0.41 0.26 0.43 0.92 2 0.12 0.43 1.4 1.6 2 0.84 1.6 3.2 2.1 0.56 1.5 3.1 1.9 0.41 3.3 1 0.34 0.34 0.33 <0.10 1.3

S3-2D-L2-W250-1 0.21 0.41 0.36 0.46 1.1 2.6 0.12 0.41 1.4 1.8 2.3 0.82 1.6 3.3 2.2 0.6 1.5 3.3 1.9 0.43 3.6 1.2 0.22 0.49 0.37 <0.10 1.2

S3-2D-L2-W250-2 0.22 0.43 0.32 0.42 0.95 2 0.12 0.41 1.4 2 2.2 0.77 1.6 3.2 2.2 0.54 1.4 3 1.8 0.4 3.2 1.2 0.24 0.44 0.4 <0.10 1.3

S3-4D-L2 0.18 0.28 0.33 0.27 0.63 2.3 0.076 0.25 0.77 1.1 1.4 0.59 1.2 2.3 1.4 0.38 1.1 2.1 1.2 0.3 1.6 0.72 <0.33 0.34 0.36 <0.10

S3-6D-L2 0.18 0.4 0.24 0.29 0.54 1.3 0.084 0.26 0.67 0.89 1 0.5 0.96 1.9 1.1 0.31 0.85 1.8 1 0.27 0.98 0.68 0.13 0.14 0.14 <0.10

S3-8D-L2 0.18 0.33 0.3 0.25 0.36 0.96 0.082 0.19 0.5 0.6 1.5 0.33 0.6 1 0.67 0.19 0.53 1.3 0.62 0.14 0.69 0.37 0.072 0.1 0.081 <0.10

S3-10D-L2 0.16 0.25 0.25 0.2 0.34 <1.4 0.074 0.16 0.41 0.56 0.73 0.39 0.72 1.2 0.71 0.2 0.49 1.2 0.66 0.15 0.76 0.41 <0.33 0.18 <0.22 <0.10
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Table G-9:  AWB Moderate Conditions - PAH water data at 1.5 m 
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S3-2H-L3-W250-1 <0.10 <0.10 <0.20 <0.010 0.011 0.037 <0.0085 0.027 <0.050 0.019 <0.050 0.014 0.015 <0.040 0.08 0.021 1.1 1.3 0.16 0.083 0.037 <0.20 0.095 1.1 3 0.99 1.2

S3-2H-L3-W250-2 <0.10 <0.10 <0.20 <0.010 0.017 0.052 <0.0085 0.041 <0.050 0.032 0.057 0.017 0.011 <0.040 0.095 0.03 1.2 1.2 0.21 0.13 0.063 <0.20 0.16 1.2 3.3 1.4 1.6

S3-4H-L3-W250-1

S3-4H-L3-W250-2

S3-6H-L3-W250-1 <0.10 <0.10 <0.20 0.026 0.036 0.11 0.022 0.071 <0.050 0.052 0.11 0.056 <0.026 0.05 0.19 <0.045 2.1 2.1 0.45 0.24 0.15 0.46 0.33 3.8 4.4 2.9 2.9

S3-6H-L3-W250-2 <0.10 <0.10 <0.20 0.019 0.022 0.067 0.012 0.048 <0.050 0.054 0.069 0.03 <0.015 <0.040 0.16 <0.034 1.8 2.1 0.34 0.16 0.1 0.39 0.22 3.4 3.4 2 1.9

S3-12H-L3-W250-1 <0.10 <0.10 <0.20 0.015 0.013 0.045 <0.0085 0.031 <0.050 0.022 <0.050 0.02 0.011 <0.040 0.15 0.019 2 2.3 0.25 0.1 0.069 0.48 0.13 3.7 3.1 1.5 1.5

S3-12H-L3-W250-2 <0.10 <0.10 <0.20 0.018 0.017 0.058 0.01 0.038 <0.050 0.03 0.053 0.036 <0.019 <0.040 0.15 <0.027 1.9 2.2 0.28 0.12 0.081 0.47 0.18 3.6 3.3 1.8 1.7

S3-1D-L3-W250-1 <0.10 <0.10 <0.20 0.02 0.026 0.076 0.014 0.056 <0.050 0.037 0.074 0.041 0.023 <0.040 0.16 0.034 1.9 2.2 0.35 0.18 0.11 0.45 0.24 3.6 3.6 2.3 2.4

S3-1D-L3-W250-2 <0.10 <0.10 <0.20 0.018 0.018 0.064 0.011 0.043 <0.050 0.035 0.062 0.034 <0.019 <0.040 0.17 <0.040 2.2 2.6 0.32 0.14 0.097 0.6 0.18 4 3.5 1.9 1.9

S3-2D-L3-W250-1 <0.10 <0.10 <0.20 0.018 0.019 0.058 0.0098 0.036 <0.050 0.028 0.055 0.033 0.023 <0.040 0.14 <0.024 1.7 2.1 0.28 0.13 0.089 0.48 0.17 3.2 2.8 1.6 1.7

S3-2D-L3-W250-2 <0.10 <0.10 <0.20 0.016 0.017 0.051 0.01 0.034 <0.050 0.027 <0.050 0.029 <0.020 <0.040 0.13 <0.021 1.6 2.1 0.25 0.11 0.076 0.53 0.16 3.1 2.5 1.4 1.5

S3-4D-L3 <0.10 <0.10 <0.20 0.022 0.012 0.043 <0.0085 0.026 <0.050 0.02 <0.050 0.013 0.0089 <0.040 0.12 0.022 1.6 2 0.22 0.09 0.061 1.5 0.11 2.8 2.2 1.1 1.3

S3-6D-L3 <0.10 <0.10 <0.20 0.028 0.0089 0.027 <0.0085 0.021 <0.050 0.015 <0.050 0.017 <0.0075 <0.040 0.099 0.013 1.1 1.3 0.16 0.057 0.04 <0.62 0.063 2 1.4 0.6 0.71

S3-8D-L3

S3-10D-L3 <0.10 <0.10 <0.20 0.026 <0.0085 0.019 <0.0085 0.017 <0.050 0.0089 <0.050 <0.0085 <0.0075 <0.040 0.094 0.01 0.97 1 0.15 <0.050 0.034 1.3 0.056 1.8 1.3 0.58 0.61
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S3-2H-L3-W250-1 0.15 0.081 0.28 0.27 0.56 2 0.08 0.31 0.89 1.1 1.1 0.48 0.98 1.8 1.1 0.29 0.86 2.1 0.8 0.25 0.92 0.64 0.21 0.15 0.14 <0.10

S3-2H-L3-W250-2 0.16 0.085 0.42 0.35 0.87 2.9 0.1 0.48 1.3 1.6 1.7 0.69 1.5 2.8 1.7 0.46 1.4 3.1 1.1 0.38 1.4 1.1 0.26 0.22 0.19 <0.10

S3-4H-L3-W250-1

S3-4H-L3-W250-2

S3-6H-L3-W250-1 0.25 0.69 0.58 0.72 1.8 4.2 0.19 0.71 2.6 3.5 4.1 1.4 3 6.4 4.1 1.1 2.8 6 3.8 0.8 6.3 2.2 0.51 0.72 0.5 0.15 1.5

S3-6H-L3-W250-2 0.22 0.53 0.38 0.53 1.1 2.7 0.14 0.5 1.6 2.5 2.7 1 2 4.1 2.6 0.66 1.8 4.2 2.5 0.51 4.2 1.5 0.31 0.45 0.39 0.1 1.3

S3-12H-L3-W250-1 0.22 0.48 0.34 0.43 0.81 2 0.11 0.33 1 1.5 1.7 0.68 1.3 2.5 1.6 0.46 1.1 2.4 1.4 0.32 2.5 0.85 0.24 0.29 0.3 <0.10 1.4

S3-12H-L3-W250-2 0.22 0.49 0.37 0.48 0.93 2.3 0.12 0.4 1.4 1.8 2.2 0.81 1.7 3.1 2.1 0.54 1.4 4 2 0.4 3.2 1 0.31 0.33 0.3 <0.10 1.4

S3-1D-L3-W250-1 0.24 0.53 0.63 0.59 1.3 3.3 0.15 0.54 1.8 2.5 2.8 1.1 2.2 4.3 2.9 0.81 2.2 4.6 3.2 0.56 4.5 1.4 0.33 0.48 0.41 <0.10 1.4

S3-1D-L3-W250-2 0.26 0.52 0.53 0.49 1.1 2.8 0.14 0.44 1.5 2 2.3 0.95 1.7 3.5 2.3 0.61 1.5 3.3 1.8 0.45 3.6 1.1 0.32 0.38 0.32 <0.10 1.6

S3-2D-L3-W250-1 0.21 0.45 0.34 0.43 1.1 2.6 0.12 0.42 1.4 1.9 2.3 0.81 1.7 3.3 2.1 0.55 1.4 3.4 2 0.41 3.3 1.1 0.23 0.5 0.37 <0.10 1.3

S3-2D-L3-W250-2 0.2 0.4 0.28 0.37 0.81 2 0.11 0.36 1.1 1.6 1.9 0.72 1.5 3 1.8 0.49 1.3 2.9 1.7 0.36 2.9 0.98 0.23 0.37 0.29 <0.10 1.2

S3-4D-L3 0.23 0.34 0.37 0.31 0.73 2.3 0.096 0.31 0.88 1.2 1.5 0.65 1.3 2.6 1.5 0.39 1.1 2.4 1.4 0.31 1.6 0.79 0.36 0.32 0.34 <0.10

S3-6D-L3 0.15 0.34 0.31 0.23 0.43 1.3 0.065 0.22 0.53 0.76 0.79 0.41 0.78 1.6 0.91 0.26 0.7 1.4 0.79 0.21 0.86 0.49 0.16 0.12 0.097 <0.10

S3-8D-L3

S3-10D-L3 0.15 0.26 0.3 0.2 0.28 <1.4 0.066 0.16 0.43 0.54 0.66 0.35 0.66 1.2 0.71 0.2 0.48 1 0.56 0.15 0.8 0.39 <0.33 <0.14 <0.22 <0.10



 

Fate and Behavior Study Final Report G-11 11/22/13 

 

 

Table G-10: CLWB Static Conditions - PAH water data at 1.0 m 
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S9B-2H-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.21 0.13 0.063 <0.050 <0.020 0.22 <0.050 0.43 0.48 0.15 0.13

S9B-2H-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.19 0.13 0.056 <0.050 <0.020 <0.20 <0.050 0.41 0.46 0.15 <0.10

S9B-4H-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.2 0.14 0.062 <0.050 <0.020 <0.20 <0.050 0.45 0.48 0.15 0.1

S9B-4H-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.21 0.15 0.068 <0.050 <0.020 0.22 <0.050 0.47 0.49 0.18 0.12

S9B-6H-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.23 0.15 0.094 <0.050 <0.020 <0.30 <0.050 0.48 0.68 0.27 0.25

S9B-6H-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.22 0.15 0.085 <0.050 <0.020 <0.35 <0.050 0.46 0.63 0.27 0.18

S9B-12H <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.073 <0.0085 0.26 0.24 0.13 <0.050 <0.020 0.93 <0.050 0.52 0.59 0.24 0.12

S9B-24H 0.11 <0.10 <0.20 0.023 0.013 0.024 <0.0085 0.02 <0.050 0.012 <0.050 0.027 <0.0075 0.042 0.27 0.017 1.8 1.9 0.54 <0.050 0.032 1.5 0.17 3.2 5.4 4.4 4.2

S9B-2D <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.11 <0.0085 0.63 0.76 0.16 <0.050 <0.020 1.2 <0.050 1.2 1.3 0.53 0.3

S9B-4D <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.15 <0.0085 1 1.3 0.23 <0.050 <0.020 1.6 <0.050 1.9 2.3 0.93 0.42

S9B-6D 0.1 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.18 <0.0085 1.3 1.5 0.25 <0.050 0.036 1.2 <0.050 2.4 2.5 1.2 0.61

S9B-8D 0.12 <0.10 <0.20 0.017 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.21 <0.0085 1.3 1.6 0.27 <0.050 0.03 1.6 <0.050 2.5 2.7 1.4 0.62

S9B 9D 0.15 <0.10 <0.20 0.02 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.24 <0.0085 1.7 2.1 0.29 <0.050 0.035 1.4 <0.050 3.2 3.6 1.7 0.81

S9B 10D 0.16 <0.10 <0.20 0.027 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.24 <0.0085 1.9 2.3 0.31 <0.050 0.041 1.7 <0.050 3.6 4 1.9 0.89
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S9B-2H-W250-1 0.024 <0.10 0.059 0.08 0.19 0.45 0.05 0.088 0.16 0.081 <0.020 0.13 0.092 0.063 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.17

S9B-2H-W250-2 <0.020 <0.10 0.044 0.071 0.17 0.31 0.043 0.078 0.14 0.076 <0.020 0.11 0.087 <0.050 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.15

S9B-4H-W250-1 0.024 <0.10 0.066 0.074 0.21 0.46 0.046 0.076 0.14 0.079 <0.020 0.12 0.081 <0.050 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.17

S9B-4H-W250-2 0.03 0.13 0.071 0.08 0.22 0.41 0.051 0.084 0.15 0.079 <0.020 0.13 0.083 0.072 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.17

S9B-6H-W250-1 0.044 0.23 0.11 0.13 0.12 0.84 0.051 0.16 0.26 0.16 <0.020 0.2 0.21 0.16 <0.050 0.028 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S9B-6H-W250-2 0.042 0.21 0.083 0.11 0.17 0.48 0.049 0.15 0.19 0.12 <0.020 0.15 0.13 0.091 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S9B-12H 0.049 0.27 0.22 0.19 0.25 0.77 0.058 0.14 0.17 0.097 <0.020 0.16 0.15 0.14 <0.050 <0.020 0.048 <0.020 <0.020 0.01 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S9B-24H 0.17 0.48 0.63 0.88 1.4 2.6 0.32 1.3 3.2 2.3 1.5 1.5 2.2 2.4 1 0.35 0.63 1.2 0.72 0.2 0.93 0.44 0.076 0.12 0.079 0.14

S9B-2D 0.078 0.21 0.1 0.21 0.24 0.77 0.098 0.16 0.19 0.093 0.043 0.21 0.17 0.076 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S9B-4D 0.12 0.24 0.13 0.3 0.31 1 0.14 0.26 0.3 0.11 0.043 0.27 0.2 0.11 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S9B-6D 0.14 0.28 0.29 0.36 0.5 1 0.18 0.21 0.35 0.18 <0.020 0.31 0.22 0.12 0.055 <0.020 0.035 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S9B-8D 0.15 0.32 0.34 0.41 0.46 1.2 0.2 0.33 0.36 0.17 <0.020 0.33 0.25 0.11 0.057 <0.020 0.052 <0.020 <0.020 <0.0085 <0.0085 <0.0085 0.013 <0.0075 <0.0075 <0.10

S9B 9D 0.18 0.33 0.3 0.42 0.49 1 0.23 0.41 0.4 0.19 0.074 0.39 0.25 0.15 0.077 0.039 0.071 <0.020 <0.020 <0.0085 <0.0085 <0.0085 0.018 0.011 0.016 <0.10

S9B 10D 0.21 0.34 0.31 0.38 0.48 1.5 0.23 0.37 0.38 0.17 <0.020 0.44 0.29 0.19 0.061 0.034 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.060 <0.33 <0.14 <0.22 <0.10
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Table G-11: CLWB Mild Conditions - PAH water data at 1.0 m 
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S9C-2H-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.27 0.29 0.066 <0.050 <0.020 0.23 <0.050 0.56 0.59 0.25 0.17

S9C-2H-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.28 0.29 0.068 <0.050 <0.020 0.26 <0.050 0.57 0.58 0.27 0.16

S9C-4H-W250-1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.38 0.41 0.082 <0.050 <0.020 <0.48 <0.050 0.72 0.87 0.32 0.18

S9C-4H-W250-2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 <0.050 <0.0085 0.37 0.39 0.086 <0.050 <0.020 <0.40 <0.050 0.7 0.75 0.3 0.17

S9C-6H-W250 1 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.057 <0.0085 0.48 0.54 0.097 <0.050 <0.020 <0.52 <0.050 0.93 1 0.4 0.19

S9C-6H-W250 2 <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.058 <0.0085 0.48 0.55 0.099 <0.050 <0.020 <0.48 <0.050 0.89 0.89 0.39 0.18

S9C-12H <0.10 <0.10 <0.20 <0.010 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.11 <0.0085 0.76 0.98 0.16 <0.050 <0.020 1 <0.050 1.4 1.5 0.64 0.38

S9C-24H 0.16 <0.10 <0.20 <0.040 0.018 0.031 <0.020 0.018 <0.050 0.015 <0.050 0.029 0.015 0.048 0.29 0.021 1.8 1.9 0.55 <0.050 0.035 1.9 0.17 3.3 5.5 4.6 4.5

S9C-2D 0.17 <0.10 <0.20 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.31 <0.0085 2.1 2.4 0.41 <0.050 <0.020 1.9 <0.050 3.8 5 2.5 1.5

S9C-4D 0.27 <0.10 <0.20 0.031 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.46 <0.0085 2.8 2.6 0.55 <0.050 0.02 2.5 <0.050 5.2 7.1 3.5 1.7

S9C-6D 0.28 <0.10 <0.20 0.037 <0.0085 0.015 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.48 <0.0085 2.6 2.2 0.55 <0.050 0.022 2.1 <0.050 4.8 7.1 3.7 1.6

S9C-8D 0.19 <0.10 <0.20 0.034 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.4 <0.0085 1.2 0.79 0.51 <0.050 0.022 1.9 <0.050 2.2 4.1 3.2 1.6

S9C 9D 0.26 <0.10 <0.20 0.045 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.49 <0.0085 1.6 1 0.58 <0.050 <0.020 1.6 <0.050 3.1 6.9 3.6 1.8

S9C 10D 0.25 <0.10 <0.20 0.044 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.47 <0.0085 1.7 1.1 0.52 <0.050 <0.020 2 <0.050 3.2 6.7 3.5 1.8
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S9C-2H-W250-1 0.03 0.1 0.064 0.086 0.17 0.29 0.049 0.08 0.17 0.11 <0.020 0.12 0.1 0.077 <0.050 <0.020 0.024 <0.020 <0.020 <0.0085 0.012 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.22

S9C-2H-W250-2 0.031 0.1 0.063 0.088 0.18 0.3 0.048 0.079 0.17 0.1 <0.020 0.12 0.11 0.074 <0.050 <0.020 0.031 <0.020 <0.020 <0.0085 0.023 <0.0085 <0.0085 <0.0075 <0.0075 <0.10 0.22

S9C-4H-W250-1 0.052 0.22 0.086 0.1 0.081 0.5 0.04 0.07 0.12 0.066 <0.020 0.11 0.096 0.066 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S9C-4H-W250-2 0.049 0.21 0.089 0.1 0.16 0.53 0.046 0.079 0.14 0.082 <0.020 0.13 0.11 0.078 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S9C-6H-W250 1 0.061 0.22 0.099 0.12 0.13 0.46 0.052 0.11 0.14 0.08 <0.020 0.13 0.11 0.085 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S9C-6H-W250 2 0.063 0.24 0.097 0.13 0.18 0.39 0.055 0.11 0.15 0.084 <0.020 0.14 0.084 0.054 <0.050 <0.020 <0.020 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 <0.10

S9C-12H 0.084 0.26 0.25 0.25 0.27 0.63 0.079 0.15 0.21 0.11 <0.020 0.19 0.17 0.11 <0.050 0.023 0.056 <0.020 <0.020 0.012 0.041 0.013 <0.0085 <0.0075 <0.0075 <0.10

S9C-24H 0.18 0.48 0.63 0.9 1.5 2.6 0.33 1.4 3.3 2.4 1.4 1.5 2.3 2.5 1 0.37 0.72 1.3 0.81 0.23 1.1 0.44 0.11 0.11 0.1 0.18

S9C-2D 0.21 0.36 0.25 0.55 0.46 0.6 0.25 0.46 0.81 0.49 0.24 0.56 0.58 0.47 0.16 0.064 0.15 0.19 <0.020 0.037 0.13 0.065 <0.0085 <0.0075 <0.0075 <0.10

S9C-4D 0.3 0.46 0.34 0.76 0.57 <0.050 0.35 0.53 0.72 0.35 0.17 0.65 0.54 0.38 0.12 0.071 0.11 <0.020 <0.020 0.024 0.099 <0.0085 <0.0085 <0.0075 <0.0075 0.16

S9C-6D 0.3 0.48 0.53 0.8 0.55 0.73 0.39 0.56 0.61 0.27 <0.020 0.6 0.41 0.25 0.082 0.052 0.055 <0.020 <0.020 <0.0085 <0.0085 <0.0085 <0.0085 <0.0075 <0.0075 0.15

S9C-8D 0.18 0.35 0.45 0.74 0.54 0.71 0.37 0.58 0.71 0.33 <0.020 0.6 0.47 0.32 0.12 0.054 0.072 <0.020 <0.020 0.019 0.094 <0.0085 0.032 <0.0075 0.014 0.13

S9C 9D 0.22 0.44 0.52 0.84 0.59 0.7 0.42 0.64 0.73 0.3 0.12 0.68 0.46 0.27 0.15 0.054 0.076 <0.020 0.022 <0.0085 <0.0085 <0.0085 <0.0085 0.008 0.013 0.16

S9C 10D 0.24 0.45 0.51 0.84 0.57 0.65 0.38 0.6 0.69 0.31 <0.020 0.63 0.46 0.27 0.11 0.052 0.078 <0.020 <0.020 0.014 0.045 0.02 0.016 <0.0075 0.01 0.15
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Table G-12: CLWB Moderate Conditions - PAH water data at 1.0 m 
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S9A-2H-W250-1 1.7 <0.50 <1.0 0.35 0.61 0.6 0.12 0.34 <0.25 0.47 0.56 0.79 <0.15 0.58 2.8 <0.20 11 4.6 8.9 1.1 0.97 <30 5.1 20 68 92 94

S9A-2H-W250-2 0.94 <0.10 <0.20 0.18 0.22 0.31 0.06 0.19 <0.050 0.26 0.3 0.46 0.095 0.3 1.6 <0.13 6.4 3.8 4.9 0.58 0.49 <1.9 2.6 12 35 49 50

S9A-4H-W250-1 0.4 <0.10 <0.20 0.066 0.072 0.11 0.019 0.065 <0.050 0.066 0.099 0.16 <0.030 0.11 0.72 <0.043 3.7 3.3 1.9 0.19 0.17 <1.1 0.8 6.9 15 17 16

S9A-4H-W250-2 0.35 <0.10 <0.20 0.052 0.057 0.076 0.015 0.049 <0.050 0.059 0.076 0.11 <0.022 0.084 0.62 <0.032 3.6 3.6 1.5 0.14 0.13 0.94 0.66 6.8 13 14 13

S9A-6H-W250-1 0.25 <0.10 0.71 0.12 0.055 0.083 0.011 0.048 <0.050 0.049 0.083 0.11 0.027 0.09 0.61 0.031 3.4 3.1 1.4 0.14 0.1 <0.81 0.58 6.2 12 12 11

S9A-6H-W250-2 0.31 <0.10 0.51 0.084 0.032 0.056 <0.0085 0.04 <0.050 0.034 0.053 0.073 0.02 0.063 0.55 0.027 3.5 3.4 1.1 0.092 0.071 <1.3 0.4 6.4 12 9.6 8

S9A-12H 0.36 <0.10 <0.20 <0.10 0.035 0.061 <0.010 0.036 <0.050 0.038 0.06 0.066 0.025 0.08 0.66 0.024 4 4 1.3 0.094 0.071 3 0.4 7 12 11 11

S9A-24H 0.33 <0.10 <0.20 0.06 0.019 0.034 <0.0085 0.022 <0.050 0.021 <0.050 0.045 0.0094 0.061 0.57 0.016 3.4 3.3 0.99 0.062 0.046 3.2 0.26 5.9 10 7.9 6.5

S9A-2D 0.37 <0.10 <0.20 <0.080 0.027 0.044 <0.0085 0.03 <0.050 0.024 <0.050 0.055 <0.0075 0.064 0.71 0.022 3.3 2.8 1.2 0.063 0.054 2.6 0.31 5.9 11 8.6 7.8

S9A-4D 0.26 <0.10 <0.20 <0.050 0.011 0.025 <0.0085 0.017 <0.050 0.017 <0.050 0.031 <0.0075 0.048 0.54 0.014 1.5 1.2 0.94 <0.050 0.039 3.2 0.2 2.9 5.6 4.8 4.4

S9A-6D <0.24 <0.24 <0.49 <0.024 <0.021 <0.021 <0.021 <0.021 <0.12 <0.018 <0.12 <0.021 <0.018 <0.098 0.29 <0.021 0.73 0.58 0.42 <0.12 <0.049 <0.49 <0.12 1.6 3.5 2 0.94

S9A-8D

S9A 9D 0.14 <0.10 <0.20 0.044 <0.0085 0.01 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.33 <0.0085 0.84 0.6 0.54 <0.050 0.034 2.1 <0.050 1.5 3.1 2.6 1.7

S9A 10D 0.17 <0.10 <0.20 0.052 <0.0085 <0.0085 <0.0085 <0.0085 <0.050 <0.0075 <0.050 <0.0085 <0.0075 <0.040 0.36 <0.0085 1 0.7 0.59 <0.050 0.036 2.5 <0.050 2 3.5 2.8 1.8
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S9A-2H-W250-1 1.1 4.1 6.5 15 29 65 5.2 30 94 70 46 33 56 63 28 8.8 18 36 19 5.5 40 13 3.3 3.7 3.2 3 7.6

S9A-2H-W250-2 0.66 2 3.7 8 16 30 2.8 12 49 35 24 16 29 25 14 4.7 9.2 17 10 2.9 21 6.9 1.6 2.1 1.7 1.5 4.7

S9A-4H-W250-1 0.35 0.93 1.3 2.9 5.1 10 1.1 4.4 16 12 8 5.5 9.6 11 4.1 1.6 3.1 6 3.5 1 7.1 2.2 0.53 0.71 0.54 0.56 2.7

S9A-4H-W250-2 0.33 0.77 1 2.4 4 7.4 0.91 3.4 12 8.8 6.4 4.4 7.3 8 3.2 1.2 2.3 4.4 2.5 0.72 5.3 1.4 0.38 0.51 0.37 0.42 2.7

S9A-6H-W250-1 0.29 0.76 1.3 2.3 3.9 8.7 0.82 4.1 12 8.2 5.7 4.6 7.3 6 2.9 1.2 2.2 4.6 2.5 0.78 2.8 1.7 0.36 0.36 0.28 0.42

S9A-6H-W250-2 0.3 0.69 1.1 1.9 3 6.2 0.66 2.9 7.6 5.4 4.4 3.4 5 4.3 2.2 0.81 1.6 2.6 1.9 0.53 1.9 1.1 0.3 0.28 0.25 0.37

S9A-12H 0.39 0.82 1.2 2.1 3.1 7.4 0.77 3.4 8.4 6.2 3.5 3.5 5.3 6 2.5 0.85 1.6 3.4 1.9 0.54 2.7 1.2 0.069 0.26 0.23 0.41

S9A-24H 0.34 0.66 1 1.6 2 3.7 0.6 2.2 5 3.5 2.1 2.4 3.4 3.7 1.5 0.51 1 1.9 1.1 0.31 1.5 0.64 0.13 0.18 0.15 0.28

S9A-2D 0.37 0.64 0.9 1.8 2.4 4.1 0.79 2.6 6.7 4.5 2.7 2.8 4.1 4.3 1.6 0.63 1.2 2.5 0.84 0.39 2 0.83 0.12 0.19 0.18 0.38

S9A-4D 0.21 0.44 0.67 1.2 1.5 2.5 0.6 1.8 3.7 2.5 1.5 1.8 2.4 2.6 1 0.37 0.75 1.7 0.47 0.23 1.1 0.47 0.099 0.13 0.11 0.22

S9A-6D 0.13 ( 1 ) 0.47 ( 1 ) 0.66 ( 1 ) 0.62 ( 1 ) 0.48 ( 1 ) 1.3 ( 1 ) 0.25 0.36 0.66 0.35 0.18 0.48 0.40 0.30 0.13 0.054 0.12 0.27 0.083 0.029 0.072 <0.021 <0.021 <0.018 <0.018 <0.24 0.64

S9A-8D

S9A 9D 0.12 0.31 0.42 0.71 0.66 1.2 0.37 0.78 1.2 0.79 0.5 0.8 0.81 0.69 0.29 0.12 0.21 0.3 0.2 0.051 0.25 0.11 0.031 0.031 0.018 0.1

S9A 10D 0.15 0.29 0.39 0.73 0.67 <1.4 0.35 0.62 1 0.62 0.38 0.9 0.87 0.7 0.24 0.096 0.18 0.29 0.12 0.042 0.16 <0.060 <0.33 <0.14 <0.22 0.12
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Table G-13: AWB Static - BTEX and C6-C10 water data at 0.5 m 
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S1-2H-L1-W40-1 37 18 0.71 3.8 1.2 5 <100 <100

S1-2H-L1-W40-2 29 14 0.53 3 1 4 <100 <100

S1-2H-L1-W40-3 30 15 0.55 3.2 1.1 4.3 <100 <100

S1-4H-L1-W40-1 28 13 0.49 2.8 0.88 3.7 <100

S1-4H-L1-W40-2 30 14 0.5 2.9 0.99 3.9 <100

S1-4H-L1-W40-3 29 14 0.5 2.9 1 3.9 <100

S1-6H-L1-W40-1 21 11 0.4 2.3 0.76 3 <100 <100

S1-6H-L1-W40-2 25 13 0.49 2.7 0.89 3.6 <100 <100

S1-6H-L1-W40-3 23 11 0.43 2.4 0.81 3.2 <100 <100

S1-12H-L1-W40-1 27 13 0.59 3.1 1 4.2 <100 <100

S1-12H-L1-W40-2 28 14 0.61 3.3 1.1 4.4 <100 <100

S1-12H-L1-W40-3 28 14 0.58 3.2 1.1 4.3 <100 <100

S1-1D-L1-W40-1 180 110 3.3 21 7.1 28 <100 410

S1-1D-L1-W40-2 200 110 3.5 22 7.6 29 <100 410

S1-1D-L1-W40-3 190 110 3.4 21 7.4 29 <100 300

S1-2D-L1-W40-1 250 160 4.9 33 11 44 <100 490

S1-2D-L1-W40-2 260 170 5.2 35 11 46 <100 450

S1-2D-L1-W40-3 250 170 5.3 35 11 46 120 600

S1-4D-L1 350 250 8.7 50 17 68 120 790

S1-6D-L1 400 290 9.4 53 20 73 <100 750

S1-8D-L1 450 360 14 73 30 100 260 1200

S1-10D-L1 390 300 9.3 42 22 64 370 1100
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Table G-14: AWB Static - BTEX and C6-C10 water data at 1.0 m 
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S1 2H L2 W40-1 26 13 0.46 2.7 0.93 3.7 <100 120

S1 2H L2 W40-2 23 12 0.46 2.8 0.87 3.6 <100 <100

S1 2H L2 W40-3 31 15 0.61 3.3 1.1 4.4 <100 <100

S1-4H-L2-W40-1 31 14 0.53 2.9 0.93 3.8 <100

S1-4H-L2-W40-2 30 14 0.54 3.1 0.95 4 <100

S1-4H-L2-W40-3 31 15 0.56 3.1 1.1 4.2 <100

S1-6H-L2-W40-1 30 14 0.53 2.9 0.94 3.8 <100 <100

S1-6H-L2-W40-3 16 7.8 <0.40 1.6 0.63 2.2 <100 <100

S1-12H-L2-W40-1 25 11 0.42 2.4 0.86 3.2 <100 <100

S1-12H-L2-W40-2 27 13 0.61 3.3 1 4.3 <100 <100

S1-12H-L2-W40-3 25 12 0.54 3 1 4 <100 <100

S1-1D-L2-W40-1 210 120 3.9 24 8.4 33 <100 340

S1-1D-L2-W40-2 220 130 3.9 25 8.4 33 <100 450

S1-1D-L2-W40-3 210 130 3.9 25 8.4 33 <100 440

S1-2D-L2-W40-1 230 140 4.9 30 10 40 340 750

S1-2D-L2-W40-2 260 160 5.3 33 11 44 <100 440

S1-2D-L2-W40-3 830 500 16 110 33 140 340 1800

S1-4D-L2 330 240 8.3 49 17 66 <100 750

S1-6D-L2 390 290 9.9 57 21 78 470 1200

S1-8D-L2 460 360 13 70 28 98 240 1200

S1-10D-L2 370 280 8.4 38 22 60 <100 780
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Table G-15: AWB Static - BTEX and C6-C10 water data at 1.5 m 
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S1-2H L3 W40-1 0.6 0.72 <0.40 <0.80 <0.40 <0.80 <100 <100

S1-2H-L3-W40-2 0.62 0.8 <0.40 <0.80 <0.40 <0.80 <100 <100

S1-2H-L3-W40-3 0.61 0.76 <0.40 <0.80 <0.40 <0.80 <100 <100

S1-4H-L3-W40-1 6.7 3.3 <0.40 1.5 0.59 2.1 <100 <100

S1-4H-L3-W40-2 6.6 3.1 <0.40 1.1 0.44 1.5 <100 <100

S1-4H-L3-W40-3 8.2 4 <0.40 1.1 0.44 1.5 <100 <100

S1-6H-L3-W40-1 15 7 <0.40 1.7 0.58 2.3 <100 <100

S1-6H-L3-W40-2 15 6.9 <0.40 1.8 0.56 2.3 <100 <100

S1-6H-L3-W40-3 15 7 <0.40 1.8 0.58 2.4 <100 <100

S1-12H-L3-W40-1 23 11 0.46 2.5 0.89 3.3 <100 <100

S1-12H-L3-W40-2 23 11 0.48 2.5 0.87 3.4 <100 <100

S1-12H-L3-W40-3 23 10 <0.40 2.2 0.83 3.1 <100 <100

S1-1D-L3-W40-1 310 180 5.5 35 12 47 <100 600

S1-1D-L3-W40-2 300 170 5.2 34 11 45 <100 570

S1-1D-L3-W40-3 300 170 5.3 34 12 45 <100 550

S1-2D-L3-W40-1 270 170 5.8 35 12 46 220 700

S1-2D-L3-W40-2 240 160 5.2 32 11 43 230 680

S1-2D-L3-W40-3 250 160 5.6 34 11 45 280 740

S1-4D-L3 350 250 8.9 56 19 75 150 840

S1-6D-L3 430 320 11 64 24 88 360 1200

S1-8D-L3 320 260 10 54 22 76 390 1100

S1-10D-L3 370 270 7.8 35 20 55 <100 610
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Table G-16: AWB Mild Conditions - BTEX and C6-C10 water data at 0.5 m 
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S2-2H-L1-W40-1 170 73 1.9 11 3.4 14

S2-2H-L1-W40-2 140 62 1.9 11 3.2 14

S2-2H-L1-W40-3 150 63 1.9 11 3.4 14

S2-4H-L1-W40-2 270 130 3.3 20 6 26 <100 480

S2-4H-L1-W40-3 250 110 3 18 5.6 24 <100 380

S2-6H-L1-W40-1 310 140 3.7 23 7.5 31 120 600

S2-6H-L1-W40-2 300 140 3.7 23 7.2 30 <100 520

S2-6H-L1-W40-3 290 140 3.8 23 <0.40 23 <100 460

S2-12H-L1-W40-1 490 250 8.2 47 15 62 140 960

S2-12H-L1-W40-2 510 260 8.3 48 15 64 120 960

S2-12H-L1-W40-3 520 270 8.7 50 16 65 150 1000

S2-1D-L1-W40-1 660 360 10 61 22 83 210 1300

S2-1D-L1-W40-2 690 400 11 70 23 92 <100 1200

S2-1D-L1-W40-3 830 460 13 85 26 110 <100 880

S2-2D-L1-W40-1 790 480 16 110 34 140 360 1800

S2-2D-L1-W40-2 830 520 17 110 36 150 280 1800

S2-2D-L1-W40-3 780 480 16 100 34 140 290 1700

S2-4D-L1 800 540 20 120 40 160 480 2000

S2-6D-L1 350 260 9.7 60 21 81 480 1200

S2-8D-L1 120 110 4.7 30 11 41 180 460

S2-10D-L1 87 72 2.8 16 8.4 25 230 410
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Table G-17: AWB Mild Conditions - BTEX and C6-C10 water data at 1.0 m 
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S2-2H-L2-W40-1 150 73 1.9 12 3.6 15

S2-2H-L2-W40-2 150 72 1.9 12 3.5 15

S2-2H-L2-W40-3 150 73 1.9 12 3.6 16

S2-4H-L2-W40-1 260 120 3 20 6 26 450

S2-4H-L2-W40-2 290 140 3.4 22 6.5 28 480

S2-6H-L2-W40-1 290 140 4.2 25 7.7 32 <100 430

S2-6H-L2-W40-2 300 140 3.7 24 7.5 32 <100 560

S2-6H-L2-W40-3 290 140 3.5 22 7.3 29 <100 470

S2-12H-L2-W40-1 510 260 8.4 49 16 65 300 1100

S2-12H-L2-W40-2 500 260 8.2 49 15 64 240 1100

S2-12H-L2-W40-3 500 260 8 48 15 63 190 1000

S2-1D-L2-W40-1 680 380 13 75 24 99 <100 1200

S2-1D-L2-W40-2 670 380 11 68 23 90 <100 1100

S2-1D-L2-W40-3 650 370 11 64 22 86 <100 1100

S2-2D-L2-W40-1 820 500 17 110 36 150 <100 1600

S2-2D-L2-W40-2 800 490 16 110 35 140 360 1800

S2-2D-L2-W40-3 790 490 16 110 35 140 420 1900

S2-4D-L2 720 510 18 110 38 150 <100 1300

S2-6D-L2 330 250 9.1 55 20 75 200 860

S2-8D-L2 160 130 5.7 37 13 50 120 470

S2-10D-L2 84 68 2.6 15 6.2 21 <100 190
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Table G-18:  AWB Mild Conditions - BTEX and C6-C10 water data at 1.5 m 
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S2-2H-L3-W40-1 130 64 1.7 11 3.1 14

S2-2H-L3-W40-2 140 65 1.6 11 3.2 14

S2-2H-L3-W40-3 130 62 1.6 10 3 13

S2-4H-L3-W40-1 250 120 2.7 18 5.6 24 360

S2-4H-L3-W40-2 250 120 2.9 18 5.8 24 490

S2-4H-L3-W40-3 260 120 3.1 19 5.8 25 470

S2-6H-L3-W40-1 290 140 4 23 7.6 31 <100 380

S2-6H-L3-W40-2 290 140 4.1 24 7.5 32 <100 410

S2-6H-L3-W40-3 290 140 4.1 23 7.6 31 <100 410

S2-12H-L3-W40-1 480 250 8 46 14 60 <100 860

S2-12H-L3-W40-2 490 250 7.9 47 15 61 <100 910

S2-12H-L3-W40-3 490 250 8.2 47 15 61 170 980

S2-1D-L3-W40-1 680 370 12 70 24 94 <100 1000

S2-1D-L3-W40-2 630 360 11 64 21 85 <100 1200

S2-1D-L3-W40-3 670 370 12 72 24 96 <100 950

S2-2D-L3-W40-1 780 480 16 110 33 140 190 1600

S2-2D-L3-W40-2 800 480 16 110 34 140 470 1900

S2-2D-L3-W40-3 770 470 16 110 33 140 390 1800

S2-4D-L3 560 410 14 89 31 120 <100 1100

S2-6D-L3 330 240 8.8 55 20 75 450 1100

S2-8D-L3 130 110 4.3 28 10 38 <100 240

S2-10D-L3 84 66 2.5 14 6 20 <100 210
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Table G-19: AWB Moderate Conditions - BTEX and C6-C10 water data at 0.5 m 
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S3-2H-L1-W40-1 990 590 20 130 38 170

S3-2H-L1-W40-2 970 570 20 130 37 170

S3-2H-L1-W40-3 950 560 19 130 36 160

S3-4H-L1-W40-1 210 130 4.3 27 9.5 37 <100 410

S3-4H-L1-W40-2 880 54 1.9 12 3.7 15 1800 2800

S3-4H-L1-W40-3 900 54 1.8 12 3.7 16 1600 2500

S3-6H-L1-W40-1 710 390 14 87 32 120 150 1400

S3-6H-L1-W40-2 540 300 10 69 24 93 <100 1000

S3-6H-L1-W40-3 870 510 19 120 39 160 310 1900

S3-12H-L1-W40-1 650 400 15 95 32 130 160 1300

S3-12H-L1-W40-2 680 410 15 98 33 130 280 1500

S3-12H-L1-W40-3 660 390 14 91 32 120 210 1400

S3-1D-L1-W40-1 500 400 16 110 33 140 160 1300

S3-1D-L1-W40-2 520 410 17 110 33 140 480 1600

S3-1D-L1-W40-3 520 410 17 110 34 140 480 1600

S3-2D-L1-W40-1 210 250 13 85 28 110 240 820

S3-2D-L1-W40-2 200 240 12 81 28 110 <100 650

S3-2D-L1-W40-3 200 240 12 81 27 110 220 780

S3-4D-L1 44 100 6.1 39 14 53 <100 260

S3-6D-L1 17 64 5 32 12 43 <100 180

S3-8D-L1 5 41 4.5 32 11 43 210 310

S3-10D-L1 1.8 9.9 1.4 8.1 2.8 11 <100 <100
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Table G-20: AWB Moderate Conditions - BTEX and C6-C10 water data at 1.0 m 
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S3-2H-L2-W40-1 880 520 17 110 33 140

S3-2H-L2-W40-2 880 510 17 110 32 150

S3-2H-L2-W40-3 850 500 17 110 32 150

S3-4H-L2-W40-1 970 580 20 130 37 170 650 2400

S3-4H-L2-W40-2 960 570 19 130 36 160 550 2300

S3-4H-L2-W40-3 930 550 19 120 35 160 710 2400

S3-6H-L2-W40-1 790 500 18 110 34 140 100 1500

S3-6H-L2-W40-2 810 520 18 110 35 150 160 1700

S3-6H-L2-W40-3 780 490 17 100 33 140 140 1600

S3-12H-L2-W40-1 790 530 22 130 41 170 820 2300

S3-12H-L2-W40-2 770 510 21 120 39 160 740 2200

S3-12H-L2-W40-3 730 440 16 100 36 140 420 1700

S3-1D-L2-W40-1 500 400 16 110 33 140 200 1300

S3-1D-L2-W40-2 520 420 17 110 35 150 290 1400

S3-1D-L2-W40-3 530 420 17 110 34 140 390 1500

S3-2D-L2-W40-1 190 240 12 80 26 110 340 880

S3-2D-L2-W40-2 190 230 12 79 27 110 240 780

S3-2D-L2-W40-3 200 250 12 82 28 110 200 770

S3-4D-L2 48 110 6.7 45 15 59 120 340

S3-6D-L2 14 53 4.1 26 9.6 36 170 280

S3-8D-L2 4.9 37 4.3 31 9.7 40 <100 150

S3-10D-L2 2.1 12 1.5 9.4 3.5 13 <100 <100
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Table G-21:  AWB Moderate Conditions - BTEX and C6-C10 water data at 1.5 m 
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S3-2H-L3-W40-1 770 440 15 98 28 130

S3-2H-L3-W40-2 800 460 15 100 29 130

S3-2H-L3-W40-3 760 440 14 95 28 120

S3-4H-L3-W40-1 920 540 18 120 35 150 790 2400

S3-4H-L3-W40-2 910 540 18 120 34 150 580 2200

S3-4H-L3-W40-3 930 560 19 120 36 160 720 2400

S3-6H-L3-W40-1 810 490 18 110 33 140 160 1600

S3-6H-L3-W40-2 780 480 17 100 34 140 130 1500

S3-6H-L3-W40-3 830 510 18 110 35 140 160 1700

S3-12H-L3-W40-1 750 500 21 130 39 170 770 2200

S3-12H-L3-W40-2 740 490 20 120 38 160 530 1900

S3-12H-L3-W40-3 500 260 <0.40 49 15 64 1200 2000

S3-1D-L3-W40-1 500 410 17 110 33 140 320 1400

S3-1D-L3-W40-2 530 430 17 110 35 150 150 1300

S3-1D-L3-W40-3 520 420 17 110 34 150 210 1300

S3-2D-L3-W40-1 190 240 12 82 26 110 150 690

S3-2D-L3-W40-2 180 230 12 79 25 100 190 720

S3-2D-L3-W40-3 190 240 12 81 27 110 340 880

S3-4D-L3 54 120 8.1 53 17 70 220 470

S3-6D-L3 15 55 4.2 27 10 37 120 230

S3-8D-L3 4.4 31 3.9 26 8.8 35 110 180

S3-10D-L3 2.6 12 1.4 9.2 3.3 12 <100 110
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Table G-22: CLWB Static Conditions - BTEX and C6-C10 water data at 1.0 m 

  

Sa
m

p
le

 P
o

in
t

B
en

ze
n

e

To
lu

en
e

Et
h

yl
b

en
ze

n
e

m
 &

 p
-X

yl
en

e

o
-X

yl
en

e

X
yl

en
es

 (
To

ta
l)

F1
 (

C
6

-C
1

0
) 

B
TE

X

C
6

-C
1

0

S9B-2H-W40-1 34 17 0.74 3.3 1.3 4.6

S9B-2H-W40-2 27 13 0.58 2.6 1.1 3.7

S9B-2H-W40-3 33 16 0.72 3.2 1.2 4.5

S9B-4H-W40-1 42 21 0.87 4 1.6 5.6

S9B-4H-W40-2 41 21 0.84 4 1.5 5.5

S9B-4H-W40-3 41 21 0.84 3.9 1.5 5.4

S9B-6H-W40 1 44 22 0.9 4.1 1.7 5.8

S9B-6H-W40 2 45 22 0.92 4.3 1.7 6

S9B-6H-W40 3 41 22 0.87 4.6 1.8 6.4

S9B-12H 86 40 1.8 8 3.3 11 <100 150

S9B-24H 200 100 4.7 21 9 30 220 550

S9B-2D 300 190 8.7 38 17 54 <100 510

S9B-4D 430 280 13 37 27 63 220 1000

S9B-6D 500 340 13 21 28 49 140 1000

S9B-8D 430 310 17 22 34 56 430 1200

S9B 9D 490 360 19 22 41 63 <100 970

S9B 10D 520 370 20 20 41 61 <100 980
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Table G-23: CLWB Mild Conditions - BTEX and C6-C10 water data at 1.0 m 
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S9C-2H-W40-1 180 93 3.9 18 6.6 24

S9C-2H-W40-2 180 92 3.8 17 6.6 24

S9C-2H-W40-3 170 86 3.5 16 6.3 23

S9C-4H-W40-1 300 150 6.1 29 11 40

S9C-4H-W40-2 310 160 6.2 30 12 41

S9C-4H-W40-3 300 150 6 29 11 40

S9C-6H-W40 1 370 210 8.4 43 16 59

S9C-6H-W40 2 370 210 8.3 43 16 58

S9C-6H-W40 3 380 210 8.5 43 16 59

S9C-12H 510 260 12 54 22 76 <100 870

S9C-24H 570 320 16 75 30 110 180 1200

S9C-2D 610 460 23 120 47 160 <100 1100

S9C-4D 320 250 14 66 30 95 140 810

S9C-6D 190 130 6.5 27 17 44 190 570

S9C-8D 30 24 1.8 6.3 4.4 11 <100 <100

S9C 9D 25 23 1.7 6.6 4.7 11 220 280

S9C 10D 20 20 1.4 6.2 4.3 11 <100 <100
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Table G-24: CLWB Moderate Conditions - BTEX and C6-C10 water data at 1.0 m 
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C
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S9A-2H-W40-1 1300 790 43 200 76 270

S9A-2H-W40-2 1300 810 45 210 78 280

S9A-2H-W40-3 1300 800 44 210 77 280

S9A-4H-W40-1 1600 980 56 260 98 360

S9A-4H-W40-2 1600 1100 58 270 100 370

S9A-4H-W40-3 1600 1100 58 270 100 370

S9A-6H-W40-1 1300 960 50 250 93 340

S9A-6H-W40-2 1400 950 50 250 92 340

S9A-6H-W40-3 1400 940 48 240 91 330

S9A-12H 1100 750 40 200 77 280 1800 4000

S9A-24H 650 410 22 110 44 150 830 2100

S9A-2D 230 210 12 62 26 88 <100 550

S9A-4D 14 22 2.1 10 5 15 <100 <100

S9A-6D 5.9 8.6 0.71 3.7 1.8 5.5 <100 <100

S9A-8D 6.2 11 0.94 5.6 2.6 8.2 <100 <100

S9A 9D 5.6 9.5 1 4.1 2 6 <100 <100

S9A 10D 8.4 13 1.3 5.5 2.5 8 <100 <100
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Table G-25: AWB Static Conditions – TPH at 0.5 m (L1 series), 1.0 m (L2 series), and 1.5 m (L3 series) 

 

Sample Point

Total Petroleum 

Hydrocarbon

S1-2H-L1-W500 <2.0

S1-6H-L1-W500 <2.0

S1-12H-L1-W500 <2.0

S1-1D-L1-W500 <2.0

S1-2D-L1-W500 2.7

S1-4D-L1 <2.0

S1-6D-L1 <2.0

S1-8D-L1 <2.0

S1-2H L2 W500 <2.0

S1-6H-L2-W500 <2.0

S1-12H-L2-W500 <2.0

S1-1D-L2-W500 <2.0

S1-2D-L2-W500 <2.0

S1-4D-L2 <2.0

S1-6D-L2 <2.0

S1-8D-L2 <2.0

S1-2H L3-W500 <2.0

S1-6H-L3-W500 <2.0

S1-12H-L3-W500 <2.0

S1-1D-L3-W500 <2.0

S1-2D-L3-W500 <2.0

S1-4D-L3 <2.0

S1-6D-L3 <2.0

S1-8D-L3 <2.0
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Table G-26: AWB Mild Conditions – TPH at 0.5 m (L1 series), 1.0 m (L2 series), and 1.5 m (L3 series) 

Sample Point

Total Petroleum 

Hydrocarbon

S2-4H-L1-W500 <2.0

S2-12H-L1-W500 <2.0

S2-1D-L1-W500 <2.0

S2-2D-L1-W500 2.9

S2-4D-L1 2.2

S2-6D-L1 <2.0

S2-8D-L1 <2.0

S2-2H-L2-W500 <2.0

S2-12H-L2-W500 2.8

S2-1D-L2-W500 <2.0

S2-2D-L2-W500 3.3

S2-4D-L2 <2.0

S2-6D-L2 <2.0

S2-8D-L2 <2.0

S2-2H-L3-W500 <2.0

S2-12H-L3-W500 <2.0

S2-1D-L3-W500 <2.0

S2-2D-L3-W500 3.7

S2-4D-L3 2

S2-6D-L3 <2.0

S2-8D-L3 <2.0
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Table G-27: AWB Moderate Conditions – TPH at 0.5 m (L1 series), 1.0 m (L2 series), and 1.5 m (L3 series) 

Sample Point

Total Petroleum 

Hydrocarbon

S3-2H-L1-W500 58

S3-4H-L1-W500 30

S3-12H-L1-W500 15

S3-1D-L1-W500 10

S3-2D-L1-W500 7.5

S3-4D-L1 4

S3-6D-L1 3

S3-8D-L1 3.4

S3-2H-L2-W500 21

S3-4H-L2-W500 19

S3-12H-L2-W500 13

S3-1D-L2-W500 11

S3-2D-L2-W500 6.8

S3-4D-L2 4.4

S3-6D-L2 3.3

S3-8D-L2 3.6

S3-2H-L3-W500 19

S3-4H-L3-W500 20

S3-12H-L3-W500 12

S3-1D-L3-W500 9.9

S3-2D-L3-W500 7.5

S3-4D-L3 4.4

S3-6D-L3 3.4

S3-8D-L3 3.6
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Table G-28: TPH measured in water samples at 1.0 m - CLWB Static Conditions (S9B series), Mild Conditions (S9C series), and 

Moderate Conditions (S9A series) 

Sample Point

Total Petroleum 

Hydrocarbon

S9A-2H-W500 120

S9A-4H-W500 42

S9A-6H-W500 20

S9A-12H 8.4

S9A-24H 5.3

S9A-2D 4.2

S9A-4D 2.7

S9A-6D <2.0

S9A-8D <2.0

S9A 9D <2.0

S9A 10D <2.0

S9B-2H-W500 <2.0

S9B-4H-W500 <2.0

S9B-6H-W500 <2.0

S9B-12H <2.0

S9B-24H <2.0

S9B-2D <2.0

S9B-4D <2.0

S9B-6D 2.1

S9B-8D <2.0

S9B 9D 2.1

S9B 10D <2.0

S9C-2H-W500 <2.0

S9C-4H-W500 <2.0

S9C-6H-W500 <2.0

S9C-12H <2.0

S9C-24H 4.6

S9C-2D <2.0

S9C-4D <2.0

S9C-6D <2.0

S9C-8D <2.0

S9C 9D <2.0

S9C 10D <2.0
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Introduction 

RWDI AIR Inc.’s final report, “Flux Chamber Sampling Program in Support of Spill Modelling for the 

Trans Mountain Expansion Project,” dated September 6, 2013, is located on the following pages. 

Due to the size of the entire report, only the base report is included, and the appendices are 

excluded. The complete report and further information is available from the Fate and Behavior 

Final Report authors.  
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 A Comparison of the Properties of Diluted Bitumen Crudes with other Oils 

A Comparison of the Properties of Diluted Bitumen 
Crudes with other Oils 
POLARIS Applied Sciences, Inc. (2013) 

 

Abstract 

Diluted bitumen (dilbit) crude oil represents a range of oils produced from bitumen extracted from oil 
sands in Western, Canada. As these reserves are increasingly in demand, more transportation options 
are being sought to deliver the product to refineries both in North America and abroad. Concerns over 
potential spills have been the point of discussion with questions raised about applicable 
countermeasures and limitations, the possible fate and behavior of these oils, and environmental 
effects. Limited related research has been conducted on these oils over the past 30 years although 
recent testing was completed in 2013. Laboratory and mesoscale weathering experiments show dilbits 
have physical properties very much aligned with a range of intermediate fuel oils and other heavy crude 
oils and generally, depending the initial blend and the state of weathering, and are not characterized as 
nonfloating oils. This paper provides a review of dilbit oil properties, applicable countermeasures, and 
potential fate and behavior for spills to land, freshwater, and marine settings and compares these oils to 
other oil commodities transported and used over the past decades.  
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Introduction 
The oil properties and behavior of diluted bitumen are of interest to spill modelers, transportation and 
handling operators, environmental scientists and spill responders as proposed pipeline expansion 
programs are underway for delivery of diluted Alberta oil sands crude oils to export destinations. 
Although dilbits have been transported via pipeline for the past 30 years, and their general properties 
are akin to other heavy oils, the specific characteristics and behaviors of these oils as they weather have 
been the subject of a limited number of published studies (Brown and Nicholson, 1991; Brown et al., 
1992; SLRoss 2010a,b; WPW, 2013). Oil fate, behavior and spill response issues associated with heavy 
oils in general have been the focus of numerous reports (Ansell et al., 2001; BMT Cordah, 2009; Brown 
et al., 1997; Lee et al., 1992; Michel et al., 1995; NRC, 1999). This review and compilation of dilbit 
properties and comparison to other crude oils and refined products provides perspective to their 
behavior, effects, and potential oil spill countermeasures in context of the range of hydrocarbons 
commonly transported today. 

The bitumen contained in the Alberta oil sands is naturally occurring petroleum that exists in the semi-
solid or solid phase in natural deposits. The extracted bitumen is extremely viscous and will not flow 
unless heated or diluted with lighter hydrocarbons used as a diluent. At room temperature, it is much 
like cold molasses. The World Energy Council (WEC) defines natural bitumen as "oil having a viscosity 
greater than 10,000 centipoise under reservoir conditions and an API gravity of less than 10° API". In 
order to transport it through pipelines, a diluent is added to the bitumen. The combination of bitumen 
with diluent produces a homogeneous blend that has considerably lower density and viscosity with good 
pumping and flow properties. This product is often referred to as Diluted Bitumen or Dilbit. The diluent 
used could be lighter crude oils, synthetic crude oils, or natural gas condensates.  The dilbit product 
must meet quality specifications that are posted with the National Energy Board in Canada and the 
Federal Energy Regulatory Commission in the U.S. To ensure pipeline transportability, NEB tariffs specify 
that the density of crude oil shipments not exceed 940 kg/m3 at a reference temperature of 15°C and 
that viscosity not exceed 350 cSt, when measured at the posted pipeline operating temperature. Given 
the range of temperatures throughout the year in which pipelines operate, the posting temperatures 
vary and blending must be adjusted to ensure viscosity is not exceeded. 

Oil Classifications 
Petroleum-based oils range from naturally occurring materials, such as condensate, crude oil, bitumen, 
and tar, to refined processed products such as aviation fuels, gasoline, and lube oils. Whether naturally 
occurring or processed, petroleum-based oils encompass a wide range of physical and chemical 
properties. The oil spill response community has developed different classifications to pool types of oil. 
Classifications include:  

• persistent and non-persistent (see examples of used in Alaska Dep. Of Environmental 
Conservation regulations, OPRC Conventions, and International Tanker Owners Pollution 
Federation), 

• Groups 1 through 5 (or I through V) 
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In the US, the EPA and USCG define petroleum-based oil groups as follows: 

Group 1 oils include: 
Petroleum-based oil that, at the time of shipment, consists of hydrocarbon fractions: 

• at least 50 percent of which by volume, distill at a temperature of 340 degrees C (645 
degrees F); and 
• at least 95 percent of which by volume, distill at a temperature of 370 degrees C (700 
degrees F); and 

Group 2 - specific gravity less than 0.85; 
Group 3 - specific gravity equal to or greater than 0.85 and less than 0.95; 
Group 4 - specific gravity equal to or greater than 0.95 and less than 1.0; or 
Group 5 - specific gravity equal to or greater than 1.0. 

 

Group 1 oils (non-persistent) tend to dissipate completely through evaporation within a few hours and 
do not normally form emulsions (Table 1). Group 2 and 3 oils can lose up to 40% by volume through 
evaporation but, because of their tendency to form viscous emulsions, there may be an initial volume 
increase as well as limited natural dispersion, particularly in the case of Group 3 oils. Group 4 oils are 
very persistent due to the minimal content of volatile hydrocarbons and their high viscosity, which 
preclude both evaporation and dispersion. Group 5 is meant to collectively classify oils whose density is 
higher than that of freshwater. 

Table 1 Oil groups and examples 

Group Density API Examples 
Group 1 Less than 0.8 >45.2 Gasoline, Kerosene 
Group 2 0.8 - 0.85  45.2-34.8 Gas Oil, Alberta light crude 
Group 3 0.85 - 0.95  34.8-17.3 Alberta medium to heavy crude oils; 

dilbits 
Group 4 Greater than 0.95 

and less than 1  
<17.3 to ≥10 Intermediate Fuel Oil (IFO) 180 (Bunker 

B), IFO ≥380 (Bunker C) 
Group 5 Greater than 1  <10 Orimulsion®, Boscan crude 
 

Floating and Non-floating Oils 
Group 5 oils are by definition more dense than freshwater and, as such, would sink if spilled into water 
with a density of 1. There have been a number of Group 5 spills attended to by response organizations, 
some of which showed that even Group 5 oils can float depending on their composition and the 
characteristics of the receiving waters (salinity, temperature, suspended sediment content) (Michel et 
al., 1995; Michel, 2008). Oils in Groups 3 and 4 can become neutrally or negatively buoyant in 
freshwater or saltwater, as can Group 5 oils in saltwater, through several mechanisms (Michel and Galt, 
1995). Burns et al. (1995) reported two factors as the major causes for the formation of non-floating oil 
during the discharge of over 3,000 m3 of low API gravity oil in San Juan, Puerto Rico in 1994: (1) the oil 
properties (Group 5 with an API gravity of 9.5) and (2) a high likelihood of sand being rapidly mixed with 
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oil into the high energy surf zone.  These same mechanisms are recognized as the primary factors 
causing heavy oils to submerge or sink (NRC, 1999).  

Whether a dilbit sinks after losing its light fractions due to evaporation was one of the main questions 
that triggered tank tests to investigate the behavior of diluted bitumen when spilled into a freshwater 
(SL Ross 2010) or brackish marine environment (WPW, 2013).  Both Cold Lake and Access Western Blend 
dilbits are lighter than freshwater, as required for pipeline specifications (i.e., absolute density less than 
or equal to 940 at reference temperature). Mesoscale weathering experiments done in Gainford, 
Alberta (WPW 2013) showed that Cold Lake (CL)and Access Western Blend (AWB) dilbits exhibited 
properties typical of a heavy, “conventional” crude oil as they weathered but in no instance was any oil 
observed to have sunk after 10 days of weathering on 20 ppt brackish water under varied physical 
conditions. The physical properties of weathering oil measured during those tests showed that dilbit 
spilled into fresh, brackish, or saltwater will stay on the water surface for days unless another 
mechanism mixes it into the water column, as would be the case for most Group 3 and 4 oils. Only after 
extensive weathering, or mixing with suspended particulate material, may some portion of weathered 
dilbit become submerged or sink.  

Comparison of Physical Properties 
Typical physical properties for a broad range of oil types are summarized  in Table 2.  

Table 2 Ranges of physical properties for example oil types. 

 
Property 

 
Units 

Oil Types 
Gasoline Diesel Light 

Crude 
Dilbit1 Heavy 

Crude 
Intermediate 

Fuel Oil 
Bunker C Crude Oil 

Emulsion 
Density Kg/m3 

at 15oC 
720 840 780 to 

880 
824 to 
941 

880 to 
1000 

940 to 990 960 to 
1040 

950 to 1000 

API 
Gravity 

 65 35 30 to 50 18 to 39 10 to 30 10 to 20 5 to 15 10 to 15 

Viscosity mPas 
at 15oC 

0.5 2 5 to 50 270.5* to 
265,263 
** 

50 to 
50,000 

1,000 to 
15,000 

10,000 to 
50,000 

20,000 to 
100,000 

Flash 
point 

15oC -35 45 -30 to 30 <-35**m 
to 58*m 

-30 to 60 80 to 100 >100 >80 

Solubility 
in Water 

ppm 200 40 10 to 50 - 5 to 30 10 to 30 1 to 5 - 

Pour Point oC NR -35 TO -
1 

-40 to 30 -30**m to  
15**m 

-40 to 30 -10 to 10 5 to 20 >50 

Interfacial 
Tension 

mN/m 
at 15oC 

27 27 10 to 30 27*m to 
150*m 

15 to 30 25 to 30 25 to 35 - 

Modified from Fingas (2001); 1Values provided include weathered dilbit from tests; NA= not relevant; * Calculated for AWB; ** Calculated value 
for CL;*m Measured value of AWB; **m Measured value of CL 

Crude oils produced in Alberta have similar physical characteristics that encompass the light to heavy 
crude oil properties (Table 3) and overlap with intermediate fuel oil and bunker fuel listed in Table 2. 
The Access Western Blend (AWB) and Cold Lake (CL) dilbits tested at Gainford (WPW, 2013), were 
slightly less dense (922 and 928 Kg/m3 , respectively)  than 5 other  common oil products from Alberta 
and within 3% of the average density of the listed Alberta crude oil blends  in Table 3.              
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Table 3 Ranges of physical properties for example Alberta crude oil blends and ANS crude 

Properties 

Mixed 
Sweet 
Blend 

Husky 
Synthetic 

Blend 

Premium 
Albian 

Synthetic 

Lloyd 
Kerrobert 

Wabasca 
Heavy 

Western 
Canadian 

Blend 

Access 
Western 

Blend 

Cold Lake Western 
Canadian 

Select 

Albian 
Heavy 

Synthetic 

ANS  
Crude2 

(MSW) (HSB) (PAS) (LLK) (WH) (WCB) (AWB) (CL) (WCS) (AHS)  

Type crude Light 
sweet 

Light synthetic Heavy sour conventional Dilbit Dilsynbit Medium 

Density1 
(kg/m3) 

827.2 ± 3.3 863.8 ± 3.8 860.4 ± 5.4 929.8 ± 4.6 932.2 ± 4.8 929.5 ± 4.7 922.2 ± 5.4 928.0 ± 5.1 929.3 ± 4.9 938.8 ± 2.4 866 - 894 

Gravity1  
(°API) 

39.4 ± 0.7 32.2 ± 0.7 32.8 ± 1.0 20.6 ± 0.7 20.2 ± 0.8 20.6 ± 0.8 21.8 ± 0.9 20.9 ± 0.8 20.6 ± 0.8 19.1 ± 0.4 31.8 – 26.6 

10% Mass 
Recovered1 87.4 ± 9.26 175.1 ± 

11.07 
174.1 ± 

5.90 
141.8 ± 
44.55 

142.6 ± 
20.54 

162.9 ± 
28.69 

83.0 ± 
17.27 

105.3 ± 
25.76 

127.8 ± 
34.17 

106.4 ± 
25.45 

99 - 127 

20% Mass 
Recovered1 

130.9 ± 
8.50 

240.1 ± 
9.60 

212.8 ± 
7.08 

271.1 ± 
19.59 

249.6 ± 
15.61 

265.8 ± 
13.40 

234.3 ± 
44.40 

255.3 ± 
20.62 

261.4 ± 
19.36 

256.8 ± 
47.21 

159 - 197 

30% Mass 
Recovered1 

183.6 ± 
10.86 

277.4 ± 
9.50 

240.7 ± 
8.70 

343.0 ± 
15.07 

324.1 ± 
13.11 

331.6 ± 
11.67 

348.7 ± 
21.50 

340.2 ± 
13.90 

336.9 ± 
13.29 

377.0 ± 
17.89 

216 - 262 

40% Mass 
Recovered1 

240.1 ± 
12.26 

307.0 ± 
8.78 

265.0 ± 
9.79 

408.6 ± 
13.54 

394.9 ± 
12.57 

394.2 ± 
12.01 

424.1 ± 
17.81 

411.4 ± 
13.30 

403.6 ± 
13.12 

433.8 ± 
12.07 

236 - 316 

Notes: 1) from CrudeMonitor (2013) - 5-yr average and range; 2) Range obtained from ETC Oil Database 
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Comparison of Chemical Properties 
The principal compounds in petroleum are paraffins (alkanes), naphthenes (cyclohexanes), and aromatic 
hydrocarbons, with lesser amounts of asphaltic materials.  Paraffins are alkanes consisting only of 
hydrogen and carbon atoms forming an open chain by single bonds (not joined in cyclic structures).  The 
simplest possible alkane (the parent molecule) is methane, CH4.  Saturated oils and waxes are examples 
of larger alkanes where the number of carbon atoms in chain is greater than 10, with a hydrogen atom 
in every possible location (saturated).   Crude oils have a wide range of alkanes from as low as 20% to 
over 60% by composition.  Diluted bitumen blends contain between 20 to over 30% alkanes below C10 
(Table 4), the most common being pentanes and hexanes as is typical in other crude oils.  C11 through 
C30 (saturated oils and waxes) represented another approximately 20% by weight of the dilbits tested at 
Gainford (WPW, 2013).  The overall composition of paraffins in dilbit blends of 40 to 50% found during 
the Gainford tests (WPW, 2013) is within the range of other crude oils. 

Monocyclic and polycyclic aromatic hydrocarbons are commonly associated with the majority of acute 
and chronic oil toxicity and are more commonly evaluated analytically following oil spills.  Crude oils 
contain lower percentages of aromatics than refined oils that have both higher aromatic and residual 
concentrations from the refining process. The AWB and CL dilbit tested at Gainford contained 
approximately 5% (AWB) to 11% (CL) total PAH by weight prior to weathering, with approximately 1% by 
weight comprised of monocyclic compounds (BTEX) (WPW, 2013).  The aromatic composition is similar 
to other crude oils and much less than intermediate fuel oils with aromatics of 30% or more.  An overall 
comparison of BTEX and alkane content of example dilbit blends is provided in Table 4.  

Cyclohexanes are commonly called naphthenes in the oil industry and consist of saturated hydrocarbon 
structures linked in a ring.  Naphthenes comprise the remainder of the composition of crude oils at 30 to 
60%.   
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Table 4 Ranges of select chemical properties (volume percent) for example Alberta crude oil blends 

 Component 

Mixed 
Sweet 
Blend 

Husky 
Synthetic 

Blend 

Premium 
Albian 

Synthetic 

Lloyd 
Kerrobert 

Wabasca 
Heavy 

Western 
Canadian 

Blend 

Access 
Western 

Blend 

Cold Lake Western 
Canadian 

Select 

Albian 
Heavy 

Synthetic 

(MSW) (HSB) (PAS) (LLK) (WH) (WCB) (AWB) (CL) (WCS) (AHS) 

Benzene 0.27 ± 
0.05 0.04 ± 0.01 0.03 ± 0.01 0.14 ± 0.05 0.12 ± 0.02 0.10 ± 0.03 0.29 ± 0.03 0.23 ± 

0.03 0.16 ± 0.03 0.15 ± 0.03 

Toluene 0.81 ± 
0.13 0.15 ± 0.03 0.21 ± 0.07 0.21 ± 0.08 0.29 ± 0.07 0.18 ± 0.04 0.50 ± 0.08 0.39 ± 

0.07 0.30 ± 0.06 0.37 ± 0.09 

Ethyl Benzene 0.24 ± 
0.03 0.10 ± 0.02 0.16 ± 0.03 0.04 ± 0.01 0.13 ± 0.02 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 

0.01 0.06 ± 0.01 0.12 ± 0.03 

Xylenes 1.06 ± 
0.13 0.33 ± 0.05 0.54 ± 0.16 0.19 ± 0.06 0.47 ± 0.10 0.25 ± 0.04 0.39 ± 0.08 0.33 ± 

0.07 0.29 ± 0.06 0.43 ± 0.12 

Butanes 
3.86 ± 
0.62 

2.32 ± 0.74 0.24 ± 0.45 1.75 ± 0.36 1.73 ± 0.34 0.62 ± 0.12 0.68 ± 0.15 
1.02 ± 
0.25 

2.02 ± 0.39 1.50 ± 0.33 

Pentanes 
3.35 ± 
0.58 

1.61 ± 0.34 0.41 ± 0.27 5.57 ± 0.92 2.70 ± 0.79 3.72 ± 0.76 8.42 ± 1.21 
6.18 ± 
0.99 

4.36 ± 0.81 4.66 ± 1.19 

Hexanes 
5.68 ± 
0.55 

2.02 ± 0.31 1.04 ± 0.29 3.19 ± 0.84 3.07 ± 0.37 3.11 ± 0.47 6.81 ± 0.67 
5.31 ± 
0.64 

3.90 ± 0.54 5.10 ± 0.66 

Heptanes 
7.05 ± 
0.57 

2.03 ± 0.27 1.75 ± 0.34 2.07 ± 0.51 2.95 ± 0.40 2.51 ± 0.29 4.35 ± 0.49 
3.36 ± 
0.47 

2.80 ± 0.43 3.81 ± 0.55 

Octanes 
7.10 ± 
0.60 

2.73 ± 0.34 3.31 ± 0.55 1.48 ± 0.35 3.01 ± 0.54 2.13 ± 0.22 2.57 ± 0.44 
2.23 ± 
0.43 

2.11 ± 0.37 3.30 ± 0.64 

Nonanes 
5.51 ± 
0.46 

2.43 ± 0.31 3.96 ± 0.62 1.20 ± 0.29 2.50 ± 0.49 1.84 ± 0.31 1.25 ± 0.24 
1.35 ± 
0.31 

1.49 ± 0.31 2.08 ± 0.51 

Decanes 
2.49 ± 
0.26 

1.29 ± 0.17 2.35 ± 0.40 0.59 ± 0.19 1.13 ± 0.28 0.88 ± 0.25 0.54 ± 0.12 
0.63 ± 
0.18 

0.71 ± 0.16 0.93 ± 0.24 

Source: CrudeMonitor (2013) - 5-yr average and range 

Comparison of Spilled Oil Behavior 
The main properties that affect the fate of spilled oil at sea are: specific gravity or density; distillation 
characteristics (its volatility); viscosity (its resistance to flow); and pour point (the temperature below 
which it will not flow). In addition, the wax and asphaltene content influence the likelihood that the oil 
will mix with water to form a water-in-oil emulsion. Oils that form stable oil-in-water emulsions persist 
longer at the water surface.  The resin and asphaltene content determine the likelihood of tar-ball 
formation. These properties will change through time as spilled oil weathers. The behavior and 
character of the weathering oil are important considerations for spill response strategies and tactics.  
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Table 5 provides a summary comparison of the changes in key physical properties of representative oils 
through evaporative loss of lighter-end hydrocarbons. Table 6 summarizes example changes in oil 
chemistry. 

Table 5 Changes in oil physical properties as a function of evaporative loss of light-ends 

 References: 1) Wang et al 2003, 2) Values are calculated based on data from WPW (2013) and fit to the evaporation vs. density chart from SL 
Ross (2010a) 
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Table 6 Changes in key oil chemical properties as a function of evaporative loss of light-ends 

 

Reference: 1) Wang et al 2003; 2) CrudeMonitor; 3) WPW, 2013 

Evaporation studies of CL (Brown and Nicholson, 1991; SLRoss 2010a) showed that the first hours of 
exposure to air results in rapid loss of portions of the diluent with resulting increases in density and 
viscosity.  Evaporative loss is partly a function of air temperature, oil surface area and thickness, and 
wind. Figure 1 compares the predicted evaporative loss for CL, ANS and Bunker C oil under conditions 
assumed to be similar to those prevailing at Gainford for CL weathering under static conditions. The 
comparison shows a faster loss of light ends from dilbit with respect to ANS crude; however, the final 
evaporative loss for the two oils is similar. The heavier Bunker C has minimal light ends and negligible 
evaporative loss. The Gainford tests (WPW, 2013) showed that the absolute densities and viscosities (at 
15°C) for CL increased from the fresh dilbit values of approximately 925 and 220 cSt, respectively, to 
over 960 and 4500 cSt within 6 to 24 hours of weathering, depending on the degree of physical energy 
applied to the oil on water, and corresponding to near 8% volume loss through evaporation (inferred 
from SLRoss (2010a) evaporation curves).  These weathered properties are comparable to ANS crude at 

W
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g 

(w
ei

gh
t %

)
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fe

re
nc

e

% vol ug/g % vol ug/g % vol ug/g % vol ug/g % vol ug/g
0 0.283 2866 0.592 5928 0.132 1319 0.616 6187 1.624 16300 1

30.5 0 0 0 0 0 0 0 0 0 0 1
0 0.217 2261 0.515 5308 0.160 1646 0.865 8954 1.756 18170 1

36.8 0 0 0.001 10 0 0 0.865 0 1.756 10 1
0 0.097 979 0.304 3050 0.199 1995 0.489 4927 1.089 10950 1
26 0.001 11 0.007 74 0.043 434 0.150 1508 0.202 2030 1
0 0.143 1343 0.219 2031 0.105 974 0.417 3880 0.885 8230 1

19.8 0.001 9 0.001 12 0 0 0.000 1 0.002 20 1
0 0.156 1598 0.351 3552 0.088 891 0.607 6164 1.202 12210 1

27.7 0 0 0.001 10 0 0 0.000 2 0.001 12 1
0 0.389 4026 0.723 7395 0.474 4845 0.692 7105 2.278 23370 1

31.7 0 0 0.001 13 0.000 0 0.000 1 0.001 14 1
0 0.013 136 0.098 1024 0.059 619 0.360 3774 0.531 5550 1
22 0 0 0 0 0 0 0.001 7 0.001 7 1
0 0 0 0.017 149 0.014 124 0.070 612 0.101 890 1

7.2 0 0 0 0 0.000 1 0.000 2 0.000 0 1
0 0.005 40 0.016 136 0.007 58 0.045 396 0.072 630 1

2.5 0 0 0 0 0 0 0 0 0 0 1
0 0.002 16 0.003 29 0.003 22 0.003 29 0.011 100 1

0 0.13 1226 0.19 1772 0.05 466 0.17 1592 0.54 5056 2

0 0.3 2849 0.51 4791 0.06 563 0.38 3583 1.25 11787 3

0 0.24 2247 0.43 3983 0.06 555 0.36 3346 1.25 10132 3

0 0.2 1879 0.37 3438 0.08 743 0.35 3264 1.25 9324 2

Fuel Oil #2/Diesel

Fuel Oil #5

Heavy Fuel Oil

Orimulsion-400

Benzene Toluene Ethylbenzene Xylenes BTEX

ANS Crude Oil

Alberta Sweet 
Mixed Blend

Arabian Light

Sockeye

South Louisiana

West Texas 
Intermediate

Lloyd Kerrobert

AWB

CL

Albian Heavy 
Synthetic

Page 10 



 A Comparison of the Properties of Diluted Bitumen Crudes with other Oils 

only at colder temperatures (near 1°C) and after 30% volume loss (Table 5). Slower evaporation rates for 
dilbit would be expected for colder winter conditions (Brown and Nicholson, 1991). 

Figure 1   Comparison of evaporative loss versus time for example oils 

 

Behavior for Spills to Ground or Shore 
Oil spilled to soil, ground or on shorelines (including river/stream banks) will tend to spread, evaporate, 
move downslope, and penetrate into the substrate. Key factors in oil behavior over substrates include 
ambient temperature, substrate grain sizes, substrate saturation (water), and additional components on 
or in substrate such as organic matter, vegetation, roots, and snow. Oil penetration into substrate is a 
function of oil viscosity (affected by temperature and emulsion, if stranded after being on water) and 
effective permeability (measured relative to the viscosity of the stranded oil).  

Tsaprailis, et al., 2013 reported the results of a study comparing the vertical penetration of a 
representative light, medium-heavy, heavy conventional crude oil, and dilbit in a sand-column.  The 
conventional heavy crude (oil type not specified but initial viscosity of 177 cSt) penetrated the sand 
column more quickly than the diluted bitumen (180 cSt). The study concluded that the dilbit will spread 
and penetrate less into sand than the comparable crudes in the event of a spill. 
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Examples of measured oil retention in sediment are provided for Bunker C and IFO in Table 7.  Coastal 
and Ocean Resources (2013) estimated dilbit penetration and retention on different substrates, 
assuming that weathered dilbit will: (1) have <1 cm of penetration in sands, < 5 cm in pebbles and < 10 
cm in cobbles (Harper and Kory 1995); (2) retention of 300 L/m3 for sand, 200 L/m3 for pebble and 100 
L/m3 for cobbles (Harper and Kory 1995); and (3) a layer of weathered oil above the sediments of 1 cm 
for rock, sand, pebbles and cobbles. These assumptions are derived from extrapolating the Bunker C 
results, which may reasonably reflect weathered dilbit behavior but are not representative of fresh 
dilbit.  

Table 7 Comparison of measured and estimated oil retention in sediments 

  Oil Retention (L/m3) 
Oil Type 
(% Evap, Temp) 

Viscosity 
(cP) 

Medium 
Pebbles 

Large 
Pebbles 

V. Large 
Pebbles 

Bunker-6%, 2° 160,000 288 157 85 
Bunker-0%,2° 80,000 197 94 77 
Bunker-0%,5° 50,000 213 130 51 
Bunker-0%,10° 30,000 155 47 24 
Bunker-0%,15° 15,000 52 68 5 
IFO-2.5%,2° 13,000 60 30 5 
IFO-2.5%,15° 3,000 18 5 0.1 

Data from SOCSEX II (Harper and Kory 1995) 

The range of viscosities associated with dilbits, depending on original blending and state of weathering, 
has implicit implications on the degree of potential penetration into soils or shoreline and retention. As 
with all crude oils, relatively fresh dilbit may penetrate into more porous and permeable materials but is 
less likely to be retained. As the degree of oil weathering, and viscosity, increases there is less 
penetration and a higher retention for oil that does enter into substrate pore space. 

Table 8 documents oil penetration and the evaporative loss of CL that had been artificially weathered 
for 24 hours from four types of shoreline material at 10°C. Evaporative loss for stranded dilbit was 
highest on mixed sediment in low energy conditions, reaching 9.5% by the end of 48 hours after 
application. 
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Table 8 Summary of CL evaporation and penetration in Burrard Inlet sediments (derived from Brown et al., 1992) 

 Sediment characteristics Percent 
Evaporation 

Penetration 

% Shell 
fragments  

Sorting Sand  hr % 

Low energy mixed 
sediment 

10 - 60 Wide variation; all sizes 
up to 4 cm 

Top 3” of shore at 
mid tide point 

8 2.5 Low water 
retention, 
resulted in 
high oil 
permeability 

15 5 
24 7.2 
36 8.8 
48 9.5 

High energy mixed 
sediment 

10%  Wide variation of well-
rounded rock sizes: 10 
cm to 5 mm 

Small amount 8 2 
15 3 
24 3.8 
36 4.5 
48 4.7 

Low energy sand 
sediment 

- Well sorted sandy 
shore 

Tidal flat sandy 
beach 

8 1 High 
penetration 
at top 1 mm; 
below 1 mm 
wet sediment 
has low oil 
permeability 

15 2 
24 3.4 
36 4 
48 4.6 

Low energy estuary sand 
sediment 

- Well sorted sandy 
shore 

Fine sediment, sand 
from estuary beach 

8 0.8 
15 1 
24 1.8 
36 2.1 
48 2.2 

 

 

Behavior for Spills to Water 
Major factors influencing the behavior of spilled oil to water include size of spill relative to receiving 
waterbody (e.g., limited vs. unlimited spreading), ambient temperature (water and air), salinity, flow 
(turbulent, laminar, static), wind and wave energy, and materials in the waterbody such as vegetation, 
suspended sediment loads, organic matter, and snow/ice.  Spreading and evaporation are more 
significant processes in the early stages of oil fate on water.   

Understanding of the behavior of dilbit spilled to water is available from lab to mesoscale testing in 
tanks and from observations made following actual spills, such as the Westridge 2007 (Stantec, 2012) 
and Marshall 2010 (Enbridge, 2013; NTSB, 2012) spills. The most significant observations are that the 
behavior of dilbits tested or spilled are consistent with Group 3 and 4 crude oils: they float on water 
until oil densities change through weathering and/or sediment uptake. As with most crude oils, dilbits 
may gradually overwash, become suspended in the water column, or sink depending on the degree of 
weathering and formation of oil-mineral aggregates. The Marshall spill into Talmadge Creek and the 
Kalamazoo River resulted in oil transport down river with most oil remaining on the water surface. A 
portion of oil, mixed with river bank and/or suspended sediment, and submerged or in places sank. The 
Westridge spill resulted in a portion of dilbit on the surface waters of Burrard Inlet. No submerged or 
sunken oil was noted during that incident (Stantec, 2012).  NRC (2012) noted that from 1991 to 1996, 
approximately 23% of the petroleum products spilled in U.S. waters were heavy oils. In only 20% of 
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those spills did a significant portion of the spilled products sink or become suspended in the water 
column. Most of the time, spills of heavy oil remained on the surface, as would be the case for most 
dilbit spills to non-turbulent water.  

Comparison of Spill Countermeasures, Effectiveness and Limitations 
Oil spill countermeasures include the more widely used mechanical systems for containment and 
collection as well as non-mechanical options.  Response methodologies in these two general categories 
are applicable to most oils although the lightest and heaviest ends of the oil spectrum typically limit 
effective applicability of either.  

Mechanical Containment and Recovery 
Barriers commonly are used to mechanically impede oil spreading and movement. On land these may 
consist of berms, walls, and trenches. Booms, dam, and weirs are used to contain and concentrate oil on 
water.  Containment challenges with booms include flow relative to the boom (current or towing 
speeds), turbulence, wave action, oil load in boom, and oil density relative to water. Heavy floating oil 
can be contained with conventional boom but boom efficiency may decrease as oil weathers to densities 
near those of the water body.   

As oils are entrained into the water column, either through turbulence or combination of flow and 
densities near those of the receiving water body, conventional surface booming becomes less effective. 
Conventional booms might help to contain oils that are only slightly submerged and references that 
trawl nets specifically designed to recover heavy oils have proved effective in some incidents (BMT, 
2009).  Brown et al., (1992) performed containment tests on 24-hr weathered dilbit, bitumen, and 
emulsified dilbits using three barrier systems: conventional boom, fine mesh net, and bubble barrier. 
Only the boom and net barriers proved to be partially successful. Boom with mesh skirts provided 
moderately improved containment but were limited to approximately 0.48 m/s. Boom losses were 
greater for bitumen and emulsified dilbit relative to the 24-hr weathered dilbit.  As would be expected 
for any heavy oil (natural or through weathering and/or emulsification), increased current speed and oil 
density result in less effective containment. The fine mesh tested successfully trapped floating and 
submerged oil, though some of that oil gradually extruded from the net. 

Boom containment for dilbits and heavy oils is most effective prior to significant weathering and before 
any sediment uptake, hence the need to contain the relatively fresh oil. Once oil is easily overwashed or 
near neutral density, alternative forms of containment must be considered (Figure 2).  
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Figure 2 Containment options for submerged oil 

 

Practical experience with containing dilbit was gained during response to the Marshall spill (Enbridge 
2010). Containment on land encompassed berms and sorbent barriers. On water containment entailed 
multiple boom lines. These barriers helped to minimize oil movement and to concentrate oil for 
collection. As oil weathered and interacted with sediment, a portion became neutrally to negatively 
buoyant. Containment of the submerged to sunken portions of the oil included natural collection points 
(pools, basins) for sunken oil and geotextile barriers for submerged oil.  

Skimming or collection of spilled dilbit can, and has been, achieved through conventional mechanical 
spill skimmer and pump systems. Pumps and skimmers that can recovery medium oils are well suited to 
collecting dilbits (Figure 3). Skimming systems are used to collect oil from the water surface and work 
best if oil is contained and preferably concentrated (hence booms) at the skimmer. Pumps are used in 
conjunction with skimmers to transfer oil to tanks but pumps also can be used directly on pooled oil, 
either on land or from sumps or collection/concentration areas in the case of sunken oil (BMT, 2009; 
Burns et.al., 1995; Ploen, 1995).  
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Figure 3 Skimmer selection guide (from ExxonMobil, 2008) 

 

The Gainford trials (WPW, 2013) revealed effective skimming capacity for three brush-style skimmers on 
CL and AWS dilbits throughout the 10-day weathering study. The skimmers tested were: 

1. Aquaguard RBS Triton 60 DI3 
2. Desmi DBD-5 
3. Lamor MultiMax LAM 50/3C 
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Test results showed that all skimmers effectively recovered dilbit from the water surface for up to 8 days 
of weathering in open tanks.  Weathered oil densities reaching 0.99 g/cm3 and viscosities of over 30,000 
cSt (both expressed at 15°C). Skimmer efficiencies (i.e., oil collected, some partially emulsified or with 
entrained water but not free water) generally ranged from near 70% to over 95% with weathered oil 
recovery rates ranging from approximately 1 to 3 m3/hr. Skimmer manufacturers at the Gainford trials 
noted that the equipment, oleophilic brush systems set up for heavy oil collection, may have benefited 
from a different approach initially, such as using oleophilic disks and even weir skimmers with suitable 
pumps during the first days of the trials.  

As oil weathers and attains high viscosity, enhanced skimming and pumping systems are required to 
maintain effective recovery. Numerous systems have been developed and tested to handle viscous oils 
(Hansen, 2010; Hvidbak, 2005). Three brush adapters used with weir skimmers and a screw pump were 
successfully tested with a GT-185 skimmer in highly viscous oil by SAIC Canada at Environment Canada’s 
Environmental Technology Centre in February 2006 (Cooper, 2006). Three other skimmers tested by 
Cooper (2006) successfully picked up and processed refloated bitumen: 

1. The ERE Skimmer (Dynamic Inclined Plane; Western Canada)- a small stationary skimmer that 
features a mesh honey-comb structure steel belt 

2. The KLK 602 Skimmer- a small stationary device with two counter-rotating nonsymmetrical 
drums that lift, or scoop, viscous oil. 

3. The larger Hobs rotating belt skimmer that lifts oil to a scraper and deposits it into a sump. 
 
Western Canada Spill Services (WCSS) continues to work on a smaller version of the ERE Oriliminator 30 
heavy oil skimmer with applicability to bitumen and dilbit oil recovery. 

If a portion of a dilbit or even moderate to heavy oil achieves higher densities through weathering 
and/or material incorporated into the oil mass,  then its location in the water column or on the bottom 
is more challenging to define relative to oil on the water surface. The underwater environment poses 
major complications for oil containment and recovery including poor visibility, difficulty in tracking oil 
spill movement, and colder temperatures (Hansen et al., 2009). Effective tracking and recovery methods 
and technologies suitable for these conditions are major challenges. Review of techniques applicable for 
tracking, containment, and recovery of submerged and sunken oils are provided in Castle et al. (1995), 
CRCC (2007), BMT Cordah (2009), and Hansen (2010). 

Dispersant Application 
Chemical dispersants cause a physical interaction between oil and water that help with oil droplet 
formation and stability within the water column. The increased surface area of oil droplets relative to 
undispersed oil aids natural weathering rates of the oil. Dispersants can be used in conjunction with 
mechanical recovery and other countermeasures to reduce the overall impact of a spill, although not on 
the same portion of a slick.  

The effectiveness of dispersants is a function of the density, pour point, and viscosity of the oil (Figure 
4). Some oils will not disperse, as their viscosity is too high. As oils emulsify, the viscosity increases 
significantly. For most crude oils, dispersants begin to lose their effectiveness after twenty-four (24) 
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hours and most oils will no longer disperse after four to five (4-5) days.  General guidelines for 
dispersant use note that the technique may be effective for oil viscosities up to approximately  5,000 cSt 
(IMO, 2005) and that limited effectiveness shown may be extended to in-situ viscosities of up to 10,000 
cSt (Daling and Lewis, 2001; ITOPF, 2011). Gainford trials (WPW, 2013) with AWS and CL dilbits showed 
that chemical dispersant may be an option during the first 6 hours of weathering but given the 
significant increase in viscosity of dilbits as they weather, the available window of opportunity for 
dispersant is limited. Many spills are not instantaneous but occur over a prolonged time frame, which 
can extend the window of opportunity for dispersant use. In this regard, the option and limitations for 
use of dispersant on dilbit spills is similar to that of intermediate to heavy fuel oils, other heavy crude 
oils, and even lighter but emulsified crude oils. 

Figure 4 General guide for dispersant applicability to spilled oil on marine waters 

 

 

In-Situ Burning (ISB) 
Controlled on-water burning is a viable response option under appropriate conditions for dilbit spills. 
Mitchell and Moir (1992) reported on successful burns of dilbit floating on water in tanks and positive 
results of using an additive (RMS 9757) to reduce smoke emissions. The Gainford tests (WPW, 2013) 
proved that CL ignited easily after 6 and 12 hours of weathering. Although not as easy to ignite as lighter 
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oils, the Gainford trials showed that CL is similar to other medium and heavy crude oils with respect to 
the potential applicability of ISB (Table 9). 

Table 9 Comparison of burn characteristics of different oils (from WCCS, 2012) 

Fuel Burnability Ease of Ignition Flame Spread Burning 
Rate* 

(mm/min) 

Sootiness 
of Flame 

Efficiency 
Range (%) 

Gasoline Very high Very easy Very rapid – 
through vapors 

4 Medium 95-99 

Diesel Fuel High Easy Moderate 3.5 Very high 90-98 
Light Crude High Easy Moderate 3.5 High 85-98 
Medium Crude Moderate Easy Moderate 3.5 Medium 80-95 
Heavy Crude Moderate Easy Moderate 3 Medium 75-90 
Weathered Crude Low Difficult, add primer Slow 2.8 Low 50-90 
Crude oil with ice Low Difficult, add primer Slow 2 Medium 50-90 
Heavy Fuel Oil Very low Difficult, add primer Slow 2.2 Low 40-70 
Waste Oil low Difficult, add primer slow 2 Medium 30-60 

*Typical rates only – to get the rate in L/m2/hour multiply by 60 
 

Shoreline Cleanup 
Guidelines such as those presented in the Waste Management Calculator (PAS and TOSTC, 2008), NOAA 
(1992), Owens et al (1992), and Environment Canada (2010) provide an indication of treatment options 
for distinct shoreline types and as a function of oil type (Figure 5). As spilled oil properties change with 
weathering, treatment options may also need to be adjusted. For instance, low pressure flushing is an 
applicable treatment technique for medium oils, including relatively fresh dilbit, on coarse and mixed 
substrates; however, the technique may be ineffective for a heavy oil or weathered dilbit. The Gainford 
trials showed that low pressure washing to remove weathered dilbit from tiles was ineffective until 
combined with a surface washing agent (WPW, 2013).  The mesoscale tests showed that oil that had 
weathered for five days on water and then had remained on tiles exposed to air for four days was 
effectively removed when washing the substrate treated with Corexit 9580. The Gainford washing tests, 
like those completed for Orimulsion and Bunker C (Guénette et al., 1998) and IFO 380 (Jézéquel et al., 
2009), emphasize the need for an expedited approval process for use of tested surface treating agents 
as part of spill response planning and readiness.  
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Figure 5 Guidelines for shoreline treatment options for medium and heavy oils (from PAS and TOSTC, 2008) 

Experience from shoreline cleanup of the AHS dilbit following the 2007 Westridge spill showed that 
techniques used on the mixed sediment shorelines of Burrard Inlet (flushing, manual cleanup, shore 
cleaning agents, and tilling) worked effectively as applied for appropriate shore types and oiling 
conditions (Stantec, 2012). Techniques used on land and along stream/river banks following the 
Marshall (2010) spill included manual and mechanical removal and flushing. 

Wildlife Treatment 
Wildlife may be exposed to spilled oil through several pathways: inhalation, ingestion, and direct 
contact. The latter may entail smothering and/or thermal impairment due to oil coating on fur or 
feathers. Due to the relatively rapid loss, or lower concentration, of light-end volatile hydrocarbons, 
most wildlife treatment is for stabilization, cleaning, and rehabilitating oiled animals. Wildlife treatment 
following the 2010 Marshall spill response entailed cleaning and rehabilitation of birds and many turtles 
using protocols and procedures common to spills of medium to heavy oils. Focus Wildlife, contracted by 
Enbridge for the response, reported successful use of mineral oil as a cleaning agent for turtles and 
Dawn™ soap for feathers (birds). 
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Conclusions 
Dilbits are not a new commodity on the oil market; however, the increased production of crude oil from 
the Alberta oil sands and its transport to refineries and markets has heightened awareness about dilbits 
and some of the differences between these oils and other crude oils. Dilbits have a range of properties 
similar to other medium to heavy oils and, like most oils, these properties depend on temperature and 
local environmental conditions. Furthermore, oil properties change as oil weathers and interacts with 
other media.  

Spill response countermeasures applicable and appropriate for response to a medium crude are also 
applicable to the CL and AWS dilbits tested at Gainford. As the medium crude weathers and increases in 
density, viscosity, and pour point, spill countermeasures should be reassessed and adjusted for those 
changes and for differences in the environmental setting. Similarly, adjustments must be made for 
response to a dilbit release. The key difference between a CL dilbit, for example, and a medium crude 
oil, such as ANS, is a shorter weathering timeframe for a dilbit. The ANS crude may weather and/or 
emulsify to achieve the characteristics of a heavy oil generally over the course of many days to weeks 
whereas a dilbit may weather to a heavy oil state within one to a few days, depending on its original 
formulation and the active weathering processes. 

Knowledge of the behavior of dilbit spilled to water is available from lab to mesoscale testing in tanks 
and from observations made following actual spills (Westridge and Marshall). Most significantly, the 
behavior of dilbits tested or spilled are consistent with Group 3 and 4 crude oils: they float on water 
until oil densities change through weathering and/or sediment uptake. As with most crude oils, dilbits 
gradually may overwash, become suspended in the water column, or sink depending on the degree of 
weathering and uptake of particulate matter. 

A concluding comparison and potential challenges of dilbit spills in context of other oils is provided in 
(Table 10). 
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Table 10 Summary of oil type physical/chemical properties adverse effects on environment  

Oil Type Physical/Chemical Properties Adverse Effects on Environment 

Light to volatile 
oils 

• Spread rapidly 
• Tend to form unstable emulsions 
• High evaporation and solubility 
• May penetrate substrate 
• Removed from surfaces by agitation 

and low-pressure flushing 

• Toxicity is related to the type and 
concentration of aromatic fractions: 1) 
naphthalene, 2) benzene 

• Toxicity of aromatic fractions depends 
on their biological half- lives in different 
species 

• Toxic to biota when fresh 
• Marsh plants may be chronically affected 

due to penetration and persistence of 
aromatic compounds in sediments 

Moderate to 
heavy oils 

(with notes re 
dilbits) 

• Moderate to high viscosity 
• Tend to form stable emulsions under 

high energy marine environments 
(dependent on type of dilbit) 

• Penetration depends on substrate 
particle size (CL appears to have 
less penetration than comparable 
viscosity crude) 

• Weathered residue may sink and be 
absorbed by sediment (may become 
neutrally buoyant to sink, depending on 
degree of weathering, type of dilbit, and 
receiving water)  

• Immiscibility assists in separation 
from water 

• Weather to tar balls 

• Adverse effects in marine organisms result 
from chemical toxicity and smothering 

• Toxicity depends on size of light fraction 
(dilbit formulation dependent but 
typically very light end diluents are 
rapidly lost through evaporation) 

• Low toxicity residue tends to smother 
plants or animals 

• Light fractions contaminate 
interstitial waters 

Asphalt, 
#6 fuel-oil, 
Bunker C, 
waste oil 

• Form tar balls at ambient 
temperatures 

• Resist spreading and may sink 
• May soften and flow when exposed to 

sunlight 
• Very difficult to recover from the water 
• Easy to remove manually from beach 

surface with conventional equipment 

• Immediate and delayed adverse effects 
due to small aromatic fractions and 
smothering 

• Most toxic effects due to 
incorporation in sediment 

• Absorption of radiated heat places 
thermal stress on the environment 

• Lower toxicity on marine plants than 
mobile animals 

(modified from ExxonMobil, 2008) 
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