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WESTRALIA SQUARE 
141 ST. GEORGES TEHRACE, PE'[H 

To further delineate the hydrocarbon reservoir identified by the Wonnich-1 exploration well 
drilled by Ampolex in 1995, Apache Energy, on behalf of the TP/8 Joint Venture Partners, 
proposes to drill two appraisal wells from a single location located approximately 7.5 km 
west of the Montebello Islands. 

The appraisal well drilling program was set at the Consultative Environmental Review (CER) 
level by the Environmental Protection Authority (EPA). The CER was submitted for public 
assessment in January 1996. 

The EPA has requested further information from Apache Energy on the environmental risk 
of the Wonnich appraisal drilling program, and this is the objective of this report. 

A number of factors must be considered in order to assess the risk posed to the natural 
resources of the Montebello Islands by the proposed drilling program. These factors include 
the likelihood of a spill and its potential size, the probability that this spill will then migrate 
to adjacent reefs and shorelines, the nature of the flora and fauna found in the area, and the 
likely response of this biota to the oil. The best available information for these factors has 
been assembled here. 

This report is divided into six sections and three appendices: 

1.0 Sources of Spills from Oil and Gas Operations 

An analysis of historic spill records for the oil and gas industry in Western Australia and 
for Apache Energy is presented. 

2.0 Wonnich Appraisal Drilling Engineering Considerations 

A description of the Wonnich reservoir characteristics is given as an indication of 
reasons for the small risk of an oil spill from a blowout. 

3.0 Risk of a Spill Contacting Marine Resources of the Montebello Islands 

This section details the quantification of the risk to reefs and shorelines of the 
Montebello Islands if a spill did occur by considering the statistical distribution of the 
surface ocean currents during the proposed drilling period. A computer modeling 
system was used to determine the risk of contact, the quantity of oil which may contact 
resources, and the amount of time taken for contact. 

4.0 Coral Biogeography of the Montebello Islands 

The diversity of corals of the Montebello Islands are put into perspective by comparing 
them with other reefs on the North West Shelf. 



5.0 Consequences of Oil to Marine Resources 

The factors which influence the actual consequences of oil on marine habitats is 
discussed, with particular reference to Wonnich oil and its impact on the resources of 
the Montebello Islands. 

6.0 Risk Perspective 

To place the risk of an oil spill from the Wonnich appraisal drilling program in 
perspective, the riskof common and uncommon events are presented. 

Appendix 1: OILMAP-OILTRAK System Description and Verification 

Appendix 2: Review of Previous Ocean Current Modeling around the Montebello Islands. 

Appendix 2: Review of the Effects of Oil on Corals. 

Apache Energy 
29 May 1996 
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Executive Summary 

Sources of Spills 

In Western Australia, 229 offshore exploration and development wells have been drilled since 

1989. Within this time period, two oil spills, with a combined volume of 2.9 barrels (461 L), 

have occurred during these drilling operations. 

Apache Energy has been involved in the exploration and development of oil and gas since 1983 

and since this time has drilled 48 wells in Licence Areas TL/1, 5 & 6, TP/8 and WA-192-P. This 

drilling program has resulted in one oil spill incident causing a release of 1.9 barrels (302 L) of 

diesel oil into the ocean. 

No blowouts have occurred in Western Australia. The last blowout in Australia was in 1984, 

providing evidence of technological and procedural improvements. 

-I 
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Executive Summary 

Wonnich Reservoir Characteristics 

The Wonnich appraisal drilling program has inherently less risk of a blowout than from a exploration 

program due to the acquired knowledge of both geology and reservoir. 

The Wonnich reservoir is normal pressured in that the pressure in the reservoir is equal to the 

pressure applied by a colunm of water above it. 

The Wonnich reservoir is located within the hydrocarbon bearing Flag Standstone geological 

sequence which is typical of the region. All 48 wells drilled by Apache have been drilled into the 

Flag Sandstone, all have been normally pressured. 

As the depth of the reservoir as well as the pressure are known, drilling procedures are easily 

tailored to ensure that well control is maintained. Mechanical blowout prevention equipment is 

also used as backup. 

All drilling programs are regulated under legislative guidelines, company drilling procedures and 

contingency plans. Apache recognises that the risk of a spill occurring during drilling is low and 

adheres to "best practice" management procedures to further reduce this risk of an oil spill. 
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Executive Summary 

Risk of a Spill Contacting the Resources 
of the Montebello Islands 

A statistical modelling approach and overseas oil spill data were used as a basis for determining 
the risk of oil spills of various sizes contacting the reefs and shorelines of the Montebello Islands. 

A three-dimensional ocean current model, verified using field data in conjunction with a stochastic 
model and geographical information system, were used to carry out the statistical predictions 
determining the probability of oil reaching various resources. 

Despite the proximity of the southern fringing reef to the Wonnich drilling site, the risk of an oil 
reaching the reef was low: 

Spill type 

Quantity of oil 	800 litres 	2,500 litres 	5,000 litres 	80,000 litres 600,000 litres 

Type of oil 	 Wonnich diesel fuel 	Wonnich 	diesel fuel 	Wonnich 
crude oil 	 crude oil 	 crude oil 

Examples of the type 	Valve 	Rupture 	Valve over- 	Rupture of Loss of 
of event that might 	leakage 	of fuel 	flow during 	fuel tank on well control 
cause a spill of this 	during 	transfer 	drilling 	work boat during well 
size and type 	drilling 	hose appraisal 

Probability that a spill 	2 x 10 	9.0 x 10' 	9.0 x 10 	1.0 x 10 1.8 x 10 
of this size and type 
may occur. 

Reefs 
Overall maximum 	1.0 x 10 	5.4 x 10 	5.4 x 10 	7.5 x 10 1.4 x 10-7  
probability that any part 
of a fringing reef will be 
contacted by oil during 
the drilling program 

Shore 
Overall maximum 	4.0 x 10 	2.1 x 101 	1.4 x 10 	2.0 x 10 3.6 x 10 
probability that any part 
of the island shore will 
be contacted by oil 
during the drilling 
program 

The modelled trajectories indicate that the volume of oil which would reach the reef or shorelines 
would be low due to the evaporation and dispersal of the oil at sea. 
Projected travel time for contact indicate that a risk to a resource did not solely depend on distance 
from a spill source. 
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Executive Summary 

Consequences of Oil on the Resources 

of the Montebello Islands 

The actual consequences of oil on marine habitats depends on various factors including: the 

composition of the oil, the toxicity of the oil, tide conditions, seastate, wind speed and air 

temperature. 

Generally, the resources directly exposed to oil would probably suffer the greatest damage. Subtidal 

resources would be less impacted but could still be affected by dissolved oil in the water column. 

Deep water habitats are not expected to be adversely affected. 

Should a spill occur during drilling, it would be a one-off event leaving a low potential for long-

term chronic oiling of either the west fringing reef or the shorelines of the Montebello Islands. 

This is due to the low volumes which are predicted to reach these areas, and the predominate 

substrate types found (e.g. limestone, rocky shore). 

As there is no realistic chance of chronic oiling, nothing should inhibit recovery from commencing 

immediately. The rate of recovery wil be dependent on the degree of impact, the availability of 

propagules and natural biological processes. 

Toxicity tests on the algae Isocrysis spp indicated that Wonnich oil was only slightly more toxic 

than Harriet crude. 

IS.m3603 Page 5 



1.0 SOURCES OF SPILLS FROM OIL AND GAS OPERATIONS 

1.1 	Commonwealth of Australia Offshore Areas 

In almost 30 years of operation, the oil and gas industry in Australia has drilled over 1,500 
exploration and development wells and produced over 3,500 million barrels (556,500 million 
L) of oil. During this same period, the total amount of oil spilled to the marine environment 
from all offshore oil exploration and production activities has been estimated to be 914 
barrels (145,326 L), with the majority of these spills occurring during production activities 
(Volkman et al. 1994). 

Six blowouts have occurred in Australia of which three occurred during exploration drilling. 
All six were gas blowouts and none resulted in an oil spill. There have been no blowouts in 
Australia since 1984, evidence of technological and procedural improvements. 

1.2 Western Australia Offshore Areas 

Focus on the risk of an oil spill was made on activities carried out in Western Australia as 
this spill data was the most relevant and readily available, and provided sufficient detail to 
allow a quantitative risk assessment. 

A database containing spills to the marine environment greater than 80L has been compiled 
by the Department of Minerals and Energy of Western Australia (DME) since July 1989. 
Oil, drilling fluid and chemical spills are recorded in this database. 

Between July 1989 and March 1996, a total of 229 exploration, appraisal and development 
wells have been drilled in the State and Commonwealth waters of Western Australia. Since 
the inception of the database, there have been 59 oil spills, 13 drilling fluid spills and 3 
chemical spills recorded for all oil and gas activities in Western Australia (Table 1.1). 

No blowouts have occurred in Western Australian waters. Detailed knowledge of the 
characteristics of the Wonnich reservoir, including reservoir pressure, make the chances of a 
blowout very small (see Section 2.0). 

Oil spills 

A summary of the oil spill data, broken down into type of activity (seismic, drilling, 
production testing and production) is given in Table 1.2. 

Taking into account all activities in both State and Commonwealth waters, the least number 
of oil spill incidents occurred during seismic and drilling activities (2 incidents each). The 
majority of oil spill incidents resulted from production operations. 

Between July 1989 and March 1996, 229 wildcat, appraisal and production wells were drilled 

	

I 	 over 6,751 drilling days (Table 1.3). Within this time period, only two oil spills have 

	

j 	 occurred during drilling operations, one resulting in a spill of 1.89 barrels (293 L) and the 
other one barrel (159 L). The causes for these incidents were (1) a collision between a 
supply vessel and drilling rig at night resulting in the rupture of the fuel tank on the vessel 

	

J 	 and (2) a hole in the fuel transfer hose between the support vessel and rig. 
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Table 1.2: 	The number and sizes of oil spills in Western Australian State and 
- 	 Commonwealth waters according to activity. All volumes are given in barrels. 

Number 
of 
incidents 

Total 
volume 
spilt oil 

Average 
volume 
of oil 
spilt 
incident 

Minimum 
volume 
spilt 

Maximum 
volume 
spilt 

State and Commonwealth waters 

Seismic 2 13.1 6.6 0.6 12.5 
Drilling 2 2.9 1.5 1 1.9 
Production 14 93.4 
testing  

6.7 1 30.0 

Production 41 504.7 12.3 0.01 220 
Total 59 614.1 10.4 0.01 1.9 

State waters 

Seismic 0 
Drilling 1 1.9  
Production 2 7.4 
testing  

3.7 0.4 4.0 

Production 20 131.3 6.6 0.01 44.3 
Total 23 140.6 10.8 0.01 4.0 

Commonwealth waters 

Seismic 2 13.1 6.6 0.6 12.5 
Drilling 1 1 
Production 12 85.9 
testing  

7.2 1 30 

Production 21 373.5 17.9 0.01 220 
Total 36 473.5 13.1 1 12.5 

7 
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Table 1.3: The number of oil spills which occurred in Western Australian waters during drilling operations, broken down to year and type of well drilled. 

Year Total number 

of wells drilled 

Well type Total number 
of drilling 

days 

Minimum 
number of 

drilling days 

Madmum 

number of 
drilling days  

Number of 
incidents 

Volume of 

spilt oil (bbls) 

Exploration Appraisal Development  

1989 12 8  240 9 63 0 

23 - 23 0 

3 141 12 58 0 

1990 37 14 507 12 138 0 

6  153 8 61 0 

17 647 4 177 0 

1991 31 20  524 6 68 0 

6  182 4 82 0 

5 217 21 72 0 

1992 25 14  435 7 138 I 1.89 

8  311 7 142 0 

3 33 7 16 0 

1993 38 20 532 6 117 0 

6 108 2 47 0 

12 308 10 93 0 

1994 40 9  168 6 45 0 

16 303 6 -63 0 

IS 652 7 134  

1995 38 20 644 5 139 I 

5 90 6 37 0 

13 303 5 58 0 

I996 8 3  78 4 23  

4 81 19 39  

71 - 71  

* Data from 1.7.89 to 31.12.89 
+ Data from 1. 1.96 to 31.3.96 
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1.3 Apache Energy's Activities 

Apache Energy, its Joint Venture Partners and their predecessors (referred to as Apache), 
has been involved in exploration and production activities in licence areas TL/1,5 & 6 since 
1983 (Figure 1.1). The Harriet field was the first offshore oil producer in Western Australia 
when production commenced from the Harriet Alpha platform in January 1986. 

At present, gas and crude are produced from 14 wells located at four offshore platforms. Oil 
is piped to Varanus Island via a subsea pipeline where it is stored in three tanks and exported 
to tankers from the island through a deep water marine loading terminal. Oil is offloaded 
from the island toankers approximately twelve times a year. 

Licence areas TL/1, 5 & 6 are located within or partly within a Sensitive Marine 
Environment which encompasses the Montebello Islands, Lowendal Islands and Barrow 
Island Shelf to the 20 in isobath (EPA, 1993). This classification was given to the area due 
to its environmental significance based on its biological resources: the area is an important 
turtle and seabird breeding ground, and coral reefs, mangroves, intertidal flats, extensive 
lagoonal waters, and shallow algae reef platforms are found in this area. 

Since the discovery of the Harriet oilfield in November 1983, 48 wells have been drilled by 
Apache within the licence area and in the adjacent areas TP/8 and WA-192-P over 1,348 
drilling days (Table 1.4). A detailed list of all the wells drilled is provided in Table 1.5. 

Table 1.4: Summary of the number of wells drilled and tested by Apache in TL/1, 5 & 6, 
TP/8 and WA-192-P since 1983. 

Number of wells 
drilled 

Drill days Number of 
incidents 

Volume of oil spilt 
(bbls) 

Number of wells 
tested 

48 1348 1 1.89 23 

In this time, one incident occurred during drilling: in 1992, approximately 1.9 barrels (302 
L) of diesel fuel were spilled at the Ulidia exploration well site when a support vessel 
collided with the drilling rig and ruptured the vessel's fuel tank. No environmental impact 
from this spill was recorded. 

Of the 48 wells drilled, production testing was carried out on 23 of the wells, lasting a total 
of 26 days with no spillage of oil. 

Volkman J.K., Miller G.J., Revill A.T. and Connell D.W. 1994. 'Oil spills'. In: Swan, J.M., Neff J.M. and Young 
P.C. (eds) Environmental Implications of Offshore Oil and Gas Development in Australia. The Findings of an 
Independent Scient/icn Review. Australian Petroleum Exploration and Production Association, Sydney. pp  409- 
506. 	 - 
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Table 1.4: Wells drilled into the Flag Sandstone by Apache - 1983 to 1996. 

- Drilled Well Name Well type Drill Days Tested Test Type Testing Hours Production 
Since 

1. 1994 Alkimos I Wildcat 14 N Production 0 1994 

2. 1995 Austin I Wildcat 42 Y RFT 0 - 
3. 1982 Bambra I Wildcat 96 Y DST/RFT 7.35 - 
4. 1983 Bambra2 Appraisal 129 Y DST/RFT 27.4 - 
5. 1988 Bambra3 Appraisal 15 Y RFT 0 - 
6. 1994 Belinda I Wildcat 6.6 N  0 - 
7. 1986 Campbell 2 Production 30 Y DST 25.4 1992 
8. 1992 Campbell 3 Production 7 N  0 - 
9. 1992 Campbell 4 Production 23 N  0 - 
10. 1995 Campbell 5 Production 42 Y RFT 0 1995 
11. 1996 Doric I Wildcat 9 N 0 - 
12. 1983 Emma I Wildcat 28 Y DST/RFT 0.30 Failure - 
13. 1983 Flores I Wildcat 17 Y RFT 0 - 
14. 1983 Georgette I Wildcat 22 N  0 - 
15. 1983 Harriet Al Production 41 Y DST/RFT 127.0 1984 
16. 1983 HarrietA2 Production 70 N  0 - 
17. 1984 HarrietA3 Production 60 Y DST 21.0 1984 
18. 1984 HarrietA4 Production 35 Y RFT 0 1984 
19. 1984 Harriet AS Production 8 Y DST 17.2 1984-1994 
20. 1994 Harriet AS SIT Production 6  N  0 1994 
21. 1984 HarrietA6 Production 21 Y DST/RFT 15.15 1984-1995 
22. 1990 Harriet A7 Production 11  N  0 1990 
23. 1994 Harriet A8 Production 19 N  0 1994 
24. 1994 Harriet A8H Production 0 N  0 1994 
25. 1994 Harriet A9 Production 9 N  0 1994 
26. 1994 Harriet A91-1 Production 0 N  0 1994 
27. 1995 Harriet AlO Production 9 N  0 - 
28. 1984 Harriet BI Production 22 Y DST/RFT 31.0 1984 
29. 1985 Harriet B2 Production 44 Y DST 22.5 1984 
30. 1985 Harriet B3 Production 35 Y DST/RFT 34.25 1984 
31. 1990 Harriet B4 Production 10 N  0 1984 
32. 1985 Harriet Cl Production 19 Y RFT 0 1985 
33. 1985 Harriet C2 Production 23 N RFT aband. 0 1985 
34. 1990 Harriet C3 Production 12 N   0  1990 
35. 1992 Marra 1 Wildcat 14 N 0 - 
36. 1985 Nyanda I Wildcat 24 N 0 - 
37. 1986 Orpheus I Wildcat 27 Y RFT 0 - 
38. 1986 Plato I Wildcat 23 N  u - 
39. 1987 Rosette I Wildcat 123 Y DST 90.0 1992 
40. 1990 Sinbad I Wildcat 33 Y DST 17.0 1992 
41. 1992 Sinbad 2 Production 35 N Production 0  1992 
42. 1991 Tanami I Wildcat 31 Y RFT 0  1991 
43. 1991 Tanami 2 Appraisal 19 N  0 - 
44. 1994 Tanami 3 Appraisal 33 N  0 - 
45. 1994 Tanami 3 SIT Production 0 N  0 - 
46. 1994 Tanami 3 S/T2 Production 0 N  0 - 
47. 1992 Ulidia I Wildcat 11 Y SFT 0 
48. 1995 Wonnich 1 Wildcat 40 Y DST/RFT 60.41 - 

1347.6 days  20.6 days  

1/06/96 	 flagwels.doc 



2.0 	WONNICH APPRAISAL DRILLING - MANAGING THE RISK 

An appraisal drilling program has inherently less risk of a blowout than an exploration 
program due to the acquired knowledge of the geological conditions. With respect to 
Wonnich this acquired knowledge includes the following: 

The "Flag Sandstone" is the only hydrocarbon bearing geological sequence in the Wonnich 
area (Figure 2.1). This Flag Sandstone is a well sorted, medium to coarse grained 
homogeneous sandstone with high porosity and permeability. The Wonnich reservoir is 
normally pressured in that the pressure in the reservoir is equal to the pressure applied by a 
column of water above it. This "normal pressurization" was confirmed by the Wonnich-1 
discovery well. Reservoir pressure is known - 3286 pounds per square inch absolute (psia) 
(Figure 2.2). All other wells (drilled by Apache or other operators) which have penetrated 
the same geologic interval (the Flag Sandstone) have also been normally pressured. 

The hydrocarbons within the Flag Sandstone at Wonnich were tested and analysed during 
and after the Wonnich-Il exploration well program. 

Due to the information provided by Wonnich-1, in addition with data acquired during 
seismic surveys, the depth to the top of the Wonnich reservoir is known across the reservoir. 
This ensures that no unexpected reservoir fluids will be encountered at any stage during the 
wells. 

As the pressure within the reservoir, the fluid properties, and the depth to the reservoir are 
known, any wells drilled to intersect the reservoir can be easily controlled utilising drilling 
fluids. This knowledge, along with use of continually evolving up to date drilling equipment, 
and regulated "best practice" drilling practices ensure that the risk of a blowout is much 
smaller than the statistics quoted for worldwide operations, such as the DNV Engineering 
statistics. 

All reasonable measures are used to prevent spills from occurring in the first instance. That 
Apache adheres to 'best practice' is evidenced by the very low number of incidents that have 
occurred during its overall drilling program (Section 1.3). Although the chances of an oil 
spill occurring is low (see section 3.0), Apache recognizes that should a spill occur, it may 
cause an impact on the marine environment. Apache therefore focuses on reducing the risk 
of a spill further by implementing strict engineering and procedural management plans. 

The requirements associated with any drilling program include detailed procedures for all 
drilling activities, specific blowout prevention equipment and maintenance thereof, regular 
(minimum weekly) blowout prevention drills, and table top oil spill exercises. 

The Wonnich appraisal drilling program is regulated through the Department of Minerals and 
Energy of Western Australia (DME) with the Petroleum (Submerged Lands) Act 1967, as 
amended, and the Schedule - Specific Requirements as to Offshore Petroleum Exploration 
and Production 1990 being the relevant regulatory documents. In addition, Apache will 
utilise four main documents to manage the drilling process for the Wonnich wells. These are 
the Drilling Procedures Manual - Jackup Rigs , the Emergency Response Manual, the Oil 
Spill Contingency Plan, and the Wonnich-2 and -3 Drilling Program. These documents 
define the plans, procedures and contingency plans that are utilised throughout the drilling 
process. 

E!'A_SUP.DOC 
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Some of the procedures that Apache must adhere to during the drilling program which will 
reduce the risk of an oil spill are: 

Two or more barriers for the control of well bore pressure will be in place at all times 
during the drilling program. These include Blow Out Preventors (BOP) and maintaining 
the proper mud density. 

The BOP stack will be pressure tested prior to commencement of operations and on a 
routine basis (i.e. at least weekly) during the drilling program. 

All casing strings will be pressure tested to a pressure in excess of the reservoir prior to 
drilling through each one at a pressure in excess of that to be encountered in the 
subsequent hole section. 

Provision of well reservoir characteristics to the drilling engineers so they can plan for the 
interception of hydrocarbons during drilling. 

Mud logging techniques will be carried out to give a quantitative measure of the pressure 
contained in any formation drilled. Modifications to the drilling program, including 
changing the density of the drilling fluid will be made where necessary. 

The drilling crew will be fully trained in emergency well control procedures. This will be 
achieved by implementing regular emergency practice drills during the drilling program. 
In addition, the senior members of each crew will be certified in well control techniques 
through accredited courses. 

The drilling rig will be fully fueled before being towed on-site, it order to minimise the 
need for on-site refueling. If refueling is required, transfers will be undertaken only: 

- 	under the direct supervision of the support vessel and drilling rig; 
- in daylight hours; 
- at times when the prevailing currents would carry any accidentally spilt fuel away 

from the adjacent reef; 
- in suitable sea conditions; 
- 	with the crew of the workboats and drilling rig constantly monitoring the 

operation via hand held radios; and 
- 	using cam lock, dry coupling links. 

Sufficient oil spill clean-up material will be stored on the drilling rig and support vessel to 
clean up small spillages. 

Drainage from the rig where oil or cleaning materials are used or stored will be contained 
on the rig. Oil will be prevented from going down any drains by ensuring that drains are 
closed to the marine environment. 

Drip trays will be used under all machinery drip tubes and fuel points. 

The testing of hydrocarbons discovered by the drilling program will be undertaken: 

- 	with the initiation of the first hydrocarbons to surface in daylight hours but at a 
time that would result in any incompletely burnt oil being carried away from the 
adjacent reefs by prevailing tides or currents; 

EPA_SUP DOC 	 8 
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- using 'green burner' technology; 
- 	with trained personnel overseeing the program on a 24 hour basis; 
- 	with the capacity to immediately switch low from the burner to tanks if the burner 

fails to achieve complete combustion; and 
- at least five barriers will be in place between the surface and the reservoir. 

Oil spill equipment will be stored on the east jetty on Varanus Island for rapid deployment 
in the case of a larger oil spill. 

Apache will contract a dedicated oil spill response vessel to remain on location at the 
Wonnich site for the duration of the drilling program. 

An oil simulated oil spill contingency exercise, including the deployment of equipment, 
will be conducted at the time of spudding of the first well. 

All personnel will be given an induction course which will include an outline of natural 
resources of the area, and the commitments and guidelines which must be adhered to. 

An environmental audit of the management commitments, guidelines and procedures will 
be undertaken by Apache during the drilling program. 

EPA_SLJPDOC 	 9 1/06/96 







3.0 	RISK OF A SPILL CONTACTING MARINE RESOURCES OF THE 
MONTEBELLO ISLANDS 

3.1 Introduction 

This section documents a detailed quantitative risk assessment study carried out by Apache 
Energy for the proposed Wonnich appraisal drilling program near the Montebello Islands in 
July-August 1996. The assessment considered both the risk that a spill would occur (risk at 
source), and the risk that spilled oil would migrate to fringing reefs or island shores (risk to 
destinations). The risk at source was calculated by DNV Engineering using an international 
database of spill statistics. The risk to destinations was calculated using Apache Energy's 
ocean current and oil-spill behaviour models. Applying joint probability analysis, the 
product of these two risk components provides a valid best-estimate of the risk that reef or 
shore locations would receive oil during the proposed operation. 

3.2 Spill Size Frequency 

Quantitative assessments made use of the Oil Spills Risk Database (OSRD), a database of 
spill events that occured in North Sea and United States waters between 1975 and 1989 
(DNV, 1996). This database has been used to calculate generic coefficients describing the 
size-frequency of spills associated with particular activities, such as refuelling, drilling, 
well workover and completion etc. Taking account of the duration and type of activities 
planned for the Wonnich drilling program, the coefficients were used to generate separate 
spill-size frequency curves for all identified sources of spillage from the Wonnich program. 

The spill-size frequency curves for specific types of spills are presented in Figures3.1 and 
3.2. Using these curves; the risks calculated for five particular spill types were extracted 
(Table 3.1) for use in the overall assessment of risk discussed below. 

Table 3.1: Calculated risks for particular types and sizes of spills. 

Cause of spill Type of oil Quantity of spill Estimated risk 

of this spill 

Valve leakage during Wonnich reservoir 800 L (5 bbls) 
drilling, crude -4  2.0 x 10 
Rupture of fuel transfer 2,500 L (16 bbls) 
hose. Diesel fuel  9.0 x 10 
Valve overflow during Wonnich reservoir 5,000 L (31 bbls) 
drilling, crude -5  9.0 x 10 
Rupture of fuel tank on Diesel fuel 80,000 L (503 bbls) 
work boat. 1.0 x 10 
Loss of well control Wonnich reservoir 600,000 L (3,770 bbls) 
during well appraisal. crude  1.8 x 106 

EPA_SUP.DOC 	 12 
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3.3 	Risk of a Spill from the Wonnich Location Reaching Fringing Reefs or Shorelines 

This section of the study assesses the risk that oil may be transported from a spill at the 
proposed Wonnich location to the reefs or shorelines of the Montebello Islands during July 
or August 1996. As oil on the water surface will follow the force of the surface currents and 
winds, this risk will be dependent upon the pattern of winds and tidally-induced currents over 
the period of interest. 

Previously, the risk of oil spills impacting on vulnerable areas has usually been assessed by 
examining the wind climatology and running a prediction using a range of scenarios of wind 
and tidal conditions. These scenarios would usually include "worst case" situations as well 
as several "representative" situations. This approach does shed some light on the dangers of 
oil arriving at specific locations but, due to the limited choice of situations, it does not give 
any idea of the probability of these locations receiving oil or the probable quantities of oil 
that will reach these locations 

The present assessment of the risks to reef or shore locations makes use of the OILMAP-
OILTRAK oil spill prediction and management system. This system uses a suite of 
computer models to predict the movement, weathering, dispersion and entrainment of 
specific oil types. For this application, a three-dimensional current model of the Montebello 
Island region was set up and its predictions tested with a field program. A large number of 
trajectories were then modelled, under a randomly selected set of historic wind 
measurements and predicted tides for the July-August period. By selecting these at random, 
the pattern in the modelled trajectories reflects the pattern in the winds and tidal currents that 
are expected at this time of year and therefore, provides an estimate of the risk to particular 
locations. 

3.1.1 The ocean current model 

OILTRAK was used to generate predictions of the water currents over a 1600 km2  area 
encompassing the Montebello Islands (Figure 3.3). This area was divided into 100 by 100 
grid cells (10,000 total), each of which was 400 m on each side. Bathymetric data for this 
area was derived from bathymetric and seismic surveys. Depth measurements were supplied 
at 100 m spacings, providing up to 16 measures of depth per cell. The tidally-forced 
component of the surface currents was driven by seven tidal constituents, while the wind-
forced component was driven by hourly records of wind speed and direction. Technical 
details of the model are presented in Appendix I (System Description and Verification). 

3.1.2 Field verification of the three-dimensional ocean current model 

Oil spill trajectories predicted by OILTRAK have shown good agreement with several 
experimental data sets in a number of locations around Australia (Hubbert, 1993a,b; see 
Appendix 1). A specific field program was undertaken to verify the predictions of the 
model around the hydrologically complex area of the Montebello Islands. 

Ocean currents in the vicinity of the Montebello Islands were measured using an acoustic 
doppler current profiler (ADCP) which records the speed and direction of current flows at 
discrete steps through the water column. The instrument was deployed between 15 and 22 
March 1996 for approximately 24 hour periods at four key locations around the Montebello 
Islands (Figure 3.3). This allowed the current meters to record over a number of tidal cycles 
at each site. 
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OILTRAK was used to predict the current speed and direction at a depth corresponding to the 
near-surface measurement of the ADCP (4 m depth) at the measurement sites. Hourly 
recordings of wind speed and direction made at the Varanus Island weather station over the 
field sampling period (15 to 22 March 1996) provided the data for generating the wind-
induced component of the water currents. 

Figures 3.4 to 3.7 show the wind and tidal driven currents that were predicted by OILTRAK 
during one full tidal-cycle (flood, slack, ebb, slack) in the experimental period. These 
currents account for both tide and wind forces at this time. These plots illustrate the 
complexity of the flow around the island chain and, in particular, the large predicted 
variation in current velocity and direction associated with inter-island channels and with 
changes in bathymetry (e.g. the shallow area south of Hermite Island). This highlights the 
importance of modelling in this area at fine spatial scales, using accurate bathymetric data. 

MONTEBELLO ISLANDS 
BATHYMETRY 

2SS 

2O.S 

1I511E 	115.5E 	 115.61E 

Global EnvironmenI Modelling Services 

Figure 3.3: Bathymetry used by OILTRAK to model the Montebello Island region. 
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GEMS 3D ccean Model 
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30 hour forecast for currents at 	I metres 

Global Environmental Hodellirig Services 

Figure 3.4: OILTRAK forecasts for wind and tidal driven near-surface currents 

during a flood tide 30 hours into the ADCP experimental period. 
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Global Environmental Modelling Services 

Figure 3.5: OILTRAK forecasts for wind and tidal driven near-surface currents at the 

turn of the flood tide 33 hours into the ADCP experimental period. 
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Figure 3.6: OILTRAK forecasts for wind and tidal driven near-surface currents during an 

ebb tide 36 hours into the ADCP experimental period. 
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Figure 3.7: OILTRAK forecasts for wind and tidal driven near-surface currents at the 

turn of an ebb tide 39 hours into the ADCP experimental period. 
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Figure 3.8 compares the observed tidal heights with those predicted by OILTRAK for the 
WAPET tanker mooring (within the model bounds). The good agreement in both phase and 
magnitude between predicted and observed values indicates that the tidally-forced 
component of the water currents was being modelled accurately. 

Figures 3.9 to 3.12 compare the east-west and north-south components of the water currents 
measured by the ADCP and predicted by OILTRAK at the two sites adjacent to the proposed 
Wonnich well (ADCP1 and ADCP2). These comparisons show that the model is simulating 
the north-south and east-west structure of the current flow with acceptable accuracy. 

SEA—SURFACE HEIGHT at BARROW ISLAND 

Station location: —20.817(S), 	115.550(E), Depth: 	0 metres 

	

1.0 
	Data from 12: 0 ON 15/ 3/1996 to 24: 0 ON 17/ 3/1996 
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Figure 3.8: Model predictions of tidal heights compared with observations on April 16 

and 17, 1996 at WAPET tanker mooring on Barrow Island. 
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CURRENT VELOCITY (U) at ADCP1 

Station location: -20.531(5), 115.448(E), Depth: 	23 metres 
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Figure 3.9: Model predictions of the west-east current component compared with 
observations on April 16 1996 at site ADCP1 near the Montebello Islands. 
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Figure 3.10: Model predictions of the south-north current component compared with 
observations on April 16 1996 at site ADCP1 near the Montebello Islands. 
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CURRENT VELOCITY (U) at ADCP2 

Stotion location: -20.434(S), 	115.408(E), Depth: 	33 metres 
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Figure 3.11: Model predictions of the west-east current component compared with 
observations on April 17 1996 at site ADCP2 near the Montebello Islands. 
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Figure 3.12: Model predictions of the south-north current component compared with 
observations on April 17 1996 at site ADCP2 near the Montebello Islands 
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3.1.3 Prediction of surface currents for the July-August period 

The verification study indicated that the model was capable of predicting the surface currents 
around the Montebello Islands if provided with accurate wind data. A detailed and 
representative time series of winds was therefore required to enable the model to predict the 
surface currents over the July-August period. Hourly recordings of wind speed and direction 
have been logged at Apache Energy's weather station on Varanus Island since 1994. Records 
for the periods July-August in 1994 and 1995 were examined and found to have a similar 
distribution to the long term (25 years) wind statistics recorded at Barrow island for this time 
of year. This is illustrated by the following figures. Figures 3.13 and 3.14 show the 
distribution of the hourly wind records at Varanus Island for July and August 1994 and 1995 
whilst Figures 3.15 and 3.16 show the long-term distribution of winds for these months. 
These records indicate that winds predominantly blow from the east-north-east to the south 
and that winds greater than 10 knotsare rare from the western sectors. 

1994 	 1995 

  

n. 

 

210 QO 	 27O o. 

I 

Figure 3.13: Scatter plot of wind observations from Varanus Island for July 1994 and 

1995. 
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Figure 3.14: Scatter plot of wind observations from Varanus Island for August 1994 and 

1995. 
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Wind Regime for Barrow Island (20:49S 115:24E) 
July (1967-1992; 626 obs) 

Figure 3.15: Wind rose from Barrow Island for July based on 25 years of data. 

Wind Regime for Barrow Island (20:49S 115:24E) 
August (1967-1992; 722 obs) 
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L_j 

Figure 3.16: 	Wind rose from Barrow Island for August based on 25 years of data. 
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Hourly records of the wind speed and direction recorded at Varanus Island for 62 days in 
July-August 1995 were used to predict the surface currents for every 5 minute interval over 
two months for each grid cell in the model. These records provided a time series of the 
surface currents at each location that could be used to determine the trajectory of a spill if 
released at any time within the two month period. 

3.1.4 Statistical Analysis of Oil Spill Outcomes 

Predictions of the trajectory and fate of spilled oil were carried out using the OILMAP 
model. This model was provided with details of the quantity and specific physical properties 
of each oil type (density, viscosity, maximum water content, initial boiling point, rate of 
spread, etc.) from which it calculates the rates of evaporation and dispersion of the oil. Sea 
and air temperatures were set at 22°C, which are the mean temperatures for this time of year 
(SSE 1991). OILMAP also made use of the July-August 1995 wind data from Varanus 
Island to account for the windage and entrainment of the oil. 

To generate statistics about the risk that trajectories would arrive at specific locations, the 
stochastic function of the OILMAP model (see Appendix 1), was used to generate 999 
seperate trajectories for oil spills starting at randomly selected times within the two month 
prediction period. Each trajectory was modelled for 48 hours using the historic wind data 
and the corresponding surface currents predicted for that period of time. 

If sufficient trajectories are included, this random sampling approach will result in a pattern 
in the trajectories that is a direct reflection of the pattern in the wind- and tidally-forced 
water currents over the period of interest and will, therefore, provide a basis for calculating 
the probability that a location will receive oil. To investigate whether sufficient trajectories 
had been run, results of the predictions for 100 random start times were compared with the 
results for 999 random start times. The two sets of results were found to be very similar, 
indicating that sufficient starting times were selected to gain a representative sample. 

Separate predictions were made using two different oil types - diesel fuel and oil that might 
be lost from the reservoir (Wonnich crude) - at quantities defined for a number of specific 
incidents (from Table 3.1). 

The four different spill scenarios used were: 

800 litres (5 bbls) of Wonnich reservoir crude 
2,500 litres (16 bbls) of diesel fuel 
5,000 litres (31 bbls) of Wonnich reservoir crude 
80,000 litres (503 bbls) of diesel fuel 
600,000 litres (3770 bbls) of Wonnich reservoir crude 

Based on the 999 individual spill trajectories for each scenario, the stochastic model was 
used to calculate the proportion of the trajectories that arrived at locations on the water, 
fringing reefs or shore locations. An example of the probability contours for water surface 
locations which were modeled for a 2,500 L spill is given in Figure 3.17. Figures 3.18 - 
3.21 are examples of the risks calculated for reef and shore locations for spills of different 
sizes and oil type. 
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Using these estimates, the overall probability that these locations would receive oil during 
the proposed operations for the Wonnich appraisal well were calculated by multiplying the 
risk that the spill will occur (Table 3.1) by the risk that the spill will migrate to the 
locations (Table 3.2). The model was set so that fringing reefs were always exposed to the 
surface oil. However, these locations will only be exposed for a proportion of each day, 
corresponding to the periods of low tide. The overall risk to the reef is therefore reduced by 
this proportion. Assuming that the reef is exposed for three hours over each of the two low 
tides per day, this proportion was calculated to be 25% (0.25) of the time. 

The results indicate that there is a low risk of spills from the Wonnich location contacting 
the fringing reefs, including the reef adjacent to the Wonnich site. This result is due to the 
prevailing patterns of wind and tides that are expected during the July-August period. 
Most of the trajectories modelled were carried either to the north or south and parallel to 

- 	 this reef before the strong easterly current flow carried the spill east along the deep channel 
- 	 south of the reef. The ocean current model indicated that the reef structure itself exerts a 

strong influence on the trajectory of spills, by diverting flows to this deep channel 

Due to the strong easterly flows through this channel, the rocky islets and islands south of 
Hermite Island have a similar risk of contact by spills from the Wonnich location as the 
much more proximate south-west reef. This result demonstrates that the risk of an oil spill 
reaching a particular location cannot be solely judged by it's distance from the spill point, 
particularly in hydrologically complex areas such as the Montebello Islands. 

The predictions also indicate that there is a very low risk (<0.01 probability) of a spill 
migrating to the northern localities on Hermite Island, such as Wild Wave Bay, within the 
first 48 hours. 

The maximum predicted quantities of oil that would arrive on reef or shore locations, and 
the minimum time that the oil would take to get there are summarised in Table 3.3. The 
quantities of oil given in the table have been expressed as volumes standardized to the 
surface area of shoreline. The quantity values assume that all oil will remain at these 
locations. Estimates may therefore be overestimated. 

The maximum quantity values generated by the model indicate that relatively small 
volumes of oil will arrive. Diesel and Wonnich crude are light oils that, unlike heavier 
crudes, will spread rapidly to a thin film at the water temperatures expected (see Apache 
Wonnich Appraisal Drilling CER, Section 3.2.5 and TLI/1, 5 & 6 Oil Spill Contingency 
Plan for details on spreading behaviour of Wonnich oil). 
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The minimum travelling time for the reef was about 5 hours for shore locations was 
approximately 7 hours (Table 3.3 and Figures 3.19 - 3.21). The travelling time to the reefs, 
including the reef closest to the proposed well, is longer that would be expected for the 
distance to be travelled indicating that spills followed an indirect path influenced by tide 
and current movement The similar travelling times for the two shore types reinforces the 
earlier point that the risk to a location does not solely depend on the distance from a spill 
source. 

DNV Technica 1996. Wonnich Oil Spill Risk Assessment. A report for Apache Energy Limited. Report 
Number HI 19. January 1996. 

Steedman Science and Engineering 1991. Normal and extreme environmental design criteria. Campbell and 
Sinbad locations, and the Varanus Island to mainland pipeline. Volume I. Report to Hadson Energy. Report 
number R486. March 1991. 
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Table 3.2: Summary of risks to reef and shore locations from an oil spill at the proposed 
Wonnich well location in July-August 1996. Results for each spill are based on 999 separate 
spill trajectories using representative winds and predicted tides for this period. The 
maximum probability of oil arriving is the highest recorded proportion of all trajectories that 
arrived at that shore type (reef or island shores). 

Spill type 

Quantity of oil 800 litres 2,500 5,000 80,000 600,000 
litres litres litres litres 

Type of oil Wonnich Diesel fuel Wonnich Diesel fuel Wonnich 
crude oil crude oil crude oil 

Examples of the type of event Valve Rupture of Valve Rupture of Loss of well 
that might cause a spill of this leakage fuel overflow fuel control 
size and type. during transfer during transfer during well 

drilling hose drilling hose appraisal 

Probability that a spill of this 2x 10 9.0x 10 9.0x 10' 1,0x 10 1.8x 106 
size and type may occur. * 
Reefs  
Probability of fringing reefs 0.25 0.25 0.25 0.25 0.25 
being at the sea surface 
Maximum probability of oil 0.02 0.24 0.24 0.30 0.32 
arriving at any location on 
fringing reefs  
Overall maximum probability 
that any part of a fringing reef 1.0 x 106 5.4 x 10 5.4 x 10 75 x 10.6 1.4 x 10 
will be contacted by oil during 
the drilling program  
Shore  
Maximum probability of oil 0.02 0.24 0.16 0.2 0.20 
arriving at any location on 
shore 
Overall maximum probability 
that any partofthe island shore 4.0x10 6  2.1 x 10 1.4x10 2.0x10 6  3.6x 10 
will be contacted by oil during 
the drilling program  

* Note: Quoted probabilities relate to the size and type of the spill. Source: DNV Engineering. 
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Table 3.3: Summary of travel times and quantities of oil that arrived at reef or shore 
locations during 999 spill trajectories as described in Table 3.1. Maximum volumes indicate 
the highest average density of oil that arrived at any part of that shore type during all 
trajectories. The minimum travel time is the shortest recorded time before arrival at any part 
of that shore type during all trajectories. 

Spill type 

Quantity of oil 800 litres 2,500 5,000 80,000 600,000 
litres litres litres litres 

Type of oil Wonnich Diesel fuel Wonnich Diesel fuel Wonnich 
crude oil crude oil crude oil 

Reefs  
Maximum oil that arrived at a 0.013 0.019 0.018 0.5 2.1 
reef location (litres/rn2)  
Minimum travel time before 21 5 5 5 5 
arrival at any reef location 
(hours)  
Shore 
Maximum oil that arrived at a 0.027 0.01 0.026 0.42 1.9 
shore location (litres/rn2) 
Minimum travel time before 7 10 10 10 10 
arrival at any shore location 
(hours)  
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To date there have been no investigations into temporal variability on the Montebello reefs, 
although there is reason to believe that damage to corals has resulted from the passage of 
cyclones (WAM, 1993). Other natural events, such as sedimentation and predation, by 
species such as the Crown of Thorns Starfish, Acanthaster planci, and the corallivorous 
gastropods, Drupella cornus and Drupella rugosa, all of which have been recorded in the 
Montebellos, may also contribute to temporal variability. 

Communities subject to frequent natural perturbation are likely to be either resilient or 
transient and highly dynamic in terms of cover and distribution (WAM, 1993). The ability 
of such species to recolonize after large scale natural or human perturbation is also likely to 
be high. 

Vernon (1995) identified four global latitudinal sequences for the distribution of corals. One 
of these sequences occurs along the West Australian coast. Within this sequence, coral 
species diversity attenuates moving from north to south. This is thought to be due to the 
southward flow of the Leuwin Current. 

No individual reef is thought to be a dominant source of larvae for other reefs to the south. 
Instead, individual reefs are regarded as 'stepping stones' along the southern flowing Leuwin 
Current (Vernon 1995) which originates in the region of Indonesia. Many of the corals found 
on the North West Shelf have been found to have a greater similarity to those of the Barrier 
Reelthan to the adjacent mainland with the point of connectivity being via Indonesia. 

Along the West Australian sequence, the boundary current runs in a southerly direction, 
taking entrained propagules towards the lower latitudes with little potential for dispersion in 
the opposite (northern) direction. Hence, the more southern reefs such as the Ningaloo Reef 
and those found on the Abrolhos Islands receive annual propagules from the northern reefs 
but there is little dispersion from these reefs back to the northern ones. The corals of the 
Abrolhos Islands are frequently dominated by species which are rare anywhere else pointing 
to genetic isolation of the Abrolhos Islands corals (Vernon 1995). 

\Vestern Australian Museum 1993. A Survey of the ttarjne bauza and Habitats or the .tloniehellos Islands. 

Berry, P.F. (ed). A report to the Department of Conservation and Land Management. 
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Table 4.2: Species list for various locations on the North West Shelf. Wonnich Reef refers to 
the southwest fringing reef adjacent to the Montebello Islands. Wonnich Reef and Lowendal 
Island data collected by Apache in 1994 and 1996. 

Family 	 Genus Species Wonnich Montebello Lowendal Dampier Ningaloo 
Reef Islands Islands Archipelago  

ASTROCOEI'IIIDAE 	Stylocoeniella armata P 
Stylocoeniella guentheri P P P 

POCILLOPORIDAE Pocillipora damicornis P P P P P 
Pocillipora eydouxi P P P P 
Pocillipora meandrina P P P P 
Pocillipora verrucosa P P P P P 
Pocillipora woodjonesi  p P 
Seriotopora coliendrum P P 
Seriotopora hystrix P P  P 
Stylophora pisfillala P P 	- P P P 

ACROPORIDAE 	Acropora ? 
Acropora abroihosensis P P P 
Acropora aculeus P P 
Acropora anthocercis P P P 
Acropora aspera P P P P P 
Acropora dustera P P 
Acropora branch Hum P 
Acropora cereolis P P P P 
Acropora clathrata P P 
Acropora cytherea P P P P P 
Acropora danai P P 
Acropora dendrum P P 
Acropora digitifera P P P P P 
Acropora divaricata P P P P P 
Acropora florida P P P P P 
Acropora formosa P P P P 
Acropora gemmifera P P 
Acropora glouca P P P 
Acropora glabrescens 
Acropora grandis P P P 
Acropora granulosa P P 
Acropora horrida P P 
Acropora humilis p P P 
Acropora hyacinthus p P P P P 
Acropora juvenile p P 
Acropora kirslyoe P 
Acropora latisella P P P P 
Acropora listeri P 
Acropora longicyathus P 
Acropora loripes P P 
Acropora lovelli P P 
Acropora microclados P P P 
Acropora microphthalma P P 
Acropora millepora P P P P P 
Acropora millepora P 

(branching) 
Acropora millepora P 

(plate) 
Acropora nana P P P 
Acropora nosuta P P P P P 
Acropora nobilis P P P P 
Acropora palifera P 
Acropora paniculata P 
Acropora polystoma P 
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Family 	 Genus Species Wonnich Montebello Lowendal Dampier Ningaloo 
Reef islands Islands Archipelago 

Acropora pulchra P P P P 
Acropora robusta P P P P 
Acropora samoensis P P P P 
Acropora sarmentosa P P 
Acropora secale 
Acropora selago P P P P 
Acropora solitaryensis P P 
Acropora spp.  P 
Acropora spicif era p P P P 
Acropora stoddarti P 
Acropora striafo - 

Acropora subulata P P P 
Acropora tenuis P P P P P 
Acropora thick divaric 
Acropora tort uosa P 
Acropora valenciennesi P P P 
Acropora valida P P P P P 
Acropora vaughani P P 
Acropora verweyi P P P P 
Acropora willisae P P 
Acropora yongei P P P 

Astreopora explanata P P 
Astreopora gracilis P P 
Astreopora listeri P 
Astreopora myniopfhalma P P P P P 
Astreopora ocellata P P P 

Montipora aequicostatus P P P P 
Montipora angulata P P 
Montipora calcarea P P P 
Montipora caliculata P 
Montipora capnicornis P 
Montipora crassituberculat P P P 

a 
Montipora dance P P P 
Montipora digitato P P P 
Montipora digitifera P 
Montipora efflorescens P P 
Montipora encrusting P 
Montipora enc/cols P 
Montipora tioweni P 
Montipora foliosa P P 
Montipora foveolata P P P 
Montipora gnisea P P 
Montipora hispida P P P 
Montipora hoffmeisteni P P 
Montipora incrassata P P 
Montipora informis P P 
Montipora millepora P P P 
Montipora mollis P P 
Montipora monasteniata P P 
Montipora nodosa P P 
Montipora peltiformis P P 
Montipora spp. P P 

(enc/foliose) 
Montipora sp. 2 P 
Montipora spongodes P P 
Montipora spumosa P P P P 
Montipora stellata P P P 
Montipora tuberculosa P P P 
Montipora turgescens P P P 
Montipora turtlensis P P P 
Montipora undata P P P P 
Montipora venosa P P P 
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Family 	 Genus Species Wonnich Montebello Lowendal Dampier flingaloo 
Reef Islands Islands Archipelago 

Montipora verrucosa p P P P 

PORITIDAE 	Alveopora P 
Alveopora allingi P 
Alveopora fenestrata P P P 
Alveopora spongiosa P 
Alveopora verrilliana I P P 

Goniopora P 
Goniopora spp. P  P  
Goniopora columna P P P 
Goniopora djiboutiensis P P P 
Goniopora lobafa P P 
Goniopora minor P P 
Goniopora palmensis P P 
Goniopora pendulus P 
Goniopora stokesi P 
Goniopora stufchburyi P P 
Goniopora tenuidens P P P P 
Goniopora sp. 3 P P 

Porites annae 
Porites cyliridrica P P P P P 
Porites heronensis P P 
Porites lichen P P 
Porites lobala P P P 
Porites lutea P P P 

Porites massive P P 
Porites murrayensis P P 
Porites nigrescens P P 
Porites rus P P 
Ponies solida P P 
Porites sp.1 P 
Porites sp.2 P P 
Porites sp.3 P P 
Porites vaughani P 

SIDERASTREIDAE 	Coscinaraea columna P P P 
Coscinaroec le_xesa P P P P 

Psammocora contigua P P P 
Psammocora digitata p P P 
Psammocora explanulata P P 
Psammocora haimeana P P 
Psammocora nienstraszi P 
Psammocora pnofundacefla P P P P 
Psammocora sp.1 P 
Psommocona supenficialis P P P P 

AGARICIIDAE 	Coelosenis mayeni P 

GandinenOseris Ipianulato  P P P 

Leptoseris explanata P 
Leptoseris foliosa P P 
Leptoseris hawailensis P 
Leptoseris mceIosenoides P 
Leptoseris scabna p 
Leptoseris yabei ____ _________ _________ P 

Pachyseris rugosa TP P 1 P P 
Pochyseris speciosa  P P P P 

Pavona decussata P P P P 
Pavona explanulata P P P 
Pavona maldivensis P 
Pavona minuta P P P 
Pavona varians P P P 
Pavona Ivenosa P I 	P I I 	P 

FUNGIIDAE 	Cycloseris cyctolites P I I 	P 
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Family 	 Genus Species Wonnich Montebello Lowendal Dampier Nlingaloo 
Reef Islands Islands Archipelago 

Cycloseris patelliformis P 

Fungia P 
Fungia concinna P P 
Fungia danai P 
Fungia echinata P P P 
Fungia fungites P P P P P 
Fungia paumotensis P 
Fungia repanda  P P 
Fungia scruposa P 
Fungia scutaria P 
Fungia simplex  P P 

Clenactis echinata P 

Herpolifha umax P 	] P P P 

Podabacia crustacea P P P P 

Polyphyllia 	] talpina  P  P P 

Sanda101itha robusta p 
Lithophyllon edwardsii P P P 
Lithophyllon undulatum P 

PECTINIIDAE 	Echinophyllia aspera P P P P P 
Echinophyllia echinata P 
Echinophyllia orpheensis p P P 

Oxypora glabra P 
Oxypora lacera p P P P 

Mycedium elephantotus P P P P 

Pectinia lactuca P P P 
Pectinia paeonia P P P P P 
Pectinia pectinia P 

MUSSIDAE 	Acanthasfrea echinata P P P P 
Acanthasfrea hillae P P P 
Acanthasirea lordhowensis P P 

Australomussa rowleyensis P 

Blasfomussa merleti P 

Lobophyllia corymbosa P P P P 
Lobophyllia diminuta P 
Lobophyllia hataii P P P 
Lobophyllia hemprichii P P P P P 

Scolymia vitiensis P P 

Symphyllia agaricia P P 
Symphyllia radians P P 
Symphyllia recta P P 
Symphyllia valenciennesi P 

MERULINIDAE 	Hydnophora exesa P P P P 
Hydnophora microconus P P P P P 
Hydnophora pilosa P P P 
Hydnophora I rigida I 	P I 	P I 	P I 	P I 	P 

Merulina ampliata P P P P P 
Merulina scabricula P P P P 

Scopophyllia cylindrica P P P 

FAVIIDAE 	Barabattoia amicorum P P P 

Caulosfrèa tumida  P  P  
Favia favus P P P P P 
Favia helianthoides P P 
Favia juvenile P P 
Favia lizardensis P P 
Favia matthoii P P P P P 
Favia maxima P P P 
Favia pallida P P P P P 
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Family 	 Genus Species Wonnich Montebello Lowendal Dampier Ningaloo 
Reef Islands Islands Archipelago 

Favia rotumana P P 
Favia rotundata P P 
Favia sp.1 P 
Favia sp.2 P 
Favia speciosa P P P P P 
Favia stelligera P P P P P 
Favia veroni P 

Favites abdita P P P P P 
Favites chinensis P P P 
Favites complanata P P P P 
Favites flexousa P P P P P 
Favites halicora P P P P P 
Favites juvenile P P 
Favites pentagona P P P P P 
Favites russelli P P 
Favites sp.l P P 
Favites sp.2 P 

Goniastrea aspera P P P P 
Goniastrea australensis P P P P 
Goniastrea edwardsi P P P P 
Goniastrea favulus P P P P P 
Goniastrea palauensis P P P 
Goniastrea pectinafa P P P P P 
Goniastrea retiformis P P P P P 

Platygyra daedalea P P P P P 
Platygyra lamelliria P P P P 
Platygyra pini P P P P P 
Platygyra ryukyuensis P 
Platygyra sinensis P P P P P 
Platygyra versipora P 
Platygyra verwyi P P P 

Leptoria phrygia P P P P 

Oulophyllia 	1 bennettae P P P 
Oulophyllia Icrispa P P P P P 

Montastrea curta P P P P P 
Montastrea magnistellata P P P P P 
Montostrea valenciennesi P P P P 
Montostrea versipora P 

Plesiastrea versipora P P P 

Leptastrea bottae P 
Leptastrea pruninosa P P 
Leptastrea purpurea P P P P 
Leptastrea transversa P P 

Cyphastrea chalcidium p P P 
Cyphastrea micropihalma p P P P P 
Cyphostrea serailia P P P P P 
Cyphostrea sp.1 P 

Echinopora hirsutissima P 
Echinopora horrida P P P P 
Echinopora lamellosa P P P P P 
Echinopora sp.1 P 

Moseleya latisellala P P P P 

TRACHYPHYLLIIDA Trachyphyllia geoffroyi P P 
E 

CARYOPHYLLIIDA 	Euphyllia ancora P P P 
E 

Euphyllia cristata P 
Euphyllia divisa P 
Euphyllia glabrescens P P P P 

Catalaphyllia Iiardinei 1 1 	P 1 	P 
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Family 	 Genus Species Wonnich Montebello Lowendal Dampier Ningaloo 
Reef Islands Islands Archipelago  

Heterocyathus aequicostatus P 

Physogyra lichtensteini P P 

Plerogyra sinuosa P P P 

DENDEOPHYLLIID 	Heteropsammia cochlea P P P 
AE OCULINDIIDAE 

Turbinaria bifrons P P P P P 
,Turbinaria conspicua P P 
Turbinaria frondens P P P P 
Turbinaria mesenferina p P P P P 
Turbinaria patula P 
Turbinaria pelfata P P P P 
Turbinaria reniformis P P P 
Turbinaria stellulata P P P P 
Turbinaria sp.l P 

Dendrophyllia nigrescens 
Isr. 

P 
Dendrophyllia P 

Tubastrea aurea P 
Tubastrea diaphana P 
Tubastrea microntha P 

DENDROPHYLLID 	Duncanopsammi axifuga 
AE 	 a 

Psammoseris hemispherica P 

OCULINIDAE 	Galaxea astreata P P P P P 
Galaxea fascicularis P P P P P 

NON- 
SC LERACTIN IAN 

MILLEPORIDAE 	Millepora tenella (branch)  P  
HELIOPORIDAE 	Heliopora coerulea P 
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5.0 CONSEQUENCES OF OIL TO MARINE RESOURCES 

5.1 	General Factors Influencing Degree of Impact 

The actual consequence of oil on marine habitats will depend on a number of factors 
including: 

composition of the oil. The composition of the oil will be modified by weathering of the 
oil before it encounters the reef zone. Weathering typically reduces the toxicity of spilt 
oil by evaporation of the more toxic, lower molecular weight hydrocarbons; 

toxicity of the oil to the particular species encountered. Various species and groups of 
species exhibit differing toxic responses to oils; 

tidal level at the time the oil passes over the reef, 

period over which oil remains on the reef; and 

sea state. Turbulent conditions will result in greater entrainment of oil into the water 
column with resultant higher potential for encountering and affecting organisms in deeper 
water. 

5.2 Characteristics of Wonnich Oil 

Details on the weathering and dispersal characteristics of Wonnich oil have been given in 
Section 3.2.5 of the Wonnich Appraisal Drilling CER (Apache 1996). Briefly, 

the oil is a light crude with an API gravity of 340 . 

for Wonnich oil at a winter water temperature of 20 °C, it will take 15 hours for 50% of 
the spilt oil to evaporate. 

Wonnich oil would spread on water rapidly to form a thin film which would enhance 
evaporation and biodegradation. 

5.3 Toxicity Of Wonnich Oil 

At the time of release of the Wonnich Appraisal Drilling CER (LeProvost Dames & Moore 
1996), toxicity testing on the water soluble fraction of Wonnich crude had been undertaken 
on prawns and copepods, but questions were raised as to the validity of the results due to 
procedural problems during the running of the toxicity tests and chemical analysis of the 
water soluble fraction. 

Additional toxicity tests on the Harriet and Wonnich crude oils were undertaken by the 
Curtin Ecotoxicology Center in May 1996 under more rigorously controlled conditions. In 
this test, the inhibition in growth of the tropical unicellular alga Isochrysis sp. was measured 
against the water soluble fraction of Wonnich and Harriet crude oils. The results of these 
tests indicated that the water soluble fraction of Wonnich crude is slightly more toxic (causes 
greater inhibition of growth) than Harriet crude (Table 5.1). 
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A 20-30 times dilution of the 100% water soluble fraction of Wonnich oil was sufficient to 
result in an undetectable effect on the growth rate of the algae (Figure 5.1). 

Table 5.1: The concentration of total petroelum hydrocarbons which caused a reduction of 
growth in the marine alga Jsochrysis sp. 

Tested material Reduction in 
growth rate 

Concentration of total 
petroleum 

hydrocarbons* 

mg/L 
Harriet crude oil 35 % 2.1 

Wonnich crude oil 59 % 2.2 

The toxicity of the oil will decrease over time as toxic low molecular weight fractions (such 
as napthalene and phenanthrene) evaporate and higher molecular weight water soluble 
components (such as phenols) are solubilised and dispersed. 

5.4 Consequences Of Oil on the West Fringing Reef- Montebello Islands 

If oil did reach the western fringing reef, the consequences would vary for different plant and 
animal species on the reef. In 1995 and 1996, surveys of the west fringing reef and 
surrounding area were carried out and a description of the habitat types found is given in 
section 5.4.2 below. The effects of oil on these habitats is extrapolated from the literature 
and presented in Section 5.4.3. 

5.4.1 Summary of the Potential Consquences of an Oil Spill to Corals 

Observations on the response of corals to oil spills are reviewed in Appendix 1. A general 
overview is provided below. 

Laboratory experiments have documented a number of lethal and sub-lethal responses of 
corals to oil exposure. Sub-lethal responses include: 

uptake and depuration in mucous; 
zooxanthellae expulsion; 
decreased calcium uptake and zooxanthellae production; 
impaired feeding response; 
impaired polyp retraction; 
impaired sediment clearance ability; 
increased mucous production; 
gonal tissue damage; 
premature expulsion of planulae larvae; 
impaired larval settlement; and 
larval death. 

Experimental studies have shown that direct contact with oil is generally not immediately 
fatal to corals but that it may lead to rapid necrosis of contacted tissue (Johannes, 1972), and 
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Figure 5.1 	Results of growth inhibition tests on the water soluble fraction (WSF) of 
Wonnich and Harriet crude oils, showing the reduction in growth rate of the marine alga 
Isochrysis sp. after 96 hours exposure to concentrations of WSF. o = Harriet crude, 

= Wonnich crude. 



a review of field and laboratory experiments by Connell & Miller (1981) reported in Swan et 
a! (1994) concluded that oil that is immersed, solubilised and dispersed in water has a much 
greater effect than oil floating at the surface. 

Translation of these sub-lethal effects measured in the laboratory to field situations has 
generally proven difficult (ASTM, 1995), but studies of oil spills in a number of regions have 
shown a range of coral species to be sensitive to oil, with emergent corals being more 
vulnerable due to the potential for direct contact with the floating oil. Sensitivity to oil has 
been found to vary from species to species with factors such as structural complexity and 
natural mucous production affecting oil response. 

The effects of spilled oil on coral reefs are dependant on both physical and biotic factors, 
including: 

physical contact; 
depth of immersion; 
tidal movement; 
wind generated surface currents; 
weathering of the oil before impact; 
tide level; 
sea state (wind and waves) at the time of impact; 
composition of the oil; 
degree of weathering; and 
coral species present. 

Under field conditions, subtidal corals have been found to be less sensitive to oil, with corals 
at depths greater than 3 m exhibiting no significant differences in cover over time when 
compared to control sites (Jackson, et a!, 1989). As a consequence, cause and effect in 
studies of the effects of oil spills are sometimes not clearly demonstrable. 

One of the most widely studied events, the 1986 Bahia Las Minas storage tank rupture, 
revealed damage to shallow reef flat corals, but long term recovery has been hampered by 
persistent re-oiling as a result of oil leaching from sediments beneath the original leak site 
and from subsequent exposure to oil and from natural events. 

The more recent (1991) Gulf War oil spills have reportedly shown little impact from the 8-
16 million barrels of oil spilt into the ocean at the end of the war. Studies conducted over a 
period of three and a half years after the war showed little short or long-term effect on coral 
cover and growth. 

5.4.2 Description of the West Fringing Reef 

The area to the west of Hermite Island comprises an extensive (4 to 6 km wide) intertidal 
and shallow (<5  m) subtidal limestone pavement which has a raised and dissected reef rim at 
its western edge. West of the rim, the water depth increases rapidly, reaching depths of more 
than 20 m over a distance of less than a kilometre. 

Separating the large outer reef rim segments are channels which vary in width from a few 
tens to several hundred metres. A major channel to the south of Hermite Island separates the 
Montebellos from Barrow Island reefs to the south. The channel floors are typically barren 
mobile sands or limestone pavement swept by strong tidal currents. However, the margins of 
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the channels may support Porites "bommies" and other massive corals, such as Lobophyllia 
and Oulophyllia (Apache, 1996). 

The outer reef rim (or crest) is the highest energy environment of the reef, being subject to 
wave energy reaching the reef virtually unabated when originating from any part of the 
western sector. The crest is also exposed to the atmosphere for up to 3 hours on most low 
tides. The highest parts of the reef are apparently bare limestone pavement. The adjacent 
lower intertidal and subtidal sections of the reef crest support macroalgae, in particular a low 
growing form of the calcareous alga Halimeda, and are also heavily bored by sea urchins. 
Live coral cover is generally restricted to 5 % and consists of encrusting species. In parts of 
the crest where there is greater surface complexity and relief, coral cover of up to 20% has 
been observed. The more elevated intertidal sections of the reef top are mostly covered with 
tuning algae. 

Inshore of the reef crest, and on the deeper and more sheltered portions of the reef, coral 
cover is higher, generally between 20 and 40%. The dominant genera are Acropora, Ponies, 
Favia, Favites, Merulina Pectinia, Montipora Leptoria, and Galaxea, and the hydrocoral 
Millepora. 

Inshore of the reef fringe is a back reef area (lagoon), parts of which may also be exposed to 
the atmosphere on low tides. This area comprises extensive limestone pavement overlain in 
part by sheets and ribbons of mobile sands and coral rubble. Exposed pavement is frequently 
colonised by macroalgae, predominantly Sargassuin, which in places may exceed 70% cover 
but is more commonly barren or sparsely colonised. Occasional corals and sponges also 
occur. The mobile sands are also typically barren, but occasionally support small patches of 
seagrasses, typically Thalassodendron ciliatu,n, with Halophila sp., in more sheltered areas. 

The southern part of the western shoreline of Hermite Island comprises eroded limestone 
cliffs and sandy beaches protected by rocky headlands. The cliffs range from 2 to more than 
10 m high, depending on the structure of the original landform. The cliff faces support a 
relatively sparse rocky shore fauna. Wave cut platforms support a well developed oyster and 
rocky shore faunal assemblage. The seafloor immediately below the cliffs is almost always 
subtidal and comprises bare sands or limestone pavement. The latter may be colonised by 
macroalgae with isolated sponges and corals. The sandy beaches are mostly narrow and 
backed by low, sparsely vegetated dunes. The latter potentially providing nesting sites for a 
small number of marine turtles (relative to the extensive breeding habitat provided by North-
West and Trimouille Islands). 

5.4.3 Potential Consquences of an Oil Spill to Habitats on the Western Reef 

There is low potential for long-term chronic oiling of either the west fringing reef or the 
shorelines of the Montebello Islands. The west fringing reef is an area of high energy which 
would help to dissipate and degrade the oil. There is also little chance of retention of oil on 
the reef due to the small volume of sand present on the reef. Once the initial spill was 
degraded, recovery could occur immediately, uninibited by oil. In this respect, the 
commencement of recovery from a spill should be similar to that for a natural event such as 
a cyclone. The rate of recovery would be dependent on the condition of the substrate (e.g. 
degree of oiling) and the availability of propagules. The presence of juvenile corals on west 
fringing reef during the 1996 Apache survey (Dave Fisk, pers. comm.) demonstrates a 
potential for recolonisation. 
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The beach and shallow subtidal veneer present around southern Hermite Island could 
potentially retain some oil and subsequently re-release oil. However, the volume of oil 
which would reach this area would be small, and would evaporate and degrade rapidly given 
the characteristics of Wonnich oil. 

The rocky substratum which comprises the bulk of the island and reef platform is considered 
unlikely to absorb and retain any significant amount of oil. 

The potential impacts to habitats in the event of a spill crossing the western reef and reaching 
the island shoreline (as described in the oil spill trajectory model) are extrapolated from the - 
literature and are as follows (Figure 5.2): 

Barren intertidal limestone pavement (reef rim) 

Although described as barren, it is likely that the limestone pavement of the reef rim supports 
a thin microalgal crust, which could be impacted in the event of an oil spill. As with other 
intertidal habitats described below, the extent of impact from any given spill will be 
significantly affected by the height of the tide when the slick passes over a particular habitat. 

The algal crust, if present, would potentially be adversely impacted in the event of coating of 
the substratum by oil. However, it is predicted that recovery of the algal crust would take 
about one year, dependent on the availability of various species and their propagules. 

Macroalgae on intertidal pavement (reef rim) 

Previous experience has indicated that the macroalgae could be killed if coated with oil while 
exposed, and be replaced temporarily with a microalgal mat. Recovery of the macroalgae on 
a reef rim following an oil spill has been shown to occur within a period of 12 to 18 months, 
depending on species (Jackson et al., 1989). 

Intertidal coral 

The main areas of coral on the limestone fringe reef occur in the semi protected waters 
immediately inshore of the reef rim. However, total coral area, and areas of intertidal versus 
subtidal coral can not be accurately calculated based on present knowledge of the area. 

The effect of an oil spill on intertidal corals would depend largely on tide levels during the 
period of impact. Corals contacted by oil while exposed could be expected to suffer 
significant mortality (see review in Appendix 1). Based on the results of available 
information, the rate of recovery is likely to depend on the extent of damage and the presence 
of remnant unaffected coral within the area of impact and the availability of fragments of 
living coral washed into the affected area. However, an oil spill from a drilling incident 
would not be expected to cause chronic pollution and the start of recovery would be 
immediate. The rate of recovery would be dependent on the degree of oiling and the 
availability of propagules, and could range upward from one year. 

Subtidal coral 

Subtidal coral have been shown to be less impacted by surface oil slicks than exposed corals 
due to the separation provided by the intervening water column (refer to Cohen et al., 1977, 
Dodge et al., 1984, LeGore et al., 1989). Findings from studies of the Gulf War oil spills 
1995a,b). 
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Figure 5.1 Major habitats found on the fringing reef east of 
the proposed Wonnich appraisal well location, showing the 
potential consequences of arriving oil. 
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Intertidal and subtidal coral rubble 

This habitat typically supports a diverse molluscan fauna. Heavy oiling could result in the 
loss of fauna from affected areas. Recolonisation rates would depend on the area affected and 
the recolonisation strategies of the affected species. 

Intertidal and subtidal sand sheets and ribbons 

This habitat supports a relatively sparse, mainly burrowing, fauna] assemblage of polychaete 
worms, molluscs and crustaceans. These fauna are typical of environments with a high level 
of natural disturbance and could be expected to recolonise rapidly. 

Seagrasses 

The area of seagrass within the potential impact zone has not yet been quantified but 
investigations completed to date indicate that seagrasses comprise a relatively small 
component of the subtidal area. 

Experimental and field studies in the Caribbean (Thorhaug et al., 1989) have shown 
seagrasses to be susceptible to spilt oil, resulting in leaf damage and, in some cases, death. 
These have particularly affected intertidal seagrasses and hence tidal level at the time of 
impact will be critical. There is no published data available on which to base predictions of 
recovery of North West Shelf seagrasses from oil spill damage. However, based on the 
findings of studies on tropical and subtropical seagrasses conducted elsewhere, it can be 
anticipated that speed of recolonisation will vary from species to species depending on their 
rate of growth and method of establishment. Smaller, fast growing species which germinate 
freely from seed, e.g. Halophila and Halodule, are predicted to recover relatively quickly 
(within 12 months) while larger slower growing species such as Thalassodendron, can be 
expected to take somewhat longer. 

Subtidal barren limestone pavement 

Effects of oil on this habitat are predicted to be negligible. Macro algae could be inhibited 
from colonising affected pavement until the oil has weathered or been removed from the 
pavement surface by wave action or sediment scouring. Natural factors, such as scouring by 
sediment or blanketing by mobile sands, have similar effects. 

Algae covered limestone pavement 

Algal covered limestone pavement is only likely to be affected by oil if a spill crosses the 
reef at low tide and the algae are physically coated by the oil or subjected to high 
concentrations of oil dispersed in seawater. The area impacted will therefore depend on tide 
level at the time the oil crosses the reef, or the variation in tide level over the period that the 
oil remains on the reef if the oil is persistent. Previous studies (Cubit et al., 1987) indicate 
that macroalgae can regain their original cover within 12 to 18 months of being severely 
affected by oil. 
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6.0 PREVIOUS DRILLING IN THE VICINITY OF CORAL REEFS ON 
THE NORTH WEST SHELF OF WESTERN AUSTRALIA 

In the recent (post 1950) history of the North West Shelf, exploration drilling has taken place 
on or in the near vicinity of islands and coral reefs. This is due in part to the linkage between 
surface and subsurface geological structures which results in oil bearing structures being 
located beneath these formations. Some examples, which include a number of existing 
production wells and platforms, are Saladin and Yammaderry at Thevenard Island, Chervil 
on Taunton Reef, and the Harriet field near the Lowendal Islands, as well as the recent 
Wonnich find (Figure 6.1). 

Several recent exploration wells have been drilled without incident on and in close proximity 
to intertidal and shallow subtidal reefs. These include: (i) Jasper-I, located within 1,000 m of 
a shallow (95 m) reef platform, (ii) Saladin-3 and Trap Reef-I which were drilled at 
distances of less than 500 m from the emergent reefs of Thevenard Island, and (iii) Dugong-1 
which was drilled on the margin of the emergent section of Dugong Reef. 

The reef located adjacent to Jasper-I comprised a shallow subtidal platform supporting 
largely macroalgae and seagrasses with occasional corals and sponges. 

The reefs surrounding Thevenard Island predominantly comprise limestone platform reefs, 
the outer margin of which is dissected and coral fringed, and in part fringed with coral 
"bombies", the bases of which are massive corals of the genus Ponies. The area inshore of 
the fringe frequently dries on low water and includes small meadows of seagrass, extensive 
beds of macroalgae, particular Sargassum in the shallow subtidal, and occasional corals, 
clams and sponges on the reef flat. As such, the reefs share many of the physical and 
biological characteristics of the fringing reefs of the Montebellos, but are more subject to 
turbid conditions as a result of terrigenous sediment input. 

Dugong Reef is one of a number of semi-isolated intertidal and shallow subtidal reefs which 
occur on the eastern side of Barrow Shoals. It supports a diverse assemblage of corals with 
algae and seagrasses in the subtidal fringe. Pre- and post drilling, surveys of Dugong reef 
indicated a small impact from drilling activities which actually occurred on the reef. These 
were the physical imprints of the jack-up drilling rig and a small area covered by drilling 
mud, which persisted for a few months after drilling. 

In each of the above cases, post drilling surveys have found no significant impact to the 
adjacent reefs. 

Numerous wells have also been drilled in shallow waters between the Lowendal and 
Montebello Island groups, again without major drilling impact or significant impact from 
subsequent production activities, based on the results of coral surveys conducted over a 
period of eight years. 

All references are listed in Appendix 3. 
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7.0 RISK PERSPECTIVE 

Various potential events are presented below to provide a perspective of the risk of an oil 
spill occurring during the Wonnich appraisal drilling program (Tables 6.1 to 6.2). Although 
the risks presented differ on a variety of quantitative and qualitative dimensions (e.g. units of 
determination, benefits, public perceptions, reversibility), the assumption is made that the 
comparisons provide a conceptual yard-stick for measuring the relative size of different risks. 

Table 7.1: Summary of risks to reef and shore locations from an oil spill at the proposed 

Wonnich well location in July-August 1996. 

Spill type 

Quantity of oil 800 litres 2,500 5,000 80,000 600,000 
litres litres litres litres 

Type of oil Wonnich diesel fuel Wonnich diesel fuel Wonnich 
crude oil crude oil crude oil 

Examples of the type of event Valve Rupture of Valve Rupture of Loss of well 
that might cause a spill of this leakage fuel overflow fuel tank control 
size and type. during transfer during on work during well 

drilling hose drilling boat appraisal 

Probability that a spill of this 2 x lO 9.0 x lO 9.0 x 10 1.0 x 10 1.8 x 106 
size and type may occur. * 
Reefs  
Overall maximum probability 
that any part ofa fringing reef 1.0 x 10 6  5.4 x 10 5.4 x 10 7.5 x 10 1.4 x lO 
will be contacted by oil during 
the drilling program  
Shore  
Overall maximum probability 
that any part of the island shore 4.0 x I0 2.1 x 10 1.4 x 10 2.0 x 106 3.6 x 10 
will be contacted by oil during 
the drilling program  

* Note: Quoted probabilities relate to the size and type of the spill. Source: DNV Engineering. 
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TABLE 7.2: Risks to individuals in New South Wales. 

Voluntary Risks (average to those who take the risk) 
Chances of Fatality 

per person year 

Smoking (20 cigarettes/day 
all effects 5 x 10 
all cancers 2 x 10 - 
lung cancers I x 10 

Drinking alcohol (average for all drinkers) 
all effects 3.8 x 10 
alcoholism and alcoholic cirrhosis 1.1 x 10 

Swimming 5 x 10 
Playing rugby football 3 x 10 
Owningfirearms 3x10 

Transportation Risks (average to travellers) 

Travelling by motor vehicle 14 x 10 
Travelling by train 3 x 10 
Travelling by aeroplane 

accidents ------------------------------------------------------------------------------------------------------- lx 10 

Risks Averaged Over the Whole Population 

Cancers from all causes 
total 18x10-3 

 

lung 38x10 4  
Being at home 

accidents in the home 1.1 x 10 
Accidental falls 

- 
6 x 10

-  

Pedestrians being struck by motor vehicles 3.5 x 10 
Homicide 2x10 
Accidental poisoning 	 - 

total 1.8x10 
venomous animals and plants 0.1 

Fires a,n-  W accidental burns I x 10 
Electrocution (non-industrial) 3 x I 0 
Falling objects 3 x 10 
Therapeutic use of drugs 2 x 10 
Cataclysmic storms and storm floods I0 
Lightning strikes 10 
Meteorite strikes 10.10  
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Table 7.2: The frequency at which a given individual may be expected to die from 

/ 	 various causes. 

Cause Individual risk 
per year 

Smoking (10 cigarettes a day) l0' 

wok, 	, poisoning by drugs and 1O 
medicants 
Drowning, gas explosion, excess cold, electrocution, poisonous 
gas, accident on railway or air. 106 

1-fft 	iiisting fO""" 
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1. INTRODUCTION 

OILMAP and OILTRAK are the oil spill prediction systems used by Apache Energy in assessing the 
trajectories of oil spills and the resources at risk. 

OILMAP provides an interactive management facility to model the fate of the oil spill taking into account 
chemistry, weathering, oil types and up to 50 layers of Geographical Information System (GIS) data 
locating sensitive environmental concerns and other physical resources. 

*7 	OILTRAK is a fully three-dimensional ocean model with a proven capability of predicting near-surface 
ocean currents around the continental shelf. OILTRAK focuses on predicting the particle trajectory path 
produced by the surface ocean currents during an oil spill. This is precisely the input data that OILMAP 
requires for response predictions. OILTRAK concentrates on predicting the physical oceanography of the 
region driven by winds and tides. 

In  the past, for teal-time oil spill modelling, OILMAP has used predicted wind forecasts in conjunction 
with historic current databases. Whilst historic data on water currents may be suitable for training and 
contingency planning, it has no application to real time modelling. This problem arises because OILMAP 
does not attempt to model the ocean physics but relies on being given the surface ocean currents as input 
to map the path of the oil spill and incorporate weathering, chemistry and important natural resource 
environmental data. 

I 

Graeme Hubbert (GEMS) and Brian King (AIMS) have now linked the two systems together to provide a 
powerful tool to industry and government agencies. Initiated from within the OILMAP user interface 
(Figure 1), OILTRAK now supplies fully three-dimensional ocean model predictions of near-surface 
currents for a specified time period. This.current data is then used by OILMAP to drive the oil spill 
trajectory models. 

The OILMAP-OILTRAK system is relocatable, relying only on wind forecasts, quality bathymetric data, 
tidal information and a detailed coastal map for the given geographic area. The system as set up for 
Apache only requires the operator to input the wind forecast and specify the region over which oil spill 
modelling will be carried out. The current field is then generated automatically by running the 3D ocean 
model (OILTRAK) over the defined region. During the OILTRAK run, the predicted trajectory of 

A 	 particles are shown on the screen (the standard OILTRAK output) to give a first approximation to the fate 
of the oil spill. At the completion of the OILTRAK run the surface current predictions are imported to 
OILMAP to allow it to to predicte the path that a specific oil type would take. 

I 
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Figure 1: OILMAP menu structure which includes OILTRAK in the DATA module. 
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2. OILMAP - An Overview 

OILMAP was developed by Applied Science Associates of Rhode Island (ASA). The Australian Institute 
of Marine Science (AIMS) has provided OILMAP to the Australian/Asian region since 1992. This service 
by AIMS is provided to industry and government agencies as an Australian owned non-profit project 
which aims to benefit industry and government agencies through the introduction of new and advanced 
marine technologies for better environmental management. 

\ I 
The OILMAP system is continually being developed to further meet the requirements of the people and 
companies using it. The system is currently available in the form of Version 3.6. 

2.1 OILMAP - The International Standard 

OILMAP is a comprehensive Oil Spill Environmental Management System for oil spill response decision 
support and impact assessment, contingency planning, risk assessment and training purposes. OILMAP 
runs on a low-cost IBM compatible PC in the Windows or DOS environment. The OILMAP software 
possesses a suite of models that predict the behaviour of oil on the water surface together with a 
geographical information system (GIS) that can be used to assess the resources that may be at risk from 
the spill. These are all combined into an easy to use, menu-driven system. A powerful feature of the 
system is it's graphical display of the spill behaviour and GIS information. 

OILMAP is designed to operate anywhere in the world and its user-friendly design is suitable for non-
technical users. OILMAP can be set up to operate for any geographic area and at any scale. The system 



has a powerful zoom capability and finer resolution maps can be embedded as required. OILMAP is 
modular in design and can be set up as a stand-alone system or integrated with other ASA modelling 
systems (such as SARMAP) as required. 

2.2 The Coastal Resource Atlas 

OILMAP uses the latest information technology to store data required for oil spill response, planning, 
training, and crisis management. Resource information, wind data, current data, oil chemistry, over flight 
observations and response equipment capability and position can be imported quickly from many sources 
and retrieved using the OILMAP GIS and DATA menu. This information can be displayed in combination 
with the oil spill prediction for decision support purposes (e.g. with dispersant use maps) and impact 
assessment (environmental sensitivity index and cleanup response priority maps). 

The data formats used by OILMAP allow data to be incorporated from many existing systems such as 
ARCINFO and AUTOCAD relatively simply and inexpensively. Data from other existing and new 
OILMAP systems set up by industry can also be transferred to any other OILMAP system immediately if 
required. Thus OILMAP provides the ability to have a national resource atlas in operation which makes 
use of other atlas developments, regardless of origin. 

2.3 Oil Spill Modules 

OILMAP uses a range of verified models (Spaulding et al.,1993; Kolluru et al.,l 993; Spaulding et 
al.,1994) and associated tools to provide oil spill predictions for emergency response, planning situations, 
risk and impact assessment, training and crisis management. The models have successfully predicted the 
surface and sub-surface oil spill trajectories and fates of major spills worldwide. Kolluru et al. 1993, and 
Spaulding et al.,1994 show that OILMAP can successfully model the movement of an oil spill in 3 
dimensions and predict within a few percent, the mass and chemistry of the spill as it weathers in time. 

The models within OILMAP which are used by Apache are: 

TRAJECTORY AND FATE: The model provides a quantitative prediction of the oil spill trajectory and 
how it will weather with time, depending on the oil type, metocean conditions and sea state. The 
algorithms in the model calculate the mass of oil which will evaporate; how it will spread; if, when and 
how it will emulsify or mix into the water column; and how much will beach on different types of 
shorelines. This information is invaluable in establishing cleanup operations, for pre- and post-impact 
assessments, for dispersant effectiveness evaluations, etc. The model also uses observations of actual spill 
positions, when available, to update predictions. This feature is important to achieve the greatest accuracy 
of predictions during a real spill event. At the end of a spill response, this model can provide a complete 
report analysis, using both field observations and model best-estimate predictions, of the path, quantity 
and impacts of a spill for litigation purposes and public relations management. This model is a standard 
module of OILMAP and can be used for operational use, training of operational staff, for contingency 
planning and running "what-if hypothetical scenarios of different weather and sea conditions. 

STOCHASTIC MODEL: This model applies a Monte-Carlo simulation procedure to calculate the 
probability that a spill will contact particular locations on the water or shore. Using the same models as the 
trajectory and fates model, a large number of discrete trajectories are run from randomly selected start 
times within a period of interest (e.g. a season, or proposed operational period). The model then calculates 
the frequency with which a particular location is contacted by oil, the time-lapse before contact and the 
amount of oil that may arive. If the model is supplied with representative wind records for the period of 
interest, and sufficient trajectories are run, the results provide a statistically valid prediction of the risks for 
forward predictions. The stochastic model is most valuable for forward assessment of the risks associated 
with oil spills from particular locations, or with different seasonal weather patterns. 



3. OILTRAK - An Overview 

OILTRAK is a three-dimensional ocean model which has been specifically developed by Global 
Environmental Modelling Services (GEMS) to study and predict ocean currents in order to calculate oil 
spill trajectories. Since OILTRAK is a fully three-dimensional ocean model it can also be used to predict 
current flows and trajectories at any depth. This facility has, for example, been used to predict the fate of 
formation water and dredge spoil from drilling operations. 

Detailed verification studies of the current predictions from OILTRAK have been carried out in Exmouth 
Gulf (mat track), the Onslow-Barrow Island region (2 mat tracks), Mermaid Sound (current meter), the 
Montebello Islands (acoustic doppler current profilers) and off Sydney (current meters). Verification of 
the tidal predictions has been carried out in the Gulf of Carpentaria (Weipa tide gauge), Bonaparte Gulf 
(Cape Domett tide gauge) and Barrow Island (WAPET tide gauge). In each case, the agreement between 
model predictions and observation has been extremely good (see Section 4). As a result, a high level of 
confidence can be attached to the ability of OILTRAK to accurately predict near-surface currents on the 
continental shelf anywhere around Australia. 

3.1 	Description of OILTRAK 

For oil spill trajectory modelling it is important to model the surface ocean current. This cannot be 
obtained accurately from two dimensioal or depth-averaged two-dimensional models. The major 
deficiency of two-dimensional models is that they yield no information about the vertical structure of the 
currents, nor can they model the thermodynamics of the ocean. Two-dimensional models include a simple 
parameterisation of the bottom shear stress which is assumed to be a function of the vertically averaged 
flow. This can lead to quite erroneous results, especially in regions of large vertical variation in the ocean 
currents. In a two-dimensional model, the depth-averaged current is constrained by the bottom friction and 
is always less than the surface current and usually in the wrong direction because the bottom friction will 
tend to direct the current along topographical gradients (particularly in shallow water). In addition, the 
bottom stress is usually over-predicted because it is calculated using the depth-averaged current and not 
the near-bottom current. 

A further problem arises in areas of strong tidal current where the bottom current will reverse direction 
before the surface current at the end of the flood or ebb tides as a result of bottom friction. A two-
dimensional model can introduce apparent phase errors into the prediction of the surface tidal currents 
under these conditions. A three-dimensional model, however, overcomes these problems by predicting the 
near-bottom current and allowing the surface current to be decoupled from the bottom friction due to the 
vertical layers in the model. A three-dimensional numerical model is therefore required to obtain 
information concerning the vertical variation of currents and the thermodynamic properties of the ocean. 

There have been )number of significant contributions in the area of three-dimensional regional ocean 
models and a full review will not be attempted here. One of the first important contributions to three-
dimensional regional ocean modelling came from Leendertsee (1973) who developed a "z" coordinate 
model for studies in small bays and estuaries. Another important contribution came from Blumberg and 
Mellor (1983) who developed a three-dimensional, primitive equation, sigma coordinate model with an 
embedded, turbulent closure submodel. Three-dimensional ocean modelling technology has therefore 
been available for at least the past thirteen years and the speed of modern desktop computers has now 
enabled the application of three-dimensional models to a range of coastal engineering problems. 

OILTRAK is a state-of-the-art three-dimensional ocean model which has been developed to study and 
predict ocean currents on or near continental shelves anywhere on the globe. The basic model formulation 
has been described previously (Hubbert, 1991) and the discussion here is limited to some of the important 
features for modelling near-surface currents. OILTRAK includes the non-linear advection terms and is 

/ 	driven by wind stress, atmospheric pressure gradients, astronomical tides, quadratic bottom friction and 
ocean thermal structure (if there are any temperature or salinity data). For high resolution studies the 
system can be nested to reduce the uncertainties associated with the specification of the boundary 



conditions at open boundaries. The system will run on any modern computer (e.g. DOS or UNIX 
machines). 

To set up OILTRAK, horizontal and vertical grids must be chosen. OILTRAK simulates the vertical 
distribution of ocean currents by breaking the vertical water column up into a specified number of layers at 
specified depth levels. It is also desirable to have a variable vertical grid spacing so that the resolution can 
be adjusted to physical requirements. Much greater resolution is generally required in the vertical 
dimension than in the horizontal dimension. For coastal waters OILTRAK may typically be run on a 
horizontal grid of resolution 1 km and with up to 10 vertical levels. In complex bathymetric areas (such as 
the Montebello Islands), resolution of a few 100 metres is required. 

OILTRAK is quite fast and efficient largely due to the numerical integration procedure which is split into 
three separate explicit steps. This split-explicit approach is very efficient in oceanographic models with 

	

' 	free surfaces because of the large disparity between advective speeds and gravity wave phase speeds in 
deep water. The first step, which is usually referred to as the adjustment step, considers the effects of the 
gravity wave and Coriolis terms and solves the full continuity equation. Then follows the advective step 
which accounts for the remaining non-linear terms. Finally, the "physics" step accounts for the effects of 

	

/ 	surface wind stress, bottom friction stress and atmospheric pressure. 

OILTRAK simulates the tidal and wind-forced flow in the region of interest, driven by any number of tidal 
constituents (usually at least seven - M2, S2, N2, K2, 01, KI and P1) and observed or forecasted winds. 
Twenty-four hour forecasts of surface ocean currents and particle trajectories are produced in about 30 
minutes on a Pentium PC, allowing advice to be returned to operators within one hour of notification of a 
spill. 

3.2 Meteorological Forcing 

A critical component of the real-time system is the specification of the wind forecasts. The meteorological 
forcing can be derived from the lowest-level of a mesoscale atmospheric prediction model (Hubbert. 
1991), or from observations and manual forecasts. With the system running in the Perth and Brisbane 
offices of the Special Services Unit of the Bureau of Meteorology, the duty forecaster is well placed to 
provide this input to the model. On site operators can obtain forecasts from the SSU by phone or fax. 

3.3 Ocean Thermodynamics 

On the continental shelf, the major forcing mechanisms are predominantly tidal and meteorological. In 
some cases, however, the thermodynamic structure of the ocean induces significant density currents and 
stratification can allow internal tides to propogate. In deeper waters, off the continental shelf, the 
influence of the tides diminishes and the dominant forcing is meteorological and thermodynamical. 

It is therefore necessary to include thermodynamics in the modelling process in continental shelf regions 
affected by currents with significant temperature differences to ambient conditions (e.g. Leeuwin Current 
off West Australia and the East Australian Current). Fortunately there is a large amount of sea surface 
temperature,(SST) data available from satellite observations. AVHRR satellite SST data is available 
around the Australian continental shelf at a resolution of at least 4 km. Other satellites provide global SST 
data at a resolution of one degree. These data can be assimilated into OILTRAK to produce a good 
representation of the surface thermodynamic currents. This procedure has been tested with good success 
in studies of the East Australian Current for the Sydney Ocean Outfalls. 



3.4 OILTRAK Setup 

For OILTRAK to achieve operational status, the following tasks must be completed: 

Establish a 5 minute resolution bathymetry data set to cover the entire region of interest; 

Establish the amplitudes and phases of the major tidal component throughout the region on a 5 minute 

grid; and 

Establish high resolution bathymetric and tidal data for specified embedded regions. 

a) Bathymetry 

	

,I 	
To set up OILTRAK for the entire region, a 5 minute resolution digital bathymetric data set is generated. 
High resolution embedded regions are achieved by manually coding depth data from any available source 
These may include Admiralty charts, digital sounding data obtained from industry, port authorities etc. or 
direct measurements made for the purpose of the model. This information may be of varying quality, 

	

/ 	 however, a high quality bathymetric data set will allow the model to more clearly resolve the physical 
oceanography of the region. This database is automatically accessed by OILMAP/OILTRAK once the 
user specifies the boundaries of the grid for current prediction. 

Tides 

To accurately model the tidal regime anywhere in the region of interest, it is necessary to use at least four, 
and often more, tidal constituents (e.g. M2, S2, N2, K2, 01, Ki, PT) to simulate the tidal flow accurately. 
To establish a high resolution, embedded, tidal-constituent data set the tidal components are modelled 

	

/ 	throughout the region of interest and the variation of the amplitude and phase of each constituent 
established using Fourier analysis techniques. 



4. OILTRAK VERIFICATION 

Oil spill trajectories predicted by the model have been tested against several experimental data sources. 
These include "mat" tracks obtained by Lasmo Oil near Exmouth Gulf and by Command Petroleum near 
Onslow. In Mermaid Sound, Woodside Petroleum provided current meter data for verification of the 
model. Apache Energy undertook a high resolution verification study around the Montebello Islands using 
an Acoustic Doppler Current Profiler (ADCP). In all of these cases, good agreement was obtained 
between model predictions and observations. Most of the earlier results have been reported either in the 
proceedings of the 1993 Australasian Coastal Engineering Conference (Hubbert, 1993a,b) or in the 1994 
APEA Journal. The more recent work carried out by Apache Energy has not yet been published and the 
results of this work are described in some detail. 

4.1 The Montebello Islands 

The Montebello Islands represents a higly-complex bathymetric region for modelling of water currents. To 
model this area, high quality bathymetric data were obtained from several sources. These included remote 
sensing surveys over the shallow areas, and extensive bathymetric and seismic surveys in the deeper 
waters and inter-island channels. This data provided files describing the depth at each 100 m, allowing 
OILTRAK to resolve underwater features that strongly affect the predicted flows. 

Apache Energy has undertaken a high resolution verification study around the Montebello Islands to test 
the predictions of the OILTRAK model in this region. Verification was carried out using an Acoustic 
Doppler Current Profiler (ADCP), which measures vertical profiles of the currents. Standard acoustic 
current meters were also used to measure currents at specific depths. These observations were then 
compared with predictions made by OILTRAK driven by the tides and wind observations from Varanus 
Island to assess the model's accuracy in the region. 

4.1.1 Field work 

Ocean currents in the vicinity of the Montebello Islands were measured using a short-term instrument 
mooring (Figure 2). The mooring consisted of an ADCP (supplied and operated by CSIRO) which was held 
near the water surface by a floatation package and suspended on a tight line from a heavy mooring block. 
The vertical pull between the floatation and mooring block was sufficient to keep the ADCP oriented toward 
the sea-floor under the force of the water currents experienced (< 1 knot). The ADCP was set to record 
horizontal water velocities and directions at each I m interval from approximately 3.5 m below the water 
surface to approximately 3 m above the sea-floor. A conventional acoustic current meter (supplied by WN1), 
capable of measuring at a single depth, was suspended from a surface buoy to record velocities and 
directions at approximately 1.5 m below the surface. Both instruments measured each 60 seconds and 
recorded 5 minute averages. 

The instrument mooring was deployed between 15 and 22 March 1996 for approximately 24 hour periods at 
four key locations around the Montebello Islands (Figure 3). This allowed the current meters to record over 
a number of tidal cycles at each site. The vertical ly-profiled data collected by the ADCP can be used to 
verify the predictions of the OILTRAK model at different depths. These verifications are underway. For the 
purposes of this comparison, measurements from the two shallowest depths (nominally 3.5 and 4.5 m depth) 
were averaged and compared with OILTRAK predictions at 4 m depth. 

V 



4.1.2 OILTRAK predictions and comparison to field observations 

OILTRAK was used to generate predictions of the water currents at 4 m depth over a 1600 km2  area 
encompassing the Montebello Islands (Figure 3). For modelling, this area was divided into 100 by 100 grid 
cells (10,000 total), each of which was 400 m on each side. Bathymetric data for this area was supplied at a 
scale of 100 m, providing up to 16 measures of depth per cell. Hourly recordings of wind speed and 
direction made at the Varanus Island weather station over the field sampling period (15 to 22 March 1996) 
provided the data for generating the wind-induced component of the water currents. 

Figures 4 to 7 show the wind and tidal driven currents that were predicted by OILTRAK at 4 m depth during 
one full tidal-cycle (flood, slack, ebb, slack) in the experimental period. These currents account for both tide 
and wind forces at this time. These plots illustrate the complexity of the flow around the Island chain and, in 
particular, the large predicted variation in current velocity and direction associated with inter-island 
channels and with sharp changes in bathymetry (e.g. moving from deep water over the shallow area south of 
Hermite Island). This highlights the importance of modelling in this area at fine spatial scales, and with 
accurate bathymetric data. 

Figure 8 compares the observed tidal heights with those predicted by OILTRAK for WAPET tanker 
mooring. The good agreement in both phase and magnitude between predicted and observed values 
indicates that the tidally-forced component of the water currents was being modelled with good accuracy. 

Figures 9 to 12 compare the east-west and north-south components of the water currents measured by 
ADCP and predicted by OILTRAK at the two sites adjacent to the proposed Wonnich well (ADCPI and 
ADCP2). These comparisons show that the model is simulating the north-south and east-west structure of 
the current flow with good (but not perfect) accuracy. The complexity of the current flow near ADCPI, for 
example, where the currents reach speeds of 2 knots whilst crossing the shallow reef areas south of Hermite 
Island makes the prediction at ADCPI a good result. In general, the ebb currents flow south-west through 
the this site while the flood currents flows east-north-east. The flow is reasonably complex, however, due to 
eddies shed near the coral reefs close to this site. 
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Figure 2: 	Arrangement of instruments used to profile ocean currents at the deep sites 
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Figure 3: Bathymetry used by OILTRAK in the Montebello Island region. Note that the 
position of ADCP4 is outside the area of this model. 
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Figure 4: 	OILTRAK forecasts for wind and tidal driven near-surface currents 
during a flood tide 30 hours into the ADCP experimental period 
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Figure 5: 	OILTRAK forecasts for wind and tidal driven near-surface currents at the turn of a 

flood tide 33 hours into the ADCP experimental period 
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Figure 6: 	OILTRAK forecasts for wind and tidal driven near-surface currents during an ebb 

tide 36 hours into the ADCP experimental period 
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Figure 7: 	OILTRAK forecasts for wind and tidal driven near-surface currents at the turn of an 
ebb tide 39 hours into the ADCP experimental period 
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Figure 8: 	Model predictions of tidal heights compared with observations on April 16 and 17, 
1996 at WAPET tanker mooring on Barrow Island 
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CURRENT VELOCITY (U) at ADCP1 

Station location: —20.53 1 (S), 	115.448(E), 	Depth: 	23 metres 
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Figure 9: 	Model predictions of the west-east current component compared with observations 
on April 16 1996 at site ADCP1 near the Montebello Islands 
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Figure 10: Model predictions of the south-north current component compared with 
observations on April 16 1996 at site ADCP1 near the Montebello Islands 



CURRENT VELOCITY (U) at ADCP2 

Station location: —20.434(S), 	115.408(E), Depth: 	33 metres 
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Figure 11: Model predictions of the west-east current component compared with observations 
on April 17 1996 at site ADCP2 near the Montebello Islands 
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Figure 12: Model predictions of the south-north current component compared with observations 
on April 17 1996 at site ADCP2 near the Montebello Islands. 
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4.2 Exmouth Gulf Verification 

Lasmo Oil requested the simulation of a "mat" track near the Muiron Islands in the mouth of Exmouth 
Gulf as a test of the model's ability to simulate surface ocean currents and particle trajectories, within 
acceptable errors. A "mat" was dropped at 7:45 a.m., September 28, 1992 local time and tracked using a 
ship's Global Positioning System (GPS) until 6:00 p.m. the same day. The winds observed on the ship 
were approximately 15 knots from the south-south-west in the morning dropping to 8 knots from the 
south-west in the afternoon .These winds together, with seven tidal constituents (M2, S2, N2, K2, 01, K I 
and P1), were used to drive the oil spill trajectory model on a grid of resolution 700 metres and with 8 
vertical levels (the surface layer was four metres thick). The 700 metre horizontal resolution was chosen 
so as to resolve the gap between North and South Muiron Islands. The observed and predicted tracks are 
shown in figures 13 and 14. 

Buoy Drift Track 

Buoy released at 23:40 on 27 Sept 1992 (UTC) 

Global Environmental Modelling Services 

Figure 13: Observed track of spill mat near Muiron Islands 

OILTRAK - 3D Regional Ocean Model 
Partide Released at 23:40 on 27 Sept 1992 (UTC) 

Particle drifted for 11:30 hours 

Global Environmental Modelling Services 

Figure 14: Predicted path of spill mat near Muiron Islands using OILTRAK 



4.3 Onslow Region Verification 

Command Petroleum requested the simulation of two mat tracks in the Onslow Barrow Island region to 
test the model's ability to predict surface ocean currents and particle trajectories. Two mat tracks and wind 
speed and direction data were provided for successive days (16th and 17th) in April, 1992. The oil spill 
model was set up on a grid with 2km resolution and 8 vertical levels (with a surface layer 4m thick). 
OILTRAK was driven by observed winds and by seven tidal constituents to simulate the trajectories of the 
two mats. The observed and predicted tracks for each of the two days are shown in figures 15 to 18. 

Buoy Track 
DRIFT PARTICLE RELEASED Al: 0125 HOURS ON 16 APR 1992 (Z) 

Figure 15: Track of spill mat observed by Command Petroleum on 16th April 1992 between 
Onslow and Barrow Island 

OILTRAK - 3D Regional Ocean Model 
DRIFT PARTICLE RELEASED AT: 0 125 HOURS ON 16 APR 1992 (Z) 

Figure 16: Track of spill mat predicted by OILTRAK on 16th April 1992 between Onslow and 
Barrow Island 



Buoy Track 
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Figure 17: Track of spill mat observed by Command Petroleum on 17th April 1992 between 
Onslow and Barrow Island 
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Figure 18: Track of spill mat predicted by OILTRAK on 17th April 1992 between Onslow and 
Barrow Island 



4.4 Mermaid Sound Verification 

The Oil spill trajectory model predictions in Mermaid Sound were verified against existing current meter 
data provided by Woodside Petroleum. At the site chosen for the verification (latitude 20 deg 31.4 mins, 
longitude 116 deg 43.7 mins, depth 14 m) the current meter was at a depth of 6 in. The Perth office of the 
SSU provided historical hourly wind data for a three day period (April 27 - 29, 1986) during the current 
meter observations. OILTRAK was run for this 72 hour period driven by winds and by five tidal 
constituents (M2, S2, K2, K1, 01) with vertical levels set at 2, 6, 10, 14, 18, 25 and 40 metres. The 
second level coincided with the depth of the current meter observations. A comparison of the observed 
current speed time series with the model predictions is shown in figure 19. 
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Figure 19: Comparison of observed currents and predictions from OILTRAK at a depth of 6 
metres in Mermaid Sound for the period April27 to 29, 1986. 



4.5 Sydney 

The three-dimensional ocean model has also been used for other applications such as predicting the 
currents near the Sydney ocean outfalls for the New South Wales EPA via a contract with Australian 
Water and Coastal Studies Ltd (AWACS). Comparison has been made between model predictions of 
currents off Sydney with measurements at the Ocean Reference Station (ORS) installed by the Sydney 
Water Board as part of the ocean outfall monitoring program. Comparison of model trajectory predictions 
were also made with the track of a drifting buoy released by the Australian Navy. Good agreement was 
obtained in both cases (Figures 20 to 23). 

DRIFTING BUOY TRACK 
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Figure 20: Satellite track of drift buoy observed for three days after release by the Australian 
Navy on February 19, 1993. 
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Figure 21: Track predicted by OILTRAK for the three days after release on February 19, 1993. 



CURRENT SPEED at Ocean Reference Station 
Station location: -33.928(S), 151.315(E), Depth: 	17 metres 
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Figure 22: Comparison of observed current speeds with predictions from OILTRAK at a depth of 
17 metres at the Sydney Water Board Ocean Reference Station (near Sydney) for February 19 
to 21, 1993. 
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Figure 23: Comparison of observed current directions with predictions from OILTRAK at a depth 
of 17 metres at the Sydney Water Board Ocean Reference Station (near Sydney) for February 
19to21, 1993. 



5. REFERENCES 

Blumberg, A.F. and Mellor, G.L. (1983). Diagnostic and prognostic numerical circulation studies of the 
South Atlantic Bight, J. Geophys. Res., 88, 4579-4592. 

Hubbert, G.D. (1991a). Numerical modelling for coastal engineering and environmental studies, Part 1: 
Tropical cyclone stonn surges and waves. Proc. Australasian Coastal and Ocean Engineering Conference, 
Auckland, N.Z. 

Hubbert, G.D. (1991b). Numerical modelling for coastal engineering and environmental studies, Part 2: 
Mesoscale meteorology, ocean currents and temperature. Proc. Australasian Coastal and Ocean 
Engineering Conference, Auckland, N.Z. 

Hubbert, G.D. (1993a). Oil spill trajectory modelling with a fully three-dimensional ocean model, Proc. 
11th Australasian Coastal and Ocean Engineering Conference, Townsville, Australia. 

Hubbert, G.D. (1993b). Modelling continental shelf flows along the New South Wales coast with a fully 
three dimensional ocean model. Proc. 11th Australasian Coastal and Ocean Engineering Conference, 
Townsville, Australia. 

King, B.A., 1994a. "OILMAP: The oil spill management system for application to the South Vietnamese 
Sea". Australian Institute of Marine Science Report to BHP Petroleum (Dai Hung, Vietnam), April 1994. 

King, B.A., 1994b. "OILMAP: The oil spill management system for the shipping operations of BHP 
Transport". Australian Institute of Marine Science Report to BHP Transport, June 1994. 

King, B.A., 1994c. "OILMAP: Application for BHP Petroleum's operations on the Australian North West 
Shelf'. Australian Institute of Marine Science Report to BHP Petroleum, August, 1994. 

King, B.A. and F. McAllister, 1994. "OILMAP: Application for BHP Petroleum's operations in the Timor 
Sea". Australian Institute of Marine Science Report to BHP Petroleum, October, 1994. 

Kolluru, V., M.L. Spaulding and E. Anderson, 1993. "Application and verification of WOSM to selected 
spill events". I6thArtic and Marine Oil Spill Progra,n,7-9 June 1993, Calgary, Alberta, Canada, pp.  647-
668. 

Leendertse J.J., Alexander R.C. and Liu S. (1973). A three-dimensional model for estuaries and coastal 
seas, Rand Corporation, R- 141 7-OWRR, December. 

Smith, B., Martin, J. and Hubbert, G.D. (1994). Oil spill trajectory modelling for a permit wide 
environmental impact study by Command Petroleum. Proc. APEA Annual Conference, Sydney, 1994. 

Spaulding, M.L., 1988. "A State-of-the-Art Review of Oil Spill Trajectory and Fate Modeling". Oil & 
Chemical Pollution (4) 39-55. 

Spaulding, M.L., E. Howlett, E. Anderson and K. Jayko, 1992a. "OILMAP: A global approach to spill 
modeling". 15th Annual Artic and Marine Oilspill Program, Technical Seminar, Edmonton, Alberta, 
Canada, June 9-11, 1992. 

Spaulding, M.L., E. Howlett, E. Anderson and K. Jayko, 1992b. "Oil spill software with a shell approach". 
Sea Technology, pp. 33-40. 



Spaulding, M.L., E.L. Anderson, T. Isaji and E. Howlett, 1993. "Simulation of the oil trajectory and fate in 
the Arabian Gulf from the Mina Al Ahmadi Spill". Marine Environ,nental Research, Volume 36, pp. 79-
115. 

Spaulding, M.L., V.S. Kolluru, E. Anderson and E. Howlett, 1994. "Application of three-dimensional oil 
spill model (WOSM/OILMAP) to hindcast the Braer Spill". Spill Science & Technology Bulletin, Volume 
1,No. 1,pp. 23-35. 



Appendix 2 

Review of Previous Ocean Current Modeling Around the 
Montebello Islands 

1.0 Introduction 

Ocean currents in the Montebello Island region were previously modeled by WNI Science. 
and Engineering (WNI 1995) to provide a basis for spill prediction modeling for a CER 
covering the Wonnich 1 drilling program by Ampolex Pty Ltd. The report entitled 
"Prediction of Oil Spill Envelopes for the Proposed Exploration Wells Austin and 
Wonnich, Montebello Islands" suggested the most likely areas to be affected by an oil spill 
from the Wonnich-1 location after 6, 12, 24 and 48 hours for 18 different scenarios of wind 
and tide. Undoubtedly, this study provided a useful background to the understanding of the 
complex oceanic conditions in the region of the Montebello Islands. However, review of 
this study indicated that the modeling was not sufficiently detailed to accurately predict the 
movement of oil around the area of the Wonnich location for the present application (see 
Section 3.0). Some of the key aspects of the WNI study are discussed in this section, noting 
the features which limit its application to a high-resolution risk assessment study. Rather 
than debating the mathematical solutions used, which is beyond the scope of this critique, 
factors which would limit the performance of any mathematical model are highlighted. 

2.0 Ocean current predictions 

WNI pointed out the lack of historical data on oceanic conditions near the Montebello 
Islands at the time of their study and, in response, carried out wind and tidal driven 
numerical modeling studies of circulation in the region. This work was carried out on one 
form of three-dimensional ocean current model, but using a course grid size and simplified 
assumptions (WNI 1995). In the light of the results of recent field work and more recent 
high-resolution modeling studies, it appears that these factors limited the ability of the 
model to explain the circulation patterns in the region. Of particular concern was the 
predicted tidal flow in the region of the Wonnich-1 site. There appears to be some conflict 
in the WNI report concerning this issue. The report states that "tidal currents flow north-
west during ebb and south-east during flood tides" while their own modeling showed south-
west flow during ebb tides (F.igure 4.3 in WNI 1995). 

3.0 Numerical Model Grid 

The WNI ocean circulation model was set up with grid cells of 2 km x 2 km. As a result, 
only a crude representation of the Montebello Islands was possible. For example, the coral 
reef that is the focus of present concerns, and likely to exert considerable influence on the 
local hydrology around the Wonnich site was not represented by the WNI grid. Likewise, 
the narrow channels in the island chain, which are conduits for high current flows, could 
not be represented. The flows between Varanus Island and either Barrow Island or the 
southern end of the Montebello Islands were only represented by three or less grid points 
(Figure 4.1 in WNI 1995 ). Mathematically, this situation cannot derive the likely current 
flows over the area because there are too few solution r  points. The influence of the 
bordering land grids will also cause considerable errors. For example, the modeled currents 
would be steered by land barriers up to thousands of metres offshore from where they 
would in reality. 
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4.0 Bathymetry 

The bathymetry used for the study (Figure 4.2 in WNI 1995) was extracted from Admiralty 
charts and some survey data and represents the broad detail of the region quite well. 
However, mainly due to the 2 km grid resolution and, to a lesser degree, the lack of data, it 
does not represent the detail in the shallow areas around the Montebellos, Varanus and 
Barrow Islands. As mentioned earlier, the reef structure is not present and small channels 
are not resolved. The channel south of the coral reef near the Wonnich site has been shown 
by recent field studies (see Section 3.0) to have an important influence on the flow in that 
region and must be resolved. In general, flows in this area appear to be highly complex due 
to interactions within the bathymetry. Accurate representation of the bathymetry is 
therefore critical to a realistic prediction of the current flows. 

5.0 Tidal forcing 

The WNI model was forced by only 4 tidal constituents (M2, S2, Ki and 01). While these 
constituents will provide a rough approximation of tidal forcing, at least two further 
constituents (K2 and N2) need to be considered as they have magnitudes similar to the 01 
constituent (Figures 1 -3). A further concern is that the tidal amplitudes and phases are only 
applied at 5 points (the 4 corners of the grid + Barrow Island) and the values along the 
boundaries between these locations are linearly interpolated. This assumes that tidal 
amplitudes vary linearly with distance from shore. In reality, the tides do not vary linearly 
on the North-west shelf. This is illustrated in Figure 4 which shows the observed variation 
in the M2 tidal constituent amplitude along the area corresponding to the western boundary 
of the WNI model. 

TIDAL ANALYSIS IN NORTH WEST SHELF 
01 	amplitude contours (rn) for sea surface eIeation 

Figure 1: 	Amplitude (metres) of 01 tidal constituent in region of WNI model grid 
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11DAL ANALYSIS IN NORTH WEST SHELF 
K2 	amplitude contours (ra) for sec surface election 
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Figure 2: 	Amplitude (metres) of K2 tidal constituent in region of WNI model grid 
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Figure A3: Amplitude (metres) of N2 tidal constituent in region of WNI model grid 
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11DAL ANALYSIS IN NORTH WEST SHELF 
M2 	omç.Iltude contours (m) for sea surface elevation 
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Figure 4: 	Amplitude (metres) of M2 tidal constituent in region of WNI model grid 
showing the western boundary (black line). 

6.0 Wind Forcing 

Wind forcing in the WNI model assumed zero wind conditions along each border with 
interpolation of the wind strength over other cells of the model. This condition will only 
roughly describe the wind force and can lead to numerical instability and will possibly 
generate spurious currents. It is not clear from the WNI report how the model boundary 
conditions were treated when the model was forced by both wind and tides. This is 
recognized to be a difficult problem, and if handled incorrectly, can also generate spurious 
currents. 

7.0 Model calibration and verification 

Distinction must be made between model calibration and verification. The former is an 
attempt to adjust predictions of a model to match observations, while the latter is a direct 
comparison of predictions to observations. For true verification, verification sites should 
be independent of calibration sites. The WNI approach failed this criteria by tuning various 
model parameters to match observations at three locations and then presenting comparisons 
between the observed and adjusted predictions at these same three sites. Given the 
concerns raised above, such as linear interpolation of tidal forces, it is likely that applying 
the model adjustments will bias the predictions at other sites. 
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8.0 Summary 

The WNI work provides an important first picture of meteorological and oceanic conditions 
in the Barrow Island - Montebello islands region. However, the coarse spatial resolution of 
their model, together with difficulties in representing the tidal and wind conditions 
accurately, prevent the results from being used directly for more detailed studies of the oil 
spill problem at the Wonnich site and further high resolution modeling together with field 
work has been found necessary. 

WNI Science and Engineering (1995). Prediction of Oil Spill Envelopes for the Proposed 
Exploration Wells Austin and Wonnich, Montebello Islands Region. A report for Ampolex 
Limited, July 1995. Report number R750. 
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I 	 Review of the Effects of Oil on Corals 	 .. 	 Page 1 

1. INTRODUCTION 

The following document is a review of the reported effects of oil on corals and coral reefs, 
incorporating findings from laboratory and field experiments, and studies of major oil spill 
events. 

As with many other biological systems which have been investigated, the transfer of findings 
from laboratory studies and field experiments to prediction of response to actual oil spill 
events has proven difficult, with the resilience of natural systems frequently exceeding that 
which might be anticipated on the basis of experimental results. 

Consequently, for the purposes of this review the document has been divided into three 
sections, laboratory studies, field experiments and studies of actual spill events, with the 
consolidated findings from the three sections presented in the synthesis at the end of the 
review. 
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2. 	EXPERIMENTAL STUDIES 

2.1 	LABORATORY STUDIES 

2.1.1 Larvae 

Studies on the effect of oil on coral larvae suggest that larvae may be more susceptible to the 
effects of spilt oil than mature corals. Harrison (1993), in a report on coral spawning on the 
Great Barrier Reef, reported the results of unpublished experimental data which indicated 
that relatively low concentrations of the water accommodated fraction of bunker oil reduced 
fertilization rates or completely inhibited fertilization in the species of coral tested. 

2.1.2 Adult Corals 

In one of the early experiments on the effect of oil on corals, Lewis (1971) tested four 
Caribbean coral species, Ponies porites, Agaricia agaricites, Favia fragurn and Madracis 
asperula, with various concentrations of crude oil in sealed 350 mL glass containers. The 
corals were exposed to oil for 24 hours and then examined for damage. The results indicated 
that all of the species tested were sensitive to oil but that the encrusting forms tested were 
less sensitive than the branching forms and also tended to recover more quickly. 

Experiment has also shown that direct immersion of corals in oil will cause tissue necrosis, 
although the extent to which this will occur varies from species to species. Reimer (1975) 
immersed four Panamanian coral species, Pocillopora cf. damicornis, Pavona gigantea, 
Psainmocora (Stephanaria) stellata and Poritesfurcata, in marine diesel and bunker oil for a 
period of one minute. Specimens of Pocillopora cf. damicornis were also immersed in oil for 
a period of 30 minutes. The corals were then placed in clean running seawater and finally 
transferred to aerated 3 L seawater containers. After one week, the one minute treatments and 
controls exhibited similar degrees of tissue necrosis. After 13 days differences in Pocillopora 
became apparent, with most live tissue lost from the treatments in 16 days. The other species 
tested showed little change for almost three months. However, marked change in the amount 
of live tissue in the treatments compared to the controls became apparent after 114 days. 
Pocillopora colonies immersed in oil for 30 minutes survived exposure but underwent 
expulsion of zooxanthellae, tissue rupture and flaking of tissue within hours to days of 
exposure. Seventy percent of the polyps died within 17 days. In related experiments, 
behavioral changes (e.g. tentacular retraction and feeding behaviour) by corals in containers 
to which diesel or bunker oil had been added were also observed (Reimer, 1975). 

Eight hour exposure of the coral Diploria strigosa to Arabian light crude oil in a flowing 
seawater system had no impact on photosynthesis, as measured by total carbon fixation, by 
symbiotic zooxanthellae (Cook & Knap, 1983). 

Thorhaug et al(1989) tested various combinations of oil and oil/dispersant mixtures on three 
Jamaican coral species, Ponies porites, Acropora palmata, and Montastrea annulata. 
Significant differences were found between species with respect to their susceptibility to 
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pollutants, with A. palmata found to be consistently more susceptible to pollutants than the 
other species tested. 

Experiments by Elgershuizen & de Kruijf (1976), with the Caribbean stony coral Madracis 
mirabilis showed that the coral was not permanantly damaged by oil at concentrations 
ranging between 10 and 10,000 ppm over a 24 hour immersion period, and that floating oil 
was less toxic than oil-water mixtures. The oil was applied both as a surface layer and as oil-
seawater mixtures, prepared by combining known quantities of oil and seawaterand mixing 
for 24 hours. 

Hough (1995) conducted a series of tank experiments to examine the effects of Bunker C 
Fuel Oil 467, a dispersant (Ardrox 6120) and oil/dispersant mixtures on the corals Acropora 
formosa and Pocillopora damicornis. Corals directly exposed to oil (simulating low tidal 
conditions) exhibited severe stress and most became bleached at the areas of tissue/oil 
contact. The pattern of coral response under all treatments followed the following sequence: 

polyp tentacular retraction; 
mucous discharge; 
zooxanthellae expulsion with localised bleaching; 
tissue disintegration; and 
death 

For oil only treatments, Hough (1995) found as follows: 

fuel oil (and oil/dispersant mixtures) are toxic to corals of the species tested; 

. 	the Acopora was found to be more sensitive to all treatments than the Pocillopora; 

the availability of the toxic components is significantly influenced by the hydrodynamic 
regime: rough seas increase physical dispersion and weathering of oil, but mixing oil into 
the water column increases the potential for exposure; 

direct contact to oil as a result of exposure from low tides disintegrates tissue at the area 
of contact (noting that oil is less adherent than dispersed oil); 

deleterious effects of oil predisposes coral to bacterial infection and colonisation by 
algae; and 

water quality factors, especially water temperature, introduce significant synergistic 
effects. 

However, colonies of the octocoral Heteroxenia fuscescens in 1,500 L tanks exhibited zero 
mortality when exposed to oil at concentrations of 10 mL/L over a period of seven days 
(Cohen et al, 1977). Comparison of the results of experiments carried out in 3 L glass jars 
versus 2 m deep containers demonstrated a depth protective effect, the number of colonies 
exhibiting signs of stress decreasing with increasing distance from the oil film at the surface. 
Petroleum derived hydrocarbons were however incorporated into the tissues suggesting that 
exposure to high sub-lethal oil concentrations may result in long term deleterious effects. 
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In longer term laboratory tests, chronic exposure to hydrocarbons has been shown to cause 
tissue atrophy, zooxanthellae and reduced reproductive capacity. An experimental study of 
long term (six-month) oil pollution on the hermatypic coral Stylophora pistillata conducted 
by Rinkevich & Loya (1979) showed a significant decrease in the number of female gonads 
per polyp in 75% of colonies in oil polluted experimental tanks, leading to the conclusion 
that chronic oil pollution damages the reproductive system of scleractinian corals. Over the 
six month period of the experiment, a higher percentage of the corals in the oil polluted tanks 
(80%) died compared to the control tanks where 10% mortality was recorded. There was no 
injury or mortality recorded during the first two months of the experiment, all mortality 
being recorded during the following fourmonths. 

Also in a long-term experiment, Peters et a! (1981) conducted a histopathological study on 
the effects of water dispersed oil on the coral Manicina areolata over a three month period. 
This study showed cellular degeneration and atrophy of coral tissues in addition to reduction 
in ability to reproduce. Other observations included death of zooxanthallae and lack of 
depuration of hydrocarbons up to two weeks after removal from oil exposure. 

Dodge et a! (1984), conducted a laboratory/field experiment with the coral Diploria strigosa 
to assess the long term effects of brief low-level concentrations of oil (and oil/dispersant 
mixtures) which might occur when a slick passes over a reef. The treatments were carried out 
in the laboratory and the corals subsequently put into the field for a period of one year. At the 
end of that time no differences in growth for any of the treatments were found compared to 
the controls. 

The effects of oil contaminated sediments on corals and their ability to reject contaminated 
sediments have also been tested experimentally. Bak & Elgershuizen (1976) tested 19 species 
of Caribbean coral for oil-sediment rejection. They found that the efficiency of removal of 
oil-sediment particles was the same as for clean particles of the same size and/or quantity. 
Oil droplets of <0.06 mm in diameter were found not to adhere to living coral surfaces and 
were not ingested, leading to the hypothesis that the water-soluble toxic fraction of oils in 
seawater is more harmful to corals in situ than physical contact with oil-sediment particles. 

2.2 	FIELD STUDIES 

2.2.1 Larvae 

No reports have been located on effects of oil on coral larvae in the field. However, Guzman 
& HoIst (1993) have reported a reduction in gonal tissue in mature corals. A similar finding 
was also made by Rinkevich & Loya (1979) in laboratory experiments. 

2.2.2 Mature Corals 

The results of field studies show general agreement with the experimental studies reviewed 
above, but have highlighted a range of environmental factors that may affect the impact of a 
spill on corals. More recent laboratory studies have attempted to factor some of these 
variables into experimental design (refer to Hough, 1995, in the previous section). 
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In one of the first field experiments undertaken, Johannes et a! (1972), exposed 32 species of 
coral to a 0.6mm thick layer of St. Maria crude oil at Eniwetok Atoll. The corals were placed 
on platforms where they were partially exposed to air. Oil was then added to the surface of 
the water around the corals from where it gradually accumulated on the corals due to the 
rocking action of the platform in the waves. The corals remained in the oiled water for a 
period of 90 minutes after which time they were placed in 2 m of water and observed over a 
period of four weeks. Oil adhered particularly to branching species such as Acropora sp.and 
Pocillopora sp. and these were severely damaged where the oil adhered. In Fungia and 
Symphyllia, species with large fleshy polyps with abundant mucus, most of the oil 
disappeared after submersion for a day and no damage was observed. The affect on other 
species lay between these two extremes. Complete breakdown of tissue occurred on areas to 
which oil had adhered but areas to which oil did not adhere did not appear to be visibly 
affected in any species. The possible effect of elevated temperature (32°C) in the oil film was 
considered a potential contributing cause to tissue damage, but this was not investigated. 

A number of field studies have indicated that corals may be protected from floating oil by the 
overlying water column. Knap (1987) reported on a series of experiments into the effects of 
chemically dispersed oil on the coral Diploria strigosa. While the experiments were 
principally to determine the effects of dispersed oil, tests were also conducted using 
undispersed oil, the conclusions of which are described here. The general conclusion reached 
from the studies conducted was that '... in the long term, Diploria strigosa appears relatively 
tolerant to brief (6-24 hour) exposures to crude oil dispersed in the water column.' Responses 
to un-dispersed oil were generally less than those for dispersed oil. 

Studies carried out using Arabian light crude (API gravity between 300  and 480) on an 
Arabian Gulf coral reef, indicated that healthy coral reefs can tolerate relatively short (one to 
five days) exposure to floating oil with no observable effects (LeGore et a!, 1989). Twenty 
four hour and five day (120 hour) exposure experiments, were undertaken and the effects 
monitored immediately after exposure and at three month intervals for a period of one year. 
The exposed section of the reef was located immediately landward of the reef edge, with 
depth varying between one and three metres depending on tidal state. During a one year 
observation period, no visible effects on growth rate or physiology were exhibited by corals 
of the genera Acropora, Goniopora, Ponies or Pla/ygyra to floating crude oil corresponding 
to a slick thicknesses of 0.25 mm for a period of 24 hours and 0.10 mm for a period of 120 
hours. 

A field experiment on the effects of untreated and chemically dispersed oils on tropical 
marine communities conducted on the Caribbean coast of Panama (Ballou et a!, 1989), 
concluded that untreated oil had relatively minor effects on corals, seagrasses and related 
organisms. The untreated oil, Prudhoe Bay crude oil, was released in the study area in an 
unweathered condition at an application rate of 1 L/m2, representative of the amount of oil 
that would strand from a spill of 100 to 1,000 bbl (16,000 to 160,000 L). The oil was 
contained by boom over the coral site for a period of approximately 48 hours. Average water 
depth over the coral sites was 63 cm. There was a minor, but not statistically significant, 
decline in coral cover within the first four months after treatment, however a similar pattern 
was observed at the untreated reference site, indicating that factors other than oil treatment 
were responsible. 
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3. 	STUDIES OF ACTUAL OIL SPILL EVENTS 

The major difficulty in interpreting the results of investigations of the effects of oil from real 
spills on coral reefs is lack of pre-spill data by which to assess effects which may be subtle 
and disguised by natural variation. 

However, in the case of two major spills, there existed pre-spill data which were 
subsequently used to assess oil pollution impact and subsequent recovery. These are the spill 
from an oil refinery storage tank off the Caribbean coast of Panama which occurred in 1986 
and the 1991 Gulf War oil spills which are reviewed below. 

	

3.1 	CHRONIC POLLUTION EVENTS 

3.1.1 Gulf of Eilat, Red Sea 

Many parts of the Red Sea, particularly in the vicinity of refinerys and tanker terminals have 
been subject to chronic oil pollution as a result of frequent spills. In a study of coral 
recolonisation following anatural mortality event (an extreme low tide), Loya (1976) found 
that coral recolonisation occurred more quickly on a reef not subject to human perturbation 
than one which was subject to chronic pollution from oil and mineral spills. 

Mergner (1981), in a study of permanent oil pollution in the Eilat region of the Red Sea, 
reported reduced coral settlement on the reef flat, colony numbers and bottom cover 
attributable to chronic pollution. 

3.1.2 Bahia Las Minas, Panama 

Background 

On 27 April 1986, at least 60,000 to 100,000 barrels (9,600,000 to 16,000,000 L) of medium 
weight (270API) crude oil spilled from a ruptured oil refinery storage tank into Bahia Las 
Minas, on the central Caribbean coast of Panama (Guzman et al, 1994). A relatively small 
amount of dispersant (21,000 L of Corexit 9527) was sprayed from aircraft over the initial 
spill, but this was considered by Burns & Knap (1989) to have been insufficient to have 
dispersed the large amount of oil spilled and consequently that chemical dispersion would 
not have accounted for the mortality seen in subtidal corals over the extended areas 
documented in the study of the spill. 

In addition to the immediate spillage, the study area was subject to ongoing exposure to 
hydrocarbons. Oil slicks were observed over the reefs in subsequent years emanating from 
landfill beneath the refinery and the adjacent mangrove sediments. Further, in December 
1988 and in June 1990, spillage of diesel oil occurred from another storage tank located 

N. 
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approximately 1 km from the site of the initial spill (Guzman et al, 1994). Earlier, a major 
(3,200,000 L) spill of diesel and Bunker C fuel oil had occurred following the wreck of the 
tanker "Witwater" in December 1968 (Rutzler & Sterrer, 1970). 

Reports on the effects of these spills on impacted coral reefs in the region are presented 
below, in chronological sequence. 

The short term effects of the refinery storage tank spill are summarised by Cubit et al (1987), 
who reported that between two and three weeks after the spill, between 10 and 19 May 1986, 
extreme low tides exposed the reef flats above water level during a period of warm weather 
and oil blown inshore remained against the seaward edge of the reef flats throughout this 
period. By June 1986, Cubit et al, (1987) reported that a band of substratum between I and 3 
m wide was nearly barren of the normal assemblage of algae and invertebrates (including 
corals). This was initially replaced by a thin algal mat which gradually became thicker and 
covered a larger area of the substratum. The original species of macroalgae present on the 
reef fringe returned to their original (pre-spill) coverage between 5 and 12 months, 
depending on species, after the spill. The reef flat coral, Ponies sp., present with low 
coverage before the spill, was not detected in surveys conducted 2 and 5 months after the 
spill. In August 1986, some four months after the spill, shallow (1-2 m) subtidal corals were 
found to be dead or dying in heavily oiled areas. 

From surveys conducted some 18 months after the Bahia Las Minas spill, Jackson et al 
(1989) concluded that the type and magnitude of the effects varied greatly with coastal 
topography and location, habitat and taxa. Complex shoreline structure was found to have 
resulted in significant difference in exposure to oil over relatively short distances. On 
shallow and intertidal reef flats, algae were initially reduced well below their original 
abundance but had regained or exceeded their original abundance within 12 to 18 months. 
Hydrocorals (Millepora sp.) and scieractinian corals (Porites sp.) were severely reduced and 
had not returned to original abundance after 18 months. On subtidal reefs, monitored some 
four months after the spill, there was substantial loss of coral on heavily oiled reef; 51 to 96% 
at depths of less than 3 m decreasing to 45% at depths of 9 to 12 m. Reductions were less on 
lightly oiled reef and generally absent on un-oiled reef. The relationship between the amount 
of oiling and decrease in coral cover was found to be statistically significant for depths of 0-3 
m but not deeper. 

Sublethal effects were also noted by Jackson et al (1989). These included bleaching or 
swelling of tissues, copious production of mucus, recently dead areas devoid of tissue, and 
globules of oil. In some areas there was evidence of bacterial infection. The effects were 
most evident on the heavily oiled reefs and decreased with depth. They were also found to be 
species specific. 

Two years after the spill, Guzman et al (1991) found that there was a marked decrease in the 
cover size and diversity of corals at the control reefs previously studied (see Jackson et al, 
1989). Comparing oiled and un-oiled reefs, the number of species and species diversity based 
on colonies showed no significant relation to oiling but a significant effect was detected for 
the total number of corals present. Species specific effects were also noted. Recent injury to 
corals was still being detected two years after the spill. 

Burns & Knap (1989) reported on the uptake of hydrocarbons by reef building corals 
impacted by the Bahia Las Mina oil spill. Significant hydrocarbon uptake was found to have 
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occurred and this was correlated with areas of coral mortality. It was concluded that changes 
in the protein/lipid ratios in the tissues indicted that oiling had affected the lipid biochemistry 
of surviving corals. 

Sublethal effects on the reproduction of the reef coral Siderastrea siderea some 39 months 
after the initial spill were found to include reduction in gonad size. However, the numbers of 
colonies with gonads at any stage of development, numbers of gonads per colony and 
percentage of reproductive colonies was found to be similar for both oiled and un-oiled reefs 
Guzman & Hoist (1993). The occurrence of re-oiling as a result of slicks from beneath the 
refinery and the adjacent mangroves was noted. 

A further summary of the Bahia Las Minas spill impacts is presented in Cubit & Connor 
(1993). In this report a description of an extreme low tide resulting in severe exposures of the 
reef flat which occurred in 1988, two years after the initial spill. This event resulted in a 
microaigal bloom similar to that which occurred immmediateiy following the spill, and a 
similar pattern of death and recovery of both macroalgae and reef fauna. 

After some five years of monitoring, Guzman et a! (1994), reported the effects on injury, 
regeneration and growth in four common species of massive reef-building corals in relation 
to sedimentation and petroleum contamination. Injury levels were found to be higher at oiled 
than un-oiled reefs. This was most evident in the year following the initial spill but persisted 
for most of the five year period of the study, reflecting the persistent nature of the pollution. 
Regeneration was faster at oiled than un-oiled sites. Although growth rates were lower at 
both oiled and un-oiled sites in the three years following the spill, the rates for, the two 
species measured differed, reflecting species specific response. 

3.1.3 Aruba, West Indies 

Bak (1987) studied the effects of long-term (approximately 60) years of chronic pollution of 
a shore fringing coral reef adjacent to an oil refinery on the Caribbean island of Aruba. 
Effects of oil on the relatively uniform coastline and reef were inferred from contemporary 
cover and distribution of coral species in relation to the location of the, refinery and 
prevailing Iongshore currents. It was concluded that unspecified spills and clean-up 
operations over the period of refinery operation had resulted in deterioration in the spatial 
structure of the reef, reduction in coral cover and reduction in juvenile numbers adjacent to 
and down current of the refinery, discernible over a distance of 10-15 km along the reef. 

3.2 	SINGLE IMPACT POLLUTION EVENTS 

3.2.1 "Witwater" Tanker Spill, Panama 

Approximately two months after the wreck of the "Witwater", off the Panamanian coast, 
Ruzier & Sterrer (1970) undertook a qualitative survey of the impacts of the tropical 
communities in the area impacted by oil. They concluded that the coral reefs were the least 
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impacted of the marine communities and that shallow coral patches dominated by the 
species, Poritesfurcata, P. asteroides, Sidastrea radians and Millepora complanata, showed 
no evidence of impact. This was attributed by the authors to the fact that the corals were 
subtidal and did not come into direct contact with the oil. 

3.2.2 The (Arabian) Gulf War 

The 1991 Gulf War imposed a number of stresses on the marine environment of the Arabian 
Gulf. These included multiple oil sources with extended coverage periods, secondary sources 
(fallout from burning oil), physical impacts on reefs (collisions, explosions,) and lowered sea 
temperatures as a result of smoke cloud shading. Estimates of the amount of oil spilt into the 
ocean are 6-8 million barrels (1,000,000,000-1,250,000,000 L) and burnt to form the heavy 
smoke cloud responsible for the heavy shading at the end of the war, 500 million to 1.12 
billion barrels (80,000,000,000-190,000,000,000 L), making it the largest recorded spill in 
history. 

In addition
'

the corals in the Gulf are at the extremes of their temperature range with winter 
water temperatures of 14°C and summer temperatures as high as 40°C (Coles & Fadlallah, 
1991). Periodic exposure of shallow water corals in the Gulf has also been reported to result 
in severe mortalities (Loya, 1976). 

Despite the magnitude of the spills, and the compounding effect of other human induced and 
natural impacts, the coral of the Arabian Gulf have reportedly suffered little impact as a 
result of the Gulf War oil spills. The first post-war study of the effects of the Gulf War oil 
spills on the coral reefs of the Arabian Gulf were conducted by a team of scientists aboard 
the MV Greenpeace in August-October 1991, approximately six months after the end of the 
war (Greenpeace, 1992). In that study, reefs in Bahrain, Saudi Arabia, Kuwait and Iran 
previously investigated, were inspected and video records made. None of the reefs inspected 
showed any sign of oil coverage or bleaching or abnormally high numbers of dead corals. 
Comparing the data with the results of earlier surveys indicated little change in coral cover. 

A survey undertaken by Downing & Roberts (1993), some 18 months after the Gulf War 
concluded that the offshore island reefs had suffered virtually no damage from Gulf War 
pollution, confirming the findings.of previous surveys by Greenpeace (1992) and Fadlallah 
et al (1992). A follow-up post-war survey by the same authors concluded that some changes 
had occurred to the coral reefs offshore Kuwait, but that other than some partial coral 
mortalities the reefs looked healthy. Inshore reefs inspected in Saudia Arabia and Kuwait 
either looked healthy or had been impacted but showed signs of recovery. 

In Downing and Robert's study, two Saudi Arabian areas of shore fringing reef at Abu Ali 
separated by a distance of 2-3 km were examined. The reefs consisted of a narrow band of 
coral and rock of coral origin approximately 20 m and 40 m in width. Both reefs lay 
approximately 50 m offshore. Both areas had been heavily oiled by both the Gulf War spill 
and previous spills. The reefs themselves had been covered by a floating layer of oil for some 
time during the Gulf War spill. The shoreward part of the reefs lay in approximately 1.5 m of 
water and consisted predominantly of eroded reef rock covered in algae. The corals present 
were evidently healthy, with no sign of bleaching or coral disease. In Kuwait, a small, 
inshore platform reef had been partially impacted, however, the corals were said to be 
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recovering. The report concluded that natural variability, resulting largely from causes other 
than the Gulf War, was likely to have effectively masked any supposed impact of the Gulf 
War, the scale of impact being small in comparison to previously recorded events. 

Vogt (1995a) outlined the monitoring procedures and reviewed the findings of the 
Greenpeace voyage and subsequent follow-up surveys in which reefs described prior to the 
war were re-surveyed to assess the impact of the war, and in particular the oil spills. The 
findings of those studies was that there was no impact on the corals from the oil spill. Vogt 
also described a follow-up study designed to detect possible changes in coral cover as a 
consequence of delayed effects. Comparison of live coral cover between June 1992and July 
1993, some two and a half years after the Gulf War, on 10 permanent study sites established 
on Saudi Arabian inshore and offshore coral reefs, indicated that the live coral cover at both 
inshore and offshore sites were in a stable state with very limited change detectable. 

In a follow-up survey of the same sites, conducted three and a half years after the war, Vogt 
(1995) found that live coral cover had increased by 6.9% between the summers of 1992 and 
1994. It was concluded at that time that the Saudi Arabian corals reefs showed no signs of 
any late effects from the Gulf War oil spill. 

LIP 
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4. SYNTHESIS 

A recent, 1994, summary of the effects of oil on corals, presented in the Great Barrier Reef 
and Tones Strait Shipping Study (1994), has noted: 

"Few causal relationships have been established between corals and oil and 
oil/dispersants despite a number of laboratory and "good" field experiments (Guzman 
& Hoist, 1993). While deleterious effects on corals have been measured with oil, 
oil/dispersants and water soluble fractions of oil, the variation in experimental 
concentrations (where measured), exposure times and experimental design ("short"-
term, "long"-term) make difficult the building of a coherent matrix of hard data useful 
for the assessment and prediction of the likely effects of reefal responses to a specific 
oil spill (Keller & Jackson, 1994). 

Generally, effects measured in laboratory experiments have addressed coral mortality, 
physiology and biochemistry of the animal-zooxanthellae symbiosis, reproduction and 
recruitment, and behavioural responses. Results are often conflicting, reflecting 
differences in the use of a number of species, exposure times, oil types, dispersant 
types and concentration, criteria for measurement of effects, treatment apparatus and 
conditions (open and closed containers; static and flow through) and post-treatment 
assessment periods." 

Laboratory experiments have documented a number of lethal and sub-lethal responses of 
corals to oil exposure. Sub-lethal responses include: 

uptake and depuration in mucous (Neff& Anderson, 1981 Knap etal., 1982); 
zooxanthellae expulsion (Birkeland etal., 1976, Neff& Anderson 1981); 
decreased calcium uptake and zooxanthellae production (Neff& Anderson, 1981, Bak et 
al., 1976, Reimer, 1975); 
impaired feeding response (Reimer, 1975, Lewis, 1971); 
impaired polyp retraction (Dhinn, 1972, Cohen, 1977, Neff& Anderson, 1981); 
coenosarc tissue damage (Peters etal., 1981); 
muscleatrophy (Peters eta/., 1981); 
impaired sediment clearance ability (Bak etal., 1976); 
increased mucous production (Mitchell & Chett, 1975); 
gonal tissue damage (Rinkevich & Loya, 1977, Peters etal., 1981); 
premature expulsion of planulae larvae (Loya & Rinkevich, 1979); 
impaired larval settlement (Rinkevich & Loya, 1977); and 
larval death (Rinkevich & Loya, 1977). 

Experimental studies have shown that direct contact with oil is generally not immediately 
fatal to corals but that it may lead to rapid necrosis of contacted tissue (Johannes, 1972), and 
a review of field and laboratory experiments by Connell & Miller (1981) reported in Swan ci 
a! (1994) concluded that oil that is immersed, solubilised and dispersed in water has a much 
greater effect than oil floating at the surface. 
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Translation of these sub-lethal effects measured in the laboratory to field situations has 
generally proven difficult (ASTM, 1995), but studies of oil spills in a number of regions have 
shown a range of coral species to be sensitive to oil, with emergent corals being more 
vulnerable due to the potential for direct contact with the floating oil. Sensitivity to oil has 
been found to vary from species to species with factors such as structural complexity and 
natural mucous production affecting oil response. 

The effects of spilled oil on coral reefs are dependant on both physical and biotic factors, 
including: 

physical contact; 
depth of immersion; 
tidal movement; 
wind generated surface currents; 
weathering of the oil before impact; 
tide level; 
sea state (wind and waves) at the time of impact; 
composition of the oil; 
degree of weathering; and 
coral species present. 

Under field conditions, subtidal corals have been found to be less sensitive to oil, with corals 
at depths greater than 3 in exhibiting no significant differences in cover over time when 
compared to control sites (Jackson, el a!, 1989). As a consequence, cause and effect in 
studies of the effects of oil spills are sometimes not clearly demonstrable. 

One of the most widely studied events, the 1986 Bahia Las Minas storage tank rupture, 
revealed damage to shallow reef flat corals, but long term recovery has been hampered by 
persistent re-oiling as a result of oil leaching from sediments beneath the original leak site 
and from subsequent exposure to oil and from natural events. 

The more recent (1991) Gulf War oil spills have reportedly shown little impact from the 8-
16 million barrels of oil spilt into the ocean at the end of the war. Studies conducted over a 
period of three and a half years after the war showed little short or long-term effect on coral 
cover and growth. 
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