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Abstract 

Accidental spillage of chemicals by the process industries can pose both inunediate and 
long-term threats to the natural environment. Long-term damage from frequent, low
level releases is difficult to predict and may not be evident until the damage is done. 
This thesis reviews techniques for environmental risk evaluation and proposes a 
number of improvements. These improvements include: 
• Definition of an endpoint in the natural environment around which to evaluate risk; 
• Estimation of risk from the cumulative stresses assaulting the endpoint; 
• Using a specially established maximum acceptable concentration for the endpoint, 

rather than using an acute toxicity based on a fractional kill; 
(III Using a probabilistic analysis rather than a deterministic analysis, thus avoiding the 

use of an average or a worst-case scenario; 
• Including a sensitivity and an uncertainty analysis. 

Aspects of the improved environmental risk method are demonstrated in a case study. 
The case study considered in this thesis evaluates the potential long-term effects to an 
important shellfish bed in a harbour near an oil refinery. Modelling is the analytical 
tool used. It is a relatively inexpensive method, compared with ongoing field-sampling 
and laboratory analysis, to identifY specific chemicals, industrial operations, and sites 
which might require further testing and investigation. 

The case study in this thesis focuses on an estimation of the annual volume of 
hydrocarbons spilled at the refinery wharf and also on the estimation of BTEX 
exposure from these spills. A large fraction of automotive petrol is composed of 
BTEX (Benzene, Toluene, Ethylbenzene, and Xylene) and this was selected as the 
contaminant. Benzene is present in concentrations of order 5% w/w and the combined 
mono-aromatics, BTEX, amount to 45% w/w in New Zealand motor fuel (premium 
grade, 96 octane). 

The exposure concentration was estimated from refinery wharf off-loading spills in 
Whangarei Harbour, New Zealand to a nearby shellfish bed, the Mair Bank, at the 
mouth of the tidal estuary. The shellfish bed is not only a fishing resource, but also 
lends stability to the coastline where the petroleum refinery stands. BTEX is a 
significant contaminant to evaluate in regard to shellfish bed health because molluscs 
are generally more sensitive to light fuel or refined oils than crude oils. 

The probable annual volume of all hydrocarbons spilled, as well as the probable 
exposure concentration over one operational year from small-scale, oil-spills were 
estimated from reconstructed historical frequency data and calculations of 
environmental transport. The frequency of harbour spills over 24 years was used from 
Northland Regional Council records. Unfortunately, only those spills estimated to be 
over one cubic meter in size were recorded and spills under one cubic meter were of 
most concern in this study. Therefore, in order to estimate the total number of spills 
per year, including those spills under one cubic meter, additional data were required. 
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Detailed spills data collected over five years from marine terminals were obtained from 
the California State Lands Commission. Using these data, two methods of data 
reconstruction were used. In general, the shape of the Californian spill-size 
distribution was maintained, although a frequency proportionality factor was used 
since spills were more frequent at this refinery wharf. In addition, there were large 
spills at the refinery wharf (4 in 24 years), so the tail of the distribution needed to be 
lengthened and thickened. The result was that the mean spill size at the refinery wharf 
was estimated at 0.166 and 2.55 cubic meters for each of the two reconstruction 
methods. The average number of spills per year in loading and unloading operations 
predicted by these methods were 112 and 98. 

The exposure model combined and integrated the contaminant-transport rate 
processes. The significant rate processes affecting the exposure ofBTEX or aromatic 
fraction of automotive petrol to the shellfish were evaporation, advection-induced 
dispersion, buoyancy-induced dispersion, and spill break-up or entrainment. Other 
transport processes were comparatively minor for the time frame of concern. The 
significant contaminant-transport rate processes were then combined with the 
dynamics of the natural environment to result in an exposure to the shellfish bed as a 
function of time. These dynamics included periodic tidal flow, temperature, and wind 
speed which fluctuated with the time of year. 

The modelled exposures over time were compared with published sub-lethal, sensitive 
life-stage and adult lethal marine toxicity criteria. The exposure concentration range of 
interest in this study was the sub-lethal range which affected reproduction and growth. 
Not only is the exposure concentration important, but also the frequency of exposure 
must be considered when evaluating shellfish health. Bivalves, in general, compared to 
fish and crustacea, have a very low level of activity of enzymes capable of metabolising 
organic contaminants, such as aromatic hydrocarbons and, once exposed, the time 
taken to rid tissue of the contaminant is critical. 

Monte Carlo simulation results of spillage at the refmery wharf showed that depending 
on the spill-size distribution used, the annual volume may range from 15 to 283 cubic 
meters. The lower range of this spillage volume compared well, proportionately, with 
Port Tauranga's published total of annual successful prosecutions for oil spillage. 

Monte Carlo simulation results of Mair BanIc shel1:fish exposure to BTEX for one year 
are available for several scenarios of input spill-size distribution and spill frequency. 
These results indicate sub-lethal exposures greater than 10 ppm BTEX at average 
intervals of 9 to 27 days and average exposure concentrations of 5000 to 19,500 ppb, 
respectively. This exposure frequency may not provide enough time between 
exposures for the shellfish to adequately recover. While a few excursions exceed the 
adult lethal toxic level, it is difficult to make fatality predictions for tidal creatures 
which have the ability to close up for long periods of time. What is of concern is that 
the exposures are closer together than the ability of the creatures to eliminate the 
toxins from their tissues. 

The output of the Monte Carlo simulation was sensitive to the input probability 
distributions, as well as the number of transfer events in a year, and the evaporation 
rate. Small spills under 1 cubic meter were almost as damaging to the shellfish in terms 
of sublethal exposure as the large ones, 20 to 70 cubic meters. Because the 
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evaporation rate was significant in this analysis of mono-aromatic compounds, the 
volatile aromatics in the smaller spills (less than about 0.060 cubic meters) would often 
evaporate completely, depending on the spill size and the time it took for the slick to 
get to the shellfish bed. Therefore, the greater the proportion of spills under 0.100 
cubic meters, the smaller the exposure and the exposure frequency. 

Because extensive chemical analyses or biological monitoring can be so expensive and 
because a natural community may appear healthy even when it is sick, the proposed 
methodology is a comparatively inexpensive way to check the need for further analysis. 
The results of this analysis are the first step to determine the long-term risk to a non
human population. The next step is to refine population and growth models to include 
the effect of sub-lethal contaminants. Given the presently available distribution of 
spillage size and frequency, damage to the long-term health and population of this 
shellfish bed is possible. Further, more detailed analysis and monitoring are 
recommended. 



Chapter 1.0 Introducti 

Release of chemical contaminants to the environment can cause long-term problems 
which often do not show up until it is too late to remedy them. This is especially the 
case with high-frequency, small-scale chemical spills. How do we decide when a 
frequent release of a chemical contaminant is too frequent? And how do we identify 
these problems before they become so large that it is either very expensive to mitigate 
or that it is impossible to do so? This study examines high-frequency releases, which 
are usually not studied because the risk of each event is perceived to be too small. 

Epidemiology has approached this problem by examining sick populations and 
correlating exposure to assumed causes. But sometimes the statistics of the situation 
are so complex that a problem is not shown when one actually exists. Furthermore, 
damage has to be evident before an analysis can begin. There is a need to complement 
this approach with predictive methods. In the case of chemical releases, these methods 
include determining into what environmental compartments the chemicals will partition 
and at what rates. From this information, the uptake by organisms of concern may be 
estimated and then compared to known toxicity profiles. Tracing the fate of a released 
chemical contaminant into the environment may give insight into safety of the chemical 
to the environment and its communities. 

Several countries including the USA, the UK, the Netherlands, Australia, and New 
Zealand are presently attempting to regulate hazardous activities using risk assessment. 
These analyses have focused primarily on human health. This probably reflects 
society's views that ecological degradation is a less serious problem because it is often 
subtle, long-term and cumulative. Assessments of risks to non-human biota have not 
and often still are not taken as seriously as they might. Such impacts may cause 
nuisance, but can inflict commercial losses when, for example, coastal shellfish beds are 
contaminated from poorly sited sewage or eflluent outfalls. Furthermore, natural 
ecosystems like forests, estuaries, and oceans are extraordinarily valuable because they 
contain economically valuable natural resources that feed, clothe and house the human 
race. Although natural ecosystems and the linkages among them are not completely 
understood, there is no doubt that over time the quality of human life declines as the 
quality of natural ecosystems decline. 

1.1 NATURE AND SCOPE OF THE PROJECT 

This project discusses a methodology or approach to analysis of risk to our natural 
environment from chemical contaminants. A case study is then used to demonstrate 
the methodology using state-of-the-art modelling tools. Appropriate field monitoring 
is suggested to confirm tissue levels or ecological effects. 

A risk assessment methodology is discussed which might be used to estimate long-term 
environmental problems before they become evident. It would identify specific 
chemicals and sites which might require further testing and investigation. Such 
modelling is a relatively inexpensive method compared with ongoing field sampling and 
laboratory analysis. The modelling of spill frequency, emissions and chemical 
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contaminant transport are subject to data and model availability. Most of this 
information is generally available. The most uncertain aspect of the analysis is 
comparison of expected exposure concentrations with sublethal toxic levels in wildlife 
or marine life because there is a need for more study in this area. 

The case study chosen was a situation where the effects of accidental release of 
chemical contaminants were limited to impact on a natural marine community. Choice 
of a toxic chemical for the case study was one that was ubiquitous in the environment 
because of its relatively high concentration in automobile petrol (by world standards -
5% w/w benzene and 45% w/w mono-aromatics). The Mair Bank shellfish bed was 
chosen as the environmental goal around which to assess environmental impact. This 
shellfish bed is close to the tanker loading and unloading wharf at N.Z. Refinery in 
Whangarei. To simplifY the work, calculations of pure component environmental 
transport were selected. However, because published toxicity studies define exposure 
in mixtures (as the organism sees it), BTEXwas chosen as the contaminant. 

This work represents a preliminary scoping study to demonstrate the feasibility ofthe 
approach. Normally this kind of analysis would involve a multi-disciplinary team with 
expertise from chemical engineers, civil engineers (for the estuarine flow), operations 
research for the structure of the decision analysis, and a statistician to analyse and scale 
the frequency data as well as a marine ecologist and toxicologist to confirm toxicity 
expo sure scenarios of concern and to check in the field for evidence of tissue damage. 
Sociologists or market research skills are often used to determine stakeholders' values 
in order to define the endpoint and to determine management plans. 

DEFINITIONS 

Environmental risk in this paper refers to risk to the total environment in which 
humans live, both urban and natural. This includes the air, the water, and materials to 
which we are exposed or which are ingested. The environment includes both human 
and non-human communities. The study of risk to communities in the natural world is 
called ecological risk and this is often considered as a sub-set of environmental risk. It 
includes natural non-human communities such as forest ecosystems and coastal marine 
habitats. These habitats may benefit humans in various ways but are not composed of 
humans. While this paper is concerned specifically with ecological risk, we prefer to 
use the more general term of environmental risk. 

In order to assess risk to a natural community, Suter (1990) recommends defining an 
environmental endpoint or goal for evaluating risk to an area. The endpoint should be 
biologically and socially relevant, be accessible to estimation and measurement, and be 
susceptible to the hazard being assessed. 

The meanings of the terms of risk analysis and risk assessment are different in 
AustralialNew Zealand from what they are in North America. Terminology in this 
thesis is consistant with the AustralianlNew Zealand Standard for Risk management, 
ASINZS 4360, (1995). Risk analysis refers to the part of the overall process that 
involves calculations. Risk assessment refers to the phase after the calculations where 
the level of risk found during the analysis process is compared with previously 
established risk criteria. Risk management refers to the overall process which includes 

2 
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establishing the context, risk identification, risk analysis, risk assessment, and risk 
treatment. In North American terminology, the so-called risk management process 
would be composed of the risk assessment, and risk treatment phases. 

3 



Chapter 2.0 Literature eview: 
Environmental Risk Management 
as a Tool for 

The environmental risk analysis process in its ideal form is an unbiased approach for 
assessing the magnitude and probability of harm to the environment as a consequence 
of a given action. This information can then be combined with other societal values in 
the management of such risks. The result of this process of formalised decision
making is to provide a better understanding ofthe uncertainty in a given action and to 
reduce the likelihood that analyses are biased to fit desired decisions. 

2.1 TWO TYPES OF PROBLEMS ADDRESSED BY ENVIRONMENTAL 
RISK MANAGEMENT 

Risk management has recently become a popular method to use for environmental 
decision-making as society has become more and more concerned about the 
consequences of its actions on our environment. Before discussing how the method 
fits into our evolving societal approach to environmental problem solving, including its 
uses and abuses, it is important to discuss two general ways environmental risk 
management has been used. In order to critique the different paradigms of 
environmental decision-making one must be careful to specifY the job to be 
accomplished. 

Beer and Ziolkowski (1995) consider that environmental risk management is used in 
strategic and tactical ways. Strategic uses involve determining policy to deal with 
environmental priorities or resource use. This includes regulation of corporate and 
societal activities such as setting environmental priorities, or allocating resources. An 
example of this might be the evaluation of consequences of corporate activities and 
determination of worse-case scenarios so that priorities may be set for industrial 
performance. Questions such as: "Will New Zealand allow nuclear energy to be 
generated in the country?" or "How will certain hazardous wastes be handled?" would 
be examined. A government might do a strategic risk analysis to formulate its 
environmental policy and budget allocation in a similar way to the priorities developed 
in the relative risk reduction project for the US EPA, described in Harwell, et al. 
(1992). Industry does its own strategic analyses to develop its specific risk 
management priorities. Using risk management as a tool to address these types of 
problems has a number of inherent weaknesses. For example, using the degree of 
hazard to rank environmental priorities leaves out the benefits. In addition, some 
hazards are difficult to compare, such as global climate change and species depletion. 
Strategic risk is not addressed in this study. 

Tactical risk involves setting policy which will appropriately control the risk to people 
or the environment from planned or existing development. An example might be that 
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risk would be determined from the possibility of an specific industrial accident or 
exposure to specific chemicals. Risk management is one way to develop policy to deal 
with these needs. The risk management discussed in this thesis is of the tactical 
variety. 

2.2 WORLD VIEWS OF ENVlRONMENTAL MANAGEMENT 

Environmental risk management is one of many approaches used in environmental 
decision-making. Based on the fact that the government in New Zealand has 
developed a management policy, (from the Environmental Risk Management 
Authority), environmental risk management appears to be gaining popularity and social 
acceptance, (The Hazardous Substances and New Organisms Act, 1996). 

Humans have had many approaches to management of their environment. In the recent 
past, societal approaches to protection of our natural environment (or the lack thereof) 
may have started with the Industrial Revolution view of progress. Environmental 
impact assessment was a major philosophical and legislative step for change, followed 
by environmental risk management which is a method for the present. Environmental 
benefits assessment is perhaps the next step in society's evolving environmental 
conscience, and then finally ecological alternative assessment could be the most 
environmentally sound approach to decision-making. 

2.2.1 Environmental Impact Assessment 

During the decade of the 1970's legislation was passed in many developed countries 
which required a period of analysis of possible environmental effects before a 
development project was approved. In New Zealand, the National Development Act 
(1979) was passed. This act required that an Environmental Impact Assessment (EIA) 
report be written for all major projects with significant environmental effects, 
(Williams, 1980). The reports were to include the immediate impacts of a proposal, 
such as: the aesthetic, cultural, social, and environmental impacts. However, due to 
limited knowledge of the environment, complexities in the cause-affect chains, and 
long response times, this information was often incomplete, uncertain, and difficult to 
handle. This created a need for more effective decision support. 

2.2.2 Environmental Risk Management 

Risk management grew out of a perception that more information was needed about 
the hazards caused by a proposed development. Therefore, the framework of a 
decision-making and statistical science was used to evaluate hazards. It utilised 
probability, statistics, and logical analysis of decisions, see Keeney and Raiffa, (1976), 
and Whyte and Burton, (1980). 

Sudden, potential hazards to employees and the populace surrounding a chemical plant 
were well publicised by such incidents as Flixborough, Bhopal, and Seveso. The 
chemical process industry evaluated the causes of these accidents and other potential 
accidents using reliability analysis, similar to that developed and used in the nuclear 
power industry and the US Space Program, (Lees, 1996). In contrast, long-term 
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hazards to chemical workers from exposure to low-level concentrations of chemicals in 
the workplace, for example, asbestos and benzene, were also well publicised. Kletz 
(1989) compared chronic but fatal workplace exposures and fatal acute accident rates 
in order to decide if the reduction of acute or the reduction of chronic risks should 
have priority. He found that the allocation of [U.K.] society's resources between the 
two types of hazard were reasonably close and that the risks in many [U.K] industries 
between the two types of hazard were within an order of magnitude of each other. 
Both of these types of human hazard have been addressed in the workplace in New 
Zealand in the Health and Safety in Employment Act (1992). 

Process risk is generally thought to be composed of the elements of likelihood and 
consequence. Insured risk from a process fIre or explosion is assessed based on 
estimated damage (consequence in dollars) and often priority or dollar amount is 
placed on decreasing the frequency of the consequence based on the expense of 
replacement. Whenever human health or even human nuisance is involved, the 
decision becomes more value-laden because it is difficult to place a worth on human 
health. However, general agreement is more quickly reached when human life is at 
risk, than when the risk is to non-human communities. 

Environmental risk analysis grew out of the practice of human health risk analysis in 
the United States, (Patton, 1995). Environmental and ecological risk are different 
from process risk in several ways, but determination of the consequence and further, 
the context of the consequence (as discussed in Elms, 1992, and as set out in the 
AustralianIN ew Zealand Standard on Risk Management, ASINZS 4360: 1995) is 
paramount in both cases. Ecological risk is even more value-laden than a human health 
issue. This is not onlybecause of the differing context given to the natural 
environment by differing segments of society, but also because risk to an 
environmental endpoint is often difficult to assess due to the complexity of describing a 
living community and determining a measure of harm. 

Risk management, (then, it was referred to as risk assessment), was conceived as an 
objective decision-making process, but it suffers from subjective values at several 
points in the structural process. Selection of the evaluation endpoint (be it human 
death or an endangered species), assumptions embedded in the analysis and the fInal 
weighing of values are examples. The method compares hazards to determine the least 
hazardous, or it compares the risk to a null point of no-effect. However, it can be 
difficult to compare risks with widely different time scales and spatial dimensions, for 
example: hazards of global warming with those of ozone depletion, and with those of 
species extinction. Ecological health, and welfare risks can be manifested in a number 
of different endpoints. Because of data gaps and methodological inadequacies, it is 
rarely feasible to quantifY total risk and reduce it to a single quantitative parameter. 
For example, it is difficult to know the extent of damage to various life forms that an 
oil spill might cause. 

While risk analysis may be a useful tool to evaluate relatively simple risks (such as 
health risks from toxic substances in a particular exposure scenario) and to compare 
them with alternative risks if different human actions were taken (eg., replacement of 
particular chemicals or industrial processes and technology), it may be dangerous to 
apply it to more complex phenomena in order to derive defInitive risk ranking or risk 
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management plans. Choices related to ecological risk are generally perceived by 
society as involving a trade-off between environmental quality and economic well
being. 

2.2.3 Ecological Benefits Assessment 

Ecological benefits assessment has its roots in economics and cost-benefit analysis, 
while environmental risk management has its roots in human health risk assessment 
having to do with toxicity, (principe 1995). Therefore, at best, the perspective that 
each takes is different as are the problems that each tries to address. The benefits
based paradigm is grounded in decision theory and uses an economic concept as its 
metric rather than a toxicological concept. The reason for this is that presently, 
economic considerations playa major role in shaping public policy. Therefore, this 
process uses science to put scientific knowledge in economic terms which are directly 
useable by policy analysts and economists. 

In order to compare benefits in an assessment, some valuation process must be used. 
The method may compare the monetary benefits of preservation or enhancement to the 
monetary benefits of development or action. However, quantifying the monetary value 
of many ecological benefits is difficult because no direct measures of their value exist. 
Constanza et al. (1997) propose use of a combination of property values, eco-tourism 
and recreational uses of nature, artificial alternatives of nutrient recycling, to name a 
few, as estimates, of environmental value. Criticism of such a proposal is easy, 
especially since the indirect techniques used for valuation are unacceptable in many 
policy-making settings. In spite of many criticisms, this may be an important first step 
in this controversial area. 

Principe (1995) and Peet (1992) propose the valuation dilemma be addressed by 
considering ecological resource/service flows, which are ecological benefits in physical 
rather than monetary units. By assessing the whole range of resource/ service flows 
and the changes to each that would result from different management/control 
alternatives, analysts would be able to provide policy-makers a much better basis for 

. their decisions and the resulting assessment would characterise changes in ecological 
features that are more familiar to both policy-mal(ers and the public. 

According to Principe (1995), in this type of analysis, scientists characterise potential 
ecological changes in terms of ecological goods and services denominated in physical, 
not monetary terms. It is important to include all possible benefits in the analysis, not 
just the ones that can be easily monetarised. The goods and services are described in 
physical terms if they can not be put in monetary terms. For example, Principe (1995) 
cites four kinds of benefits of a forest: 
1. Market benefits such as lumber and other forest produce, 
2. Non-market use benefits such as recreational use, including hunting, 
3. Non-market, non-use benefits such as existence value, cultural value, and 

intergenerational equity values, 
4. Neglected benefits such as pollution sequestration, climate modification, non

human habitat, biodiversity and protection of interests elsewhere such as soil 
conservation. 
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While it is difficult to quantifY all these benefits, it is therefore, difficult for the benefits 
analysis (at the present stage of development) to come to quantitative conclusions. 
For example, it would be difficult to recommend what is the optimal number of trees to 
leave standing to sequester pollution, or to what extent selective felling degrades the 
landscape. It important to keep in mind the impact of these knowledge gaps, 
especially where calculations of benefits may be uncertain and dependent on various 
underlying assumptions. 

2.2.4 Ecological Alternatives Assessment 

The central tenant of this method, as discussed by O'Brien (1995) is that 
environmentally responsible behaviour must be promulgated at every possible 
opportunity. Instead of considering what activities can be carried out without 
degrading the earth too much (so-called sustainable development), this approach tries 
to consider what can be done to care for the earth. This involves establishing technical 
and social alternative options before assessment of ecological benefits and hazards. It 
further includes the examination of short and long-term ecological benefits of all 
alternatives and the potential damage caused by these. Finally the method holds that 
the selection of any but the least damaging proj ect is unethical. 

Risk assessment is different from this paradigm in that risk assessment looks at the 
expected harm from developments and estimates the maximum assault that an 
environmental system can take before some pre-defined degradation occurs. Within 
the risk management framework, a decision might be expected where some risk of 
environmental degradation is accepted in return for certain perceived social benefits. 
Social expectations for low cost and convenience may favour developments, which in 
the long term may cause significant environmental harm. Ecological alternatives 
assessment requires different community values and expectations than that which are 
presently considered the norm. Furthermore, this paradigm, requires a thorough 
understanding of the complexities of cause and effect in real environmental systems 
which are constantly in chaotic flux. We do not yet have this level of understanding of 
environmental systems. Perhaps as our understanding of these systems (of cause and 
environmental effect) advances, so too will our environmental conscience, or our need 
to balance human needs with those of our natural world. 

While ecological alternatives assessment is seen as a policy paradigm to strive for, at 
our present level of scientific understanding and social evolution, it would encounter 
many difficulties in its use. 

2.2.5 Common Fault in Each View 

The basic issue that the aforementioned paradigms of environmental analysis have in 
common is that ecological change is only assessed from a human perspective, not from 
a wider environmental view. Given our lack of understanding of ecological ebbs and 
flows, enhancing humanly perceived ecological benefits may be ultimately just as bad 
as not doing anything. An example of this might be the introduction of possum to 
New Zealand for a fur industry. The major constraint with all paradigms of policy 
analysis is that in the end they are all human judgement decisions. 
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2.3 THE RISK MANAGEMENT PROCESS 

In the AustralianlNew Zealand Standard ASINZS 4360 (1995), risk management is 
seen as part of the overall evaluation of risks, from identification to treatment. 
Comparatively, US authorities often separate risk analysis and risk management into 
two separate though entwined activities. The AustralianlNew Zealand Standard 
(ASINZS 4360: 1995), when addressing the overall process, referred to as risk 
management, breaks the process down into a five part life-cycle with a monitor and 
review recycle loop: 
1. Establish the context, 
2. Identify risks, 
3. Analyse risks, 
4. Assess and prioritize risks and 
5. Treat risks, then monitor and review. 

The Standard further suggests that the process be carried out by a multi-disciplinary 
team which may be audited, independently. The main elements of the risk management 
process are described in the Standard. The first step is establishing the context and this 
is an important phase to consider. It is comparable to defining the ground rules of an 
engineering project. Further, it establishes the criteria against which the risk will be 
assessed, as well as defining the structure of the analysis. It is important to note that 
this step includes establishing the strategic context as well as the organisational 
context. The strategic context includes identifying and establishing communication 
policies with the stakeholders but does not appear to want to involve them in the 
process. This may leave out important concerns. 

The second step is the risk identification. The Standard appropriately suggests that a 
comprehensive and systematic process be used, which includes all risks, whether or not 
they are under control of the organisation. This step seems to include definitions for 
most aspects of the risk management process and seems to include most tools and 
techniques available to an analyst, but again, seems to ignore consultation or 
involveme~t with the stakeholders. Fairbrother et al. (1995) considered the risk 
identification phase to be an important value-laden step in which the involvement of 
stakeholders was critical. 

The third step is the risk analysis and it is this step on which this thesis is focussed. 
The Standard specifies that the third step include an analysis of the likelihood and 
consequences of the risk. It suggests a variety oflevels of complexity might be 
appropriate, depending, of course on the degree of refinement desired and the 
infOlTIlation and data available. Specifically included are qualitative analysis, semi
quantitative analysis, and quantitative analysis. Sensitivity analysis is deemed to be 
appropriate if the estimate gets to the stage of a quantitative analysis, however, 
uncertainty analysis, a separate but equally important analysis of calculations and 
assumptions is not mentioned. It is also surprising that some sort of check, similar to a 
sensitivity analysis, is not suggested for the qualitative or semi-qualitative analyses. 
These tools can be equally prone to bias from inappropriate assumptions. 

The fourth step is the risk assessment and this is a part of the decision-making process. 
It involves comparing the level of risk found from the analysis with a previously 
established risk criteria and deciding whether risks can be accepted. This process 
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includes priortising a list of risks for further action, and importantly, assessing the 
objectives of the project and the extent of opportunity which could result from taking 
the risk. The decision at this point is also supposed to consider the tolerability of the 
risks born by parties other than the organisation which benefits from it. However, 
there appears to be no discussion ofthe inherent uncertainty in every risk assessment 
and how the base assumptions in the risk ranking logic should be set out. For example, 
should the logic require proof of safety or proof of harm? Finally, the prioritised list is 
grouped into risks that are low and acceptable and risks which should be pushed into 
the fifth step called treatment. It is important to highlight that the Standard notes that 
the risks categorised as low or acceptable should be reviewed periodically to see if they 
remain acceptable. 

The fifth step is the risk treatment which includes identifYing the range of options for 
treating risk, evaluating the options, preparing risk treatment plans and implementing 
them. Finally, the standard concludes that the process must be monitored and 
reviewed. While it is important to acknowledge that the acceptability of risks and their 
treatments changes over time, it is also important to realise that this step may be 
overlooked as funding rarely allows review, unless substantial media attention is given 
to an area. 

In contrast, the U.S. National Research Council's (1983) risk report, when addressing 
human health risk, has broken the process down into a three-part life-cycle: 
1. Research and development 
2. Risk analysis 
3. Risk management (referred to in this thesis as risk assessment and treatment). 
Research and development is to involve preliminary discipline-based work in analyses 
of toxicity studies, monitoring studies, epidemiology, and genetic studies (ie., the 
background work to provide information). Risk analysis, the second phase is 
described as a multi-disciplinary analytic process in which data from relevant studies is 
brought together to describe the likelihood of risk to identified populations. And the 
third phase, risk management (risk assessment and treatment) is the product ofthe risk 
analysis in combination with analyses on technical feasibility, costs, benefits, social 
perceptions, and social consequences of different management options. 

The U.S. National Research Council (1983) risk report describes in some detail how 
the risk analysis and the risk management (assessment and treatment) steps should be 
interlocking but different processes, which at best, should be carried out by separate 
teams of analysts. Both steps utilise different kinds of information and serve different 
functions in the overall process. Risk analysis is based on information from the 
laboratory and field sciences while the risk management (assessment and treatment) 
process uses the risk analysis along with the information from other disciplines, 
economics, sociology, engineering, and politics, to reach decisions on priorities, the 
need for management or other action, and where appropriate, the form of the 
regulation. The National Research Council report further cautions that, though the 
processes are independent, they should also be well communicated. The uncertainty 
estimated in the risk analysis is especially important to communicate to the decision-

'maker. This is the reason the activities are considered to be interlocking. A risk 
analysis needs to be done before a risk management (assessment and treatment) can be 
completed and while they are interlocking they are also separate. 



Chapter 2 Literature Review page 2-8 

It is important to consider the ethos behind the organisation promulgating the risk 
assessment. In the US system where checks and balances are perceived as being an 
important part of transparency and democratic decision-making, it is important to 
separate the management (assessment and treatment) and analysis tasks so that a 
decision does not risk being slanted to justifY a management action. However, in the 
words of Beer and Ziolkowski (1995), the organisation may, therefore, become one of 
technicians and negotiators. Whereas, if the organisation sees its role as one of 
management and policy analysis, then it may not be appropriate to insist on a clear 
separation between the activities. In this case the organisation may risk elevating its 
role to that of elite decision-makers, who will protect society from the risks that they 
deem appropriate. 

The important steps to be considered in this thesis are establishing the context, 
identifYing the risk and most significantly for this thesis, analysing the risks. Although 
Patton (1995) suggests po1icy~makers be aware ofthe importance of the role of 
considerations other than science-based risk decision-making in the overall process of 
evaluating ecological risk, this thesis will concern itself primarily with the risk analysis. 

2.3.1 Risl{ Analysis 

The risk analysis is the qualitative or quantitative evaluation of the risk management 
process. Within this process, the U.S. National Research Council (1983) has described 
four different analyses: 
1. Hazard identification, 
2. Dose-response analysis, 
3. Exposure analysis, and 
4. Risk characterisation. 
These steps are comparable to those discussed in the AustralianlNew Zealand Standard 
AS/NZS 4360 (1995), as well as being consistent to the directives in the European 
Community, see European Council Directives (1982 and 1985), and Mullins et al. 
(1998). Hazard identification, according to the U. S. National Research Council 
(1983), relies on laboratory studies or epidemiological studies to describe the kind of 
effects expected from exposure to a contaminant. This relates to the toxicity 
information necessary in this study. Dose-response analysis relies on studies of 
hazards to describe a known degree of toxicity at lower levels of exposure. This 
aspect is comparable to a human health risk assessment. Exposure assessment 
estimates the expected exposure to humans or the environmental endpoint, under 
environmental conditions. This is an important area where engineering is useful. Risk 
characterisation summarises and synthesises information from each analysis to describe 
the expected human or environmental risk. 

The framework for ecological risk management, in the US, draws on the groundwork 
laid for human health risk management and the experience with it. The framework also 
is being based on expertise of ecologists, eco-toxicologists, and other participants in 
the process. Materials have been developed in the form of issue papers and case 
studies to use in developing the guidelines, (U.S. Environmental Protection Agency, 
US EPA, 1993 and 1994). Similar issues papers for Australia and New Zealand would 
be desirable. 
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2.3.2 Risk Assessment and Treatment 

The risk assessment and treatment process is not addressed in this thesis. Briefly, the 
risk assessment and treatment activity is well described by the AustralianIN ew Zealand 
Standard ASINZS 4360 (1995), as one which involves assessing and priortising the 
risks, treatment or regulation, and periodic review, sometimes in the form of auditing 
to assure that the risk is being treated. It may involve a trade-off in budgeting 
allocations, understanding the analysis and its uncertainties, and using this information 
along with public perceptions, a political and institutional framework, and budgetary 
constraints to retain, treat, or disallow a risk. 

There are two extremes of approaches to ranking and priortising risks on the spectrum 
of risk aversion. These approaches differ mainly in the way they take into account the 
inherent uncertainty of the risk. The approach seems to depend on the country, the 
type of risk, and the institutional framework involved. For example, a chemical 
substance which is classified as a drug in New Zealand goes through a risk averse 
process to be approved. It must be proved that it not only is effective in what it is 
supposed to do, but also prove that it is safe to the patient, (guilty until proven 
innocent). In contrast, a chemical which is a pesticide or a process aid must prove its 
efficiency to do its stated job and show that it does not have "substantial adverse 
environmental effects, or be materially prejudicial to the health or safety of human 
beings, livestock, or protected wildlife", (Williams, 1980). In this case, it is necessary 
to show that it causes no significant health problems when it is used, but the individual 
or society must show there is a problem, (innocent until proven guilty). With the 
upcoming publication of the New Zealand Environmental Risk Management 
Authority's hazardous substance risk assessment guidelines, this may change, (ERMA 
1998). The methodology promises to adopt an approach of risk aversion which is 
consistent with society's revealed tolerance or aversion to risks associated with 
different circumstances and categories of hazardous substance or organism. However, 
numerous hazardous substances remain in the system to be reviewed if and when their 
priority arises. 

It is here that public distrust has arisen in the risk assessment process. Some abuses of 
risk analysis can be traced to communications failures and by the inappropriate 
interpretation of the results of analysis for management ends: confusing science and 
extrapolation of science. 

2.4 COMPARISON OF ECOLOGICAL RISK WITH HUMAN HEALTH 
RISK 

Suter (1993) pointed out some major differences between ecological and human health 
risk. Firstly, human health and ecological risk have qualitatively different endpoints. 
Human risks seem more straight-forward to compare on the basis of enhanced 
mortality over background rates. On the other hand, ecological risks are more a 
function of severity which may include the percent of a population that dies, becomes 
sick or fails to reproduce, the area over which the effects occur, and the duration of the 
effects. Yet there is no weighting factor or other function to determine what percent 
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reduction in fecundity of ground-feeding birds is equivalent to a 10 hectare loss of 
podocarp forest or to a one in a million human cancer risk. 

Secondly, the uncertainty in ecological risk analyses is usually far less than that in 
human ones because of the way the risk is calculated, (Suter, 1993). For example, 
most ecological risks involve a more direct measure of stress to an organism than to 
humans. Instead of using modelled contaminant exposure levels (as is often done for 
humans), most ecological risks are based on measured organism body burdens, toxicity 
tests of soils, and biological surveys. When modelled contaminant exposures are 
estimated, extrapolation oflethality is between similar species as opposed to animal 
studies done for humans. 

In addition, the number of activities, (U.S. National Research Council, 1983) in the 
risk analysis increases from three to four when risk to the environment is analysed as 
opposed to human health. See section 2.3 for more information on this. The first 
activity is a subjective one of defining the environmental endpoint or goal around 
which the management process will proceed. Fairbrother et al. (1995) and the New 
Zealand Ministry for the Environment (1994) suggest that it is imperative to involve 
the stakeholders in the decision of how to focus the analysis. It should specifY what 
aspect of the environment, or endpoint, the risk analysis evaluates. For example, will it 
focus on ecological diversity, the ecology of a community at risk, species population, 
endocrine disruption, or some combination? The second activity becomes the research 
to be developed around the selected endpoint, then the risk analysis and finally the so
called risk management (risk assessment and treatment) phase, as described in section 
2.3. 

2.5 SAFE GUARDING HUMAN RISK SAME AS SAFE GUARDING 
ENVIRONMENTAL ........ u ....... 

Hegner (1994) evaluated 50 substances using a US oral human health toxicity value 
(or drinking water standard) and an ecological criterion published in an ambient water 
quality criteria document. He found that about half the time the health-based reference 
value was lower than the ecological value and protective of aquatic life. That means 
that the other half of the time it was not protective of aquatic life. Suter (1993) 
similarly concluded that human health risk assessments were not universally protective 
because nonhuman organisms, popUlations, and ecosystems may be more sensitive than 
humans for the following reasons: 
1. Exposures to chemical contaminants may be greater to nonhumans because some 

routes of nonhuman exposure are not credible for humans such as animals orally 
cleaning their pelts, fish respiring water, animals drinking from waste sumps. 
Chemicals are likely to be more toxic to some species than to humans simply 
because some have inherent metabolic or reproductive processes which make them 
more susceptible than humans. Eggshell thinning by DDT or imposition of male 
sex in snails by tributyl tin are two examples, (Suter, 1993). 

3. Nonhuman organisms may be exposed more intensely to chemicals, even when the 
routes of exposure are similar. Humans eat a varied diet which may include fish 
from a number of sources, but heron or sea lions eat fish from within a similar 
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location for almost every meal and eat the whole fish, not just the relatively 
uncontaminated muscle. 

4. Biocides are designed to kill pests. They are released to the environment at levels 
that are designed to be lethal to nonhumans. Nontarget organisms that are 
physiologically and ecologically similar to the pest are inevitably affected. 

Therefore because human health risk assessments cannot be expected to protect the 
natural world, and assuming that we value the natural world, it is appropriate to 
determine how to protect it. 

2.6 ENVIRONMENTAL RISK PERCEPTION 

Subjectivity enters the environmental risk management process in the selection and 
characterisation of the risks as well as the analysis, in the assessment and in the 
treatment phases. Subjectivity enters an environmental risk analysis in the selection of 
the endpoint and definition of the problem, as well as in the assumptions which are 
made to frame the contaminant transport model. It also enters the risk management 
and decision making aspects as a value. Subjectivity in an analysis can be addressed in 
several fashions. A democratic society may try to settle sensitive subjective issues by a 
majority vote or in a public forum, whereas in a society ruled autocratically, the 
decision would be made by the ruler or a designated appointee. In order to design a 
management process which will make decisions which are acceptable to a democratic 
society, it is important to understand some of society's values in this regard. 

McDaniels et al.(1995) found five factors which seemed to characterise judgement of 
the magnitude of ecological risk. These were: impact on species, human benefits, 
impact on humans, availability, and knowledge of impacts. Interestingly, they found 
that natural hazards rated relatively low on the hierarchy of perceived risks to nature 
despite the immense damage they are capable of causing. This parallels the benign 
view of nature as a contributor to human health risk found by Kraus et al. (1992). 
Also similar to human health risk, they found that when there was a large perceived 
human benefit, the perception of risk to nature was small. 

Opposite from human health risk was the avoidability factor. Whether an ecological 
risk was avoidable did not seem to matter in the perception of ecological risk. The 
authors interpreted this difference between human health and environmental risk such 
that environmental risks were viewed as less amenable to risk management efforts than 
were human health risks because they may be attributable, at a global scale, to billions 
of individual decisions. 

In conclusion, McDaniels et al. (1995) cite several uses for this research. The use 
which was of most concern to this study was that of "providing a starting point for 
development of objective hierarchies that characterise the interests of various groups in 
public decision contexts", While this was overdue, ground-breaking work, the only 
criticism of this work lies in the attempt to analyse and find commonality in the wildly 
different views and values which society places on its natural environment. Another 
approach which would have additional value would be that of the market researcher. 
The market researcher might have attempted to find appropriate questions to facilitate 
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segmenting the population polled, by their environmental preference. Table 2.1 
suggests at least two hypothetical groups (group A and B) which have diametrically 
opposite values for environmental health compared with human health. These two 
societal groups would have very different risk concerns. 

TABLE 2.1 Example of Environmental Values for Two Hypothetical 
Societal Groups, A and B, by Using a Weighting Factor Based on the 
V I flO B' E 'I 0 H L'r, a neo . emg ;qUlva ent to ne uman 1 e . 
Environmental Endpoint Weighting factor for group N 

Group A GroupB 

Human death 1.0 1.0 i 
! Human sickness 0.1 0.5 
Endangered animal death 0.01 1.0 
Fishing resource tainted 0.05 1.0 
Endangered plant community lost 0.01 0.01 
Amenity loss for users 0.001 0.001 
Spoilage of a pristine environment 0.001 10.0 

• Spoilage of area with cultural 0.001 10.0 
significance 
Table after Zach and Keey (1995) 

2.7 METHODS OF ENVIRONMENTAL .L'-'LU'JL .... MANAGEMENT FOR 

TACTICAL PROBLEM SOLVING 

1. Matrix-ranking methods such as those used in Environmental Impact Reports, 
generally rely on deterministic methods. They evolved because of the demand for full 
disclosure of effects of projects and include checldists, matrices of activities (such as 
the Leopold matrix, in Holling (1978), for example), and other devices for identifying, 
organising and displaying the numerous effects of a complex project. While these 
assessments have largely relied on deterministic methods, the quantification of 
uncertainty through the use of risk models would be a useful development. 

2. A toxicity analysis is a comparison of a toxic threshold to an estimated (or 
measured) exposure. It is the most commonly used method for analysing the effects of 
a chemical in the natural environment. The comparison involves making a judgement 
as to whether the proposed release is safe, hazardous, or not sufficiently characterised 
for a conclusion to be reached. It does not use probabilistic methods and does not 
attempt to predict the nature or magnitude of effects or compare different chemicals or 
releases. Suter (1993) believed the method relies heavily on expert judgement, and is 
not appropriate should the assessor not have the power to defer a decision and demand 
more data. 

3. Epidemiology is a method used in retrospective risk analysis. It is an attempt to 
determine the cause, magnitude, and extent of effects measured in the field. Ecological 
epidemiology is similar to human epidemiology in that it is the study of causes of death 
and health defects but with ecological epidemiology, while pathological conditions are 
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studied, the endpoints of interest include changes in the relative abundance of 
organisms, decomposition rates, or similar measures that are not inherently 
pathological. Suter (1993) argues that the most common flaw in these studies is the 
assumption that measured differences between environments inhabited by populations 
are the cause of differences in the frequency of disease. Correlation does not prove 
causation. For example, some popUlation declines happen periodically in nature and 
are not the result of human causes. 

4. Qualitative ranking is generally a descriptive analysis made by expert judgement. It 
might be a scoring system or perhaps be similar to the Rosebank Peninsula Study 
(Wood & Tweeddale, 1990) or the Possum Control Plan (New Zealand, Department 
of Conservation, 1994). This method can be insightful into the structure of 
environmental impact and be very thorough at a lesser cost than a similar fully 
quantitative study. However, Brown and Wood (1990) note: "Where risks can be 
quantified, they can be compared with established criteria or standards". A negative 
aspect of this method is that it is easy to combine risk analysis and risk assessment and 
treatment into the same step and as such more easily incorporate the expert's bias into 
the analysis. Nevertheless, Gardenier and Keey (1992) note that the consensus from 
risk practitioners at a workshop on natural and industrial hazards was that, "The 
distinction between qualitative and quantitative risk analysis is largely academic. In 
practice, all risk analyses start qualitatively, with quantitative input where possible and 
significant. Where data are available, quantitative methods merely sharpen qualitative 
judgements." 

5. ProbabilisticlFault~tree methods and consequence analysis are used in the insurance 
industry and for safety studies such as in the nuclear power and chemical processing 
industries, Lees (1996)s. Such methods are concerned with the estimation of 
probabilities and magnitudes of undesired events such as human morbidity, mortality or 
property loss. The quantitative methods used by the New South Wales Department of 
Planning (1989) provide an example of some of these methods, although an uncertainty 
analysis is important in the insurance industry. 

This approach also includes a variety of quantitative and qualitative techniques from 
engineering, toxicology, epidemiology, sociology, and economics. It is distinguished 
by the core concept of estimating "the objectified uncertainty regarding the occurrence 
of an undesired event" (Willett, 1901, quoted in Rowe (1977)). 

2.8 PAST ENVIRONMENTAL RISK ASSESSMENT STUDIES IN NEW 
ZEALAND 

2.S.1 Western Reclamation Area Risk Assessment Study, Aucldand 

The Western Reclamation Area Risk Assessment Study, Aucldand, (by the New South 
Wales Department of Planning, 1989), was a thorough, quantitative study of an 
intensive industrial and flammable/toxic chemical storage wharf area. The Study 
employed quantitative risk analysis techniques for land~use planning and looked at 
hazards from the area as a whole, including interactions between facilities. The report 
addresses hazards of a rare, sudden nature, having a large impact. In addition to a 
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thorough quantitative analysis, the report also had an extensive qualitative safety 
analysis of all facilities. This included the recommendation that most facilities develop 
mitigation and contingency plans. 

However, the study had some defects. While it is noted that two separate quantitative 
methods were used for comparison and verification purposes, neither this comparison, 
nor the results of any other method to estimate uncertainty were reported. Instead, the 
authors affirm that conservative data and conservative engineering estimation methods 
were used to assure the validity of the conclusion rather than discuss and rank the 
uncertainties openly. 

Another limitation was that hazard consequences were measured and subsequently 
compared using estimated human fatalities from explosions and other incidents. Using 
only human fatalities as a measure of the consequence of an incident made it difficult to 
prioritize other risks to property and the natural environment. In addition, human 
death is a measure of severe consequence which the UK Health and Safety Executive 
(1989a and 1989b) suggests be replaced with a measure ofthe serious harm to a 
sensitive population. Furthermore, the chronic toxicity to the marine environment 
from air and water emissions or from small, frequent spills appears to be beyond the 
scope of the study. Finally, such a detailed quantitative analysis is expensive. This led 
to the development of so-called "short-cut" methods. 

2.8.2 The Rosebank Peninsula Risk Assessment Study 

Wood and Tweeddale (1990), in The Rosebank: Peninsula Risk Assessment Study, 
devised a qualitative risk ranking analysis and assessment based on expert judgement 
to evaluate hazards from industries on this peninsula in Auckland. 

The study evaluated risk to three endpoints separately: people, property, and the 
environment. This was done rather than evaluating risk in terms of human fatality. 
This thesis is concerned with risk to the living environment, therefore, attention will 
focus only in that area of the study. Firstly, only the risk from the Rosebank: Peninsula 
to the environment was analysed, instead of analysing the additional risk posed by the 
industry on the Peninsula to the risk already present in the harbour. 

Additionally, neither this analysis nor the earlier Western Reclamation Study specify 
exactly what in the environment it is important to protect; that is, what are the 
environmental endpoints around which the environmental risk analysis is done. Suter 
(1990) has provided guidelines which recommend establishing a clearly defined 
environmental goal or endpoint for evaluating risk to an area. (The endpoint should be 
biologically and socially relevant, be accessible to estimation and measurement and be 
susceptible to the hazard being assessed.) The Rosebank: Study compares estimated 
exposure to the LC50 (lethal concentration for 50% of population) and to the TLm 
(the Median Tolerance limit, which is the concentration at which 50% ofthe test 
population will show abnormal behaviour, including death after a specified period), for 
specific aquatic and marine species. These guidelines address sudden death of an 
organism and are not considered protective of a marine population or community. 
These guidelines may not be appropriate depending on the endpoint of choice. Even if 
a study is concerned with an already environmentally damaged area in a city, it is still 
important to specify environmental qualities desirable of protection. 
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2.8.3 N adonal Possum Control Plan 

The New Zealand Department of Conservation (1994) National Possum Control Plan 
describes measures to protect native plants, animals, and ecosystems from damaging 
effects of the introduced Australian Brushtail Possum (Trichosurus vulpecula). It also 
provides criteria for identifying and ranking the country's native natural communities in 
terms of ranking by the value of highest conservation priority and for giving the best 
return for the invested resources. The environmental endpoint assessed is the 
population of endangered native plants or animals. This plan is noteworthy in that it 
lays out this information, explicitly to show the decision process and recommendation. 
It is a qualitative ranking/scoring system made by expert judgement. 

The Possum Control Plan does not include damaging effects of other vectors (like 
goats) to the same endangered populations. However government funding is made on 
the basis of a single pest, so that money allocated may not be used to save the same 
endangered plants or animals from other vectors. 

In approach, the policy is similar to other plans used by natural resource managers in 
that consequences of harvesting and other uses must be estimated for the environment 
of concern. These plans are concerned with site-specific and region-specific issues. 
Often large amounts of data are available and statistical and probabilistic methods are 
becoming increasingly popular to analyse the risk (see Buongiorno and Gilless, 1987). 

2.8.4 Risb: Assessment and Analysis of Oil Pollution on the Seas of New Zealand 

New Zealand Ministry of Transport, Maritime Transport Division, (1992) 
commissioned Woodward-Clyde (NZ) Ltd to evaluate the risks to the ports and the 
coastline of New Zealand in order to gauge the following: 
411 The response capability that might reasonably be required in the various ports, 
• The level of risk in given locations, and 
• The proportions of risk which specific oils contribute to the overall risk. 
This risk study was a semi-qualitative evaluation of the oil spill risks in and around the 
15 ports in New Zealand. A large amount of information on oil types, spill 
probabilities, volumes handled, and ship movements were brought together in this 
comprehensive study. For each port or section of coastline, hazards were identified, 
and an index based on the sensitivity ofthe coastline was assigned. The risk index was 
the product of the maximum credible spill, the spill probability, and the consequence. 
The consequence was the product of the sensitivity index and the oil-type ranking. 

Oil spills were divided into three size categories: 
1. catastrophic, 
2. significant/credible, 
3. minor/operational 
Castastrophic spills would be spills that are so large, say over 1500 tonne, that 
international assistance would be required. It was assumed that the stockpiling of the 
equipment needed to respond to such an event would be cost prohibitive for New 
Zealand. Recommendations were made that arrangements should be put in place to 
ensure appropriate international assistance. The report did include the risk from such 
catastrophic spills in its risk analysis, in fact the use of the maximum credible spill 
scenario could be construed by some to bias the results toward a worst-case scenario. 
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However, the analysis did not include the minor or small operational spills which were 
reported to occur regularly in ports in and around New Zealand. Therefore, this report 
was concerned with risk from catastrophic and significant spills and was concerned 
with equipment to deal only with significant spills. 

The recommended oil spill response capability required for ports and sections of 
coastline was estimated on the basis of international experience with oil spill 
containment and recovery. The following information was needed to determine the 
appropriate capability for each location: estimated maximum credible oil spills, oil 
types, physical characteristics of ports and coastal sections, and resource value of ports 
and coastal sections. The recommended response capabilities included the appropriate 
mix of boom, skimmer, and dispersant technologies for each port. 

Port and coastal sensitivity was assessed using a combination of resource value and the 
likely persistence of the oil after it reached the shore. The port resource value included 
the ecological and recreational significance, for example, areas of mangroves, 
saltmarsh, and shellfish bed, wildlife area, recreational value for such things as 
swimming and boating, and commerical value including marine farming. The physical 
characteristics ofthe port influenced both the persistence of an oil spill, as well as the 
presentation of hazards to navigation. The persistence of oil to the port or coastline 
had to do with the energy the coastline was subjected to. Therefore, a rocky coastline 
which receives high wave impact would be considered well washed and given a low 
persistence and the opposite would also be true. In addition, the navigational hazards 
in a port were considered which included. both the hazards presented to vessel 
navigation by physical conditions of the port or coastline, as well as the prevailing 
weather conditions and wave activity. 

The estimated total risk index for each port was estimated based on the maximum 
credible spill, spill probabiHty, and consequence and then each port was ranked in order 
of increasing total risk index. Northland Harbour had the highest risk index followed 
by Taranaki, Auckland, and Tauranga. Northland Harbour receives a number of bulk 
crude tanl{ers with large capacity. In the analysis, the bulk carrier oil tankers made the 
greatest contribution to the risk of an oil spill, because of the magnitude of the 
maximum credible spill quantity in the calculation. In spite of this, the port ranlcing 
seemed to be about right, perhaps because those harbours which receive the large 
tanl{ers are the busiest as well. In addition, the product tankers also made a significant 
contribution to the risk of an oil spill because of the frequency of port visits and 
transfers as well as the maximum credible spill. The highest risk at the busy ports such 
as Northland resulted from both crude carriers and product tankers. 

Crude oil was ranked highest of the oils for its fouling toxicity, with the heavier fuel 
oils close behind. The sensitivity scale used in the analysis did not consider the cellular 
toxicity to marine organisms in the oil-type ranking, so therefore, by definition, the 
light oils which contained high amounts of the toxic mono-aromatics were judged to 
have a low risk ranking. 

The recommendation that a standard inspection procedure be rigidly enforced for 
vessels at every port of call was a good preventative suggestion. It was also wise to 
suggest that a national oil spill response strategy be finalised and that oil spill 
contingency plans should be prepared at the regional and national levels. The present 
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requirement that each port has a local pilot on board any tanker entering a harbour is 
an wise preventative measure. 

Although the size of the study necessitated broad assumptions, the conclusions seemed 
to be generally acceptable and to make sense even without the large volume of data 
provided. The study was a scoping-type of risk evaluation so that uncertainty and 
sensitivity analyses were not included. The estimation of coastal sensitivity was 
appropriate, although did not appear to factor into the results in a significant way. The 
actual calculation of risks using spill probability was skewed using a worst-case 
analysis. Also, because of the definition of risk to a coastline or sensitive environment, 
the specific oils which contributed most to the overall risk were those of a heavy and 
tarry nature such as crude oil and the heavy fuel oils. 

2.9 PROVIDING EXPLICIT DECISION-MAKING CRITERIA TO 
ENVIRONMENTAL RISK 

No standard scale of ecological risks exists. In human health risk assessment, 
estimated exposure concentrations of a chemical are compared to established reference 
value concentrations for long time and short time exposure periods. An individual's 
vulnerability to a pathogenic condition, over and above the background rate for that 
disease, is estimated as a probability from a dose-response curve for a specific 
chemical. For human health in the United States, these risks have been categorised and 
termed, (See Whipple, 1987): 

• De minimus, 
e Intermediate, and 
• De manifestis risks. 
Common regulatory practice defines these terms such that de minimus risk 
corresponds to a human excess cancer risk of less than or equal to 10.6, or a hazard 
quotient less than one for any individual contaminant. Intermediate risk corresponds to 
10.4 to 10.6 and de manifestis risk corresponds to that risk greater than 10.4 or a hazard 
quotient greater than or equal to one. Furthermore, the hazard quotient is defmed as 

(2.1) 
ExposureConcentration 

TQ == TRY 

In equation 2.1, TQ is the toxicity quotient or hazard quotient, and TRY is the human 
threshold toxicity value or reference dose at which some hazardous threshold is 
exceeded such that toxic effects start to happen at a specified risk level (of for eg 10-6

), 

over the background. Most carcinogenic compounds are conservatively assumed not 
to have a threshold dose, so that mechanistically, any exposure will cause a small 
increase in the possibility of initiating a cancer. This is why the risk categories are 
defined both in hazard quotient and fractional incidence over the background rate. 

Reference values have been controversial for humans and non-human popUlations or 
communities. A threshold might be considered the lowest possible dose at which an 
effect on an individual of the most sensitive species in a community could be observed. 
The US Chronic National Ambient Water Quality Criteria for Protection of Aquatic 
Life (NA WQC) are based on thresholds for statistically significant effects on individual 
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responses of fish and aquatic invertebrates. Those thresholds correspond on average 
to approximately 25% reductions in the parameters offish chronic tests, Because of 
the compounding of individual responses across life stages, the chronic NA WQC 
would appear to correspond to much more than 20% effects on a continuously
exposed population of sensitive fish species, (Barnthouse et al. 1990), 

One type of environmental decision-making criterion uses the toxicity analysis 
discussed in section 2,7, number 2, and similar to equation 2.1, above, The method 
uses a toxicity reference value and compares the measured values to it. Although this 
is one way to provide explicit decision-making criteria, having one reference value per 
chemical for comparison purposes could be considered overly prescriptive and may not 
address the differences between sites, An example of an analysis which uses this type 
of criterion is that ofHattemer-Frey et al. (1995). The calculated toxicity quotient 
based on water quality measurements for an aquatic site was such that the fish should 
have been dead from dissolved metal poisoning, Although the site was an old 
contaminated mining area and there were numerous heavy metals in significant 
concentrations, there was only one metal which exceeded the toxicity quotient. As 
might be expected, there was little ecological diversity, but there was one species of 
fish there which was actually healthy. The authors in this study, surmised that non
tolerant fish had died out years before. 

Issues that arose concerning whether to remediate the contaminated site given the 
method of toxicity analysis used were the following: 
• Why should zinc levels (the metal which exceeds the Toxicity Quotient) be reduced 

if the fish that live there are healthy? 
" Should zinc levels be the only metal species reduced since it is the only one which 

exceeds the TRV? 
" If only zinc levels are reduced will the expected aquatic diversity for the area 

return? 
A more appropriate question might be, "What is the value of the site and is it 
reasonable to restore?" On the other hand, these difficult questions may not be 
resolved without prescriptive criteria. The questions might be more easily answered if 
the site was pristine and a proposal was being made for development which would 
release these levels of metals. In conclusion, there seem to be no quick solutions, but 
if the method of toxicity quotients is used, careful and reasonable judgement must be 
exercised. 

Another interesting approach for providing decision-making criteria for environmental 
risk was that proposed by Suter et al. (1995). They suggested that ecological risks at 
a site being reviewed for remediation efforts were a function of severity of the 
ecological risk, the area over which the effects occurred, and the duration ofthe 
effects. Therefore, De manifestis ecological risks were defined as those risks that 
required remediation unless that remediation conflicted with human health risk. This 
included such examples as risk to threatened or.endang~red species, or risk to entire 
wetlands that have a high level of protection, or ecological components that have 
extraordinary local value. De minimus risks were not normally thought to require 
remediation because they were thought to be too trivial. Examples of this would 
include loss of a gravel bar community (which is naturally destroyed and reformed by 
each major storm), or an increased mutation rate in a local population of a high 
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fecundityllow life-span species(for which the effects of selective removal of mutation
bearing individuals is lost in the high natural mortality). 

The proposed bounds discussed for the efforts started with "20% reduction in 
ecological parameters" to form the de minimus boundary. This bound was proposed 
by Suter et al. (1995) but perhaps there are other ways to bound these risk categories. 
A 20% reduction in population or area, of the environmental endpoint is difficult to 
contemplate, but of even more concern is that 20% is difficult to measure in the natural 
environment with any statistical certainty. 

2.10 LEGALFRAMEWORK 

In New Zealand, the Environmental Protection and Enhancement Procedures (1973) 
and later the National Development Act (1979) legislated that Environmental Impact 
Reports (EIR.) be written for all projects of a "major work" and provided for a 
streamlined consent process, (see Williams, 1980). The "Procedures" prompted the 
first environmental risk analyses in New Zealand. The Act obliged the developer to 
give full disclosure of the human, physical, or biological effects rather than a 
quantitative, probabilistic analysis of incidents. The purpose of the EIR was to assume 
that by following the procedures of public disclosure and review by the Commissioner 
for the Environment, agencies would be fully aware of the impact of their decisions 
when they made them. 

Presently, the New Zealand Government is attempting to formulate public policy to 
protect the environment through the use of risk-based decision-making. Because all 
environmental problems cannot be dealt with at once, risk management becomes an 
important tool to set priorities. The Resource Management Act (1991) as well as the 
Hazardous Substances and New Organisms Act (1996) and the statutory body set up 
under it, The Environmental Risk Management Authority (ERMA), New Zealand 
Ministry for the Environment (1996) are designed to do this. In addition, the public 
discussion document, Environment 2010 Strategy, New Zealand Ministry for the 
Environment (1994), recommends that an explicit and systematic risk evaluation 
process be used which would attempt to involve the community so that its values in the 
risk- management process may be taken into account in an explicit manner. A 
community's values may require protection of the natural environment, which may be 
composed of such aspects as cultural, aesthetics and food sources. 

The European Commission directives which came into force in the 1980's, see 
European Council Directives (1982 & 1985), similarly specified analysis of proposed 
installations and public disclosure of effects on the local environment including 
physical, cultural, social, and biological. Furthermore they specified emergency 
procedures be put into place to protect human life. The latest proposal, however, 
which is scheduled to come into force in the UK in 1999, the Seveso II Directive, is 
more far reaching than any directives in the past, see Mullins et al. (1998). A new 
category of ecotoxicity will be introduced to cover substances harmful to the 
environment though not necessarily directly hazardous to humans. Furthermore, the 
legislation puts the same emphasis on environmental issues as it does on those related 
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to health and safety. However, the directives do not require a risk analysis for 
activities of concern. 

While ecological risk management is generally covered qualitatively in Environmental 
Impact Reports, many lack the rigour adapted in failure analysis of engineered systems 
or in insurance claims. The New Zealand Ministry for the Environment has no formal 
guidance on how an ecological risk management should be done, nor does the 
European Commission even have such a complete formal guidance. The US EPA has 
written some broad documentation, US EPA (1992, 1993 and 1994), addressing the 
framework of such a risk assessment which is similar in its approach to the US human 
health risk assessment, but even this lacks important specifics. 

2.11 ASPECTS MISSING FROM PREVIOUS EVALUATIONS OF RISK 
ANALYSES 

From the general range of risk methods, case studies, and criteria reviewed above, a 
number of important aspects have been generally neglected. The following points have 
been selected to be of central importance to an environmental risk methodology, in 
addition to general criteria already discussed in the Risk Standard, ASINZS 4360 
(1995): 
II The environmental risk should be evaluated by using a predetermined 

environmental endpoint, as defined by Suter (1990), and selected by stakeholders, 
(as discussed in Fairbrother et al. 1995). 

• The methodology should estimate risk to the environment from the cumulative 
contaminant stresses that are assaulting the environmental endpoint, not just the 
incremental hazard from one facility. 

Iii> The technique should assess the environmental endpoint in question by comparing 
exposure concentrations against a "maximum acceptable toxicant concentration" 
established specifically for that endpoint, rather than a comparison to acute toxicity 
values based on a fractional kill. 

Iii> A probabilistic environmental analysis using a variety of probable conditions is 
desired over a deterministic one which estimates the average or the worst case 
scenario. 

• An uncertainty analysis should be included in the quantitative evaluation. 

This thesis will discuss these aspects further and then attempt to demonstrate their use 
in a case study. 



Chapter 3.0 Propose 
Methodology 

Risk 

This chapter characterises a proposed methodology for one aspect of environmental 
risk analysis. The methodology utilises quantitative techniques for high frequency, 
low-impact accidents which pose a risk to a natural environmental popUlation. 

A methodology for ecological risk analysis should be simple and flexible in order to 
accommodate the diverse and complex analyses that are required to describe ecological 
risk. Such a methodology should specify expected elements in an ecological risk 
evaluation, such as problem formulation (including the analysis endpoint, stressor, and 
characterisation of ecological effects), conceptual model development, risk 
characterisation, and uncertainty analysis. While these concepts are not new, use and 
practice have not been uniform within the larger community of risk assessors in New 
Zealand and the world. 

In this chapter, present environmental regulatory practice is first discussed as well as 
the purpose for environmental risk evaluation. A general method for analysis of risk to 
the environment is then discussed. It is not intended to propose only one framework 
for conducting all risk analyses. On the contrary, environmental risk methodology 
must be tailored to meet the needs of a specific problem. What is proposed is an 
approach that should be considered as one particular option for one aspect of 
quantitative-probabilistic environmental risk analysis. 

3.1 CHARACTERISE AND EVALUATE QUANTITATIVE 
ENVIRONMENTAL TECHNIQUES NOW USE 

Within the range of environmental risk presently addressed, there have been two main 
areas of scientific and regulatory control: 
1. Point source emissions, such as industrial eftluent , and non-point source emissions 

such as agricultural run-off; 
2. Single rare, destructive accidents; 
In addition, there is a third area which has been largely ignored, that of frequent small 
releases. 

3.1.1 Point and Non-point Source Emissions 

Firstly, point source and non-point source emissions of contaminants have been 
categorised as one type of threat to humans and their environment. Public health 
professionals and ecologists are concerned about the risk of adverse health impacts 
(human and ecological) from exposures to poor quality air, surface water, drinking 
water, and contaminated food. Because New Zealanders value their environment, 
there is also interest in preserving the rivers, beaches, and forests. Emissions such as 
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sewerage, industrial waste water, or agricultural run off may spoil the aquatic 
environment for food gathering or enjoyment of natural communities. There has also 
been concern over degradation of air quality from industrial and home-heating 
chimneys and car exhaust. And finally, leaking underground storage tanks, buried 
waste, and surface run-off and seepage may lead to contamination of underground 
aquifers used for public drinking water. 

The US EPA and the Center for Exposure Assessment Modelling (CEAM) have 
written numerous models and computer programs for estimation of ambient exposures 
for regulatory control which are used all over the world, Ambrose and Barnwell 
(1989). Examples of these programs are ISCST3 (Industrial Source Complex, Short 
Term, version 3, an air pollution model), and WASP4 (Water Quality Analysis 
Simulation Program). These models are primarily used to determine the dispersion of 
a contaminant through air, water, or soil, so that an exposure concentration can be 
estimated and compared to known toxicity criteria. Given health safety factors, 
regulatory action, to a varying extent, may be taken. These models have been 
experimentally verified and have been used successfully in practice by local US 
regulatory agencies. In addition, leaks and fugitive emissions, usually continuous, from 
chemical manufacturing have been modelled, estimated, and monitored to assess the 
impact on ambient conditions for human and nonhuman communities, (see Barathy, 
1996, and Ambrose and Barnwell, 1989). These models use the assumption of 
continuous emissions or single event releases to determine an averaged ambient 
concentration. These models normally make conservative assumptions in order to be 
more protective rather than less. 

3.1.2 Single Rare, Destructive Accidents 

Human and ecological risk is also analysed from single, rare, large, destructive 
accidents. The LPG installations in New Zealand met with public concern over the 
possibility of a fire-induced explosion. In addition, toxic vapour clouds such as Seveso 
and Bhopal are reminders of how devastating accidental releases can be. Industrial 
loss prevention as well as the societal reaction to major events provide the motivation 
to avoid such incidents. Large oil spills kill bird life, foul beaches, and can damage a 
fishing resource for a long time after the accident, (see Feder and Blanchford, 1998, 
and also Johnston, 1977). Regulations exist in New Zealand in the form of 
Occupational Safety and Health Standards, not only to attempt to prevent these large 
accidents from occurring but also to prevent small accidents from causing a large one, 
(Health and Safety in Employment Act, 1992). The Health and Safety Executive in the 
UK is a good example of a national agency whose function it is to regulate in order to 
prevent large accidents, (UK HSE, 1989a and 1989b and Cassidy 1998a and 1998b). 

Mitigation by physical and procedural means is another approach to prevention of 
large accidents. After release of a hazardous substance environmental dispersion is 
particularly important to predict. Emergency teams may need to evacuate people or 
take other appropriate evasive action to neutralise dangerous affects to human or 
ecological populations. Databases and models have been devised to estimate chemical 
hazards from fires and from spills, (see WHAZAN-II®, by DNV Technica, 1993), and 
to estimate transport and effects from oil and chemical spills in rivers, and the sea. 
CHRIS (Chemical Hazards Response Information System) is used by the US Coast 
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Guard and discussed by Leigh (1980), and Parnarouskis et al. (1980). It is an example 
of an extensive database and model for chemical spills in coastal areas and inland 
navigable waters. In addition, it has been used to provide quantitative estimates of the 
risks of chemical shipments for specific chemicals through waterway environments. 

In such situations, the analysis determines what are presumed to be llworst cases". The 
objective of these models is to assess the threat and scale of hazard posed by release so 
that subsequent mitigative actions can be organised quickly. Okrent (1980) 
commented in his 1979 testimony to the Subcommittee on Science Research and 
Technology of the US House of Representatives, "In view of their statistically smaller 
contribution to societal risk, major accidents may be receiving proportionately too 
much emphasis compared to other sources of risk, such as chemical residues, 
pollutants and wastes". This was 19 years ago when proportionately more resources 
were committed to high profile possibilities of disaster. Unfortunately, worst-case 
analyses can lead to poor decision-making when scant public or private resources are 
used to prevent rare, severe threats which might affect many people, rarely, rather than 
common, severe threats which may only affect a few at a time. 

3.1.3 Frequent, Small Releases 

Finally, small, frequent accidents are often overlooked. Little, if any work has been 
done to estimate the impacts of frequent, unpredictable, small spills. There is little 
motivating public outrage. Small, hazardous chemical releases are often avoided by 
regulators because they are considered to be too hard to monitor accurately, too 
difficult to control, too time-consuming to predict the consequences, and impossible to 
enforce. These spills or accidents, each by themselves, cause negligible harm. But at 
what frequency might they pose a cumulative hazard? Frequent, small accidents have 
usually not been studied in risk analysis except as precursor events to the larger, more 
damaging accidents; see Datta and Oliver (1992), Bier and Mosleh (1990), and Bird 
and Germain (1985). 

When studying the possible environmental effects of these spills, the exposure may be 
predicted from the transport and properties models in such programs as that by Yap a, 
et al.(1991) or WASP4 (see Ambrose and Barnwell, 1989). However, the frequency 
of exposure may be critical and has not been evaluated. 

This study examines the long-term risk of frequent accidents. It sets out to determine 
the frequency at which a small problem might become as damaging as a large, rare one 
in the long term. The comparison will be made in terms of risk to an environmental 
endpoint from frequent spills ofa chemical contaminant. 

3.2 PURPOSE FOR EVALUATION OF ENVIRONMENTAL RISK 

3.2.1 Why Study Risk to an Environmental Endpoint and Not Rish: to Human 
Health? 

Risk to an environmental endpoint is a different issue compared to risk to human 
health. Risk assessments in the past have emphasised risks to human health and have 
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largely ignored ecological effects. Workers have focused on human health for several 
reasons. Firstly, we have a human-centred culture, where humans are considered more 
important than other life around them. Secondly, in society's view, ecological 
degradation is probably seen as a less serious problem because it is often subtle, long
term, and cumulative; it is "the price of progress". Finally, it is often thought that by 
protecting human health, nonhuman organisms were automatically protected. In fact, 
nonhuman organisms, populations, or ecosystems may be more sensitive than humans 
for a number of different reasons mentioned in the Literature review. 

3.2.2 Why Then Should Risk to Nonhuman Organisms be Analysed? 

One of the most common arguments for studying the affects of contaminants on 
natural biotic communities has been that they acted as an early warning system for 
affects on humans. This argument is based on an analogy with the canary used by coal 
miners to warn of asphyxiating atmospheres. This is still valid. An example is the 
hormone disrupting effects associated with bioaccumulation of organochlorine 
chemicals in fish which has led some observers to suggest that humans are likely to be 
experiencing similar, though less severe effects (Colborn and Clement, 1992). 

The World Health Organisation has recently revised its guidelines for water quality 
management. These guidelines state that action must be taken to protect the quality of 
freshwater resources and this entails protection of ecosystems which exist to purify 
water naturally, (Schwela 1998). In order to have drinking water which is safe from 
microbial and chemical contamination, it is imperative to protect the entire freshwater 
water ecosystem. Reliance on the clean up of the water prior to drinking it, is 
expensive and unsustainable in the long-run. Human health risk is usually the first 
concern of society but after initial progress is made in cleaning up effiuent, the wider 
picture becomes more important. That is, that there can be no real improvement in 
human health without similar improvement in the environment in which humans live. 

Another reason that ecological risk to the health of nonhuman organisms should be 
minimised is that they provide valued services to humans. Ecological communities 
have different functions and these functions, although they are only now beginning to 
be valued by humans, provide services, (Constanza, et al. 1997). The shellfish 
population on the Mair Bank at the mouth of the Whangarei Estuary, for example, in 
addition to being a food source to the local people is also thought to help stabilise the 
sandy spit on which N.Z. Refinery is built, (Miller, 1980). Over the long term, 
ecological degradation either directly or indirectly degrades human health as well as 
the economy, (Leopold, 1947). For example, as the extent and quality of saltwater 
estuaries decline, both human health and local economies can suffer (US EPA, 1990). 
As soils erode, forests, farmlands, and waterways can become less productive (US 
EPA, 1990). And while the loss of species may not be noticed immediately, over time 
the decline in genetic diversity has implications for the future health of the human race 
(US EPA, 1990). Human beings are part of an interconnected and interdependent 
global ecosystem, and past experience has shown that change in one part of the system 
often affects other parts in unexpected ways (US EPA, 1990). Global efforts to 
evaluate relative environmental risks should recognise the vital links between human 
life and natural ecosystems (US EPA, 1990) .. Up to this point, they have not. Finally, 
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some may argue that the natural environment has its own intrinsic worth which should 
be protected on that basis (US EPA, 1990) . 

. 3.3 PROPOSED RISK ANALYSIS METHODOLOGY 

3.3.1 Problem Formulation 

Selection of the problem 

Since the problem and goal around which to perform the risk analysis (or endpoint) is 
critical to the results, it is important to spend time and resources in its selection. 
Values playa major role in selection of the evaluation goal so it is important to involve 
stakeholders as well as technical experts in the selection decision. Stakeholders should 
playa major role in identif)ting the problem as well as selecting the assessment 
endpoint, stressors, and characterising ecological effects. This is considered preferable 
to inserting the values of the analyst into the evaluation by defining the hazard. This is 
furthermore consistent with the recommendations for community involvement in New 
Zealand's public discussion document, Environment 2010, Ministry for the 
Environment, (1994). These selection processes, however, were not adopted in this 
work because the thesis is focussed on developing an analytical methodology rather 
than evaluating the selection criteria for environmental problems and goals. 

Problem scope 

Community perceptions and values also playa major role in identifYing and selecting 
the problem and the scope. The stakeholders in the situation should be informed and 
have a voice in characterising the problem. Methods for such community discussions 
and consensus making were discussed by Fairbrother, et al. (1995). Stakeholders 
should be involved in defining the system at risk, defining which changes are 
considered adverse, and defining the level of change that constitutes an effect. 
Methods were discussed by Fairbrother et al. to direct discussions of ecological values 
and risk determination in a constructive manner. Tools available for directing 
discussion and achieving consensus, among others, include: the Delphi Method 
(Linstone and Turoff, 1975) and the Vital Issues Process (Glicken and Engi, 1992). 

The Delphi Method uses iterative solicitations of inputs from an anonymous group of 
"experts" to move toward consensus. The Vital Issues Process uses a pair~wise 
comparison mechanism for capturing the individual choices of a group of known 
stakeholders. These decisions are then reduced to a series of orderly comparisons 
between pairs of alternatives where the alternatives are defined by the participants. If 
polarity occurs on a high-priority item, extra effort is devoted to understand the 
differences and to work toward a common understanding. In addition to assisting 
social consensus making, these methods also provide an explicit trail of how consensus 
was reached. The US Forest Service used some of these methods in public forums 

. whose purpose was to determine policy for changing land~use practices on forested 
federal lands inview of the endangered spotted owl in the Pacific Northwest ofthe 
United States, Fairbrother, et aI.(1995) . 
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3.3.2 Selection of Endpoint 

The selection of the endpoint is important because it defines the type of analysis to be 
performed, the problem to be solved. It defines a representation of what in the natural 
environment is of value to the community and so must be selected by the community. 
Preliminary points forthe formulation and focus of analysis are to identify the 
ecosystem of interest (aquatic or terrestrial, marine or freshwater, arid or grassland). 
Then the level of biological organisation is identified (molecular or cellular, organism 
or population or community or ecosystem). Thirdly, the stressors or vectors of 
concern are elucidated (chemical or non-chemical) and sources for each stressor 
identified. 

Technical expertise is important for analysis aspects. The environmental chemistry of 
each specific situation must be investigated, (see Schwarzenbach, et al. 1993 for a 
general text). Ideally, each contaminant should be evaluated giving due regard to the 
fact that synergisms exist that enhance or block toxic effects. These synergisms can 
exist between chemical contaminants or between the contaminant and a natural 
condition of the environment. For example, a dissolved metal ion from an 
electroplater's effluent might damage an aquatic ecosystem only when pH levels are 
low. Other contaminants emitted may combine to result in high pH levels so that there 
is no damage to the aquatic ecosystem from the metal ion. Similarly, the natural pH of 
the ecosystem might be highly buffered which would also result in no immediate 
damage. 

Endpoints for risk assessment in humans are usually directed towards the protection of 
the individual. But in ecological risk assessment, organisms in the environment are 
part of the food web and are expendable, either consuming or being consumed. 
However much some may argue that the environment we live in has its own intrinsic 
value and should be protected, only in the case of protection of rare or endangered 
species are individuals in the environment given the same protection as that given to 
humans. Therefore, Solomon (1996) argues that ecological risk assessment is usually 
aimed at protection of the function of a population, community, or ecosystem. 

Suter (1990), similarly defines an assessment endpoint as a formal expression ofthe 
environmental values to be protected. The process of defining this endpoint involves 
identifying the valued attributes of the environment which are considered to be at risk 
and defining these attributes in operational terms. Suter (1993) further identifies five 
criteria that any endpoint for ecological risk assessment should satisfy: 
• Societal relevance, 
.. Biological relevance, 
• Unambiguous operational definition, 
III Accessibility to prediction and measurement, and 
• Susceptibility to the hazardous agent. 

Societal relevance is important because assessments of organisms which are of little 
interest to the public (like zooplankton or mites) are unlikely to influence decisions. 
To be effective, connections must be made between intermediate factors for endpoints 
such as zooplankton and spawning gravels and the valued endpoint of sport fish; or 
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between wetlands and valued endpoints such as fisheries, waterfowl and flood 
mitigation. 

However, a socially relevant endpoint may not be a biologically relevant one. Suter 
(1993) gave the example of African elephants and peregrine falcons which are both 
socially relevant endpoints. However, the decline of the African elephant populations 
drastically affected savannah ecosystems, while the extinction of peregrine falcons had 
no apparent affect on ecosystem properties. He concluded that endpoints which have a 
biological as well as societal significance should have a high priority. Those aspects 
which consider values are a subjective step and as such should be completed at the 
stakeholder level. 

In choosing an endpoint protective of an ecosystem, Solomon argued that high 
community diversity is protective in itself. In fact nonhuman populations, 
communities and ecosystems are less sensitive than their most sensitive member. For 
example, Tillman (1996) and Tillman, et al. (1996) showed that North American 
prairie plant communities have a community function that is less easily disrupted when 
bio-diversity is high. Similarly, freshwater streams have natural changes in flow which 
increase the diversity and stability of aquatic life, Death and Winterbourne (1994). 
Therefore, in ecological risk assessment, some affects on the organism and population 
can he tolerated provided that these affects are restricted so that a whole community is 
not adversely affected. These complex factors must be taken into account when 
selecting measurement endpoints for use in risk assessment. Therefore, measurement 
endpoints must be biologically and structurally relevant to the assessment endpoint. 

An unambiguous operational definition refers to how the endpoint response can be 
measured or estimated as a result of changes. Defining the attributes in operational 
terms is generally left to the judgement of responsible professionals or regulatory 
agencies. In the past, little thought was given to this important step and Beanlands and 
Duinker (1983) identified poorly defined endpoints as the single most common cause 
offailure of environmental impact assessments in Canada. Suter (1993) suggested that 
the best assessment endpoints are those such as fish and crop production for which 
there are well-developed test methods, field measurement techniques, and predictive 
models. Unfortunately, these methods do not exist in general. Therefore, procedures 
must be developed for each situation. The magnitude of change that must be detected 
to qualify as a response must be quantified. Further, the area that might be affected 
before effects are detectable must be specified, a time should be allowed before effects 
are detected, and fmally statistical confidence levels should be stated. 

This operational definition includes the basic concepts of measurement endpoint and 
assessment endpoint which are usually different. This concept also applies to the 
fourth criterion, the accessibility of the endpoint to prediction and measurement. The 
assessment endpoint refers to characteristics of populations and ecosystems defined 
over large scales like forest production over a large geographic area. It is usually 
impractical to directly measure changes in these characteristics as part of an 
assessment. The measurements used in ecological risk assessments are most often 
obtained by local environmental sampling and laboratory testing. It is important to 
specify the methods used to extrapolate from the measurement endpoint to the 
assessment endpoint. 
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Finally, the susceptibility of the endpoint to the hazardous agent is an important 
criterion that, while seeming obvious, cannot be ignored. Contaminant mixtures can be 
complex and toxicity has been found in exposures where the known toxins were well 
below toxic limits. For example, Byrne and Calder (1977) found used crankcase 
motor oil was the most toxic oil tested with a 48 hr LC50 (lethal concentration to 50% 
of the organisms) of 40 ppb for clam embryos. This low acute toxic level was in spite 
of the fact that the heavy metals, oxidation products of aromatic compounds and 
hydrogen sulfide, which could have caused toxicity, were well below toxic limits. In 
addition, toxicity may depend on the specifics of an ecosystem, the diversity, the 
chemistry, and natural phenomena (such as climate). 

Ecological risk endpoint selection strategies, like the comparable health risk framework 
discussed in the Literature Review pose three broad questions 
1. What are the effects expected based on lab and field studies? 
2. What exposure levels or stressor conditions are expected? 
3. What does this information tell us about the expected risk? 
In this thesis, a simple scenario was purposefully chosen. Shellfish, which are exposed 
to refined oil on a periodic basis, were chosen as the endpoint for the analysis. In 
order to avoid complex interactions in the analysis, the entire estuarine ecosystem was 
not selected to analyse. The stochastic exposure analysis then became the most 
important aspect of the study. Basic elements of the analysis included characterising 
the stressor in terms of its distribution or pattem of change and characterising the part 
of the ecosystem in which the distribution occurs. This provided a foundation for an 
exposure profile for the stressor of interest. 

3.3.3 Evaluation of Likelihood 

Probabilistic risk assessment has one primary advantage over its deterministic 
counterparts: it provides the distribution of estimated exposure and risk across a 
population, not simply the average or typical exposure. Richardson (1996), admits 
that the value of more information is such that it usually enhances decision~making. 
The decision is especially improved when there must be a cost-benefit aspect to the 
decision. Burmaster (1996), Power and McCarty (1996), and Bartell (1996) discuss 
the numerous advantages of a probabilistic framework over the previous deterministic, 
point number, framework. In environmental risk assessments in New Zealand, to date, 
the likelihood of a hazard was often ignored in the quest to determine the consequence 
of a conservative or so-called worst-case analysis. This proposed method intends to 
improve on that situation. 

The usefulness of a risk analysis relies on the appropriate use of probability 
distributions to accurately represent the uncertainties of the problem. Different 
distributions exist to model various types of data. For example discrete distributions 
are used to represent values, each of which has a calculable probability of occurrence. 
In comparison, a continuous distribution is used to represent a variable that can take 
any value within a defined range. A discrete distribution would be used to represent 
the situation of the probability of whether a spill happens, whereas a continuous 
distribution would be used to represent the size ofthe spill. Bounds would be placed 
on these distributions so that a spill could not be smaller than zero. But it may not 
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always be appropriate, (if, for example, one distribution represents spill size), to 
constrain the upper bounds of the distribution, (Englehart, 1995). 

To start the analysis, the contaminant inputs, size, flow rate, and frequency should be 
characterised by monitoring or by mechanistic modelling. All contamination scenarios 
for the area of concern need to be developed and incorporated into a mass balance. 
This includes industrial effluent, naturally occurring inputs, contaminated sediments, air 
deposition (if into water), urban run-off, spills (small and large) and others. The nature 
of the frequency of the source, whether it is a continuous or periodic emission, or a 
frequent random event should specifically be characterised. See Table 3.1 for an 
example. 

TABLE 3.1: Character of the Release Frequency of the Contaminant, Benzene 
Containing Petroleum Hydrocal'bons, for the Whangarei Estuary, the Case 
St d . The Th . ulym IS eSIS. 

Event Description Subevent 

Event A Urban run-off Storm sewer dumping (infrequent random event). 
Rain event which washes out streets and parking lots (frequent random 
event) . 

. Petrol station overflows (rare random event). 
EventB Marina input General refuelling spillage during peak season & exhaust from 2 stoke 

motors (frequent random & continuous periodic event). 
Disposal of petrol products into water (infreq. random event). 
Disposal of varnishing products (benzene containing) into water (infreq. 
random event). 
Small collisions causing spillage (infreq. random event). 

EventC Harbour input Large spill from collisions with other boats or impediments (rare random 
event). 
Medium sized spills> 10001. (infreq. random event). 
Small spills from loading/unloading <1000 1. (frequent random event). 

EventD Refinery input Effluent from refinery (continuous). 
Spill and stoml water separator not working (rare random event). 

EventE Tidal input Spillage that flows in with the tide from outside the estuary (rare random 
event). 

EventF Deballasting Ship debaIlasting in the harbour (rare random event). 

Probability distributions should be taken from historical records. If such data are not 
available, it may be necessary to use the experience of similar industries or choose 
similar operations and reconstruct a frequency distribution .. If this is not available, 
professional judgement is an option which mayor may not be acceptable for the 
situation. The uncertainty of the analysis depends on the way that events combine to 
yield outcomes and it may increase as the uncertainty of each input distribution departs 
from actual measured data. In order to determine the resultant uncertainty, bounds 
must be placed on input estimates and sensitivity analyses run. 

When choosing a probability distribution to fit the input data for a problem there are 
four main criteria. The distribution should fit the data well; it should fit the 
understanding of the problem; it should be easy for others to understand and it should 
have as few parameters as possible, (Vose, 1996, and Benjamin and Cornell, 1970). 
The fit of the shape of the distribution is more critical than the actual numerical fit, as 
measured by methods such as the Chl Squared, or the Kolomogorov-Smirnov method, 
(as described in Benjamin and Cornell, 1970). In fact some practitioners would select 
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a distribution which fits the theoretical sense of the situation over an acceptance on 
one of the more elaborate goodness-of-fit tests. (Programs are available to fit raw data 
to a range of statistical distributions, and among others, include BESTFITTM.) 

3.3.4 Estimation of Exposure 

The estimate of exposure to the chosen endpoint includes evaluation of the 
contaminant sources and transport model development. The exposure should be 
estimated by using a model, and monitoring may be used to confirm the model. Such 
models are presently used by some authorities to apportion blame on emitters and 
thereby to cut back emissions, (Ambrose and Barnwell, 1989). The model is important 
to probabilistic analysis because it is through this model that frequency distributions are 
substituted for point values. 

The contaminant fate and exposure models include such processes as transport 
dilution, transformation, degradation and partitioning between media specific to the 
environment of concern. In addition, characteristics of the receiving environment 
affect such transport rate processes. These characteristics are often functions of 
natural environmental fluctuations including seasonal ambient temperature, wind 
speed, water flow, and rain events. 

Models can be developed, or in some cases software may be used off-the-shelf to 
estimate the fate of a chemical once it is released. Examples include: CHRIS® 
(parnarouskis et at., 1980), WASP4®, (Ambrose and Barnwell, 1989), WHAZ.ANTM, 

(DNY Technica, 1993). Assumptions inherent in the models must be examined 
critically and the analyst may want to build her own. For example, in this study, the 
time frame of interest was one hour or less. This was a much shorter time frame than 
was of interest in the general models on oil spill transport, which were built for a 
minimum of 6 hours. Hence assumptions for the general models neglected the initial 
regimes of interest in this analysis. Additionally, this study examined the effect of small 
spills, which were also not addressed by the larger, available models. In this case 
study, it was more efficient to write a transport and exposure model for the specific 
case of concern than to try to modify existing software. 

Rates of partitioning must be considered within thermodynamic constraints. These 
rates are summed in the model to result in a final exposure. For example, when oil is 
spilled, the most soluble components, which are the most toxic, are also the most 
volatile. There are usually competing rates of destruction or loss and dominant modes 
oftransport. The result of this segment of the analysis would be the generation of an 
exposure rate to the organism, or community of organisms selected as the 
environmental endpoint, as a function oftime. 

In conjunction with estimating the transport of the contaminant, it is important to 
identify all exposure pathways. For example, exposure could be from the food chain, 
which may involve bioconcentration through the food web andlor direct exposure to 
water through respiration. GESAMP Working Group No. 25 (1992) provided a 
conceptual model of contaminant transport in coastal marine systems. Such a model 
should include dispersion from coastal currents for the specific site and the often 
neglected transport rate processes of evaporation and re-deposition, as well as 
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movement and concentration through the food chain. The total exposure from 
respiration water and food should then be used in the toxicity dose-response 
relationship or vulnerability analysis to estimate the total life-stage risk to the 
environmental endpoint of concern. Duration of exposure and depuration time 
between exposures also is a critical exposure variable. 

When such an analysis is undertaken) all sources of the contaminant must be 
considered, not just the incremental exposure from one particular facility. Non-point 
sources may also have a significant impact. For example, in the Non Road Engine and 
Vehicle Emission Study Report produced by the US EPA, Office of Mobile Sources, 
Office of Air and Radiation (1991) the study shows air pollution problems were not 
only the result of industrial smoke and private automobiles, but also off-road vehicles 
such as construction equipment, private motorised lawn mowers, outboard motors and 
other small sources. These sources together were responsible for 20 to 35% ofthe air 
contaminants which lead to formation of ozone in North American cities. Similarly, 
Mele (1993) and Montz et al. (1982) demonstrate that two-cycle outboard motors on 
boats may provide a significant portion of aromatic hydrocarbon pollution found in 
waterways. 

For predictive assessment in the long term, modelled exposure confirmed with 
monitoring is better than only monitoring. Firstly, it is less expensive because 
laboratory resources can be directed towards expected hot spots. Secondly, small 
contaminant concentrations from unforseen accidents may be difficult to catch in 
sampling regimes. Furthermore, a predictive analysis is necessary in situations where 
permission is required for installation of new facilities. Also, dangerous concentrations 
must be linked to the source if expensive, preventative process changes are to be made. 
A model provides an estimate of an exposure and compares it to long-term experience 
(if any exists) or to experimental toxic results. 

Stochastic Analysis 

The most important feature which distinguishes risk assessment from impact 
assessment is the emphasis in risk assessment on characterising and quantifying the 
stochastic variables, also referred to as uncertainty. Both Burmaster (1996) and Suter 
(1993) believe that a deterministic framework used in a risk analysis distorts a risk 
evaluation in irreparable ways. Some methods of stochastic analysis available include 
the empirical Bayes approach, fuzzy set theory, and Monte Carlo analysis. 

The empirical Bayes approach 

The empirical Bayes approach uses prior probability information (or in some cases 
expert judgement) to update statistical data, (as reviewed in Benjamin and Cornell, 
1970). In this way it is an improvement over classical statistical methods to quantifY 
uncertainty. The Bayes approach is helpful with subjective or judgemental 
probabilities. When this approach is used to describe parameter uncertainty, the 
method which is most often used to propagate the variability through the model is a 
method referred to as, probability trees, by Covello and Merkhofer (1993). (probability 
trees are also known as fault trees). Probability trees are similar to event trees except 
that event trees have only two possible outcomes (the event either happens or it does 
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not happen). Probability trees may represent uncertainties with several outcomes 
whose probabilities of occurrence are characterised by discrete probability 
distributions. The key issue for probability trees is controlling their size and 
complexity, although this is sometimes not appropriate. 

Another way to propagate uncertainty through a risk model is by using the so-called, 
method of moments, (Covello and Merkhofer, 1993). The functional relationship 
between the input and the output parameters is normally too complex to allow the 
output probability distribution (or its moments) to be calculated directly from the input 
probability distribution (or its moments). Therefore, the approach relies on 
approximating the risk model using a Taylor series expansion, (Benjamin and Cornell 
1970). Further, this technique requires a method to calculate the derivatives in the risk 
model. Again, the functional relationship may be too complex to do this in any way 
other than to run the model on a computer to simulate a derivative using small changes 
in the variable, (Covello and Merkhofer, 1993). 

Fuzzy set theory 

An alternate method to characterise the variability of input parameters in a risk analysis 
is by using fuzzy numbers. Fuzziness is not the same as probability, although 
Kaufinann and Gupta, (1988) suggested that probability might serve as a meaning of 
fuzziness in a very restricted sense and context. Propagating the fuzziness through the 
risk model might be done using fuzzy logic. The algorithm on which the logic would 
be based would be similar to the probability tree discussed above. This type of analysis 
would then encounter similar complexities in the construction of the probability tree. 
While risk associated with a humanly designed industrial process may be complex, risk 
associated with fate and exposure of a contaminant in the natural environment is even 
more so. This makes probability trees (also known as fault trees) not only difficult to 
construct, but also may be the reason for some of the probabilities in the causal chains 
to be somewhat dubious, (Suter, 1993, ch 3). 

Monte Carlo analysis 

Covello and Merkhofer (1993) recommended Monte Carlo simulation as an efficient 
approach for integrating and propagating probability distributions through a risk 
model. The method involves computing the output of the risk model for many sets of 
combinations of inputs. The combinations of input values are obtained by random 
sampling from the distributions which represent the input variables. If there are 
dependencies among the input variables, they can be accounted for by specifying the 
covariance between pairs of such variables. The resulting distribution of outputs is 
then interpreted as an approximation of the desired probability distribution. 

Suter (I993) suggested that whether the empirical Bayes approach, fuzzy set theory, 
or Monte Carlo analysis was used as a theoretical foundation, the basic sources of 
information were the same: data and models. Further, he classified the uncertainty 
which contributed to estimating the credibility of a predicted value to be composed of 
natural variability, parameter error, and model error. Suter (1993) emphasised the use 
of Monte Carlo analysis for ecological risk because of the availability of programs to 
analyse it and the ease to model variability in all its forms. 
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The steps involved in Monte Carlo analysis include: 
1. defining statistical input distributions of input parameters. 
2. Randomly sampling from these distributions, 
3. Performing repeated model simulations using the randomly selected sets of 

parameters, 
4. Analysing the output. 
Vose (1996) reviewed the basics of Monte Carlo analysis modelling as it applied to 
risk analysis. He discussed its use in a very practical, non-theoretical manner and 
emphasised both the importance of the input distributions and how they represent the 
data, as well as the adequacy of the model used. 

Computer programs exist for Monte Carlo analysis and include @RISKTM, CRYSTAL 
BALLTM, and ANALYTICATM. The programs@RISKTM and CRYSTAL BALLTM 
are based on the EXCELTM spreadsheet format and are termed, "add-ons". They are 
easy to learn to use but have limitations on the number of distributions which may be 
used at one time and the level of complexity allowed in the algorithm. The program, 
ANAL YTICA TM uses its own operational format, but allows higher levels of 
complexity in the algorithm and in the number and use of distributions. 

The major advantage of risk analysis is in the ability to exploit uncertainty in order to 
identifY key contributing components, processes, and parameters in the evaluation. A 
risk analysis may also quantifY the impacts of these uncertainties on the estimated risk 
and prescribe the nature of the information needed to effectively and efficiently refine 
the evaluation and produce coherent risk-based environmental regulations. 

3.3.6 Long-Term IDsii Based Toxicity 

The aim of risk-based environmental analysis in this proposed methodology is to 
predict the probability of adverse environmental impacts. Such impacts might be 
defmed as toxic effects leading to negative changes in population abundance with time. 
Ultimately, such an analysis may be able to estimate the probability of negative 
ecological effects resulting from exposure to chemicals and other stressors in the 
environment. The questions of interest regarding environmental toxicity are different 
from human toxicity. They relate to the risk of affects on the abundance, production, 
and persistence of populations and ecosystems. 

The toxicity quotient 

The toxicity quotient was discussed in section 2.9 of the Literature Review, equation 
2.1, and was used in the Rosebank Peninsula Risk Assessment Study, Wood and 
Tweeddale (1990), section 2.8. This method was used to determine risk to the 
environment and to humans. It is an example of a "worst-case", analysis. Quotient 
methods compare a measured or an estimated exposure (dose) to a selected toxicity 
benchmark, such as an LC50 (the LC50 is the lethal concentration for 50% of specified 
organisms). Quotients which are greater than or equal to one (see equation 2.1) imply 
some human or environmental risk, while values which are less than one suggest the 
opposite. The quotient is simple and this is its appeal. 

However the toxicity quotient has several limitations in characterising environmental 
risles. The strict interpretation of the quotient is that an exposure is compared to some 
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toxic effect which was produced under the conditions of a laboratory assay, (Suter, 
1993). Therefore, as the environmental context departs from test conditions, the 
quotient provides correspondingly less information concerning environmental risk. 
Traditionally, to deal with this, risk assessors have attempted to conjure factors (safety 
factors) to represent such departures from the benchmark dose in the name of 
interpretation, (Hattemer-Frey et al. 1995). In addition, other con:ditions and 
incompatibilities exist between lab conditions and the actual condition. For example, 
the lab condition may apply to an exposure at a point dose when in reality these doses 
fluctuate from zero to over the toxic limit. A high frequency of many high-level 
exposures may mean that the organism may not have time to rid its tissues of the 
contaminant. Then when the next exposure occurs, it may not be comparable to the 
initial exposure in the laboratory. These are some of the drawbacks with comparison 
of exposure levels to acute toxic levels. It is for these reasons that it may be best to 
explore other methods to characterise an impact which is based on toxicity. In spite of 
this, the quotient method can serve as a valuable first step in a sequential assessment of 
environmental risk. 

Population biology 

To adequately estimate environmental risk, a knowledge of population biology and 
community dynamics is necessary, in addition to chemical toxicity. Some species may 
be inherently more vulnerable to environmental stress because oftheir life history. In 
addition, some life-stages may be more important than others for the survival of a 
population. For example, long-lived vertebrates such as large mammals, predatory 
birds, and whales are more sensitive to mortality imposed on adults than short-lived, 
highly fecund (i.e., reproduce high numbers of offspring) organisms such as quail and 
anchovies. Conversely, short-lived species are often vulnerable to short-term 
catastrophes that affect critical life-stages. Shellfish (discussed in the case study of this 
thesis) fall into the short-lived, highly fecund species. Qualitatively, it seems that the 
response of a population to a toxic contaminant is influenced by the pre-existing 
pattern of natural environmental variability, the age-specific survival, reproduction of 
the organisms, and the intensity and duration of contaminant exposure. 

Risk evaluation based on popUlation-level effects 

Barnthouse (1993) briefly reviewed ecological risk evaluation studies on population
level effects, particularly from a modelling view. In fact, there are several dimensions 
to be considered in estimating the effects of exposure to a toxicant concentration: 
lID concentration of the substance, 
@! duration of the exposure, 
II proportion of organisms responding, 
• severity of effect. 
While all four dimensions are in reality, continuous, they have historically been lumped 
together into two categories of acute and chronic toxicity. 

In an ideal world, such an analysis should evaluate the four dimensions of effects 
assessment mentioned above. The recovery time for a popUlation of organisms would 
be available for a given contaminant in a specified environment and for a specific 
exposure; then the re-occurrence frequency could be considered. If the exposure 
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concentration was highly variable with time, as is often the case, the concentration and 
time would be integrated by calculating a time~weighted average concentration. 
Another possibility might be to use both time and concentration in a toxi-kinetic model 
to estimate the internal dose. 

Probabilistic exposure 

Suter (1993) stressed the importance of a probabilistic exposure approach because 
taking an average of exposure concentration would not show the true history of 
exposure. For example, ifthe yearly average exposure concentration was below a 
safety threshold the analyst should not have confidence that the population is safe. 
Huston et al. (1987) argued that the health of a population is no more than a collective 
expression of the health of the individual organisms. He found the individual-based 
approach was therefore, inherently superior for theoretical problems in modern 
ecology. Vulnerability analyses conducted on humans in industrial settings show that 
exposures, or peaks above a threshold, even for a short time, can be more damaging to 
health than a concentration below a threshold for a longer time, (Lees, 1996 and Kletz, 
1989) This is especially true for a short-lived marine population which might 
reproduce at the same time, simultaneously with a high-level release. Not only the 
frequency of an exposure above a level is important but also the time between the high 
exposure episodes. Therefore, a framework using a probabilistic estimate of exposure 
has the advantage over deterministic analyses in that it takes full advantage of all the 
information available. 

Modelling Population Dynamics in Response to Stress 

Several approaches to modelling popUlation dynamics in response to stressors such as 
fishing, hunting, or toxic chemicals have been used, (Barnthouse, 1993). Of these, 
Monte Carlo simulation was found to be relatively easy to understand, to verify, and to 
use. The principal limitation on the use of this approach was the quantity and 
complexity of the data required. For example, the OPP (Office of Pesticide Programs) 
(1989) found only modest levels of pesticide-induced mortality (10% per year) were 
sufficient to cause declines in the average abundance of long-lived raptors. Barnthouse 
et al. (1987) used these methods to explore hypothetical effects of toxic contaminants 
on fish populations. Samuels and Ladino (1983) evaluated the relative risks to seabird 
populations of alternative oil field development strategies (tanl(ers vs pipelines) and 
compared the risks of oil field development to existing similar risks associated with 
tanker transport in the region. Spill frequencies were calculated for a number of 
different options and five different mortality possibilities were included. This work 
provided important support for inclusion of environmental risk in oil-field development 
decisions. In spite of this, Barnthouse (1993) cautioned that at this stage of population 
model development, long-term projections of even the best-supported models are 
highly uncertain. 

Although population models are presently speculative, it is proposed that an 
environmental risk method in New Zealand include the probabilistic exposure estimates 
with the population models. Given the exposure concentration over time, the 
proposed method would compare this exposure to existing sublethal toxicity data. The 
estimated popUlation loss would then be compounded over 100 years, using a simple, 
density independent population growth model. Then the population loss would be 
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determined based on the estimated exposure concentration. Such a comparison is 
shown in Table 3.2. The yearly 5% population loss due to one frequent spill every 
year (a frequent accident happening once per year) is compared to a 50% population 
loss in one year of a 100-year period (a rare accident happening once in a hundred 
years). Simplistic compounded growth rates are used to illustrate the comparison. 
Table 3.2 demonstrates the result ofthis comparison as a greater long-term population 
loss for the more frequent event. 

Table 3.2: Example Comparison of Rare and Frequent Events to a Natural 

Population of Short-lived, Highly Fecund Species Over 100 years 

Frequency Consequences over one Consequences over 100 

(events per year) year years 

Ecological damage: Ecological damage: 

fraction poplIn loss fraction poplIn loss 

(b)* I-II,(l-b) 100** 

0.01 (rare) 0.50 0.50 

1.0 (frequent) 0.05 0.994 
* b is the fraction population loss. The rare event, which IS relatively large, results in a 50% 
population loss, while the frequent event, which is relatively small, results in 50% population loss for 
each occurance. 
** This fomlUla, where 'A. equals a frequency of one event per year, estimates density independent 
grovvth. It applies to the lower value where there is a yearly 5% population loss. The upper value is 
based on a 50% population loss which happens once in 100 years. 

Table 3.2 displays the results ultimately envisaged for an environmental risk method. 
While population response is an important part of such a method, it is for this study 
beyond the scope of the assessment. It is expected to play an important part in the 
future development of ecological risk management. 

Rather than continuing the same toxicity analysis paradigm of the past by comparing 
calculated exposure distributions to an acute toxicity level based on a fractional kill 
rate, it is preferable to examine other toxic endpoints. Therefore, in this study, long
term risk to the health of a natural population was chosen as an endpoint around which 
to evaluate calculated probabilistic exposures. The long-term risk will be evaluated by 
comparison of exposure levels to sub-lethal levels of toxicity. This study has taken a 
simplistic approach to toxicity while attempting to avoid the overly simplistic 
comparison to an acute toxicity. Toxicity-based impact as it applies to the case study 
is discussed further in section 4.4. 

3.3.7 Risk-based Decision-making 

The risk management process can be divided into quantitative and subjective activities. 
Although some practitioners like to divide these two activities into distinct areas, this 
thesis takes an approach that the process of risk management is a continum. While this 
thesis has dwelled on the risk analysis aspect of the risk management process, the 
proposed method for environmental risk evaluation involves using risk information to 
make a decision. Ideally there would be a method to address the subjective assessment 
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and treatment phases and it should provide for transparent decision-making by 
allowing comparison between risk to an environmental endpoint (such as risk to an 
endangered species) and human harm. Therefore, the value placed on an 
environmental endpoint, (for example, an endangered species) should involve the 
community and may involve a weighting factor which puts the quantitative risk to the 
endpoint in terms of equivalent human sickness or death. 

In the risk assessment and treatment phases of the management process the decision
makers must attempt to prioritize the risks to the environment, either overtly or 
covertly, with those risks to human health. The negatives, the risk, must then be 
weighed against the positives from taking the risk, which are oftenjobs. Jobs may 
positively affect a community. A decision-maker may often ignore the environmental 
consequences for the reason that the decision-maker is politically chosen and non
human organisms do not vote. However, some human values place a high priority on 
natural communities. Therefore, in order to provide help in comparing human health 
risk to environmental risk, the weighting factor is proposed as a transparent decision
making tool. 

To compare environmental consequences to the more usually recognised consequence 
of human sickness (or death), the weighting factor would be used. It incorporates 
societal values for the environmental consequence, in terms of human sickness or death 
In terms of the shellfish bed example, the weighting factor attempts to allow 
comparison between the risk of shellfish bed damage to societal risk from a petroleum 
refinery explosion or fire. Several weighting factors might be appropriate for different 
social and community values which would result in different environmental risks, one 
for each value system. 

An example of relative values held by two very different societal groups for a pristine 
area might be the following: One societal group might value the pristine area and 
might even ascribe the area with cultural significance. This group might consider the 
area's preservation to be as, or more important than several human lives. Another 
societal group might consider the pristine area to be wasteland. While the conflict 
between the two groups must ultimately be sorted out, it is important for the decision 
to be made in a transparent manner. The weighting factor only makes explicit the 
implicit subjective judgement made by the public or by individuals or others who are 
making policies involving human and ecological risks. This is similar to the public 
budgetary decisions which are made based on value of a human life, (see Graham and 
Vaupel 1981 and Adams 1974). For example, sometimes there must be a number of 
deaths at a road intersection before the expensive road improvements are made to 
prevent further loss. While no one likes to attempt to put monetary value on a human 
life, decision-makers do so either implicitly or explicitly. The proposed weighting 
factor puts a human life value on environmental resources. An alternative way to value 
the environmental resources for such decisions is by imposing a monetary value in a 
similar way to that proposed in Constanza et al. (1997). 



Chapter 4.0 c e Study 

To illustrate the environmental risk analysis methodology this paper proposes, a 
valuable, non-human, living component of the environment was needed to use as the 
goal for the analysis. But the environmental goal had to be located in an area 
threatened by some hazard. Because of the topical nature of oil spill threats, the 
logical area to select was the harbour in New Zealand which receives the most oil 
tanker traffic. 

4.1 CASE STUDY DESCRIPTION 

The report, Risk Assessment and Analysis of Oil Pollution On The Seas of New 
Zealand, by Woodward-Clyde for the New Zealand Ministry of Transport, Maritime 
Transport Division (1992) confirmed that the highest risk from oil spills in the country 
was in Northland Harbour, the Whangarei Estuary. The report explains that the reason 
for the high risk is due not only to the large volume of tanker traffic the port receives 
but also to the valuable and vulnerable coastline. In addition to the estuary and 
coastline, at the outlet of the estuary there is a valuable, non-commercial shellfish bed, 
the Mair Bank. See Figures 4.1,4.2, and 4.3. 

The one oil refinery for New Zealand, is located on the sandy spit, known as Marsden 
Point, at the mouth of the Whangarei Estuary. About 300 - 500 m upstream from the 
Mair Banle shellfish bed, built to stretch into the channel from Marsden Point, is the 
jetty for the refmery, see Figure 4.3. Here, prior to 1996, (New Zealand Refining Co. 
Ltd, 1997) crude oil and synfuel was unloaded from large ocean-going tankers for 
processing and refined automotive petrol was loaded onto coastal tankers for 
distribution around the country. Any spills from the transfer operations would flow 
directly over the shellfish bed. 

In 1996, world prices of methanol increased to such an extent as to cause a shift the 
product stream of the Taranaki Synfuels plant away from automotive petrol premix, to 
methanol. This, combined with low world prices of automotive petrol shifted 
production at NZ Refining Company away from gasoline (except to provide for the 
Auckland market through the Wiri Terminal pipeline), to jet fuel, diesel, and fuel oil, 
(New Zealand Refining Co. Ltd, 1997). Therefore, after 1996, no coastal tankers have 
been loaded with gasoline. However, crude oil is still unloaded at the Refinery and jet 
fuel, diesel, and fuel oil is loaded onto tankers for coastal delivery. Tanker movements 
are presently different than they were, as represented in the 1990 data from New 
Zealand Ministry of Transport, Maritime Transport Division (1992). The analysis in 
this thesis was started prior to the change in world oil prices and hence the shift in 
products at the Refinery. This work then applies to the time before 1996, and to a 
possible time in the future when world oil prices might again shift, making manufacture 
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of gasoline at Marsden Point and distribution to the major centres in New Zealand by 
coastal tanker financially rewarding. 
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Figure 4.1: Map of the Northern Third of the North Island of New Zealand 
Showing the Study Area. 
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Figure 4.3: Marsden Point and the Mair Bank Shellfish Bed Area at the Outlet 
of the Estuary. 

By way of example, this paper will focus on the estimation of the Water
Accommodated Fraction, WAF, of gasoline as the contaminant. The WAF is also 
know as BTEX: Benzene, Toluene, Ethyl benzene, and Xylene, or the aromatic 
fraction of gasoline. The BTEX fraction is the most soluble and is one of the more 
toxic fractions in automotive petrol. Benzene is legally limited to 4.2% by vol. in fuel 
in New Zealand (Davis 1992). This converts to about 5% w/w depending on the exact 
and variable make-up of the automotive blend, see Blakelock (1989) and Table D-l, 
Appendix D. Benzene is detected by Gas-Liquid Chromatograph on the order of 5% 
w/w and the combined mono-aromatics (BTEX) in New Zealand premium grade, 96 
octane gasoline, are detected at 45% w/w in accord with the governmental-industry 
agreement in 1996. (See Gas-Liquid chromatograms in Appendix A, Figures A-I, A-
2, A-3). The analysis was done assuming 100% tanker loading of premium-grade 
gasoline. 

Gasoline spills were analysed in this case study rather than crude oil because results 
from gasoline slicks have been less commonly considered, (New Zealand Ministry of 
Transport, Maritime Transport Division, 1992). Gasoline slicks are viewed as causing 
less damage to the environment than crude because they are lighter and evaporate in a 
comparatively short period oftime. Gasoline has not been shown to oil wildlife such 
as birds and marine mammals. Still, the large quantities, high usage and ubiquitous 
presence of automotive petrol (with a high percentage of benzene and other toxic 
aromatics) in a developed society make the risk of such spills important to consider. 
Specifically, there is a high potential for marine spills and for small spills in loading and 
unloading. 
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4.1.1 Selection of Endpoint 

In this case study, problem scope, endpoint and stressors were not defined by 
stakeholders, but chosen on the basis of being a convenient illustrative example. Using 
stakeholders for the selection of these critical parameters was the preferred procedure, 
as discussed in Chapter 3. However, this process was beyond the scope of this work. 

CONCAWE (1979) found concentrations of hydrocarbons rise above 5 ~lglL (of the 
order of 5 ppb) in coastal European waters. Small quantities of aromatics in 
waterways were also detected by Foo (1991). He found significant levels (1 to 40 
~glL) of the aromatic, benzene, from small gasoline spills in the run off and in the 
rivers of Singapore. Since New Zealand gasoline has levels of benzene which are 
slightly higher than that in Singapore, it was thought important to check the gasoline 
aromatics content in a marine environment. 

As identified in the proposed methodology, Chapter 3, Suter (1993) identified five 
criteria that an environmental endpoint should satisty: 
1. societal relevance, 
2. biological relevance, 
3. unambiguous operational definition, 
4. accessibility to prediction and measurement, and 
5. susceptibility to the hazardous agent. 

The Mair Bank is socially relevant, as an endpoint, because it is a community food 
source and a fishing resource, (Northland Regional Counci11990c and New Zealand 
Refining Co. Ltd, 1997). As a community's food-gathering source, "Mahingakai", and 
one that has been available for hundreds of years, it has Maori cultural values attached 
to it. The Mair Bank shellfish bed is not only a fishing resource, but also it is 
commercially relevant to the Refmery because it lends stability to the coastline where 
the petroleum refinery stands. The high stability of this unconsolidated embanlanent of 
sand is due to the shells and shellfish. (The loose shell retards erosion and also 
encourages accretion by trapping sand grains which fall between the coarse shells. The 
tidal currents then have more difficulty reinitiating sediment transport.) The shells 
reduce the movement and impact of the turbulent waves in this area, (Black 1983). 
Were it not for the Mair Bank shellfish bed, Marsden Point would be far less stable. 

The Mair Bank is a biologically relevant endpoint because bivalve shellfish in general, 
and pipis, Phaphies australe, in particular are sensitive to hydrocarbons, (power, 
1984). The bivalves Tuatua, Papies subtriangulatum, and Cockles, Austrovenus 
stuchburyi, also populate the Mair Bank, (Black, 1983), but this author has found 
literature indicating only general sensitivity of bivalves to hydrocarbons, (Power, 1984 
and Widdows and Donkin, 1992). The specific species of tuatua and cockles were not 
mentioned in the readily available literature. Mussels, Mytilus edulis, are an example 
of a bivalve shellfish which is used as a sentinel organism for monitoring environmental 
pollution in the worldwide "Mussel Watch" program, (Widdows and Donkin, 1992). 
The purpose ofthis international program is to use mussels as indicators of 
contamination in order to protect human health, although Widdows and Donkin (1992) 
note that most bivalve shellfish would fit the criteria. The advantage with mussels is 
that they are perhaps one of the more globally diverse species which also is a desirable, 
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global, human food source. Therefore, there is a great deal of scientific literature 
available on mussels. Unfortunately, pipis, tuatua and cockles are specific bivalve 
shellfish which have less information available. Power (1984) suggests that pipis (and 
the other bivalve shellfish in the Mair Bank) are similar in their responses to mussels. 

Widdows and Donldn (1992) list the following attributes which make bivalves (mussels 
or pipis, tuatua, and cockles) particularly useful as sentinel or indicator organisms: 

1) They are generally dominant members of coastal and estuarine communities, 
therefore, they are available. 

2) They are sedentary and, because they don't move around, it is easier to predict 
their exposure history. This applies to Mair Bank shellfish as well. 

3) They are relatively tolerant, but not insensitive to a wide range of environmental 
conditions, including moderately high levels of many types of contaminants. 
Because they are tidal creatures, they are able to close up for long periods of time 
to avoid lethal exposures, but they stay open for sub-lethal exposures. This makes 
them excellent endpoints to study sub-lethal exposures. 

4) They are suspension-feeders that pump large volumes of water (severallitres per 
hour) for feeding purposes and therefore they concentrate many chemicals in their 
tissues by factors of 10 to 105 relative to seawater concentrations. This often 
makes measurement of trace contaminants easier to accomplish in the tissues than 
in water. 

5) The measurement of chemicals in bivalve tissue provides an assessment of 
biological availability which is not apparent from measurement of contaminants in 
water or sediment. 

6) In comparison with fish and crustacea, bivalves have a very low level of activity 
of those enzyme systems capable of metabolising organic contaminants such as 
aromatic hydrocarbons. This means it takes these shellfish a long time to rid their 
tissues of these contaminants. 

7) Most shellfish populations are relatively large and stable and so can be used for 
repeated sampling for data on long-term changes in contaminant concentrations. 

8) They can be readily transplanted and maintained in cages to other sites of 
interest. 

9) Mussels are a commercially important seafood species on a world-wide basis 
and measurement of chemical contamination is of interest for public health 
considerations. Further, The Mair Bank shellfish bed is biologically relevant 
because it is an important part of the coastal and estuarine community, providing 
food for a diversity of bird life (New Zealand Refining Co. Ltd, 1979) in the area. 

The third criterion that an environmental endpoint should satisfy is that of 
unambiguous operational definition. The shellfish in the Mair Bank meet this criterion, 
less well than the other criteria. This criterion refers to how the endpoint response to 



Chapter 4 Case Study page 4~ 7 

the contaminant can be measured as a result of exposure or changes in the system. It 
also has to do with the extrapolation between the measurement endpoint and the 
assessment endpoint. The shellfish bed is a fishing resource; therefore population 
stability and contaminant free shellfish tissue are concerns. But contaminant tissue 
levels will affect the growth rates and shell size of the individual shellfish before 
contaminant tissue levels become large enough to be a health concern to humans, 
(Widdows and Donkin, 1992). 

Furthermore, the shellfish bed lends stability to the coastline where a maj or petroleum 
refinery was built. This coastline stability issue is affected by the amount of shell litter, 
which means that population stability and individual shell size is important. Health of 
this shellfish bed could be an environmental endpoint. The bed health could be 
measured as maintaining its size, which impacts on coastal stability. (This might 
include the population staying the same or individual shell size staying the same). But 
size, as a measure of health, might detect a problem when it is too late to do anything 
about it. Therefore, a more proactive measure might be to estimate or measure a 
chemical exposure concentration, which must be kept below a specified level which is 
known to cause feeding problems, or to depress reproduction rates or to decrease shell 
size. In this case, the level would be specified so that the shellfish remain not only safe 
to eat, but also so that population levels (reproduction and growth) of the shellfish are 
not detrimentally affected. In other words, it is proposed that the measurement 
endpoint be the exposure concentration which is confirmed by shellfish tissue levels of 
contaminants. The assessment endpoint would then be the size and abundance of the 
shellfish. 

An alternative operational definition could involve the need for a "healthy estuary" 
because it is an important nursery area for the young of a variety of species, including 
the commercially important flatfish, (New Zealand RefIning Co. Ltd, 1979). The 
contaminant levels that are injurious to the shellfish bed may also cause reproduction 
problems in these fish. However, knowledge at present does not allow extrapolation 
from the health of bivalves to the health of ecosystems. Furthermore, while the levels 
of contaminants that affect fish reproduction are very low, this is a relatively new 
research area. 

The fourth criteria for endpoint selection, is assessibility to prediction and 
measurement. The shellfish bed is in a situation such that population and shell-size 
surveys can be done, as well as tissue evaluations. Shellfish-tissue concentrations of 

. heavy metals and Polyaromatic Hydrocarbons (P AH' s) were monitored in 1990 and 
1992, Northlands Regional Council, (1990cand 1993). 

The fifth criteria is susceptibility to the hazardous agent. While published toxicity tests 
apply to mussels and not to the specific shellfish varieties in the Mair Bank, Power 
(1984) explained that bivalve shellfish, specifically pip is, Phaphies australe, were 
sensitive to hydrocarbons, although caution must be exercised in applying exact 
toxicity test results to different species. BTEX is a significant contaminant to evaluate 
in regard to shellfish bed health because molluscs are generally more sensitive to light 
fuel or refined oils than crude oils, Gonzalez et al. (1976), Connell and Miller (1980), 
although certain mixtures can pose exceptions to this. Although diesel was not studied 
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specifically in this work, Widdows et al. (1982) show similar responses to diesel oil as 
to BTEX, even at such low concentrations as 30 to 130 Ilg/L(ppb). 

Therefore, the exposure concentration from refmery wharf off-loading spills in 
Whangarei Harbour, to a selected endpoint, a shellfish bed (The Mair Bank:) at the 
mouth of the tidal estuary, was estimated. 

4.1.2 Description of Other Hydrocarbon Inputs 

Other sources of petroleum hydrocarbons in the estuary, apart from loading and 
unloading spills at the refinery wharf include: 
" urban run-offfrom a medium-sized metropolitan area (City of Whang are i), 
It petroleum hydrocarbons emitted by the municipal sewage plant, 
" hydrocarbons from various sources at three marinas which are sited at least 12 km 

away from the shellfish bed, 
• and refinery effluent and other inputs from the harbour such as ship deballasting 

(which is technically illegal), or other accidents such as collisions. 
See Table 4.1 and Figure 4.4 for a summary of these other inputs. Given the volatility 
ofBTEX, and the distance of the shellfish bed from these sites, the impact from these 
sources is likely to be small. 

Table 4.1: Estimates of Aromatic. Hydrocarbon Inputs to the Whangarei 
E . T Y stuary In onne per ear. 
HCTonne/yr Description Subevent, 

35 Urban run off Storm sewer dumping 
Williamson (1993) Rain event which washes out streets and parldng lots 

Petrol station overflows 

9 Marina input General refuelling spillage during peak season & exhaust 
Zach & Keey (1995) from 2 stoke motors 

Disposal of petrol products into water 
Disposal of varnishing products (benzene containing) into 
water. 
Small collisions causing spillage, 

6 Sewage input Disposal of hydrocarbons into the sewer system which 
Williamson (1993) the sewer works is not able to break down. 

2 Refinery input Effluent from refinery (continuous). 
Williamson (1993) Spill and storm water separator not working. 

30 Harbour input Spills on land from storage tan1cs or pipes which :run or seep 
Zach & Keey (1995) into the estuary. 

Spills which occur from loading and unloading or from 
harbour accidents. Avg. spill rate (for spills> 1 tonne): 2.4 per 

i 

year (Davis 1992) 
unknown Tidal input Spillage that flows in with the tide from outside the estuary'~1 
unknown ~-" Ship deballasting in the harbour - technically illegal. 

Order of magnitude estimate 

It is often instructive to make a qualitative estimate of a problem before focussing in a 
quantitative fashion. Table 4.2 was made with this purpose in mind. The total amount 
of benzene in the hydrocarbons discharged into the estuary was estimated The 
benzene in the refinery effluent was estimated on a daily basis and the average and the 
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Table 4.2: Average Estimated Benzene Exposure to Mair Banlt (based on 12 
hours ebb flow per day, and assuming instantaneous, complete mixing over the entire 
estuary, with no losses through evaporation, sedimentation, or degradation). 

Benzene input Average Maximum Avg. Conc'n Max. Conc'n 
kg benz/day kg benz/day 12 hr neap tide* 12 hr neap tide* 

(ppb) (ppb) 

Refinery effluent 1.1 18.5 0.0095 0.16 

Urban runoff 2.46 6.0 0.011 0.023 
(per rainstorm) 

Sewage 0.82 3.0 0.0035 0.013 

Marinas 29 92 0.12 0.40 

Total 33.4 119 0.14 0.59 
Background 

Frequent small 10 35 0.043 0.15 
spill 

small spill plus 43.4 154 0.18 .74 
background 

medium~ll 2500 10,000 10.8 43.1 

med. spill plus 2533 10,119 11.0 43.7 
background 

*The volume of the Whangarei estuary neap tldalpnsm was taken from Heath (1976), 1.16 (10)11 kg 

maximum amounts were based on the "water right" prescription, (Davis, 1992, 
Williamson, 1994). According to Davis (1992), the total effluent discharged which 
included process water and storm water was 7290 tonne per day, average, or 
2,660,000 tonnes per year. The average oil content of this discharge was limited to 1.5 
ppm. The 1.5 ppm average level was achieved by the effluent separation system which 
skimmed off the surface oil. The soluble oil components such as phenol and benzene 
were therefore not removed. As a result, 2.6 million tonne per year of discharge at 1.5 
ppm resulted in 3.9 tonne of oil being discharged per year. It was assumed that a 
relatively large proportion of oil soluble components made up this oil, therefore, a . 
tenth ofthe oil could be benzene, or 390 kglyr benzene were emitted. Then for 351 
operational days per year, the daily benzene discharge might be 1.11 kg per day, with a 
maximum of 18.5 kg per day. This compared to a 25 ppm maximum set by Northland 
Regional Council, (Davis, 1992). Assuming perfect and instantaneous mixing and 
dividing the daily discharge by the total neap tidal prism of 1.16 (10)11 kg outflow in 
12 hours gave the average concentration in a 12 hour neap tide of 0.0095 ppb. 
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Urban run off from the city ofWhangarei was estimated by Williamson (1993) to be 35 
tonne/yr. This might enter into the estuary during rain storms through the storm 
sewers. Therefore, if it may be assumed that 5% by weight of this urban runoff were 
benzene and that half of this benzene was evaporated before it could run off, then there 
would be 735 kg of benzene in the runoff per year. Given an average of 142 days of 
rain per year, and that half of the benzene ran off in the half-day 12 hour cycle of 
interest, then the average daily benzene input would have been 2.46 kg. To estimate 
the input of aromatics from the marinas, it was assumed that 26 motor boats (of the 
260 berths in the 3 marinas) consumed 74litres (the average tank size on a boat, Mele 
(1993» on a trip around the estuary. It was further assumed that 25% ofthe supplied 
gasoline was emitted unburned from the two-stroke motor, (average trip length and 
emissions from Mele (1993), US EPA (1991». Then the benzene exposure to the 
shellfish for neap tide from this source was 0.40 ppb. 

The municipal sewerage was monitored for oil content and was estimated by 
Williamson (1993) to contain 6 tonne per year. Tills amounted to 0.013 ppb for 12 
hours of a neap tide. Therefore, the total background benzene content, averaged over 
12 hours, was 0.14 ppb and the maximum concentration (worst-case estimate) from 
these sources was estimated at 0.59 ppb benzene. To include the other hydrocarbons 
ofBTEX in this estimate could raise the level even more. These exposures are two 
orders of magnitude below the sub-lethal toxic effects level of 10 ppb hydrocarbons 
suggested by Power (1984) . 

. Moderately-sized spills are those over 1000 litres and are under what is considered a 
major catastrophe ofperhaps 60 to 75 tonne, as defined by Mortimer (1997), and the 
New Zealand Ministry of Transport, Maritime Transport Division (1992). A 20-tonne 
spill could be caused in less than 2 minutes, (New Zealand Ministry of Transport, 
Maritime Transport Division, 1992), if the flow rate was at its maximum flow of 16.7 
tonne/min with 2.5 minutes to shut off the oil flow. These moderate-sized spills 
happened historically between 1987 and 1992 at the rate of 2.4 times per year. The 
volume of each spill was not recorded, (Davis, 1992 and New Zealand Ministry of 
Transport, Maritime Transport Division, 1992). In this estimate, Table 4.2, an 
average, so-called "moderate" spill of2.5 tonne was assumed with a maximum 
({moderate" spill of 10 tonne. Such a moderate spill of gasoline would contain 5% wlw 
benzene and, in addition to the background, would result in an exposure concentration 
of 11 to 40 ppb benzene if it were assumed the spill was averaged out over the entire 
tidal prism. However, this may not be a good assumption in this case, since the wharf 
is 200 metres from the shellfish bed. The spill would not have time to disperse evenly 
over the entire tidal prism. More likely, a highly concentrated slug would flow over 
the shellfish bed. 

Furthermore, a small spill is defined as any spill smaller than 1000 litres. These spills 
were not recorded by the Northlands Harbour Board, (New Zealand Ministry of 
Transport, Maritime Transport Division, 1992), and are not recorded as of 7/97, 
(Mortimer 1997), by the Northland Regional CounciL Small spills, similarly, result in 
low exposure concentrations when the aromatics in the spill are averaged out over the 
·entire tidal prism, see Table 4.2. 
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The total background concentration of benzene was estimated at 0.14 ppb. This is 
below the sub-lethal toxic level set by Power (1984) of 10 ppb. A moderate-sized spill 
would increase the exposure to 43.7 ppb, a level ofconcem. The estimated volume of 
the Whangarei neap tidal prism, used in Table 4.2 was estimated by Heath (1976). In 
reality, the contaminant would not be uniformly dispersed throughout all the prism 
water, but would remain in a concentrated plume. It would therefore, present a 
greater exposure concentration, but for a smaller time, depending on the flow 
dynamics of the position of the shellfish bed relative to the flow. Coastal currents 
might hold the contaminant plume in an eddy around the shellfish bed, thus increasing 
the time of exposure. The background contamination from urban run off, the sewerage 
plant, and the marinas would be more thoroughly dispersed, if not completely 
evaporated, by the time they contacted the Mair Bank compared to spills or eftluent 
from the refinery wharf. Also the path the contaminant takes would be important since 
most of the estuary ebb tide flows in the main deep-water channeL The water in this 
channel flows around, rather than over, the Mair Bank and then out to sea, where it 
has greater chance of being dispersed by the Bream Bay currents. 

Because benzene and the other aromatic hydrocarbons in the study are volatile, and 
since the city and marina are more than 12 km away from the shellfish bed, and given 
tidal flow, this would relate to at least 24 hours (2 tidal cycles) or more (probably 
several days), before the benzene and other aromatics could reach the bed. Therefore, 
it was assumed these inputs were negligible so that the most significant input was 
harbour spills from loading and unloading operations. It was considered appropriate to 
investigate these frequent spills further as the unpredictable nature of the spills made 
them difficult to estimate quantitatively. In the Proposed Refinery Expansion 
Environmental Impact Report, (New Zealand Refining Co. Ltd, 1979), this aspect of 
oil pollution was neglected. This was also neglected in the water right hearings where 
Williamson (1994) gave evidence on total loadings of hydrocarbons to the estuary. 



Chapter 4 Case Study page 4-13 

4.2 LIKELmOOD 

Documented evidence for small operational spills is sparse for the refinery, as it is for 
all industries. Power (1984) presents petroleum hydrocarbon content data of shellfish 
tissue from the long-term monitoring site at the refinery wharfin Westernport Bay, 
Australia. Like the area in the Main Channel of Marsden Point the tidal mixing is rapid 
and results show the refinery effluent to be well-mixed in the receiving waters. Total 
petroleum hydrocarbons in shellfish tissue show a relatively constant level in 14 sample 
periods spread over 3 years, with the exception of two days when there were high 
values of hydrocarbons due to small oil spills. This study from Westernport Bay 
indicated that small oil spills affected the tissue levels of shellfish. Therefore, short 
exposures from small spills resulted in uptake by shellfiSh. Even small spills cannot be 
ignored, although the frequency of the small spills may be an important parameter. 
Further, Donkin and Widdows (1989) showed that the aromatic hydrocarbon 
concentration in mussel tissues affected the gill cilia, which are used for feeding. (The 
tissue concentration did not change significantly between exposure periods of 100 
minutes and 24 days. Kinetics of uptake was what was critical in this situation.) 

To gain further insight into this issue, the frequency of spill occurrence must be 
examined and estimated. The New Zealand Ministry of Transport, Maritime Transport 
Division (1992) examined oil spills at all the major ports in New Zealand in order to 
estimate the need for adequate response measures for a large oil spill. Oil spills happen 
for a variety of reasons: ship grounding, ship-to-ship collisions, ship-to-wharf 
collisions, accidental discharge from port tank farms, bunkering overfills, illegal 
dumping of contaminated ballast water, oil handling, and transfers. The report 
estimates the likelihood of the events which would cause significant, credible spills of, 
42 tonne, for example, as one in 10,000 events, or at the wharf at Marsden Point, one 
in 100 to 300 years. This is a low frequency of oil spill. However, it is clear that oil 
spills routinely occur when connecting and disconnecting lines for ship loading and 
unloading purposes, Northland Regional Council (1994). This operation is examined 
more carefully. 

4.2.1 Physical Situation at the Wharf 

New Zealand Ministry of Transport, Maritime Transport Division (1992) gives the 
following information on storage and transfer of oil at the refinery wharf facilities at 
Marsden Point. Two types of transfer occur at this wharf, bunkering and bulk transfer. 
Bunkering transfer refers to movement of oil from port storage facilities to vessel fuel 
tanks by hose and or pipeline. Bulk transfer refers to movement of large volumes of 
oil cargo from ship to shore or shore to ship by hose or pipeline. In 1990, 225 events 
of bunkering transfer occurred and 199 events of bulk transfer occurred at the refinery 
wharffor a total of 424 transfer operations. Flexible hoses, which are mounted on 
movable support arms are used at the Refinery for all loading and unloading 
procedures, (New Zealand Ministry of Transport, Maritime Transport Division 1992). 
Table 4.3 displays maximum hose discharge flow rates and estimated times to shut off 
the flow. 
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Table 4.3: Summary of Single Hose Discharge Rates and Times to Terminate Oil 
Flow (from New Zealand Ministry of Transport, Maritime Transport Division, 
199 2) 

Single hose discharge rate Time to terminate flow* 

Bulk transfer Bunkering transfer Bulk transfer Bunkering transfer 
(tonne/min) (tonne/min) (min) (min) 

16.7 5.Q 2.5 2.0 

* This assumes a personnel reaction time of 30 seconds in addition to the time for the valve to close. 

Hose discharge rates are not absolute figures but rather are indicative of the maximum 
flow rates achievable. Actual discharge rates depend to some extent on the hose 
length and configuration, the type of product being pumped, and the size of the ship or 
tank-farm pumps. Similarly, the time period to terminate flow is indicative only and is 
dependent on the reaction time of the operators should equipment break down. Bulk 
transfer and bunl.;:ering operations are supervised and it is possible to expect that a hose 
failure might be noticed (and responded to) quickly, although it is important to 
understand that these loading operations take several hours (for example 2 to 20 or 
more hours depending on the size of the ship). The estimated times in Table 4.3 
include a rather optimistic personnel reaction time of approximately 30 seconds. This 
time to terminate flow for a maximum discharge rate would correspond to 24.3 tonne 
(approximately 24.3 m3

) spilled from the bulk flow hose and 6 tonne (approximately 6 
m3

) spilled in the bunkering flow hose. These estimates are maximum figures for an 
accident such as a complete broach of the pipe from the ship. 

Management Of Transfer Operations At The Wharf 

Cox (1997) advised that failure frequencies in loading and unloading operations at 
marine terminals are system-specific, best addressed by synthesizing the failure rate 
statistics for the components involved. Any spill, no matter the size, should be 
reported because it may be a sign of potential faulty equipment or operations. This 
concept of hazard warnings is routinely used in the process industries to monitor safety 
standards, (Lees, 1996). Small spills can be indicators of large spills. An important 
aspect of managing oil spills that take place in loading and unloading operations is to 
know what size ofleak (in terms of percent normal flow) from the hoses would be 
enough to trip out the pumps, close the emergency shut-off valves, or set off an alarm. 

Historical Spill Data 

Historical data for spills occurring at the Marsden Point refinery wharf over 24 years 
are in Tables A-2 and A-3, Appendix A. Note that spill-size data under 1000 litres, or 
1 tonne, were not available. Only ((noticeable" spills were recorded at Marsden Point 
and none below 1 tonne were considered "noticeable". The number of recorded spills 
per year decreased from 1965 to present day. While it is possible that with more 
societal concern over oil spills, more care was taken at the wharf to improve efficiency 
of transfer, it is also possible that initially, reporting was not deemed a high priority so 
that in the early years, spills were under-reported. Even so, Fletcher and Douglas 
(1971) suggest that small spills which appear to cause no problems still tend to be 
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under-r~ported. Until very recently, the Harbour Board considered that any spill which 
did not cause major fouling of the area was a small spill--which is defined in the 
Refinery report as less than 40 tonne (New Zealand Refining Co. Ltd, 1979). Because 
it is difficult to speculate on uncertainties in the Marsden Point spill data, it will be 
used as it stands, with no modifications. 

4.2.2 Annual Spill Frequency 

In order to estimate a stochastic exposure concentration to the Mair Bank shellfish 
bed, a statistical distribution representing the probability of a spill occurring was 
needed. Frequency of harbour spills data over 24 years from 1965 to 1988 from 
Northland Regional Council (1994) records were used for this purpose, as shown in 
Table A-2, Appendix A. However, only those spills estimated to be over 1000 litres in 
size were recorded. Unfortunately, spills under 1000 lities were of most concern in 
this study. Therefore, in order to estimate the total number of spills per year, including 
those spills under 1000 litres, additional data were required. 

Historical data for individual spill events data was collected by the Maritime Facilities 
Division of the California State Lands Commission, Falkner (1997), over a five-year 
period, between 1-1-92 and 31-12-96. These data are displayed in Table A-I, 
Appendix A. There were a total of 92 spills for a total of 18,700 litres spilled out of 
109,569 transfers in 5 years and a total of70,780 million litres transferred over the 
five-year period monitored. These are data from all ports or marine terminals in the 
State and include data from both flexible hoses and hard-pipe connections. These 
actual figures for small spills show much smaller spill sizes than those recorded at 
Marsden Point wharf The average spill in California was 203 L [53.7 US gallons], 
with a standard deviation of 860 L [227 US gallons] and a range of3.8 L [1 US 
gallon] to 7472 L [1974 US gal]. 

Flexible hoses are sometimes considered less reliable than hard-pipe connections. 
However, Falkner (1997) of the California State Lands Commission believes the 
statistics over 25 years do not support this belief. In the State of California, flexible 
hoses are used in the largest number of transfers but the greatest volume passes 
through hard-pipe connections. The Refinery uses flexible hoses. 

Spill-size data from both sources were split into 5 categories, based on Northland 
Regional Council spill-size information. The Northland Regional Council data were 
scaled, adapting the idea of Heinrich (1959). With this idea, a proportionality constant 
was used to estimate the frequency of the small and very small spills based on the ratio 
calculated between the medium-sized spills at Marsden Point and those of California. 
Rather than choose equal category sizes, the categories were chosen for the data that 
were available. Table 4.4 displays only the 4 categories of spill size that data were 
available for because no very large spills were recorded either in California or at 
Marsden Point. Table A-4 in Appendix A shows all 5 categories. Frequencies of 
smaller spills tend to be much higher than the larger spills. 
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Table 4.4: Estimation of Average, Annual Spill Rate at Marsden Point (by using 
California and Northlands data to estimate small and very small oil spills at 
Marsden Point over a five year period). 

Spill size Litres in spill No. in 5 yrs. in No. in 5 yrs. at 
Calif MarsdenPt. 

Large 40,000 to 70,000 0 1 
Medium 1,000 to 40,000 4 21 

Small 40 to 1,000 18 93 (estimated) 

very small 1 to 40 70 360 (estimated) 

Average frequency of all spills per year at Marsden Point 95 

The average frequency of all spills per year based on the estimations of small and very 
small spills from Table 4.4 was 95 spills per year. Given the frequency of transfers at 
the wharf of 424 per year, this means that 22 times out of every 100 transfers, there is 
a spill of some size over 4 Htres (-I US Gallon). In order to construct a distribution 
for spill probability per year, a standard deviation needed to be estimated as well. 
Therefore, yearly Marsden Point spill data from Table A-2 in Appendix A was 
expanded, as shown in Table A-5, Appendix A, to estimate the number of small and 
very small spills per year, given a multiplier which was calculated for each year. The 
multiplier was the ratio of medium-sized spills at Marsden Point in 5 years divided by 
the number of medium sized spills in California in 5 years. The proportionality factor 
used was 5.15 which indicated that medium-sized spills were 5.15 times more frequent 
at Marsden Point than in California. This same ratio was used to estimate the small 
and very small spill categories, as well as the large spills, although this was an 
extrapolation of a ratio which might only apply to one size-range of spill. The spills in 
each category size for one year were added to estimate the total spills per year and 
from this was estimated an average yearly spill rate of 99 and a standard deviation of 
74. The average yearly rate of99 compares favourably with the average rate of95 
estimated from a five-year period. (When the two years where no spills were recorded 
(see Table A-S), were excluded from the calculations, the yearly average increased to 
108. There are two possibilities for these zero years: either no medium or large spills 
occurred or no recording was made.) 

The spill frequency data fit a truncated normal distribution (truncated at zero because 
there cannot be negative spills) with a mean of99 and a standard deviation of74 spills 
per year. (Although spill data are discrete and a normal distribution is continuous, the 
actual piecewise curve is a good approximation to a continuous curve.) The mean of 
the normal distribution was 99, however, the mean expected value ofthe truncated 
normal distribution was 112. The mean expected value averages only those values 
within the specified bounds of the truncated normal distribution and thus appears to 
shift the mean. 

Figure 4.5 shows the Northland Harbour Board (NHB) data plotted as histogram bars 
and the normal distribution plotted as points. It is possible that a lognormal 
distribution would fit the data better, although given the variability of data from year to 
year and the likely under-reporting of any spills other than those ofttmajor" size, there 
is a degree of uncertainty. A normal distribution fits a situation better where a number 
of errors are additive, while a lognormal curve fits a situation where the number of 
errors are multiplicative. Each spill may occur for different reasons, some of 
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multiplicative nature, others of additive nature. The normal distribution does not 
appear to be a good fit to the data. 

The Weibull distribution actually gives the best fit with parameters, (1, = 1.28 and ~ = 
106, see Figure 4.6. The expected value from this distribution is 98 spills per year. 
This distribution is also called a Type III distribution of the extreme value 
distributional family. The extreme value distributions fit situations where the success 
or failure of a system depends on its ability to function under extremes- such as the 
maximum demand or load it is subjected to. Or it may depend on the strength of the 
weakest of many elementary components. This distribution arises from underlying 
distributions limited in the tail of interest. Its most useful applications deal with the tail 
representing the smallest values, that is, how the tail rises from zero. This is a critical 
aspect to the distributions representing both data for the frequency of spills per year as 
well as spill-size distributions. 

The Chi-square fit for the Weibull distribution gives a test value of 4.8 which results in 
a confidence of greater than 99%, according to the program BESTFIT. 

4.2.3 Annual Spill-Size Frequency 

In order to estimate a stochastic exposure concentration to the Mair Bank shellfish 
bed, a statistical distribution representing the size of a spill was needed. The same data 
were used to estimate the spill-size distribution as in the section above, which 
estimated the annual spill frequency distribution. The spill data similarly, needed to be 
reconstructed for the Marsden Point area using data from California. Because of the 
uncertainty this process introduced, two reconstruction methods were used. The 
ultimate comparison of results of the two methods would indicate the range of 
uncertainty introduced into the analysis from this step. 

Reconstruction Method I 

The first method was similar to the method known as "bootstrapping". In this method, 
the Californian data was split into equal categories, of 1 0 US gallons. The shape of the 
California spill size distribution was maintained by using a proportionality factor. The 
same proportionality factor of 5.15, from the medium-sized spill category, was used as 
in Table 4.4, above. This proportionality factor was extrapolated so that all categories 
of spill size were 5.15 times more frequent at Marsden Point than in California. In 
addition, there were large spills at Marsden Point (4 spills over 40,000 litres in size, in 
24 years) of which there were none in the five years of data from California. 
Therefore, the tail of the distribution needed to be lengthened and thickened. Using 
this method, the total number of spills in 5 years remained the same as in Table 4.4. 
This procedure is shown in Table A-6, Appendix A. The calculated mean of this data 
was 278 litres and the calculated standard deviation was 1843 litres. These distribution 
parameters for the reconstructed data were larger than the respective mean and 
standard deviation for the California data of 203 L and 860 L. This was expected 
because the tail was lengthened and thickened in the reconstruction exercise. 
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Intuitively, it was expected that a lognormal distribution might fit the data because spill 
size might be distributed with a peak reflecting common faults in an operation as in 
connecting or disconnecting when filling an oil tanker. Furthermore, this would be a 
useful distribution to use when there are many small, positive values, with some remote 
chances of large values. Such a distribution is common in failure situations where there 
are multiplicative effects. Figure 4.7 shows the lognormal fit to the bootstrapped 
California data. Unfortunately, the shape of the curve does not represent well the 
extremes of high frequency at small spill sizes. Thus, it was an unacceptable fit. The 
extremes of high frequency at small spill sizes, together with the long tail representing 
the few large spills made this a difficult distribution to represent. Therefore, the 
published literature was consulted. 

Comparative Published Studies On Oil Spill-Size Statistical Distributions 

Englehardt (1995) examined statistics from a variety of natural disasters, industrial 
accidents and pollutant releases in regard to fitting these events with statistical 
distributions. He showed that the expected lognormal fit was often poor because these 
incident-size distributions have exponentially decreasing shapes with smallest events 
occurring most frequently. But, the tail of the exponential distribution usually 
underpredicted the probability for insurance claim purposes. Withers (1988) reported 
that the Pareto model was used to estimate the under-reporting of small industrial
safety incidents. Englehardt (1995) used the Pareto distribution as an example 
application of a distribution to model oil spills on inland waterways. He noted that 
environmental effects may be due to small but regular losses in refuelling and other 
operations for which data are not as reliable as data for the larger spills. The situation 
which Englehardt (1995) described was similar to this case study in that the accident 
data were difficult to fit with theoretical distributions available and also, that small 
spills data might not be as reliable as accident data for large spills. 

Englehardt (1995) measured the ecological effects in terms of barrels of oil lost 
(because he was not able to quantifY ecological effects) and found that the Pareto I 
distribution fit the situation well. Furthermore, he found that the total number of 
incidents was normally distributed and independent ofthe size of any individual spill (a 
similar assumption in this study). In his example, the recorded number of spill 
incidents for a bay over a 10 year period was 300. However, when small spills were 
included in the analysis, the corresponding mean for the total number of incidents 
(from the smallest spill of 1 barrel oil (42 US gal or 159litres) to the largest possible 
spill) was estimated at 9,480. His ratio of total spills to recorded spills was 31.6 which 
was slightly larger than the estimated ratio for this reconstructed data of 21.6, see 
Table A-8, Appendix A. 

On adapting this recommendation, an attempt was made to use either Pareto I or 
Pareto II models to fit the reconstructed spill-size data. Although acceptable fits could 
be made using the Chi-squared test and visual examination, the distributions gave high 
spill-size tails which were far too thick. That is, the distributions over-predicted the 
medium, large, and very large spills compared with the data. Englehardt (1995) also 
suggested alternative distributions to the Pareto oflognormal, gamma, and the Pearson 
distributional families. 
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The program BESTFITTM was used to assist in the search for an acceptable 
distributional fit to the data. In fact, no distributions were found to fit this modified 
data well because of the extremes of high frequency at small spill sizes as well as the 
long tail representing the significant few large spills. It is possible that the data were 
more difficult to fit because these were reconstructed data. 

Lugo-Fernandez (1993) looked at historic oil spill data associated with oil production 
activities in the Gulf of Mexico Outer Continental Shelf She was interested 
specifically in the spill-sizes smaller than 159,000 litres. Spills in this category were 
difficult to analyse because of data gaps, even when data were collected over a 
fourteen-year period. She discussed several reasons for the difficulty of fitting the 
data. One reason was that there were different rules for reporting differing sizes of 
spills, for example, spills which were greater than 160 litres were reported in writing, 
while spills less than 160 L were reported orally. In addition, there appeared to be 
different mechanisms for the different sizes of spills occurring. For example, very 
small spills were often the result of human error, while larger spills, above 80001itres, 
often had malfunctioning equipment involved. For these reasons, the oil spill data was 
split into categories of 160 to 8000 Land 8000 to 159,000 L. Lugo-Fernandez (1993) 
found a binomial distribution to best fit the data in the smaller category and given the 
gaps in the larger category, a uniform distribution gave the best statistical fit. 

Statistical Fit of Spill-Size Data 

The reconstructed spill-size data was therefore, modified for the theoretical
mechanistic reasons proposed by Lugo-Fernandez (1993), and in order to gain an 
acceptable fit. The data was modified by splitting the larger spill sizes into a separate 
category. The data in Table A-6, Appendix A was truncated at a maximum 3,050 
Htres (using the 10 gallon category sizes). This spill-size was chosen because there 
were only two larger size classes above this spill size, 7475 L (at a frequency of 5.15 
times in 5 years) and above 40,000L (a frequency of 0.8 times in 5 years). 
Furthermore, the data seemed to level out at a spill-size of 600 litres, leaving, what 
appeared to be, a uniform tail, (similar to that noted by Lugo-Fernandez). The Weibull 
distribution gave an acceptable fit (ex = 0.50, ~ 83.1 with a Chi Square test statistic 
of 0.101 and a confidence >0.99. The Kolmogorov-Smirnov test value:::: 0.023, with 
a confidence >0.1). See Figure 4.8. 

An alternative distribution which also fitted the modified data (the spills over 3000 I 
were truncated) was the Pearson V, with parameters ex=1.24, ~ = 43.8. The statistical 
fit, using the Chi-Square test and the Kolmogorov-Smirnov test as tools for 
judgement, was very good. For example, the Chi-Square test value was 0.08, with a 
confidence >0.99. See Figure 4.9. However, the Weibull distribution, as extreme
value distribution, was chosen to represent the data for similar reasons to the annual 
frequency data. It fit the data as well as the theoretical understanding of how the data 
might have occurred. 

Reconstruction Method II 

The second method used to reconstruct the data adapted the ideas of Heinrich (1959). 
This method has also been used by Keey (1998), the Health and Safety Executive 
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(1991), and Bird and Germain (1985). These kinds of relationships or accident 
pyramids are found between small accidents and large accidents. The method 
developed because smaller, less damaging accidents seemed to be under-reported. In 
order for the industry to reduce these problems, incident frequencies needed to be 
estimated. Different multipliers were used for different industrial situations. For 
example, Bird and Germain (1985) studied 1.75 million accidents from 297 co
operating organisations. They found the following ratio in the manufacturing 
industries, over all, of I: 10:30:600 for accidents classified as: disabling injury/ minor 
injury/ property damage/ no injury or damage. 

Given the accident data available for oil spills from California and from Marsden Point, 
five categories of spill-size were selected, as discussed in section 4.1.3 and as shown in 
Table 4.4. The unequal sizes ofthe categories were dependent on the available data: 
" 1 - 40 litres, 
" 40 - 1000 litres, 
" 1000 - 40,000 litres, 
.. 40,000 and up with an arbitrary limit of 70,000, and finally 
III 70,000 and greater, the very large spills, of which none were recorded. 
See Table A-4, Appendix A and Table 4.4. A proportionality factor was developed, as 
described in Section 4.1.3 and in Method I. The major difference between Methods I 
and II was that Method I used a proportionality factor on the California data in small 
categories, while in Method II, the same proportionality factor was used on the 
Californian data grouped into the large, unequal categories. The reason the large 
categories were used was because it was thought to introduce less bias than by using 
the small category procedure. At Marsden Point, little was actually known about the 
data within each large category and it was thought that by superimposing the detailed 
California data, it was actually introducing possible false data that could not be 
substantiated by historical documentation and which related to features of Californian 
practice not present in New Zealand. It is known from Davis (1992) that larger spills 
are more common at Marsden Point than Method I would indicate. 

The mean and standard deviation of this large category data was calculated, See Table 
A -7, Appendix A Because the category sizes were larger and because of the trend of 
the data in general, it was thought that the geometric mean of each category would 
represent the data in each category, better than the arithmatic mean. Using the 
geometric mean for each category, the calculated mean of this data was 867.5 Htres 
with a standard deviation of3917litres. (On using the arithmatic mean for each 
category gave a much more highly skewed overall data mean.) Both statistical values 
were larger than the means and standard deviations calculated in method I. The large 
category sizes tended to shift the mean to higher values. See Figure 4.10. 

Similar to the data in Method I, the category data did not fit a lognormal distribution, 
given the calculated mean and standard deviation. The program BESTFITTM was again 
used for finding a good statistical distributional fit. When four categories (ie. the data 
as it stood) were used to find a statistical fit, given a continuous distribution with a 
minimum value of 1 litre and a maximum value of 70,000, the distributional fits tended 
to favour flattening the data. In general, poor fits were obtained. The statistical fits 
ignored the high frequency of small spills. 



Figure 4.10: Spill-Size Frequency Reconstructed Using Method II 
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At the Refinery wharf there were both bunkering and bulk transfer operations 
occurring. (One operation loads a ship's hold with oil for transport while the other 
loads the ship with fuel for the voyage, respectively.) Additionally, spills happen at 
different points in the loading process: hook-up, start-up, steady-state, and 
disconnect.) Therefore, because of the variety of sources and variety of frameworks 
for failure, a good theoretical, as well as a good statistical fit might not be available. 
This was a similar situation to that in Method 1. The best statistical fit found for this 
data was a Weibull distribution with parameters 0,= 0.91, !3= 12900, with a Chi
Square test value of 0.00014, confidence >0.99 (and a Kolmogorov-Smimov test value 
of .024 and confidence >0.1). While this appears to be an acceptable statistical fit, a 
visual comparison of the distribution and the Weibull fit shown in Figure 4.11, shows 
that the frequency ofthe small spills seems to be under-represented. 

Therefore, in order to improve the fit of the statistical distribution to the data, and for 
similar reasons as those given for Method I above, the spill-size data were split. The 
largest categories of 40,000 -70,000 litres were removed and the category sized 1000 
to 40,000 Htres was truncated at 10,000 litres. The best fit for this modified data set 
was the Weibull distribution with parameters a = 0.83, ~= 2310, with a Chi-Square 
test value of 0.0007 and confidence >0.99 (and a Kolmogorov-Smimov test value of 
.023 and confidence >0.1). The comparison ofthe modified data to the second 
parameterized Weibull distribution is shown in Figure 4.12. At first it appears that the 
distribution over-predicts the small spill sizes compared to Figure 4.11, but the scale of 
the horizontal axis is much smaller in Figure 4.12. Given the large category data of 
Method II, the Weibull distribution with (a 0.83, ~= 2310) is the best fit not only 
from a statistical confidence test, but also from the sense ofthe theoretical 
understanding of how the data might have occurred. 
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Figure 4.11: Comparison of the Method II Spill-size Input 
Distribution and the Weibull Distribution (a=O.91, ~=12,900) 
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Figure 4.12: Comparison of the Method II Spill-size Input 
Distribution and the Weibull Distribution (a=0.83, ~=231 0) 
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4.3 EXPOSURE MODEL 

The contaminant transport model was based on the broadly defined conceptual model 
for contaminant transport in coastal marine systems discussed by GESAW> working 
group 25 (1992). More specifically, it was narrowed to fit qualitative models 
discussed in Jordan and Payne (1980, pg 2) and Jensen (1983). Because of the short 
time frame for transport processes to take place in this case study, many rates, such as 
the rate of dissolution, photo-oxidation, and bio degradation which were significant in 
other models such as those used by Jordan and Payne (1980), Yapa and Shen(1986) 
and Jensen (1983) were less important in this situation. 

Jordan and Payne (1980) suggest that the spreading of crude oil on the water is the 
most significant dispersive process for the first 6 to 10 hours .. The spreading of the oil 
slick consists of advective spreading by currents and wind (if any are present), as well 
as the buoyant spreading of a liquid onto a surface. Evaporation and dissolution are 
the two major loss processes after crude oil is released onto the water. Evaporation 
removes most of the volatile lower molecular weight compounds (up to n-C 15). The 
case study in this thesis addresses refined oil, specifically gasoline. Therefore, the 
components, such as tar balls which sink and similarly the emulsifying components in 
crude oil which lead to mousse formation, are not present. 

Oil spills which happen in transfer operations are presumed to happen randomly, rather 
than on a periodic basis. Because of this, these inputs can be difficult to include in a 
deterministic overall contaminant transport model, such as those put forward in 
Thomann (1972) and in similar models developed by the Center for Exposure 
Assessment Modelling, Ambrose and Barnwell (1989). Furthermore, although it is 
possible for oil to be released to the environment in a transfer process by a continuous 
drip, it is assumed here that the release happens as a pulse spill. The raw, oil spill data 
from California, in Appendix A, Table A-I indicate that the small spills were ascribed 
to a specific operational step in the loading process. 

The transport of a light oil slick on moving water may be approximately viewed as 
having three parts, according to Jordan and Payne (1980). 
• The first part consists of convection and dispersion by currents and winds (this is 

addressed in section 4.3.1). 
• The second part consists of the increase in area of the oil slick due to the tendency 

of the oil to spread in calm water (this is addressed in section 4.3.2). This part also 
addresses the break-up and entrainment of oil spills from turbulence. 

It The third part consists ofloss processes. These include evaporation of the lighter 
components of oil into the air (section 4.3.3). 

Other processes are significant in the longer term and include dissolution of the soluble 
components into the sea water, and changes wrought by biological degradation 
(section 4.3.3) 
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4.3.1 Advection-induced and Wind-induced Dispersion 

Symbols and Subscripts Used in This Section 

A = A(x,t), the longitudinal cross-sectional area of the estuary 

B surface breadth of the stream 

C = Chezy's C, (a frictional resistance constant based on bed roughness) 

c = c(x,t), the contaminant concentration averaged over the cross sectional area 

Fr the Froude number 

g = the gravitational constant 

h = the height of sea level up to chart datum 

K the cross sectionally averaged longitudinal dispersion coefficient which depends on 
the velocity profile in the vertical and transverse directions, the tidal excursion, and the 
vertical diffusivity. 

L a characteristic length, usually a depth. 

LR the horizontal ratio of a physical model to the prototype 

Q =: volumetric flow rate 

R the hydraulic radius of the channel 

u = u(x,t), is the velocity of the water averaged over the cross section in the 
longitudinal direction 

u = the velocity 

Vw the vector of the wind velocity 10 m above the water surface. 

v c = the vector of the depth averaged current velocity (simulated in the model studies 
in section 4.2.1). 

x = the horizontal axis in the direction of flow with the up-harbour, or flood-tide 
direction denoted as positive 

YR = the vertical scale ratio of a physical model to the prototype 

Greek Symbols 

p water density 

'tx = the surface stress induced by the wind. 
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~ sea level above chart datum 

Subscripts 

m = refers to the model 

p = refers to the prototype 

R the ratio of mfp, so for eg: LR = Ln/Lp 

In order to determine the long-term risk to Mair Bank shellfish from aromatics in 
frequent gasoline spills, this case study has focused on determining the likely 
concentrations to which shellfish will be exposed. To do this, the fate ofBTEX was 
analysed, should gasoline be released onto the water in a spill at the Marsden Point 
Wharf Most existing models of oil slick spread, movement, and fate have been done 
for crude oil spills. Refined oil historically, carries less stigma than crude oil and so 
there are fewer studies in this area. Not only is it usually transported by sea in smaller 
quantities, but also it tends to fully evaporate, leaving a comparatively smaller residue. 
However, for short times, the theory developed for crude oil slicks has proven useful, 
not only for oil, but also for other and less viscous substances such as LNG, Fannelop 
(1994). This indicates potential for using the theories for gasoline. 

Background 

Spills from tanker loading at the wharf would have the greatest impact if they occurred 
on the outgoing, ebb tide. In this case, they would be carried directly out of the 
harbour and toward the Mair Bank. This chapter summarises the approach to estimate 
an exposure concentration due to advection-induced dispersion from ebb tidal flow. 
Exposure from spills on the flood tide are discussed qualitatively. Spills which happen 
on the incoming, flood tide might be damaging to other shellfish beds in the estuary 
and possibly also to the Mair Bank. Given the close proximity of the Mair Bank to the 
Refinery Wharf (300 to 500 m), there is less time for evaporation to remove BTEX 
components from the slick moving toward the bed on the ebb tide. 

Numerical dispersion models 

Numerous computer models have been developed to simulate the fate and transport of 
oil spilled in the surface waters and include: Yapa and Shen (I986), Nakata et al. 
(1991), Shiau and Tsai (1994), Applied Science Assoc. (1997), Pamarouskis, et at. 
(1980). These models, from widely different countries are all based on the same 
theoretical work, that of MacKay, (primarily in MacKay and Matsugu (I 973) and 
Cohen et al. (1980)), Fannelop (as summarised in Fannelop (1994)), and Fay & Hoult 
(as summarised in Hoult (1972)). The work of MacKay and Matsugu (1973) and 
Cohen et ai. (1980) included evaporation and solution rates between the slick and 
water. Fanne10p, Hoult and Fay's work examined the slick-spreading rate based on an 
experimentally verified physical understanding. 
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Parnarouskis, et al. (1980) and Applied Science Assoc. (1997) discussed two generally 
applicable software models which estimated physical fates and biological effects of 
hazardous chemicals, including oil. These models included large databases of chemical 
properties and were designed for emergency response, contingency planning, and 
training. These models were more generally written to give the user an idea of spill 
trajectory in order to allow the user to screen disaster possibilities. The time frame of 
these models was long and they were designed for large spills. Furthermore, using 
either of these models for a detailed analysis to estimate BTEX exposure to a shellfish 
bed from small spills would yield large uncertainties because they were designed for 
use for long time periods. 

The numerical model of Nakata et al. (1991) was built to study the long-term 
behaviour of heavy oil spilled on the open sea surface and how it settled through the 
water column to the sea bottom, adhering to sediment and suspended matter as well as 
emulsifying with water. This model was built to assess crude oil or the heavier oils, 
and would apply poorly to gasoline. Gasoline is a highly refined light fraction and does 
not settle onto the sea bottom, nor does it have emulsifying components in it which 
will cause production of an oil-in-water emulsion. 

Shiau and Tsai (1994) studied the spread and movement of a slick on the water surface 
in coastal regions, but were interested in very long times and large spills. Yapa and 
Shen (1986) developed a model for oil-slick transport in rivers to simulate the fate of 
oil spills in the Great Lakes connecting channels. This flow scenario was similar to the 
ebb tidal situation between the Refinery wharf and the Mair Banlc However, Yapa 
and Shen (1986) were interested in long times where Fay's mechanical-spreading 
equation could be reduced to the simplified, long-time spreading correlation. Further, 
their model pertains to a two-dimensional problem. The transport times between the 
Mair Bank and the Refmerywharfwere relatively small (less than one hour) and so 
long-time spreading correlations were not useful. Furthermore, the fluid dynamics in 
the study area were complex, requiring a three-dimensional analysis. 

Black (1983) numerically modelled the variation of the water velocity with time and 
space in the Whangarei Estuary. He solved equations 4.1 and 4.2, for both the two
dimensional and three-dimensional cases. However, the area of interest in this thesis is 
at the outlet of the estuary where coastal dynamics play an important role in velocity 
fluctuation. The area that Black studied was in the middle harbour area and so these 
coastal velocity data were not important to his work. His velocity results ultimately 
verified the results of the modelled streamlines in this work. 

(4.1) 
au uOu a; glulu gR8p 
at + ax = -g ax - C2R + pR 2pax 

(4.2) 
8(uA) a; 

or dividing by B, 
8(uh) a; 

=-B ----
Ox at Ox at 

In Equation. 4.1, the symbol g is the gravitational constant, ~, is the sea level above 
chart datum (where chart datum is defined as approximately the lowest astronomical 
tide), p is the water density, Cis Chezy's Coefficient, (a frictional resistance constant 
based on bed roughness), R is the hydraulic radius of the channel, and 'ex is the surface 
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stress induced by the wind. In this equation, the practice of designating the up-harbour 
or flood direction as positive was followed. The left-hand side of equation 4.1 gave 
the acceleration force, both local and convective. The right-hand side gave the forces 
driving or retarding the flow due to the slope of the water surface, the bed frictional 
resistance, and the wind and longitudinal density gradients, respectively. Equation 4.1 
is a basic expression for open channel flow and was derived from the St. Venant 
Equations, see Chow (1959 pg 528) for a general explanation. 

Equation 4.2 is the continuity equation in one dimension, where B is the surface 
breadth of the stream and where h is the height of sea level up to chart datum. A mass 
balance over a volume element of stream yielded the continuity equation, 4.2. 

Vreugdenhil (1989) explains the development of the partial differential equation to find 
the variation of the concentration of a contaminant, c(x,t) with time and space, see 
equation 4.3. The numerical solution requires that for each time and length step, 
equations 4.1 and 4.2 would be solved for velocity and the velocity would be 
substituted into equation 4.3 for the same time and space variables. 

(4.3) a( cA) + a( ucA) = ~ (AK ac) 
at ax ax ax 

In Equation 4.3, c(x,t) is the contaminant concentration, A(x,t) is the longitudinal 
cross-sectional area of the estuary, u(x,t) is the velocity of the water averaged over the 
cross section in the longitudinal direction, K is the longitudinal dispersion coefficient 
which depends on the velocity proftle in the vertical and transverse directions, the tidal 
excursion, and the vertical diffusivity. All the parameters are averaged over the cross 
sectional area. Solving equation 4.3 for the contaminant concentration, c(x,t), would 
then give the concentration as a function of time and location in the estuary. 

Physical Models 

In spite of the best work using numerical models to simulate flow in rivers and 
estuaries, a physical, scaled model remains the most accurate way to analyse the flow, 
(French, 1985, Fischer et at. 1979). Although building a physical model can be 
expensive in terms of time and space, it is an excellent way to analyse effects of 
proposed changes such as effluent outfalls. Discharge points can be easily shifted 
between alternate sites. Changes in estuarine bathymetry (the measurement of depths 
of water) can be studied by rebuilding part of the model. The results are not only 
useful to the engineer but they are easily understood by decision-makers as well as the 
lay public, (Fischer et at. 1979). 

Given the attractiveness of physical models, it is important to understand their 
limitations. A physical model is generally not an exact replica of the prototype. In 
order to contain the model in a building of a reasonable size, the horizontal scale must 
be very small, one in 1000 for example. The vertical scale cannot be this small, (1-30 
rom), because if it were, the flow would be dominated by viscous and surface tension 
effects. Instead the vertical scale is usually smaller, on the order of 1 to 100, (Fischer 
et at. 1979). This vertical exaggeration converts a wide and shallow cross section into 
a more canyon-like cross section which makes the flow more turbulent and distorts the 
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rates of vertical and transverse mixing. In other words, the dispersive effects of the 
vertical velocity distribution are magnified, while the dispersive effects of the 
transverse velocity gradients are diminished. The tendency of the model flow may be 
too fast because of the increased slope and this must be resisted by adding friction to 
the channels. 

During the construction process, it is important to calibrate the model against 
prototype observations of currents in the main channels, (Fischer et al. 1979). Vertical 
strips may be attached to the bottom of the model to provide extra friction to 
counteract the distorted channel and water surface slopes. However, the vertical 
roughness strips stimulate localised mixing. This mixing can be different than that 
going on in the prototype and is a further caution why the model must be calibrated 
and should not be used to quantitatively model waste dispersion, (French, 1985). 

In specific cases, French (1985) advises, it is conceivable that the effects of roughness 
strips and distortion may cancel and yield a correct simulation. However, the chances 
of this occurring are small. It would be very difficult to separate the components of 
the flow and then scale them proportionately; see equation 4.3 above. 

Fischer et at. (1979) had a slightly different point of view for the use of models for the 
scaling of mlxing processes. Fischer sited a number cases, including those of San 
Francisco Bay and Galveston Bay where salinity intrusion was successfully modelled. 
If salinity gradients were accurately modelled, waste dispersion, as well, might be 
adequately modelled. Fischer et al. (1979) went into some detail to explain how 
vertical and horizontal roughness strips must be positioned by trial and error until good 
comparison of salinity and velocity measurements between the prototype and the 
model was obtained. They further suggested the use of bubbles and fans, to stimulate 
vertical mixing in the model for acceptable comparisons. 

While a physical model was an aid to the overall understanding of estuarine dispersion 
phenomena, prediction of rates near the source of a spill rates was not usually done by 
using a model. Given the model distortion, the mixing of a plume in the model would 
be too slow in the vertical direction and too fast in the transverse direction. Fischer et 
al. (1979) have studied transverse mixing in a rectangular flume with vertical 
roughness strips and found that the transverse dispersion coefficient, Kt was 

proportional to the strip width and the mean flow velocity. Therefore, they suggested 
that the transverse mixing in the San Fransico Bay model, for example, might be 
correct because of the choice of strip width. 

Physical model studies have been done of the Heysham Harbour in England. 
Crickmore (1972) was quoted in Fischer et al. (1979) as concluding that a model was 
a valuable way to show the mean flow paths prevailing throughout the tidal cycle but 
that the rate of turbulent mixing had to be estimated by field studies. Therefore, a 
similar approach was taken with the modelling of the flow from the Refinery wharf to 
the Mair BanIc. A physical model in this study was used for evaluating mean flow 
paths at various snapshots of time over the tidal cycle. This gave a qualitative 
understanding of flow in the area of interest. 
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Figure 4.13: Model of the Mair Bank Shellfish Bed at the Mouth of the 
Whangarei Estuary. The Dye Trace Simulates the Flow of an Oil Spill at a 
Snapshot in Time at the New Zealand Refinery, Marsden Point Wharf. 
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Characteristics of the Physical Model of the Whangarei Estuary 

Estuarine flow can be characterised as unsteady, non-uniform flow. In some cases) it is 
possible to analyse it using horizontal, two-dimensional flow analyses) Black (1983). 
In such cases, velocity variations with depth are neglected and only horizontal 
variations are assumed to be important. However, in the area of interest between the 
Refinery wharf and the Mair Bank, the flow is three-dimensional, varying with depth, 
both directions in the horizontal, and time. To properly analyse this numerically would 
require a complex model, considerable computing resources, input velocity, water 
level, and bathymetric data of high quality and quantity. Because such data were not 
available, a simplified approach was taken using a physical model. Streamlines at 
discrete time periods in the ebb tidal cycle were used to estimate transport of a spill. 

Whangarei Estuary Model 

A physical model was built of the Whangarei Estuary for the purpose of giving a 
qualitative understanding of flood and ebb tidal flow characteristics. This scale model 
was designed by MacFarlane (1996) and was later verified and calibrated by Redman 
(1997). Dimensions and bathymetry data came from the Hydrographic Office of the 
Royal New Zealand Navy (1983). It was a distorted model with a scale, as built, of 
100 to 1 on the vertical and 8772 to 1 on the horizontal. (The horizontal scale quoted 
by MacFarlane (1996) of6000 to 1 was erroneous.). These scales resulted in a large 
distortion ratio but were necessitated by limits of physical space. A more usual 
distortion ratio would be 1/100 on the vertical and 1/1000 on the horizontal. French 
(1985) noted that the geometric scale distortion should not be large, that is the, YFiLR 
ratio for most distorted models is 10. (Y R is the vertical scale ratio of model to 
prototype of 1/100, and LR is the horizontal ratio of 1/8772) The ratio in this model is 
80. 

Calculation oftime constant for the model 

To calculate the time constant for a distorted model, Froude number similarity was 
used. Although the Reynolds number was important to the degree that turbulence 
must be present in the model, the effects of viscosity were negligible relative to the 
effects of gravity. Therefore, the following derivation was used from French (1985) to 
estimate the tidal period time scale for the model. 

(4.4) Frm = Frp 

where Frm is the Froude number for the model and Frp is the Froude number for the 
prototype. Furthermore, 

(4.5) 

where u is the velocity, g is the gravitational constant and L is a characteristic length, 
usually a depth. Then) 
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(4.6) um ~m rr- . - == -L or uR == '\/ LR where R is equal to the ratio of m/p. 
up p 

Then to calculate a time scale, using the definition of velocity, 

(4.7) 

Then substituting U R == {L; from above, 

(4.8) TR == JLR 

But this is the time scale for an undistorted modeL In this case Y R is the vertical scale 
ratio and LR is the horizontal scale ratio. Therefore, 

(4.9) and 

Therefore in this model, Y R 111 00 and LR = 1/8772. 

1 

(12 hr25 min) J~2 
100 

50 seconds. 

This was the computed, scaled time for one full tidal cycle. This was physically 
possible to execute on the model, as built. The model was flooded from low tide to 
high tide (one half of a tidal cycle) in 25 seconds using a hand~regulated rotameter set 
at a flow rate of 1.62 litres/sec. 

Tidal levels 

Tide levels, given by the Hydrographic Office of the Royal New Zealand Navy, (1983) 
and scaled to the model dimensions, are shown in Table 4.5. 
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Table 4.5: Tide Levels on the Model 

Tidal Height above Chart Datum, model scale, (mm.) 

Place MHWS 

Port Whangarei 29 

Marsden Point 26 

Mean Height 27 
Overall Model 
Where MHWS = Mean high water spring tide 

Jv1L WS Mean low water spring tide 
MHWN = Mean high water neap tide 
Jv1L WN = Mean low water neap tide 

MLWS 

6 

4 

5 

lV1HWN MLWN 

26 9 

23 7 

24 8 

Given the small horizontal scale of the model and the short time constant for tidal 
inflow and outflow, average tidal heights between Port Whangarei and Marsden Point 
were used for subsequent experimentation as shown in Table 4.5. In addition, spring 
tidal heights were used for subsequent work with the model. 

Volumes 

Using the calculated scaling ratios, the estuarine water volumes may be calculated 
using estimates from Heath (1976). 

Table 4.6: Volume of Tidal Compartment for the Model and the Prototype. 
After Heath (1986 

Model m3 

Volume at low water, s rin tide 200 10 6 0.0260 

164 10 6 0.0213 

Tidal com artment nea tide 116 10 6 0.0151 

The spring tidal compartment estimated from the model dimensions, as built, was 
0.0189 m3

, as compared to 0.0213m3 from Heath's estimate. This difference 
corresponded to an 11.3 % difference between Heath's estimate and the estimate from 
the model dimensions, as built. 

Velocity 

Flow in natural rivers is normally fully turbulent, Fischer et al.(1979). Reynolds 
numbers for the Whangarei Estuary in the channel going around Marsden Point varied 
from 9 to 20 million, given measured velocities which varied in the tidal cycle from 0.5 
to 1.13 mfs, Black, (1983). In the model, similar Reynold's numbers could not be 
achieved. Velocities were scaled using the Froude number and as long as the Reynolds 
numbers were in the turbulent regime, this policy was expected to give acceptable 
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simulated results, French (1985). If the model flow was not turbulent, then Fischer et 
al. (1979) recommended that surface roughness should be added. To ensure the flow 
in the model was fully turbulent, the Reynolds number should exceed 2000, (French, 
1985) using the definition: 

(4.10) 
uL 

Re=
v 

In equation 4.10, u lineal velocity, 
L the hydraulic radius, flow area/wetted perimeter; 
v = kinematic viscosity 
(kinematic viscosity::::: 1.1 (10)"6 m2/s for salinity, 29 to 35 %0, 20oe. 

= 1.004 (10r6 m2/s for fresh water at 20oe.) 

Using Froude number similarity, velocities in the model were expected to scale down 
from the prototype, using the ratio of 1/10, French (1985). The Marsden Point area 
was of most concern in this study and so Reynolds numbers in the channel were 
checked for Froude number similarity. In the scaled model, the velocity in this channel 
was measured three ways. In the first instance, the known tidal prism of the model, 
(from Table 4.6) was divided by the time to fill or empty it. This average volumetric 
flow rate was then divided by the lmown flow-through-area in the model channel. The 
average velocity estimated in this way was 0.07 mls for the channel by Marsden Point. 
Because tidal flow into the model was unsteady by nature, the measured flowrate at 
the rotameter was not equivalent to the flow rate in the channel. 

Secondly, the surface velocity was measured by timing the distance travelled by a small 
floating piece of paper in the channel. Measurements ranged from 0.07 to 0.1 mls. 
These velocity measurements were in the correct range. Finally, these measurements 
were confirmed using a hand-held Schiltknecht mini-air II velocimeter with microhead 
15.05 (with a range of 0.03 to 5 mls). Measured model velocities in the channel of 
concern ranged from 0.05 to 0.1 mI s. While these readings were consistent with other 
measurements, above, velocities in this range were not consistent or repeatable when 
tested in a laboratory flume. This range of measurements was at the far end of the 
instrument's accuracy scale which might have been the cause of the difficulties 
experienced. 

Using the first velocity estimate of 0.07 mls the Reynolds number calculated for the 
model in the channel around Marsden Point was 2130. This was considered to be in 
the turbulent regime in the channel. Therefore, no additional surface roughness 
elements were added to this study area. 

While measured velocities in estuaries follow a sinusoidal curve, this periodicity was 
not reproduced in this model estuary. The flow was turned on and then turned off 
after the appropriate time interval. The time to reach a steady state flow rate was only 
a few seconds. Furthermore, flow rate was constant over this time period. It did not 
appear to be affected by the small change in tidal height due to filling or draining the 
model. This was expected because the change in tidal height was only 0.022m. 
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Fresh Water Input 

In .Order tD mDdel the freshwater input tD the estuary, 100% .Of this run Dffwas 
mDdelled tD CDme in thrDugh the Hatea River. In reality, 70% .Of the fresh water input 
CDmes from SDurces upstream .Of One Tree PDint. AlthDugh the Hatea River was the 
main SDurce, the Mangapai River alSD added a significant cDntributiDn. Heath (1976) 
estimated that the average fresh water run DfftD the estuary .Over .One year was 12 
m3 

Is. Then tD cDmpute the appropriate prDpDrtiDnal amDunt .Of mDdel river input, 

Dr crDss sectiDnal channel area times the velD city equals the vDlumetric flDW rate. 
Then, using the definitiDn fDr UR frDm equatiDn 4.6, 

Then, 

TherefDre, mDdel flDW rate .Of the Hatea River fDr average run .Off cDnditiDns was 1.4 
mVs (Dr 82 mVmin Dr 0.0014litres/s). This was small cDmpared with the vDlumetric 
flDW rate intD and .Out .Of the mDdel .Of 1.617 Htres per secDnd. 

Wind-induced DispersiDn 

AdvectiDn .Of drifting .Oil .On the water surface is the result .Of the cDmbined actiDn .Of 

wind and current. In the flDW situatiDn .Of a spill near the mDuth .Of the tidal estuary, 
the flDW that takes place is mDre similar tD a river than the .Open sea. Yapa et al. 
(1986) devised a cDmputer mDdel fDr .Oil slick transpDrt in rivers in .Order tD simulate 
the fate .Of .Oil spills in the cDnnecting channels .Of the NDrth American Great Lakes. 
They defined advectiDn .Of an .Oil parcel in a slick .On a river, as a functiDn .Of the mean 
and fluctuating cDmpDnents .Of the drift velDcity. The fluctuating compDnent .Of drift 
velDcity, the turbulent fluctuatiDn, can simulate the hDrizDntal diffusiDn .Of .Oil parcels. 
HDrizontal diffusiDn will be neglected in the mDdelling effDrt in this thesis because it is 
usually small cDmpared with the mean cDmpDnent .Of the drift velD city fDr shDrt 
distances and times .On a river. 

The mean drift velocity, Vt, .Of the surface .Oil is a vectDr sum .Of a wind-induced drift 
and a water current-induced drift, frDm StDlzenbach et al. (1977), 
(4.13) Vt=0.03Vw +1.1Vc 

In equatiDn 4.13, Vw is the vectDr .Of the wind velD city 10 m abDve the water surface, 
and V c is the vector .Of the depth-averaged current velD city (simulated in the mDdel 
studies in this sectiDn). 

In equatiDn 4.13, the CD efficient .Of 1.1 was used tD aCCDunt fDr the faster VelD city .Of 

the surface frDm the depth-averaged velD city in the channeL This CD efficient was nDt 

used in this analysis because the velDcity profile was mDre cDmplex in its time varying 
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and three-dimensional flow than the above equation represented. As such, surface 
velocity was analysed by the physical model studies and Danish Hydraulic Institute 
data (1982) detailed in this section. 

Further, the coefficient, 0.03 in equation 4.13, represented the fraction of the wind 
velocity (measured at 10 m above the surface) which was transferred to the water's 
surface. This coefficient compared favourably with the coefficient, 0.02, developed by 
Smith (1977) for the wind-induced movement of an oil slick on the open sea. 

The wind direction data for the Marsden Point area was given by Moir, Collen, & 
Thompsen (1986) for the NZ Meteorological Service. They note that Marsden Point 
receives some sheltering from the winds in Northlands and that Whangarei Airport 
data is not representative of Marsden Point. Whereas the wind speeds vary from 0 to 
40 km/hr at Whangarei Airport, Marsden Point characteristically has speeds of 0 to 15 
kmIhr. The Whangarei Airport wind data was available, however. 

The Easterly, Northeasterly, Northerly, Westerly, Northwesterly, Southwesterly are all 
major winds at Whangarei Airport, varying between 0 to 40 kmlhr. The winds which 
might be neglected for the Marsden Point! Mair BanI{ area are the Northeasterly, and 
Northerly which might be damped by the hills on Bream Head. Refer Figures 4.1 and 
4.2. The Westerly, Northwesterly, Southwesterly and Easterly are all winds that range 
in speed from 1 to 40 kmIhr. Using Equation 4.13, the surface velocity caused by the 
wind speed was calculated and results are shown in Table 4.7. Surface wind speeds 
above 15 kmIhr may cause a significant change to the surface current velocity. 

Table 4.7. Wind Velocity as it may Effect Surface Water Velocity. 

Wind speed Surface water speed Ebb tidal velocity Time to reach Mair 
(km/hr) solely due to wind * including wind Bank (min)** 

(m/s) =O.03(wind vector (mls) 
speed) 

0 0 0.20-0.51 35.8 - 14.0 _ . 

18 0.15 . 05-.66 143 - 10.9 

30 0.25 .01-.76 717 - 9.4 

40 0.33 .01-.84 717 - 8.5 

* Compare this speed to the ebb tidal velocity at the Refinery wharf of 0.20 to 0.51 m/s 
** Assuming 431 m from the Refinery wharf to the Millr Bank shelf where the current must spilt to 
flow away from the channel and over the Mair Bank shallows. 

Particularly the West, East, and Northwesterly winds may add or subtract from the ebb 
tidal velocity used in the calculations, see Table 4.7. 

The Westerly wind will blow the slick into the Main channel and out to sea, (see Figure 
4.2) increasing the speed of the current This would decrease the time for the slick to 
reach the Mair Bank. Although a shorter time would imply that there could be greater 
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exposure, this would be balanced by the increased evaporation rate due to higher wind 
speed. The Northwester would blow the slick from the wharf toward the east of the 
Mair Bank, and act to increase the ebb-tidal current speed. This, again, would result in 
a shorter time for the slick to reach the Mair Bank and although there would be less 
time for evaporation, the evaporation rate could be greater. The effect of these two 
winds would result in exposures to the shellfish which were within the bounds 
estimated by this work. 

The effect of the easterly wind would be to blow the slick back up into the harbour, 
that is, to slow the surface tidal speed. Wind speeds above 18 kmlhr from this 
direction, could theoretically blow the slick up into the harbour. While this is possible, 
given the strong channel current close to the Refinery wharf, it is more likely to cause 
breaking waves, pooling, and break-up ofthe gasoline slick. Breaking waves would 
actually cause the slick to disperse dropwise into the water which would stop 
evaporation loss and increase dissolution. Finally, the Southwest wind might blow the 
slick across the channel toward the Calliope Bank. This could cause the slick to go 
into the main channel which effectively flows around, not over, the Mair Bank. This 
wind could result in no exposure to the shellfish bed and is an outcome outside of this 
analysis. 

The function of this project was to provide an overall scoping risk analysis. An 
analysis of the effects of wind speed and direction would entail a major statistical 
assessment of wind speed/directional distributions and is beyond the scope of this 
investigation (and also beyond the limits of the Monte Carlo software package 
employed in this analysis). The effects of all winds except the Southwest wind are 
accounted for within the random effects of possibilities within the analysis. 

Model Oil Slick Dispersion 

Background 

A streamline is a continuous line drawn through a fluid stream so that the line has the 
direction of the velocity vector at every point. Hence, there can be no flow across a 
streamline. However, in a turbulent flow, such as occurs in the estuary and in the 
model, the concept of a streamline is a problem. The turbulent fluctuations in velocity 
result in highly complex, contorted, and unsteady streamlines, even for a flow that is 
steady in the mean. In such situations, streamlines are normally taken to be those of 
the mean, or nonturbulent, component of flow, while turbulent fluctuation from this 
mean is accounted for separately. Often the effects of turbulence are parameterized as 
"turbulent diffusion", by analogy with molecular diffusion of mass and momentum that 
occurs in viscous laminar flows. This accounts for the turbulent transport of mass and 
momentum that occurs across the mean-flow streamlines, (Hunt, 1995, ch 6, Acheson 
1990, pp122-137). 

In steady, mean flow there is no change in direction of the mean, nonturbulent velocity 
vector at any point. A streamline has a fixed inclination at every point and is therefore 
fixed in space. A particle always moves tangent to the streamline, hence in steady flow 
the path of the particle is a streamline. In unsteady flow, since the direction of the 
velocity vector may change with time, a streamline may shift in space from one instant 
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to another instant. This has been observed on the estuary model and is expected in 
such an example as the unsteady, periodic flow of a tidal estuary. 

When dye is injected into a fluid to trace its motion, the resulting trails are called 
streak-lines. In steady flow, a streak-line is a streamline and the path of a particle. A 
stream tube is made by all the streamlines passing through a small, closed curve that is 
perpendicular to the plane offlow. In steady flow, it is fixed in space and can have no 
flow through its walls because the velocity vector has no component normal to the 
tube surface. Although the tidal flows of interest in this study are unsteady in the 
mean, by restricting our attention to short enough time intervals, it is possible to use 
path lines to approximate streamlines and therefore to construct pseudo-instantaneous 
"snapshots" of streamtubes. 

Method 

Oil slick dispersion due to ebb tidal flow between the Refinery Wharf and Marsden 
Point was estimated using the physical model of the Whangarei Estuary. The 
physically characterised scale model of the Whangarei Estuary discussed above, was 
employed to analyse the dispersion of a dye in order to simulate an oil spill. 

Both water and oil-soluble dyes were used to understand flow dynamics of an oil spill. 
Advantages of the water-soluble dye were that it showed up well on the photos due to 
its deep colour. It also mixed in with the currents at and below the water surface so 
that streamlines could be drawn (See Figure 4.13, and Figure B-1, Appendix B). 
Furthermore, it could be used to check flow characteristics at varying channel depths 
to define depth of a flow tube. The disadvantages of the water-soluble dye were that it 
was very unlike an oil spill in that it did not float on the water but instead mixed both 
vertically and horizontally. The main advantage of the oil-soluble dye was that it 
stayed on the surface, as an oil slick would, and therefore showed only surface 
hydraulic phenomena. Unlike a large-scale oil slick, buoyancy-driven surface 
spreading of the oil soluble dye was constrained by surface tension effects, which 
caused the dye to form small droplets on the water surface. Because of the short travel 
time between the spill-site and the shellfish bank, modelling of buoyancy-driven surface 
spreading was a secondary issue and will be discussed later. 

A time-lapse camera was set up over the area of interest to take photographs at a rate 
of 2 per second. Photographs could then be used to estimate streamlines and areas of 
spread at each time instant over the ebb tidal cycle. 

A scaled grid was placed over the photographed area. The first frame of every timed 
tidal sequence contained this grid so that the physical area could be appropriately 
scaled directly from the photographs. 

A digital clock, accurate to 0.005 sec was used to time the tidal cycle. This was 
essential in the photographic record to allow determination of time and extent of tidal 
cycle. 

A surface float on the water was used to determine water depth variation with time in 
the tidal cycle. The gauge was a simple ball-float mounted on a frictionless arm with a 
non-linear scale. The gauge was calibrated with the tidal height measurement in the 
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Marsden Point channel, based on chart datum measurements. Tidal height averages 
shown in Table 4.5 were used to calibrate the gauge. Tidal depth readings were used 
to check: digital clock: readings for each "snapshot" in tidal cycle time. 

Unfortunately, the gauge reading was influenced by waves in the model's Bream Bay. 
This instrument noise was greater on the flood tide than the ebb tide. However, on the 
ebb tide, the noise was problematic at mid-tidal levels. (See Figure B-2, Appendix B). 
Similar readings of tidal height taken within the confines of the model estuary showed 
far less noise. Unfortunately, the gauge could not be stationed inside the model 
estuary during dye spill photographic sessions because it created a surface disturbance 
just upstream of the dye-release point. However, instrument noise could be smoothed 
given time data and corresponding gauge levels taken from inside the estuary. 

Whangarei Harbour channel velocity data, recorded at the Refinery wharf, were used 
for the initial velocity reading. These data were from the Danish Hydraulic Institute 
(1982), see Figure B-3, Appendix B. The report considered the impact of a new wharf . 
for forest exports on the harbour flow. The new wharf was not put in place and so the 
reported current meter recordings should still be applicable. Current speed at this 
location varied from 5 to 120 cm/sec in readings taken over 56 consecutive days from 
October to December. During that period water temperature varied from 14.5 to 21 
degrees C. 

In order to determine streamlines from the model, dye were released from a pipette in 
drops over the length of the tidal cycle. Dye was released at specific instants of time 
and at varying depths to determine the characteristics of the three dimensional flow 
with time. Dye released in the wharf area of the model at varying depths showed that 
5 metres in the prototype, (5 cm in the model) was the maximum depth where dye 
flowed over the Mair Bank. An oil spill would certainly be confined to the top 5 
metres of the water column here. The ability to vertically partition the water column in 
this way was a major advantage of using a physical model and would not be possible 
using a two-dimensional numerical model. 

The flow path of the dye varied with time over the tidal cycle and with depth of 
injection, (see Table 4.8). When dye was injected at 6 cm (which was equivalent to 6 
metres depth in the prototype) all the dye flowed in the channel around the Mair Bank. 
At a dye injection depth of5 cm, the dye flowed over the far end of the Mair Bank for 
the first third of the ebb tidal flow (This corresponds to the first 9 seconds out of the 
25-second ebb tidal period). As the depth of release decreased (approached the 
surface), the flow path was more directly over the Mair Ballie and for a greater 
proportion of the tidal cycle. The limit occurred for release on the surface, where dye 
flowed over the Ballie until the Bank became exposed by the receding water level. This 
happened in the model at 20 seconds into the 25 second (or in the prototype, 5 hours 
into the 6 hr, 12 min) ebb tidal cycle. All streamlines were drawn for the case of dye 
release at the surface. 
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Table 4.8 Path of Dye Flow, (Measured as Fraction of Time in the Tidal Cycle at 
Which Dye Flowed Over the Mair Banl{) as a Function of Depth of Dye Release 
in the Prototype 

Depth of dye release (m) Fraction of ebb cycle time in which the 
dye flowed over the Mair Bank 

0 0.80 

1 0.76 

2 .072 

3 .056 

4 0.48 

5 0.36 

6 flow in channel 

Streamlines were drawn for specific instants of time from photographic records of both 
water and oil-soluble dyes. (See Figure B-1, Appendix B, for tracings from 
photographs of the dye flowing from the wharf and over the Mair Bank as well as 
Figures B-4 to B-10 for tracings of the different paths for the different instants of time. 
Also see the photographs in Figures B-I0, B-l1) From these dye studies, and knowing 
the initial water velocity at the wharf, the velocity of a particle as it moved from the 
wharf over the Mair Bank could be calculated. Knowing the velocity and the initial 
spill quantity, (and assuming the gasoline spill formed a fum with a known thickness 
and known variation of depth with time), it was possible to estimate the dispersion rate 
ofthe spill. 

Calculational Method 

The dispersion was analysed from the traced streamlines. This procedure was 
legitimate because over the short distance from the wharf to the shellfish beds, 
transport was dominated by advection. Streant1ines were developed for the well-mixed 
surface layer only. They were drawn from the photos of dye movement. The ebb-tidal 
cycle was divided into 8 time instants in which to measure dispersion. Eighteen 
seconds into the 25 second ebb-tidal cycle the Mair Bank became exposed by the 
receding water. Measurements were stopped at 20 seconds because as the Mair Bank 
became exposed, the preferred flow path became the main channel around the Banl\:. 
Therefore, after 18 seconds into the ebb-tidal cycle, all dye input at the wharf, followed 
the flow in the channel around the Mair Bank, as flow over the Banl\: was no longer 
possible. See Figures B-4 to B-10, Appendix B. 

At the point of dye input, a unit volume of water was chosen at a particular instant in 
the tidal cycle. The horizontal width of this volume was the diameter of the droplet of 
dye on the water surface. The horizontal length was taken to be infinitesimal. The 

. depth of the streamtube transporting the droplet was chosen so that all the water in the 
streamtube flowed over the Mair Bank. Water below this depth flowed around the 
bank and therefore did not participate in transport of pollutant over the banl\:. This 
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streamtube was meant to approximate only the surface flow that impacted the shellfish. 
The flow that went around the Mair Bank was ignored. 

The initial velocity at the wharf was estimated from Danish Hydraulic Institute (1982) 
current meter recordings at the Refinery wharf, (see Figure B-3, Appendix B). 
Velocities were taken from current profiles at tidal levels, corresponding to mid-way 
between spring and neap tides. Velocity varied over the ebb tidal cycle in the 
Institute's current recordings. Therefore, current speeds were taken which were 
consistent with each timed "snapshot" of the tidal cycle modelled. From this initial 
velocity, the volumetric flow in a unit area of streamtube was calculated. Then 
assuming continuity of flow, velocities downstream in the streamtube could be 
calculated knowing the varying depth and width observed for the streamtube. The 
width of the streamtube could be determined from water particle trajectories. The 
depth ofthe tube was assumed to be that of the initial tube depth (Sm) or total water 
depth, whichever was less. 

Although this method of analysis was an over simplification ofthe flow situation and 
the continuous variation with time, it was the most reasonable approach given the 
available data. It was also consistent with model observations. The observed 
streamlines drawn from dye studies on the model were smoothed, so that turbulent 
fluctuations or small changes in depth did not affect the path of flow. A constant 
streamtube depth of 5 m was assumed for the actual flow. When the streamtube 
reached the Mair Bank, this surface streamtube had to flattened itself in order to 
squeeze up out of the channel and over the more shallow Bank. At this point the 
streamtube depth became the depth of the water flowing over the Mair Bank, that is, it 
varied with position. Knowing the initial velocity of a hypothetical box of water in a 
streamtube, situated in the channel, the changing velocity of water flowing over the 
Mair Bank could be estimated. 

Tidal depths for each time instant and for each physical estuarine location were 
estimated from Hydrographic Office (1983). Downstream distance from the Refmery 
Wharf and the width of the streamtubes, was then measured from the photographs, 
knowing the scale. Finally, the streamtube width, depth and the initial volumetric flow 
were used to calculate the velocity at several equidistant points along the stream tube 
over the Mair Bank. Conservation of mass of a box of water flowing in the streamtube 
was used to calculate velocities at each point. Tables B-1 to B-8 and Figures B-4 to 
B-I0 in Appendix B) show the changes in the path taken, as well as the changing flow 
rate at 8 different time frames over the ebb-tidal cycle. This streamtube widening was 
used to estimate dispersion of the oil slick. The "depth to chart datum" was a constant 
but appears to vary with time frame in Tables B-1 to B-8. The reason for this is that 
the streamtube selected a different path at different instants oftime over the tidal cycle. 
Furthermore, a negative chart datum depth relates to the point being above chart 
datum. 
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Results 

General Qualitative Description of Dye Dispersion 

Qualitative studies using the oil and water soluble dyes were carried out on the flood 
and the ebb tides to qualitatively characterise spill dispersion. On the Ebb Tide, dye 
spilled onto the north half of the channel, opposite from the Refinery Wharf, close to 
Passage Island, tended to stay in the channel and was swept out to sea. Conversely, 
dye spilled into the South part of the channel by the Refinery Wharf, drifted directly 
and immediately around Marsden Point and over the Mair Bailie In some cases, a 
short-lived eddy developed, which held the dye on the down stream side (the seaward 
side in this case) of the shellfish bed. At low tide, surface currents slowed going over 
the Mair Bank because some of the Bank became exposed. As the tide went out, the 
slick often deposited on the Mair Bank:. See Figure B-11, Appendix B. 

Spill studies on the flood tide show the spill to be carried up into the estuary. The 
Snake Bank: acted to hydraulically disperse the spill as it travelled up into the Middle 
Harbour. This was as far as the spill travelled in one tidal cycle. Then as the tide 
flowed out, the slick deposited on the mud flats around the Middle Harbour and the 
Shell Bank (see Figure 4.2), in addition to the Snake Bank and the MacDonald Bank. 
Although the dye was well dispersed into the estuary in one full tidal cycle, very little 
of it was flushed out ofthe estuary. It was not possible to visually estimate how many 
tidal cycles were required to fully flush out the dye because it became so dispersed that 
it was difficult to see. See Figures B-12, Appendix B. 

Results of Ebb Tidal Dye Dispersion 

, Streamlines were drawn for dye release into the flow of the channel around Marsden 
Point at the outlet of the Whangarei Estuary. Dye was released continuously over the 
ebb tide. For the first 6 seconds of the tidal flow the dye flowed immediately around 
Marsden Point over the Mair Bank:, as depicted in Figure 4.13 and Figures B-4, 
(Appendix B). The next four time segments in Figures B-5, B-6, and B-7, (Appendix 
B), show the dye release streamline moving eastward over the Mair Bank. Figure B-8 
shows the streamline reversing from an easterly transverse movement to a westerly at 
14 seconds(modelled time). Figure B-9 shows the period oftime from 17 to 20 
seconds of the 25 second ebb flow (modelled time), where the highest point of the 
Mair Bank starts to become uncovered. In this segment, the preferred path for the dye 
release is to follow the shallow channel between Marsden Point and the Mair Bank:. 
After 20 seconds, the preferred path is for the dye to flow in the deep channel around 
the Mair Bank: and Busby Head. 

Estimated streamtube velocities 

Results, in terms of velocities of segments of a stream tube are presented in Tables B-1 
to B-8, (Appendix B). Velocities varied between 0.02 mfsec and 0.8 mfsec with one 
exception, 1.33mfs in Table B-7. This velocity was calculated for a shallow area of the 
Mair Bank when the tidal cycle was approaching low tide. The law of conservation of 
mass was used to calculate this value. It is possible that for this shallow area of the 
Mair Bank, the stream tubes did not represent the flow path well. This would explain 
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this anomaly as well as some others where the lineal velocity increased to 0.8m/s. 
Velocities generally slowed over the shallow Mair Bank compared with the initial 
channel velocity. Because the depth varied irregularly over the Bank, the velocities 
also varied. This slowing of the current would allow deposition of sediment and 
nutrients on the Bank. Bottom eddies on the leeward side ofthe Bank were observed 
in the model which the numerical analysis did not show. These eddies would act to 
hold a nutrient-rich estuarine water (or in this case, a contaminant rich water) over the 
shellfish bed. 

The stream tube paths compared well with Black's (1983) measurements for.ebb 
drogue paths, see Figure B-13, Appendix B. However, the centre of the vanes for the 
drogues in his study were set up to drift 0.9 m below the surface. At this speed, he 
assumed the measured drogue speed would be between the mean vertically measured 
speed and the surface current. Figure B-13 does not show, therefore, a current path 
depicting purely surface currents, and so it was expected to differ slightly, from the 
surface measurements in this study. 

Based on observations of flow in the model, results from Black (1983) and the Danish 
Hydraulic Institute (1982), an oil slick formed from an accidental oil spill which 
occurred during the ebb-tidal cycle at the Refinery wharf would flow directly over the 
Mair Bank shellfish bed following a path that can be predicted depending on the time 
in the ebb-tidal cycle. 
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4.3.2 Oil Spill Spreading Rate Due to Buoyancy-induced Dispersion 

Symbols and Subscripts Used in This Section 

C3 = a dimensional constant = 1.5±O.7 in a cross wind direction and 15 ±7 in the down 
wind direction 

D = the average diameter of a circular oil slick 

g the gravitational constant 

h = the thickness of the oil slick 

hLE the thickness of the leading edge of the slick. 

Ah = the height of the oil slick above the mean surface of the water 

K a constant 

f = the length of the oil pool 

L = a characteristic length of the oil pool 

t time in seconds from the first release of oil. 

U the velocity, which in this case is unsteady. 

Ucr = the critical velocity for onset of entrainment loss 

v = volume of the oil spill 

Weer = a special Weber number used to refer to droplet formation 

XLE = the leading edge of the oil spreading oil slick 

Greek Symbols 

0: = Apg/pw = (Pw -Po)glpw 

Ap = (Pw - Po) 

J..L w = Vw Pw the viscosity of water, a product of the kinematic viscosity and the 
density. 

p w = density of water 

p 0 density of oil 

cr = the net surface tension between the oil slick and the water (estimated in general to 
be in the range of 0.005 to 0.3 N/m); 



Chapter 4 Case Study page 4-51 

When an oil spill occurs, it is important to know how rapidly the oil will spread and 
where it will go in a given time. This information is important to assist in 
environmental protection. Furthermore, in this case study, oil slick area is a key 
parameter in the exposure model ofBTEX to the shellfish bed. The rate of change of 
the slick area is important because it is significant dispersive process, compared with 
advective dispersion (caused by tidal currents - section 4.3.1) for the short distance 
between the wharf and the shellfish bed. In addition, the major loss mechanism of 
BTEX, the evaporation rate, is a function of the mass transfer coefficient, the 
interfacial area, and the concentration difference. The evaporation rate is therefore, a 
function of the oil slick radius to, approximately, the second power. 

Background 

All oil slicks are thin, typically of order of 1.5 cm or less in thickness, Hoult (1972). 
This thickness is always much less than the horizontal size of the slick or the 
wavelength of the waves underneath it. Therefore, it is a very good approximation to 
consider the oil to be in hydrostatic equilibrium in the vertical. The oil has a density 
slightly less than water, therefore it floats slightly above the mean water surface, see 
Figure 4.14. I[the thickness of the slick is h, then the slick floats at a height, ilh above 
the mean water surface, such that 

water 

Figure 4.14 Oil Slick Thickness and Height Above the Water Surface. 

The fraction of the thickness of the oil spill which lies above the water1s surface which 

acts as the hydrostatic force to make the spill spread, is defined as ilp . 
pw 

Fay (1969) assumed a bulk model with constant properties as a first step in developing 
and understanding the spreading process. He identified four basic forces that either 
caused or retarded spreading. A simple hydrostatic calculation shows that there is 
pressure acting on the oil in the horizontal direction. Secondly, there are the inertial 
effects of the water on the oil which tend to retard the motion of oil released from rest. 
Thirdly, there is a viscous drag exerted by the water on the oil as the oil slides over the 
surface of the water. Finally, surface tension acts at the edge of the oil slick The net 
surface tension may act to promote spreading or retard it. 

The various individual forces tend to be dominant at differing time regimes in a sudden 
release of oil at the water's surface. 

1. In the first regime, the gravity-inertial regime, the force promoting spread is caused 
by the effect of gravity on the density difference between the oil and the water. 
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This spread is resisted by the inertia of the water and the mechanism is similar to 
that which causes water to spread out when spilled onto horizontal surfaces. 

2. As the area of contact at the oil-water interface increases, friction becomes a 
significant factor in slowing the rate of spread and Fay (1969) identified this stage 
as the second spreading regime. This is also known as the gravity-viscous regime. 

3. Ultimately the slick becomes so thin that the gravity forces causing spreading are 
negligible compared with surface tension forces at the leading edge of the slick. 
The third spreading regime consists of a balance between surface tension forces 
promoting spread and interfacial friction which retards it. It is known as the 
viscous-surface tension regime. 

The Physical Process of Spreading and Simplifications 

Fay (1969) and Roult (1972) found reasonable agreement between their mechanistic
based equations which used the model of the so-called one-dimensional, flat, box-like 
slick, and their laboratory experiments. Fay, as described in Roult (1972), used 
photosensors to measure the spread of the leading edge of an oil slick in a channel over 
a liquid surface as a function oftime. Fannel6p (1994) developed a similar, but mare 
comprehensive analysis based on similar assumptions. Re also derived his analysis 
from both the one and a two-dimensional equations of motion and of continuity. Then 
he used Fay's laboratory experimental results to confirm his derived equations. The oil 
slick spreading equations in Hoult, (1972) for the spread of a so-called, one
dimensional slick were very similar to Fannel6p's equations for the sa-called, planar 
case. The difference is only in the terminology between the two authors, the 
nomenclature, and a slight difference in coefficients. 

In the flaw regimes considered, the equations of motion in two dimensions (one in the 
horizontal and one in the vertical), were used as the starting point in the numerical 
model, Fannel6p (1994, p 154). These equations were then integrated over the 
thickness ofthe oil layer (from the oil-air interface to the oil-water interface). In 
accord with the thin-layer assumption, the vertical accelerations were neglected. For 
each regime, particular forces in the equations were considered dominant or negligible. 
The intricacies of the complex derivations and the similarity solution are not repeated 
here, but three nondimensional parameters appear in the derivations of the solutions to 
these equations: 
1. the ratio of ail and water densities, A.p/Pw 
2. the slick depth-to-Iength ratio, hIL, and 
3. for the viscous force, the characteristic Reynolds number for the water boundary 

layer. 

Two cases of interest were discussed by FannelOp, the sa-called planar case, (which 
Hoult refers to as the one-dimensional case), and the radial case. The planar case most 
closely represents the laboratory experiments of oil spreading on water over a long 
rectangular channel of unit width. The variables, in this case, consist of"xLE", (for the 
length of the slick as measured by the leading edge), for the one dimension in the 
horizontal and a 'Y', for the vertical. The radial case was nat verified by experiment, 
but derived from the planar case. The variables for the radial case consisted of "y" for 
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the vertical and the same variable "XLE", which in this case represented the radius of a 
circular spill in polar coordinates. 

Ati important assumption was made in the development of the expressions for the rate 
of oil slick spread. In this analysis, the effect of evaporative loss processes on the slick 
spreading rate was neglected. In some cases, such as fluids which give rise to vigorous 
boiling, correction to the solution is needed for evaporative loss. However, according 
to Fannelop (1994), the spreading theory, gave reasonable estimates without 
correction for mass loss. If it was desired to fine-tune the analysis at a later date, these 
corrections could be easily added. 

Order of magnitude estimates, from Hoult (1972), were done for each spreading 
regime to determine which regimes might be significant for this specific situation. . 
Estimates were then rechecked using the developed equations. Unfortunately, it 
appeared that no regime could be neglected for the short time frame of interest and the 
large range of spill sizes considered. Therefore, all three regimes were considered in 
this analysis: 
1. the Inertial Regime, 
2. the Viscous Regime, and 
3. the Surface Tension Regime. 
In the next sections, each regime is briefly explained and the equations of Fannelop 
(1994) are developed for a circular spill. 

The Inertial Regime 

The initial motion of the oil after release, given the case of negligible initial oil slick 
velocity, is that it is driven by gravity and resisted by inertia. Buoyancy-driven effects 
act against inertial damping effects. The hydrostatic or buoyant effects of the density 
difference between oil and water act to drive the spill. 

The integral momentum and the continuity equations referred to above, were further 
simplified for the gravity-inertial case, so that the gravitational force balanced the 
acceleration of oiL In these equations, Hoult (1972) and Fannelop (1994) neglected 
the viscous terms, for this first regime where the gravity and the inertial terms 
dominated. As shown in other similar problems in Fannelop (1994, ch 6 and 7) the 
leading spreading edge of the slick propagated as a power of time, XLE .....,tn. In addition, 
Fannelop (1994) showed that the front velocity was controlled by another condition, 
i.e. the Froude number based on leading edge thickness with constant density. 
Assuming that there was no evaporation or other losses, the total oil volume was 
conserved. Also it was reasoned, from symmetry, that the velocity at the center of the 
slick was zero. 

In order to solve the equations of motion with regard to the conditions discussed 
above, Fanne10p (1994) and Hoult (1972) discussed the use of the similarity solution. 
This mathematical solution to the differential equations was similar to the problem of 
strong blast waves c.onsidered by Taylor (1950). (This refers to the G.!. Taylor'S 
(1950) classical solutions in gasdynamics which are also referred to as "shallow-water" 
wave theory. While Fannelop (1994) acknowledged that the mathematical similarity 
was clearer than the physical similarity, the solutions were very useful) The only 
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additional infonnation that was needed was a boundary condition for the rate of 
propagation of the blunt leading edge of the slick so that the integration constant could 
be determined. Using dimensional arguments, FannelOp (1994, p. 162) used Abbott's 

work (1961) and concluded that the velocity of the leading edge of the oil slick, dXLE 
, 

dt 
was proportional to the characteristic wave speed for a small disturbance, c, such that 

(4.15) 

In equation 4.15, K is a dimensionless constant, which was evaluated experimentally by 
Abbott (1961) for late times when the leading edge from a very small disturbance was 
very thin, (from the range of possible values of K, a value ofK 1.39 for the planar 
case, and K = 1.14 for the radial case correlated best with Abbott's experimental data). 
Also in equation 4.15, hLE, is the thickness of the leading edge of the slick. Using this 
boundary condition, Fannelop (1994) briefly showed the derivation of the expression, 
equation 4.16, for the planar, so-called, one-dimensional case of oil spread. 

(4.16) 

This equation agreed well with the comparable equation developed in Hoult (1972). In 
addition, Fannelop's coefficient of 1.3 9 from Abbott's work with small disturbances 
agreed well with Hoult' s experimental oil slick spreading coefficient of 1.5. This is 
reassuring because Hoult (1972) did not use Abbott's experimental values to determine 
a boundary condition for the constant for integration. Instead, Hoult (1972) used 
Fay's (1969) experimental results. 

In equation 4.16, XLE is the leading edge position, measured from the origin of the slick 
where the velocity is effectively equal to zero; and L is the characteristic length. In this 
case, Fannelop (1994, p 152) defined L as a length scale associated with the volume of 
oil released, so that for the planar, so-called, one-dimensional case, L = V l/2

, (which 
represented the slick length and thiclmess for a channel ofumt width, for the inertial 
regime, planar case). 

Fannelop (1994, p 152) specified the characteristic length, L, for the derivation of the 
planar case, so that L V1I2 and L == (hf)o.5. This corresponded to a long rectangular 

channel ofumt width, where f was the length ofthe slick and h was the thickness. In 
effect, L was defined as L (V/wo) 112 where Wo was the umt width of the channel and 
equivalent to one. This was the channel used for experimentation by Fay in Hoult 
(1972). A reservoir of oil floating on water was kept behind a dam or door. When the 
door was opened, the oil could flow along the channel. Photo sensors were mounted 
along the length of the channel to measure the distance flowed as a function of time. 
In addition, photos were taken from the view of side elevation to record the spill 
thickness as a function of time. 



Chapter 4 Case Study page 4-55 

Fannel6p (1994) derived the following expression, equation 4.17, for the radial case 
from the planar case, equation 4.16. Here he assumed L = y1I3. He further assumed a 

. circular, axis-symmetric leading edge (polar coordinates) for the radial case. The 
dependent variable, XLE, became the radius of the spreading circular spill. It is 
consistent with intuitive expectations that the coefficient in the radial case is smaller 
than the planar and that the exponent is also smaller. This translates to a longer time 
to achieve the same XLE in the radial case compared with the planar case. This makes 
sense because more area must be covered by a circular spill for a given length than for 
a spill in a channel. There were no experimental results to compare to the developed 
expression for the radial case. 

(4.17) 
L 

This equation has a group (gAp/PwL) which represents the distance travelled in an 
instant of time. It has the units ofinverse seconds squared, and as such represents the 
time scale for acceleration. 

To put equation 4.17 in terms ofxr , the radius of a circular spill, the following 
substitutions were made: 

(4.18) y.33 L, and XLE was assumed to be equivalent to the instantaneous radius, 
Xt ofthe circular spill at the time, t, after Fanne16p (1994). 

Substituting this value ofY into equation 4.17 above, gives a value for Xr 

in which Xr the radius of an assumed circular spill. 

When g = 10 m/s2
, Ap= .28(10)3 kg/m3 for a gasoline spill, and pw = 1.03(10)3 kg/m3

, 

at ambient temperatures, the equation becomes 

(4.20) Xr = 1.420 VO.25 to.5 

Therefore, the radius of a 1000 litre (1 m3
) gasoline spill after 30 seconds, assuming no 

evaporation, is 7.8 meters. 

The Viscous Regime 

When the slick becomes very long compared to its thickness, the inertial acceleration 
terms in the momentum equation may be neglected. However, the term in the 
momentum equation that represents drag due to the water boundary layer, becomes 
important. Hoult (1972), Fay (1969) and Fanne16p (1993) estimated viscous drag 
based on the assumption that the viscosity of crude oil was very much larger than that 
of water. Therefore, they assumed that there were no vertical currents in the oil layer. 
The flow was modelled as if the crude oil wer~ a flat plate or a homogeneous slab 
sliding over the water. In comparison, the viscosity of gasoline is approximately 
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equivalent to that of water and the above assumption is therefore, poor for a gasoline 
slick. As a result of the low gasoline viscosity, there would be a boundary layer in the 
spreading oil as well as the water. The following analysis for a crude oil spill, might 
then be expected to under-estimate the spreading because it would over-estimate the 
viscous resistance. 

In spite of this uncertain assumption, Fannelop (1994) reported that experimental 
observations indicated the results obtained using this condition, gave reasonable 
agreement for liquids which were only slightly more viscous than water, such as diesel 
oil. The close agreement may be because the layer of spreading gasoline is very thin, 
compared with a crude oil slick, and so the viscous boundary layer in the gasoline must 
also be very thin. 

In order to determine the drag exerted by the water for the spreading of a liquid layer 
in the laminar case, the so-called Stoke's first problem in fluid mechanics was solved, 
Fannelop (1994, ch 6), Hoult (1972). The problem dealt with predicting the viscous 
force exerted by the water on the oil in laminar flow. 

To solve the problem of the spreading of a buoyant liquid layer on water in the viscous 
regime, the hydrostatic force was balanced by the viscous force, which was estimated 
by the Stokes solution. At the low spreading velocities of interest, only the hydrostatic 
variation in pressure was considered as a positive force. The outward motion was 
related to the variation in thickness, BbJOxLE<O. Using this analysis, mass conservation, 
and assuming the slick thickness became extremely small at the leading edge, the 
equation 4.21, was derived. The assumption of vanishingly small thickness at the 
leading edge was consistent with the experimental observations in Hoult (1972). 

1 1 3 

(4.21) 
L 

l.39(apoF (Pw/lw tg- t 8 

In equation 4.21, a i1pg/pw = (Pw -Po)g/pw, and ~lw = Yw Pw, viscous regime, planar 
case, after Fannel6p (1994). 

A similar experimental set-up to that used in the inertial regime was used to verify the 
developed expression and the coefficient. The planar equation developed by Fannelop 
(1994) agreed well with the equation developed in Hoult (1972) and confirmed by 
experiment. In addition, the theoretically and experimentally derived coefficients of 
1.39 and 1.5, respectively, agreed well for the planar, viscous regime. Equation 4.22 
was then developed from equation 4.21, for the radial case: 

after Fannelop (1994). 

No experiments were done for the radial case but FannelOp (1994) developed this in a 
similar fashion to that for the inertial regime. Similar substitutions were again used, as 
in equation 4.18, to convert Fannelop1s formula for the radial case to a form useable in 
this study: 

(4.23) xr 0.98 (apolpw)0.167 y-o.0833YJ.333 to.25 
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Using g == 10 mls2
, po = 0.75(10)3kg/m3, pw = 1.03(1O)3kg/m3, Llp= .28(10)3 kg/m3

, 

and v = 9.7(10y7m2/sec the equation becomes 

(4.24) xr = 3.415 yo.333tO.25 

for the viscous regime, radial case for premium gasoline slick on sea water, at ambient 
conditions. Therefore, the radius of a 1000 litre (1 m3

) gasoline spill after 10 minutes, 
assuming no evaporation, is 16.9 meters. 

The Surface Tension Regime 

At long times or for very thin slicks, the dominant spreading force is the net difference 
of the surface tensions, aN, between the oil-air, a.o, the oil-water interface, a ow, and 
the water-air interface, craw: 

(4.25) aaw - aao - a OW = aN 

This can result in a force that either retards or increases film spreading, depending on 
the sign ofthe net surface tension. In cases similar to crude oil and gasoline, the net 
surface tension is positive. This acts to positively spread the film. 

In this final regime, there are no other positive spreading forces because the film is so 
thin that gravitational forces are no longer significant. The dominant retarding force is 
the viscous drag of the water beneath the slick. A force balance for the planar case 
was expressed as follows, in FannelOp (1994). 

(4.26) aN = J:LE 1: wdx 

In equation 4.26, 1:w is the shear stress. The same expression for viscous drag was 
substituted for the shear stress as was used in the derivation for the viscous regime, 
(Fannel6p 1994, pgI65). The slick leading edge velocity was used in this term rather 
than the average velocity. In this regime, the oil thickness was assumed to be so thin 
that gravitational forces were no longer important. Therefore, the flow in the water 
boundary layer due to surface tension was assumed to have a wake-like character, 
Hoult (1972). The wake was caused by the action of the line of force due to surface 
tension. The momentum in the boundary layer had to balance this force, as described 
in Hoult (1972). The result of the integration and substitution of equation 4.26 is 
shown in equation 4.27, for the surface tension regime, planar case, after Fannel6p 
(1994). 

This equation was checked with the experimental observations of Lee (1971) and 
Garrett and Barger (1970). The coefficient of 1.43 from equation 4.27 was in good 
agreement with the experimental value of 1.33, determined by Lee (1971). The 
spreading in this regime was different from the two previous regimes, in that it was 
independent of the quantity of oil spilled, Fay (1969). Therefore, different 
configurations, be they planar or radial, should spread at nearly the same rate in this 
regime, as shown below, after Fanne16p (1994). 
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There was no need to make the same substitutions as in the previous two cases, 
because the expression for the leading edge was not a function of the spill volume and 
therefore, did not involve "L". As a result, equation 4.28 was the expression used in 
this model for the final regime. 

To estimate the net surface tension the following values were used. 
(jaw = the air-water interfacial tension = 72(10)"3 N/m at 20°C, Weast (1977, F-43) 

(jao = the oil-air interfacial tension = 25.5(10) -3 N/m at 20°C, Konobeev and Lyapin 

(1970), TRC Thermodynamic Tables (1997), (using a mole fraction estimate based on 
composition ofNZ premium unleaded fuel, Figure A-I and Mobil Oil (1997), with an 
aromatic BTEX fraction of 48% by weight, see section 4.2.3.) 
crow the oil-water interfacial tension = 43(10) -3 N/m at 20°C, Weast (1977, F-43) 

(using a mole fraction estimate based on composition ofNZ premium unleaded fuel, 
Figure A-I and Mobil Oil (1997), 
The net surface tension, therefore, was 0.0015 N/m, indicating a positive spreading 
coefficient. (For example, this implies the radius of a gasoline slick would be 7.5 m, if 
the slick is small enough so that 10 minutes after the gasoline release, the slick was in 
the surface tension regime.) In contrast, Fay in his work with crude oil found a range 
of net surface tensions from 0.005 N/m for light crudes to 0.03 N/m for heavier crudes. 
The estimated value of 0.0015 N/m for net surface tension is smaller than the lightest 
crude oil in Fay's range. 

Using the calculated surface tension and other parameters for sea water used in the 
previous two regimes, the radial case of spreading in the surface tension regime is: 

(4.29) Xr=0.0615r7s 

Therefore, the radius of a 1000 litre gasoline spill after 60 minutes, assuming no 
evaporation, is 28.6 meters. 

Combining Spreading Laws 

Finally the spreading analyses for the three regimes must be combined. A modified 
figure from Hoult (1972) is shown below in Figure 4.15, using the equations of 
Fannel6p (1994). This analysis was originally done in Hoult (1972) for a 
dimensionless-sized oil spill of unknown oil type. It was modified here, in order to 
show results ofa so-called medium-sized spill of 50 m3 of premium grade New 
Zealand gasoline. This size of spill (relatively small compared with the oil slick 
analysis literature) demonstrates the time frame required for all spreading regimes to be 
entered. 

Although Figure 4.15 shows a log-log plot of the slick radius as a function of time for 
a 50 m3 slick, all sizes of slicks were expected to exhibit similar spreading behaviour. 
Note the marked transitions in slope between the different spreading regimes. The 
crossover time between the inertial and the viscous regimes, and the viscous and the 
surface tension regimes would be expected to occur when the ratio of the terms in the 
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respective expressions becomes unity. In fact, these transitions were consistent with 
what was observed experimentally by Roult (1972). 

Fay (1969) constructed the model for a spreading crude oil slick based on the fact that 
the density of crude oil was almost equal to that of water. In comparison, unleaded 
premium gasoline has a specific gravity of 0.75 (Mobil Oil, 1997) at ambient 
conditions and therefore, is lighter than crude oil. The density difference between the 
water and gasoline is greater, therefore the hydrostatic driving force should also be 
comparatively greater (see equation 4.15 and 4.16). This results in the length of time 
of the spreading slick in the first regime to be shorter for gasoline than for crude oil. 
(and for the characteristic length to be relatively greater in the gasoline). Fannel6p 
estimated that the time for a small, crude oil slick (under 1000 Htres) in a uni
dimensional channel to crossover into the second regime was about 10 minutes. 

l.E+04 -r--------,-----------,---------, 

l.E+03 

Gravity-Inertial 

XLE= 1.14(g~pl Pwt25VO.25t05 

Surface Tension 

Viscous 

l.E+Ol 

hour day week month 
I.E+OO -l-__ .......,. ___ + ___ +-_.i----+ __ ~_!"j_----b.+_---I.-~ 

l.E+OO l.E+Ol l.E+02 l.E+03 1.E+04 l.E+05 l.E+06 l.E+07 

Time (sec) 

Figure 4.15 Combined Spreading Laws, after Roult (1972) and FannelOp (1994), 
(assuming a circular N.Z. premium gasoline slick of 50 m3 size, on a calm sea 
with no wind. Vertical dividers were drawn between the regimes to emphasise 
the change in slope ofthe line.) 

Comparatively, the crossover time calculated for a similar gasoline slick, using the 
derived equations here, was about 1 minute. 

Appendix C, Tables C-l to C-3 show slick size as a function of time for three sizes of 
spill, 0.5 m3

, 1.0 m3 and 20 m3 
. Estimates were made using the equations derived 

above (equations 4.20, 4.24, and 4.29) for the three spreading regimes. Similar to 
Figure 4.15, radius of a circular spill in calm water was estimated for premium grade 
New Zealand petrol in these Tables. 

In Appendix C, Tables C-1 to C-3, the shift from the inertial regime, to the viscous, to 
the surface tension is apparent at those points where the radii are equivalent. Figure 
4.15 demonstrates this. Therefore, for the 0.5 m3 spill, in Table C-l (Appendix C) the 
spreading rate is in the inertial regime from 1 second to about 50 seconds, the viscous 
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regime from 50 seconds to about 34 minutes and the surface tension regime from 34 
minutes onward. For the larger volume slick of 1 m3

, shown in Appendix C, Table C-
2, the slick just enters the final surface tension regime at 50 minutes, which is at the 
limit of the time frame of interest. Finally, in Appendix C, Table C-3, the larger spill of 
20 m3 does not enter the surface tension regime at all during the time frame of 
interest. 

In Appendix C, Tables C-l to C-3, the inertial and viscous regimes last longer for the 
larger volume spills. However, for spills smaller than 1 m3

, the surface tension regime 
will be important for the time frame of interest. The slicks of concern here are slightly 
different than those with which Fay (1969) and Hoult (1972) experimented. For a 
similar-sized spill to those of Fay and Hoult, the gravity regime for gasoline would last 
a shorter period than that predicted by Hoult (1972) for crude oil, because the density 
of gasoline is less than that of crude oil. This lower density allows the gasoline to float 
higher on the water than crude. For example the specific gravity ofN.Z. unleaded 
gasoline is 0.75 compared with crude values of 0.95 to 0.99. Because the gasoline 
floats higher on the water the hydrostatic force will thus be larger resulting in a larger 
driving force and a larger spill radius at the end ofthe inertial regime. 

Although the inertial regime is shorter for gasoline than for crude, the viscous regime 
talces up the remainder ofthe short time frame of interest, see Table C-l to C-3, 
appendix C. The viscosity of gasoline is large compared with crude, (close to that of 
water), and the density is smaller, see equation 4.23. This would result in a 
comparatively larger spreading length per unit time of calculation. For most sizes of 
spill, in the pertinent time frame, the viscous regime is the dominant spreading regime. 
Therefore, it would be imprudent to attempt to neglect this regime in our estimate. 
Compared to the time frame for the inertial regime, the viscous regime was quite long 
for gasoline. 

Discussion of equations chosen compared with others available 

Yapa et al. (1986) in their algorithm to estimate oil spill movement on a river with 
time, chose one overall correlation to estimate oil slick spreading rate. They chose that 
of Fay (1969), equation 4.30. Fay (1969) proposed an overall correlation for long 
time periods, verified experimentally on the North Sea, for spill diameter (assuming a 
circular spill) as a function of time. The correlation was proposed for a spill on a 
relatively calm sea but included a dimensionless constant for the effect of wind. It was 
derived for a large time, certainly greater than one hour, and for large spills of crude 
oil. As such, it was based on the final spreading regime, the surface tension regime. 

Fay (1969) 

In equation 4.30, D the average diameter of a circular oil slick; 
C3 a dimensional constant 1.5±.7 in a cross wind direction and 15 ±7 in the down 
wind direction; 
C5 the effective surface tension of the slick (0.005 to 0.3 N/m); 
p density of sea water:::::: 1.03(10)3 kg/m3 at 20°C; 
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J..L = viscosity of sea water 0.0010 Ns/m2 at 20°C; 
t = time in seconds from first release of the oil. 

While this correlation could be criticised for neglecting the actual elongation and non
uniform spreading of a slick due to the wind, the major problem with using this 
correlation fClr this study was that it was developed for long time periods. It was 
developed as rough guide for spill development and as such, neglected the first two 
spreading regimes. The significant spreading in the first hour, which was crucial in this 
study, was purposefully neglected by equation 4.30, Fay (1969), Hoult (1972), see 
Table 4.9. 

Blokker (1964) has postulated that the spreading rate should decrease exponentially 
with the mean thickness of the spill. He empirically determined the constants to fit the 
observations of experimental crude oil spreading on the North Sea. This correlation 
has since been judged to be less accurate, Wilkinson (1979), than that of Fay (1969), 
and furthermore, it only applies to the heavy crudes and lubricating oils. 

(4.31) D3 = 8KVt + Do3 Blokker (1964) 

In equation 4.31, D = the average diameter ofa circular oil slick 
K 100 sec- l for light (molecular weight) crudes (K gets smaller for the heavier crudes 
and lubricating oils.) 
V the volume of the spill in m3 

Do the initial diameter of the oil spill. 

Table 4.9 compares three methods of spill radius estimates as a function oftirne for 
one volume of spill, 1 m3

. 

Table 4.9 Spreading Rate as a Function of and Volume of Spill, 
Comparing the Correlations ofBlob:ker (1964) - equation 4.31, Fay (1969) (the 
overall correlation, equation 4.30), FannelOp (1994) (the three regime 

3 equations, equations 4.20, 4.24, 4.29). Volume of spill 1 m or 1,000 liires. 

Fannelop's equations Fay's correlation** 

Time (min) Radius of circular Radius of circular 

spill (m) spill (m) 

0.017 3.03 .021 

1 23.3 .455 

5 38.5 1.52 

10 45.8 2.56 

16.7 52.1 3.75 

33.3 61.9 6.31 

50 68.5 8.55 

* K= 100 sec-l for a i'light" crude 
** C3=L5; cr=.005N/mforFay's overall correlation. 

THE LIBRARY 
UNIVERSITY OF CANTERBURY 

CHRISTCHURCH, fa 

Bloldcer's correlation* 

Radius of circular 

spill (m) 

12.5 

48.9 

83.5 

105 

125 

157 

180 
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In Table 4.9, Blokker's estimates appeared quite large compared to those made using 
the three-regime equations of Fannelop. Fay's correlation, (equation 4.30), by 
comparison, resulted in spill radii which were small for time periods of less than one 
hour. This was expected because the equation was developed for the surface tension 
regime. Both these correlations were derived for large time, greater than one hour. 
However, in tms case study, the time for the oil slick to reach the Mair Bank is usually 
less than 45 minutes. 

While it would simplify this risk analysis to use one spreading equation, that of Fay 
(1969), it is apparent from the comparison of Appendix C, Tables C-l - C-3 and 
Figure 4.15 that this would lead to some significant under-estimation of the slick's 
surface area. Surface area is a critical variable for evaporation rate. Under-predicting 
the area might result in a model which under-predicted the BTEX evaporation for the 
time frame of concern. This could result in a conclusion that the BTEX exposure was 
much higher than it actually is, 

Spill Break-up and the Mixing of Oil Spills into the Sea 

Mass-transfer rates between liquids are generally slow compared with those involving 
gases unless there is considerable turbulence. Turbulence due to wave motion and 
eddying currents may enhance this dissolution by an order of magnitude, according to 
Rice et al. (1977). Rice further noted that turbulence was a significant mechanism of 
slick break-up and dropwise dispersion and hence marine animal exposure. 

Black (1983) and Miller (1980) characterised the Mair Bank area as a large ebb-tidal 
delta which was constantly exposed to mgh wave and current energy levels. Black 
noted that bed undulations identified on the Mair Bank were known to cause surface 
waves to develop. He further suggested that were it not for the large shell mass that 
stabilises the sand on the bank from the turbulence and breaking waves, the Mair Bank 
might not exist. 

Naess (1980) has developed a model to estimate the vertical distribution of oil droplets 
in the sea (from a crude oil slick) due to mixing induced by breaking surface waves. 
He compared this with experimental results, using mineral oil, to characterise the water 
depth occupied by oil droplets, the droplet-size distribution, and the time for the 
droplets to rise back to the surface. Although there was some uncertainty in his 
analysis ofthe time for oil droplets to stay mixed, the experimental results showed 
clearly that breaking waves always cause slicks to disperse into droplets wmch are 
mixed vertically in the water. The lower the viscosity and surface tension of the oil, 
the smaller the amount of mixing energy required to form droplets, and the greater the 
entrainment of drops throughout the vertical in the sea, Gasoline has a viscosity 
similar to water (which is very low compared to crudes and other oils tested) and a 
surface tension of 0.0015 N/m, which is lower than the lightest crude tested. The 
surface tension ofthe lightest crude tested was 0.005 N/m, Therefore, a gasoline slick 
would be prone to break-up and dropwise dispersion with little turbulence. 

Fannel6p (1994) has reviewed the literature for the wave or current speed required for 
dropwise loss when contained by booms. The loss of oil from a slick contained by a 
boom was viewed as a stability problem. Oil droplets are formed at the oil-water 
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interface of a slick due to the speed of waves travelling through the water. The critical 
wave speed for slick stability was not a function of slick thickness, but had more to do 
with head-wave geometry and net surface tension of the oil. Agrawal and Hale (1974) 
suggested the following semi-empirical criterion for the onset of droplet generation, 
based on controlled experiments. 

(4.32) Weer = 28.2 
PwUcr

2 

In equation 4.32, Weer = a special Weber number used to refer to droplet formation 
Ucr the critical velocity for onset of entrainment loss 
cr = the net surface tension between the oil slick and the water, as defined above. 

For a gasoline slick of given surface tension and density, the critical current velocity 
calculated using equation 4.32, was 0.23 mfs. The ebb-tidal velocity at the loading 
wharf (located in the channel) was only less than 0.23 mfs for a total of36 minutes out 
of the total 6 hr 10 min ebb tidal cycle (ie, less than 10% of the time). In addition, the 
velocity usually increased as the water flowed over the shallower Mair Bank (Tables 
B-1 to B-7, Appendix B). Therefore, the calculated critical velocity for the onset of 
entrainment loss was usually exceeded in the area of concern. Although this critical 
velocity was calculated for oil contained in a boom, it is significant that such a low 
velocity would disperse a light gasoline slick without breaking waves. 

The three-dimensional flow patterns observed in the model showed considerable 
mixing energy as the high-volume, high-velocity surface water in the channel, split to 
flow over the Mair Banlc Given the critical velocities, the highly turbulent, well-mixed 
environment and the coastal position, it is believed that the model of an intact slick 
sliding over calm water may not adequately or realistically reflect what is happening. 
Furthermore, the low viscosity, low density and low surface tension would make a 
slick of gasoline more prone to break-up and entrainment. This dropwise dispersion 
would enhance mass transfer, but more importantly it might expose organisms below 
the water surface to the petroleum directly. Shellfish filter large volumes of water and 
droplets of gasoline entrained in the water would be taken in. 

As a result of the above assumption, the dissolution rate, as a mechanism of shellfish 
exposure becomes far less important. Therefore, it was assumed for this analysis that 
the spill would float, intact on the water flowing in the channel until it reached the Mair 
Bank. Here, the surface-mixed layer of water consisted of the upper 5 m (or less) of 
the water column. At this turbulent interface, the gasoline film would then be broken 
into droplets and be well dispersed vertically throughout the shallow high-energy water 
flowing over the Mair Bank. Because shellfish filter large amounts of water, the two
phase (ie. oil droplets and water), volume-averaged concentration effectively became 
the exposure concentration. The effective exposure could then be estimated lmowing 
the initial velocity, the evolution of flow streamlines with time and distance, the initial 
size of the spill, and the distance from the wharf. 
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4.3.3 Evaporation and Other Loss Processes 

Symbols and Subscripts Used in This Section 

c = concentration 

C:::::: a coefficient 

Csat,i = the saturated concentration at equilibrium of an oil slick component, i, in the 
vapour at the surface of the liquid, which also equals (Xi Peat,i), by Raoult's law. 

the molar flux due to diffusion 

k w = dissolution mass transfer coefficient 

M == mole mass (kg/mol) 

n (as an exponent) was a function of ground roughness and temperature proflle in 
the atmosphere 

Ni = the mass or mole flux kg/s 

NUL = the mean Nusselt number evaluated over a length, L 

P standard air pressure, also ambient pressure for the ideal gas assumption. 

pamb = the ambient compound vapour pressure in the bulk air, which is usually zero 

Ps or psat= the saturated vapour pressure ofa compound (Pa) 

Pr = Prandl number 

r = the pool radius (m) 

R Universal gas constant 8314 (J lkmolK) 

Rex = the local Reynolds number evaluated at length = x 

R~ = the Reynolds number evaluated over the plate oflength L 

S solubility of the component 

Sc = Schmidt number 

ShL = the mean Sherwood number evaluated over the plate oflength L 

Shx the local Sherwood number evaluated at x 

T p = the temperature at the surface of the spill (K) 
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u = velocity 

U 1 = the wind speed at a height of 1 meter, 

Uw = the wind speed at 1 m above the pool height (mls) 

Uz = the wind speed in mls at a specified height, Z 

Yi=the mole fraction of component I in the gas phase. 

Z the height in meters 

Greek Symbols 

~ov = the mass-transfer coefficient for vapour pressure driving force with the 
parameters R and T removed 

~c = the mass-transfer coefficient for concentration driving force 

~v the mass-transfer coefficient for vapour pressure driving force 

Subscripts 

benz = benzene 

tal toluene 

ebenz ethylbenzene 

xyl xylene 

Evaporation is a significant transport loss mechanism ofBTEX from a refined oil spill. 
In the exposure estimation done in Table 4.2 of the Case Study, all loss mechanisms, 
including evaporation and biodegradation, were ignored. Given the high vapour 
pressure of benzene and toluene and the sigrIificant vapour pressure of ethyl benzene 
and xylene, it would not be prudent to ignore this transport rate in this, more detailed 
analysis. 

Background 

The properties of oil vary with time, Roult (1972). The most important cause of this 
variation is the evaporation of the lighter components of the oil into the air (Blokker, 
1964, Roult, 1972) Other causes for long time periods, greater than several hours, are 
the dissolution of the soluble components into the sea water (Fay, 1969) and the 
changes wrought by biological degradation (Zobell, 1969). These changes tend to 
make the oil denser and more viscous. This study focuses on short time periods, 
generally less than one hour, so that these physical property changes with time will be 
neglected. 
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Evaporation 

Liquid-phase and vapour-phase resistance 

Evaporation from gasoline slicks will have a liquid-phase resistance in addition to the 
vapour phase resistance. The liquid-phase mass-transfer resistance controls the rate of 
transfer of material from the bulk of the liquid to the air-liquid interface and depends 
on the eddy and molecular diffusivities and the flow conditions of the liquid. The 
liquid-phase resistance may sometimes be the rate-limiting resistance because liquid 
phase diffusion coefficients are several orders of magnitude less than those in the gas 
phase. The vapour-phase resistance is the transfer from the interface to the 
atmosphere. Inter-facial resistance has been assumed to be negligible. Therefore, the 
liquid-phase resistance for the case of evaporation ofBTEX, (benzene, toluene, 
ethylbenzene, and xylene) from a pool of gasoline may be somewhere between the 
following two limiting cases. Evaporation would be controlled by the relative 
magnitudes of the evaporation rate and the liquid diffusion rate. 

Limiting conditions of liquid-phase resistance 

Mass transfer ofBTEX through the pool of gasoline to the surface where evaporation 
may take place, is controlled by two transport processes, convection, (denoted here as, 
"uc", velocity times the concentration) and diffusion, (denoted here as ')"). Therefore, 
the total flux ofBTEX to the surface, Ni, is equal to the flux from diffusion plus the 
flux from convection, or: 

There are two extremes ofliquid-phase resistance in the gasoline slick which will be 
considered here: 

1. perfect mixing in the liquid, where the term, uc dominates and j is negligible, and 

2. no mixing in the liquid layer, with uc effectively equal to zero, and j dominant. 

In the fIrst limiting condition it was assumed that there was perfect mixing in the liquid 
and no concentration gradient across the liquid. Therefore, the vapour leaving the 
surface would be in equilibrium with the bulk liquid. In multicomponent liquids such 
as gasoline, this vapour would generally have a different composition from that of the 
liquid, depending on the respective vapour pressures ofthe components. The liquid 
composition would be constant with depth but would change with time. The more 
volatile material would evaporate first, and as a result, the rate of evaporation would 
fall as evaporation proceeded. 

The second limiting condition existed when it was assumed that there was no mixing in 
the liquid phase, and the liquid-liquid diffusion was so slow that, for the time frame of 
interest, it could also be neglected. The vapour composition would equal that of the 
top layer of liquid and the bulk liquid composition would remain constant with time 
and depth. The evaporation rate would remain constant. Physically this process could 
be envisaged as successive layers of liquid peeling off the surface to form vapour. 
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In practice, a situation intermediate between these two conditions probably exists and 
this would be controlled by the relative magnitudes of the evaporation rate and the 
liquid diffusion rate. In this case study of evaporation ofBTEX from a gasoline pool 
on top of the water, the magnitude ofliquid~phase resistance was probably closer to 
the first limiting condition, that of perfect mixing across the liquid phase. Gasoline is 
similar in viscosity to water for the ambient temperature range of concern. Therefore, 
liquid mixing rates in the slick might be effected by the turbulent coastal and estuarine 
environment. Furthermore, the slick would be spreading and moving on top of the 
surface ofthe water. This would set up a velocity distribution within the slick, as 
discussed in the viscous regime of oil slick spreading, of section 4.3.2. Finally, the 
thickness of the gasoline slick was estimated to be sufficiently thin (on average, 1 mm 
or less) so that liquid-liquid diffusion rates should have only a small effect on the 
evaporation rate. 

MacKay and Matsugu (1973) measured the volume of change of liquid gasoline in a 
shallow pan exposed to a low velocity wind as a function of time. They compared this 
with a computed estimate based on gasoHne composition which would give the same 
ASTM batch distillation curve as the gasoline. Further, they assumed the pool was 
perfectly mixed with only vapour phase resistance. They found the experimental 
evaporation rate to be 10% greater than the computed evaporation rate. Although the 
experimental agreement was encouraging, the shape of the evaporation curve was 
consistent with the expectation of depletion of the surface volatile components. This 
indicated that a small, though significant liquid-phase resistance was present. 

It is interesting to compare the liquid phase resistance in the evaporation loss model for 
gasoline in this case study with the case of crude oil slicks in the polar regions. Jordan 
and Payne (1980) discussed this qualitatively and Ramseier (1971) discussed this more 
quantitatively. Evaporative losses from crude would be closer to the second limiting 
condition, that of no mixing in the liquid phase. Crude oil is very much more viscous 
than gasoline so slick thickness tends to be greater and turbulence less likely within the 
oil film. In addition, crude oil has some constituents not present in gasoline which lead 
to formation of an airy foam called a "mousse". This mousse prevents evaporation. 

Therefore, for modelling purposes, this case study will assume the vapour-phase 
resistance in the gasoline slick was the more significant resistance. Evaporation losses 
using this model would then slightly overpredict evaporation and underpredict 
exposure. 

Vapour-phase Resistance, The General Equation 

The steady-state mass flux, the evaporation rate, from the surface of an oil slick, Ni, 
can be expressed as a function of the vapour pressure driving force, as follows: 

(4.34) Ni = ~v(pBat - Pamb) 

In equation 4.34, psat= the saturated BTEX vapour pressure at the surface of the slick, 
pamb = the ambient BTEX vapour pressure in the bulk air, which is usually zero. The 
mass transfer coefficient, ~v, is a function of the temperature, the transport conditions 
in the atmosphere immediately above the spill, and is also a function of the diffusion 
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characteristics (i.e. the Schmidt number) of the hydrocarbon in the vapour phase. It 
was expected that turbulent transport was the dominant mechanism. In this case, ~v, 
was also dependent on the size of the pool. It will be assumed that the Stephan, or 
bulk velocity correction factor is negligible for the mono-aromatics of concern, given 
the ambient temperature range ofless than 25 degrees C, Cussler (1997, pg 354). 

In order to calculate the saturated concentration of benzene and other BTEX 
components at the surface, Raoult's Law for standard temperature and pressure and 
dilute solution was assumed. 

(4.35) Yi P = Xi psa!,i 

Raoult's law, equation 4.35 says that the partial pressure of species i, in the vapour 
phase, YiP, is equal to the product of the liquid-phase mole fraction of species i, Xi, and 
its vapour pressure, paat,i, at a temperature, Tp. Therefore, equation 4.36 follows, 
assuming that Caa!,i = Xi psat,i 

(4.36) Ni = ~v(Psat,i - Pamb,i)= ~c(Csal,i 0) 

In equation 4.36, Csat,i = the saturated concentration at equilibrium of an oil slick 
component, i, in the vapour at the surface of the liquid, and ~c = the mass transfer 
coefficient which is similar to ~v, but with a proportionality factor having to do with 
the equilibrium proportion of the vapour to the liquid. 

Calculation of physical quantities for a multi-component mixture 

Before going further, it is appropriate to discuss the approximations made for the 
physical quantities of the evaporating mixture, BTEX BTEX is composed of benzene, 
toluene, ethylbenzene, and xylene, (including 0, m, and p xylene). The saturated 
concentration ofBTEX, CsatBTEX was approximated, using Raouli's law, to be equal to , 
the summed total of the equilibrium vapour pressure of benzene under those 
conditions, psat,benz, times the mole fraction of benzene in the gasoline, Xbenz, and so 
forth for each component ofBTEX This is shown in equation 4.37. 

( 4.3 7) psat,BTEX= Xxyl psat,xyl + Xebenz psat,ebenz + Xtal psat,tal + Xbenz Psat,benz 

Equation 4.37 uses Dalton's Law in that the total vapour pressure of a mixture is the 
sum of the component vapour pressures. Then the concentration ofBTEX is defined 
as CsatBTEX 

(4.38) CsatBTEX XBTEXPsat,BTEX 

In addition, other properties ofthe mixture were calculated, based on mole fractions of 
the components. These were needed for the evaporation estimate and included the 
equilibrium vapour pressure, the Schmidt number, and the molecular mass. 

(4.39) vapour pressure = PsatBTEX = XxylPsat,xyl + XebenzPsa!,ebenz+ XtalPsat,tal + Xbenzpsat,benz 
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(4.41) Molecular mass = M BTEX = xxylMxyl + XebenzMebenz + xtolMto1 + xbenzMbenz 

Wind speed 

Wind-speed data was from the N.Z. Meteorological Service (1980) as measured at the 
Marsden Point Power Station, which is on the coast near the Marsden Point Refinery. 
This location was important because coastal wind speeds were different from wind 
speeds further inland. It was assumed the air was blowing at a constant velocity taken 
from the average of the mean hourly wind speeds for each month. The average 
monthly wind speed was used because use of a full-blown statistical distribution of 
wind speed at any particular time was beyond the scope of this analysis. 

The wind speed measurement was taken at a height of 12 meters from the mean sea 
level, but evaporation correlations, in general, assumed air speed was measured one 
meter above the surface. Therefore, to estimate this wind speed, Sutton's expression 
(1953) was followed, as quoted in MacKay and Matsugu (1973). It was assumed that 
the wind-velocity profile followed a power law, as below. 

where Vz was the wind speed in mls at a specified height, Z, VI was the wind speed at 
a height of 1 meter, and Z was the height in meters. The exponent, n, was a function 
of ground roughness and temperature profile in the atmosphere. A typical value for 
average atmospheric conditions ofn = 0.25 was recommended by MacKay and 
Matsugu (1973). When n = 0.25, the equation gives rise to the 117th power law used 
in turbulent flow in pipes. For example, using this power law to calculate the wind 
speed one meter above the surface, from N.Z. Meteorological Service data (1980) 
(which recorded the average yearly wind speed of2.64 mls) measured at a 12 meter 
height (in the weather station situated on the coast) resulted in a wind speed of 1.85 
mls. 

Heat transfer 

The temperature of the gasoline pool on top of the water was important to the 
evaporation loss estimate. The vapour pressure and gas density were two parameters 
where temperature was critical to the evaporation estimation. Clearly, it would be 
inaccurate to assume that the pool temperature was equivalent to the air temperature. 
For sunny conditions and for a hydrocarbon spill on the ground, a pool could be 20 
degrees hotter than the air temperature at mid-day. MacKay & Matsugu (1973) took 
into account radiant heat gains and losses and evaporative cooling losses, and direct 
heat transfer from the surroundings in their estimate of the temperature of an oil spill 
onthe ground. However, for the case of an oil spill onto water, MacKay & Matsugu 
(1973) found that the slick temperature was usually the temperature of the water, 
particularly if the oil layer was thin. 

Surface Wave Effects 

MacKay & Matsugu (1973) observed that the surface ofthe oil spill pool was not 
planar on land and was also not planar on water due to surface waves (even at low 
wind speeds). Smith and McIntyre (1970) showed that the onset of white capping and 
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, breaking waves greatly increased evaporation rates, In addition, Sivadier and Mikolaj 
(1973) found a threefold increase in evaporation rate as the sea roughened from 
Beaufort 2.5 to 4, This was a dramatic increase, but they observed part of it could be 
due to differences in spreading. 

Evaporative Mass-transfer Coefficient 

The evaporation loss model developed for this case study was based on vapour phase 
resistance only. It was assumed the gasoline vapours acted as ideal gases. To find the 
mass transfer coefficient, B, the velocity profile of air directly above the oil spill was 
first taken into account. Mass~transfer coefficient correlations, are generally derived 
for laminar or turbulent flow conditions. For this case, at a wind speed one meter 
above the surface, (of 1.85 mls), air density and viscosity at 200 C, and atmospheric 
pressure, and given a relatively small diameter in the range around 7 m, the Reynolds 
number, at 8,5(10)5, appeared to be in the turbulent range. (See Appendix D, 
Calculations for Items 1 to 7, Reynolds number calculation,) 

Turbulent Flat Plate Estimate 

In this method, the mass transfer coefficient, Be, was calculated from the Sherwood 
number, based on the following correlation: 

(4.43) NUL ,036Ret'8 Pr.3 Welty (1978). 

Welty (1978) discussed mm theory in terms of heat transfer, but these correlations may 
be modified by substituting the Sherwood number for the Nusselt number and the 
Schmidt number for the Prandl number. This was reasonable because the film has 
similar characteristics, whether heat or mass transfer was occurring. Kho (1993) 
proposed, from Welty (I978), the following expression for turbulent flow over a 
sharp-edged plate at a distance x from the leading edge, This referred to the local 
Sherwood number evaluated at x. 

However, Welty (1978) proposed equation 4.43 to calculate the mean Nusselt number 
for turbulent flow over a flat plate of length L. Furthermore, the mean NUL over a flat 

plate of length L has a value equal to twice that of the local Nux evaluated at x L. 

Therefore, in this case, to estimate evaporation from an entire pool, the mean Nusselt 
number was the more appropriate expression for mm mass transfer coefficients. 

A Reynolds number of 8(10)5 would normally indicate turbulent flow. However, 
Welty (1978) suggested that the transition from laminar to turbulent flow within the 
boundary layer on a flat plate, occurred where the local Re number achieved a value of 
about 106

• The Re estimate for this case places the flow regime in the transition zone. 
Therefore, the following two equations were available from Welty (1978) to estimate 
the Sherwood number in this transition zone: 
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(4.45) laminar flow equation: ShL 0.664Rt\·5S C·
3 When Ni pool = .000716 kg/s; 

(4.46) turbulent flow equation: ShL ~ 0.036Rt\·8 Sc·3 When Ni pool = .0023 kg/s; 
(See Appendix D, Calculations for Item 1 and 2, Table D-3 for results comparison.) 

Given the specific air flow conditions in the case of a spill at the mouth of a tidal 
estuary, (waves and other phenomena may induce turbulence in what might otherwise 
be a laminar situation) turbulent flow could be a more likely flow condition. The 
turbulent flow equation also resulted in a mass-transfer rate more consistent with some 
of the other experimentally-based empirical, evaporation correlations. (See Table D-3, 
Appendix D) 

In comparison to the above results, a similar equation to (4.43) was derived 
experimentally from heat transfer of a plate in fluid flow. This was done specifically 
for fluids with Schmidt numbers between 0.7 and 380. The Schmidt number for BTEX 
in air at 20°C was calculated in Appendix D to be in the lower end ofthis range at 0.7. 
The Schmidt number for benzene in air was 1.56. This correlation may be more 
specifically applicable to the situation in this case study. 

(4.47) Shr- 0.037Re·8 SC.43 Brauer (1971), Zhukauskas and Ambrazyavichyus 
(1961). 

The coefficient of .037 compared closely to Welty's coefficient of 0.036, but the 
exponent on the Schmidt number was 0.43. Equation 4.47 was fit to specific data in 
the Schmidt number range. 

The mass evaporation rate was then calculated from equation 4.37 [Ni = (~c)( Cant-O)] 
using this mass transfer coefficient. (See calculations for Brauer (1971) and Welty 
(1978) in the AppendixD, Items 1 and 2, Table D-3.) 

EmpiricaL Experimentally-verified Evaporation Correlations 

Several models were assessed for their efficacy in estimating the evaporation rate for 
the case study situation. These seven methods, including theoretically-based equations 
and empirical, experimentally-verified correlations were compared in Table D-3, 
Appendix D. The correlation from the risk consequences computer program 
WHAZAWM, DNV Technica (1993), was selected as the most applicable to the 
situation of a gasoline spill onto water. In addition, the correlation was experimentally 
verified for a component of concern in this analysis. 

The correlation used in WHAZAW'M was originally developed by MacKay and 
Matsugu (1973) for liquid hydrocarbon spills onto land or water. Woodward (1990) 
later proposed a change in the formula coefficient so that it could be used with more 
volatile materials. He correlated the equation with experimental results for very 
volatile hydrocarbons such as pentane, hexane, and Freon 11. However, for the 
hydrocarbons in this case, the original coefficient from MacKay and Matsugu (1973) of 
0.00447 yielded a closer fit with Woodward's experimental results for toluene. The 
mass transfer properties of toluene most closely approximated the mole-fraction 
averaged, mass-transfer properties of the BTEX components. 
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In equation 4.48, Ni = the mass flux in kgls 

Sc = Schmidt number 
Uw = the wind speed at 1 m above the pool height (m/s) 
r = the pool radius (m) 
M = mole mass (kg/mol) 
Fa = the saturated vapour pressure (Pa) 
R = Universal gas constant 8314 (J /kmolK) 
Tp = the temperature at the surface of the spill (K) 

MacKay and Matsugu (1973) 

The framework of this correlation was developed starting with the following relation: 

In equation 4.49, ps is the saturated vapour pressure ofthe volatile, and pa is the 
ambient or bulk vapour pressure of volatile in the air, which is equal to zero. For the 
mass transfer coefficient, Pov, it was again assumed that turbulent transfer was the 
dominant mechanism. 

Area effects 

Evaporation rate was a function of the spill area. MacKay and Matsugu (1973) 
showed experimentally that the evaporation rate per unit area fell slightly as the pool 
size increased. This may have been due to enhanced evaporation at the upwind region 
of the pool. Their experimental data suggested an exponential value for pool radius of 
-0.11 (see equation 4.50), which compared reasonably well with Sutton's (1953) 
previous studies, 

Calculation of the Coefficient, C 

The mass transfer coefficient, Pov, was given for the range of interest as a function of 
wind velocity, pool radius, and C in MacKay and Matsugu (1973): 

(4.50) POv = C U·78 r-.11 

Here U·78 came from u[(2-n)/(Z+n)] , where n = 0.25 

The constant, C was estimated using evaporation studies on cumene and water over 
several days. Flat pans of the liquids, level with the ground, were set out on a flat 
rooftop. First, the heat~transfer equation was solved to generate the temperature of 
the pool as a function of time. The evaporation rate was then calculated using the 
mass-transfer coefficient. The value ofC was established by using the experimental 
pool temperature data to generate observed evaporation rates. In addition, the 
constant C defined the mass transfer coefficient and varied from system to system 
depending on diffusivity characteristics, represented by the Schmidt number. For two 
systems, the constants C1 and Cz could be related by 
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So for systems other than cumene, C would be given by 

(4.52) C = 0.015(2.7/Sc2)·67 or C .0292Sc-·67 

Woodward (1990) did experiments to confirm this study using the more volatile 
components and suggested that C depended on more than diffusivity. He suggested 
that the relative vapour pressures seemed to play an important role. Vapour pressures 
for light gasoline components vary between 0.6 kPa for cumene to 3.8 kPa for toluene 
to 68 kPa for pentane. See Table D~4 for comparative purposes of vapour pressures 
for more selected compounds. 

Experimental verification 

Woodward (1990) compared the experimental evaporation data for selected 
hydrocarbons with that calculated using MacKay's equation. He proposed a slightly 
larger coefficient, C, to correspond to the higher vapour pressures of the compounds 
on which he used the correlation. He found better agreement for the more volatile 
compounds offreon, pentane, and hexane using the smaller coefficient of 0.00333. 
However, for the less volatile compounds of cyc10hexane and toluene, this smaller 
coefficient almost doubled the difference between experimental and predicted from 
17% to 32%, and from 33% to 45 %, respectively. Therefore, because the vapour 
pressure of the BTEX mixture was closer to that of toluene, and MacKay and 
Matsugu's (1973) original coefficient of .00447 was used in this analysis. 

On comparing this correlation with that for a turbulent, flat plate, as per Brauer 
(1971), (see Appendix D, Table D-3) MacKay and Matsugu's (1973) correlation 
yielded a larger evaporation rate by 26%. Similarly, MacKay and Matsugu (1973) 
found their computed rate was 25% higher than that for the smooth, flat plate. They 
postulated that this was mainly due to the surface ripples which would increase mass 
transfer rates. 

Dissolution 

Dissolution ofBTEX gasoline components into the water below a gasoline slick is a 
relatively slow process. It accounts for the loss of only a very small fraction in the 
mass balance for oil. However, only very small exposure concentrations of BTEX may 
be biologically harmful. Dissolution tends to occur in the first few hours of a spill 
because it competes with evaporation. The mass-transfer rate in this liquid-liquid 
process is two to three orders of magnitude less than the evaporation rate, Cussler 
(1997). It is for this reason that most studies neglect dissolution in the study of oil spill 
problems. 

Cohen et al. (1980) have used film theory to estimate the diffusion of a water-soluble, 
low-volatility hydrocarbon, phenol, through a stagnant layer, from a thin layer of 
hydrocarbon sliding over the water's surface. Usually, in the dissolution of 
hydrocarbons which are sparingly water-soluble, the water-phase transfer coefficient is 
rate-controlling. This is because almost all the resistance lies in the water phase where 
only small concentrations differences can be established because of the low solubility. 
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In the experimental studies of Cohen et al. (1980), however, a highly water-soluble 
hydrocarbon was used, phenol. The overall dissolution rate of phenol was controlled 
by the oil-phase transfer coefficient rather than the water-phase transfer coefficient. In 
spite of the fact that experiments with phenol represented comparatively high 
dissolution rates for hydrocarbons from an intact slick into water, Cohen concluded 
these rates were small compared to other processes. The major conclusion of Cohen 
was that natural dispersion was the dominant mechanism of hydrocarbon transfer into 
the water column, not dissolution. This was examined in section 4.2.2 on spill break
up and mixing of oil spills into the sea. 

Using the method of Cohen et al. (1980), the mass flux of hydro carbon from the slick 
going into the water was evaluated as 

In equation 4.53, Ni = dissolution rate of the slick in kg/sec, 
k w = dissolution mass transfer coefficient based on wind speeds of 0 to 10 mis 
A = the area over which the flux may occur 
S = solubility of the component, (for example, benzene, 200 C, in water = 1.8 kgl~). 
This expression assumes that the bulk concentration is zero. 

The reason the wind speed was important to dissolution was that the wind caused the 
slick to slide across the water's surface and hence generated a small movement 
between the oil slick and water. Stolzenbach et al. (1977) have estimated the speed of 
the slick (relative to the moving water) as a function of the wind velocity. The wind
induced velocity of the slick, Vsw, was estimated to be 0.03 times the velocity ofthe 
wind, V w, 10 m above the surface. Smith (1977), in experiments on the open sea for a 
similar wind speed range, found the wind-induced velocity of the slick to be 0.02 times 
the velocity of the wind. This was reasonably close agreement. 

Compared to the wind-induced movement of the slick, other mechanisms for slick 
movement, such as the slick-spreading rate, were small. The speed of the leading edge 
of the slick across the water was comparatively small, except for the fIrst few minutes 
ofthe spill, Appendix C, Tables C-1 to C-3. For example, in the fIrst minute of a 
0.5m3 spill the average speed of the slick leading edge, relative to the water speed was 
0.12 mis. This velocity decreased exponentially with time. This initial spreading 
velocity of 0.12 mls compared with a speed of 0.15 mis, generated from a 5 mls wind 
(5 mls compared to the yearly, averaged wind speed at Marsden Point of2.7 mls). 

The dissolution rate of benzene will fIrst be discussed because it is the most soluble 
component of the BTEX group. The mass transfer coefficient, kw may be estimated 
using penetration theory and assuming continued surface renewal, (and a wind speed 
of2.6 mis, see Appendix D, Item no.8). This coefficient would increase with time as 
the slick spread because in penetrationtheory, kw is a function of the contact area of 
the slick A mass transfer coefficient of 1.63 (10)"6 mis was calculated using these 
assumptions. Cohen used a typical kw estimate of2.78 (10)"6 mis, for a slick thickness 
of 0.1 cm. This coefficient was also comparable to that of Yap a et al. (1991) of 
1.7(10)'6 misec for a wind speed of5 misec. 
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Using the higher value ofmass-transfer coefficient, 2.78 (10)"6 mis, and the benzene 
solubility for summer temperatures, 20 °e, the mass~transfer flux was calculated to be 
[2.78(10)"6 mlsec] [1.800kg/m3

] 5.0(10)"6 kglm2s. For a 1 m3 slick of average area, 
900 m2

, taking 40 minutes to reach the Mair Bank, the amount of benzene dissolved 
into the water, assuming a 5% w/w benzene slick, would be 0.54 kg. Assuming the 
water under the slick was well mixed and was one meter deep, this would result in a 
benzene concentration of 0.6 ppm (or 600 ppb), which is in the range of sub-lethal 
toxicity. This estimate excludes the mass loss of benzene from the competing 
evaporative rate process. Furthermore, the total flux ofBTEX into the water would 
be the mass flux of each component. To put this into perspective, the solubility of 
benzene is 3.5 times that of toluene and about 10 times that of ethylbenzene and 
xylene. 

This mass transfer rate is therefore, small due to the short time frame for the slick to 
drift to the Mair Bank. The exposure concentrations from this transfer process are 
also small compared to the assumed major exposure process, that of spill break-up and 
entrainment (discussed in section 4.3.2). However, it is important to note that barring 
exposure from break-up of the slick, the dissolution of benzene from the slick may 
result in sub-lethal exposures to benzene. 

Biological Degradation and Photo-oxidation 

In addition to the above loss processes, biological degradation and photo-oxidation 
should be included. Biological degradation of the soluble fraction of gas oil (which 
includes benzene, toluene and other aromatics) was measured by Kappeler and 
Wuhrniann (1977) to occur at an average rate of 4(10)"7 glday at 10° e under aerobic 
conditions. Somewhat faster rates have been reported by the same authors and by Reis 
(1996) for specific bacterial-inoculated situations, but all the degradation rates are 
small enough that they can safely be neglected in the one hour time frame in this 
model. 

There have been few studies on photo-oxidation rates of benzene in water. However, 
this degradative reaction rate is considered significant, only in the vapour state, Reis 
(1996). 

Sediment and Organic Matter Attachment (sorption) 

Benzene, toluene, xylene, and ethylbenzene will readily sorb onto organic particulate 
matter in sea water or in soil. MacKay and Shiu (1991) show, using thermodynamic 
partitioning coefficients, that a hydrocarbon will prefer to partition into an oil (or 
hydrocarbon) phase or onto a carbon source as opposed to air, water, or mineral 
matter. The effective solubility of benzene, for example, in organic matter was 55 
kglm3 at 25 °e. This compared with a solubility of 1.8 kg/m3 in water and an effective 
solubility, (as MacKay and Shiu (1991) term it) ofOA kglm3 in air. These are 
thermodynamic criteria, and while they are important in the long term, the rates of 
reaction are ofthe most concern for the short time frame of interest. 
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Zsolnay (1977) found the sorption of benzene onto organic particulate material in sea 
water was significant, ranging from 4.8 to 28.4 fJg benzene sorbed per mg of 
particulate materia1. Because toluene, xylene, and ethylbenzene are more hydrophobic 
than benzene, they would sorb onto this particulate matter more readily. Once these 
hydrocarbons are on particles, they are readily available both to the food chain and for 
transport to the sediment. Filter feeders, such as shellfish, would then ingest the 

. hydrocarbons. 

As long as the gasoline remains in an intact slick on top of the water, there will be little 
opportunity for significant sorption. However, if this slick is broken-up and entrained 
as droplets in the water, there will be more opportunity for sorption to organic matter 
to occur. Also, when the tide retreats, exposing parts of the Mair Bank to the air, any 
oil from the slick which is still present will deposit onto the sediment and organic 
matter. (This was a common problem with the oil-soluble red dye on the physical, 
scaled model of the estuary. Scrubbing with detergent was required to remove the 
dye.) 

The process ofBTEX sorption onto organic matter should not affect the estimated 
exposure concentration to the shellfish in this analysis. It will only affect how the 
hydrocarbon is delivered to the shellfish, either dissolved in the water, as a droplet 
suspended in the water, or sorbed onto organic matter. The hydrocarbon which is 
sorbed onto organic matter may settle onto the sediment. This may ultimately prolong 
the exposure of hydrocarbons to the shellfish. However, the Mair Bank is a tidal area 
subject to constant turbulence and as such, organic matter is likely to be washed away 
and replenished on a regular basis. 



Chapter 4 Case Study page 4-77 

4.4 TOXICITY 

In order to consider the long-term risk to the shellfish bed, the relative toxicity of 
BTEX was necessary to understand. The Mair Ban1e is composed primarily, of the 
following bivalve shellfish: pipis, Paphies austraIe, Tuatua, Paphies subtriangulatum, 
and cockles, Austrovenus stuchburyi, (Black, 1983). Shellfish, in general, are 
toxicologically sensitive to hydrocarbons, (Power, 1984); however, there have been no 
toxicity studies on these specific bivalve species. Most of the laboratory testing of 
toxicity and in situ monitoring has been on other, similar species of bivalve shellfish, 
such as blue mussels, Mytilus edulis. 

There has been extensive monitoring of mussels, worldwide, as reviewed by Widdows 
and Donkin (1992). Because blue mussels are ubiquitous in coastal areas around the 
world, they have been chosen as "sentinel organisms", or indicators of marine 
environmental quality. The International Mussel Watch Programme by Goldberg 
(1975) was developed in response to a need for an early warning indicator for coastal 
marine environmental health. As discussed in section 4.1, these shellfish are good 
indicators for a number of reasons: 
1. They stay in one place. 
2. They are a desirable human food source. 
3. They filter a great deal of water for feeding purposes and therefore concentrate 

chemical contaminants. 
4. They are sensitive to contaminants but are individually, relatively tolerant to them 

compared with fish. 

Perhaps because of this programme, there is more information about toxicity of 
petroleum fractions for blue mussels, Mytilus eduIis, than for any other shellfish. In 
spite ofthis, toxicity information, (both lethal and sublethal), for specific components 
(such as those ofBTEX), and for specific exposure concentrations and times, is not 
available. Toxicity studies on other marine animals such as fish and crustaceans is 
necessary to supplement the bivalve shellfish information. 

4.4.1 Translation of Toxic Effects in Mussels to other Shellfish Species 

Toxicity data from one species, for eXanlple mussels, may be applied to another 
species, for example pipis. In order to do this, conversion factors are used to 
extrapolate toxicity parameters between taxonomic classifications and to estimate 
confidence intervals and uncertainty factors for those toxicity parameters. Calabrese 
and Baldwin (1994), Suter and Rosen (1986), and Suter(1993) explain a method to do 
this type of extrapolation. These methods are based on the ratio of the responses of 
the two species to other similar chemicals for which they have both been tested. 
Confidence levels are highest (and uncertainty factors lowest) for organisms within a 
species or which are taxonomically similar, Sloof et al. (1986) and for similar chemical 
contaminants. 

Unfortunately, no information was available on the effects of hydrocarbons on the 
three main bivalve shellfish composing the Mair Bank shellfish beds. Power (1984) 
also found no toxicity information available to allow direct comparison between tested 



Chapter 4 Case Study page 4-78 

species and those genera and species in the Mair Bank. Therefore, due to this lack of 
information, inferences must be drawn from results of studies of similar bivalve 
shellfish. Caution must be exercised in applying the results of the studies discussed in 
this section to the Whangarei Harbour shellfish. Toxicity work on fishes, crustacea, 
and molluscs, therefore, is briefly reviewed. Fish and crustacea are taxonomically very 
far away from the subphylum of molluscs, of which bivalve shellfish are a part. 
Therefore, the toxicity data are only indicative. However, given toxic effects of a 
chemical to marine life in the same subphylum, as well as to marine life in other phyla 
(such as vertebrate-fish and crustacea- shrimp and crabs) it is unlikely that toxic effects 
would not occur to the bivalves in the Mair Bank. For this reason a broad review was 
taken of the literature on toxicity of hydrocarbons to marine life, in general. 

4.4.2 Tests Used for Individual Organismal Effects 

The ultimate goal ofthis research is to predict the risk to the health of an estuarine 
ecosystem. Knowledge at present does not allow extrapolation from toxicity levels 
which effect the health of bivalve shellfish to toxicity levels which effect the health of 
ecosystems. This study only looks at toxicity levels which effect the health and 
abundance of a population of shellflsh. The shellfish bed is composed of a population 
of individual shellflsh with individual vulnerability. Therefore, individual toxicity levels 
are important to test, but toxicity as it affects health of the individual is a more 
sensitive indicator to population abundance than the lethal toxicity of an individual. An 
individual in poor health is less likely to reproduce or reproduce copiously than a 
healthy individual. Long-term population abundance is important because the 
geological stability of the bank is reliant on the shellfish numbers. 

Therefore, toxicity tests must consist not only oflethality tests but also biological 
responses to contaminants at various life-stages. Bivalve shellfish have three life
stages: 
1. The released gametes and the resulting fertilised egg. 
2. The larval stage, which swim freely about and rely, at least partially, on bodily 

reserves for their energy. 
3. The adult stage, which (in the case of mussels) may anchor themselves to a 

position with byssal threads or, in the case of the Mair Bank shellfish in this study, 
deposit in the sand and form a shell for protection of their soft bodies. 

When effects of exposure to oil spills are desired, a number of components have been 
tested. In the early 1970's, crude oil was tested. Then the soluble portion of crude oil, 
referred to as the WAF (yil ater Accommodated Fraction) was tested. Although no 
composition ofW AF was specified, six aromatics were found to generally predominate 
in the WAF: benzene, toluene, ethylbenzene, p-xylene, m-xylene, and o-xylene, 
(Benville and Korn 1977). Some investigators, for example, Connell and Miller (1978), 
would also add naphthalene to this list, although it is far less soluble than the other 
aromatics mentioned. 

In the 1970's, standard testing methods for aquatic toxicity were not available. Lethal 
exposure concentrations reported in the literature were variable due to the variety of 
methods used. In addition, these reported lethalities were often quite high, compared 
with present data because static tests were used. This type of toxicity test had the 
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advantage that it was less expensive to perform than alternative, controlled 
concentration tests, however in the static test, the toxicant was allowed to vary 
throughout the course of the test. In a static test, a fish was put in a tank with an 
initial concentration oftoxicant. Such tests, which use volatile, relatively water
insoluble organics, such as BTEX, may produce deceptively high LC50 values because 
the time-weighted average concentration of the test compound was likely to be lower 
than the initial dosed concentration in the test tank. The reasons for this were: 
1. Some of the test compound would have evaporated. 
2. The compound would have adsorbed onto the surfaces of the test containers and to 

particulates in the water (including food), 
3. The fish would have accumulated some of the test compound. 

Flow-through bio-assays are presently thought to be more representative ofthe actual 
toxicity of contaminants for long time periods, although they are instrumentally more 
complex and expensive, (DeGraeve et al. 1982). Presently, ASTM (1995) 
recommends that static acute aquatic lethality tests should not last longer than 96 
hours, and particularly that the static test should not be used for volatile chemicals. 
Instead, it specifies constant contaminant exposure by use of a flow-through test 
apparatus. In addition, the measurement of compounds in the actual exposure media 
by gas chromatograph is used to confirm exposure. This is important because 
biologists generally do not use pure compounds to test toxicity and because crude oil 
composition varies between oil fields and within an oil field. The WAF of some crude 
oil varies in composition ofBTEX, as well as small amounts of additional compounds, 
including naphthalene. Unfortunately, much of the early toxicity testing on oil-spill 
components has not been repeated using the new standardised testing methods. 

Biologists prefer to use mixtures of compounds to test toxicity rather than trying to 
piece together the toxicity of a mixture by testing toxicity of individual pure 
compounds. Early work in toxicity testing of mixtures indicated that toxicity was 
generally additive (Konemann, 1981), but disturbing anomalies to this rule exist (Byrne 
and Calder 1977). The study oftoxicity of multiple contaminants is in its early stages 
and is quite a difficult and complex area of study. Large numbers oftest animals must 
be maintained and tested to attain acceptable levels of statistical significance. Further 
work is needed in this area to understand the relationship between pure compounds, 
mixtures of those compounds, and varying periods of exposure. 

Biological responses of mussels for assessing the effects of pollution consist of lethality 
tests, as well as sublethal effects and sensitive-life-stage effects: 
• Mortality (larvae and adults) 
• Shell valve gape 
• Shell growth (larvae and adults) 
• Tissue growth 
ED Scope for growth (adults) involving components of the energy budget 
ED Physiological effects. 
Much of the work discussed in this next section is from Power's (1984) and Widdows 
and Donkin's (1992) literature reviews. 
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Mortality 

Mortality is often assessed in the laboratory by using an acute lethal toxicity test. 
According to Widdows and Donkin (1992) the most common acute lethal toxicity test 
is the 96-hr LCSO which determines the toxicant concentration resulting in a SO% 
lethal response to the test population over a period of 96-hr exposure. Such lethality 
tests provide a relatively rapid method of estimating the concentration of test materials 
that cause direct and irreversible hann to the test organism. These toxicity tests are 
widely used because they are inexpensive, rapid, and the response is easily quantified. 
However, the application of the acute lethal response to adult bivalves is impractical 
because of the ability to close their valves and thus isolate themselves from extreme 
environmental conditions for several days. Consequently LC50 values give a false 
impression of high tolerance to toxicants. Widdows and Donkin (1992) therefore, did 
not publish results for a 96-hr LCSO for BTEX or its components to bivalve shellfish. 

Because of the ability of adult bivalve shellfish to close their valves to lethal 
concentrations, the juvenile larval stage was explored as a life stage which might 
increase the sensitivity of an assay. The exact opposite was found with mussels. In 
fact, the adult stage was found to be more sensitive to contaminants than the 
swimming larvae, whether percent survival, growth or feeding rates were tested, 
Widdows et al. (1987). In addition, adults were found to be more than ten-fold more 
sensitive than larvae with respect to petroleum hydrocarbons. Although mortality in 
adults may not take effect for many months, due to the extensive body reserves of an 
adult, long-term lethal effects can be predicted from measurements of negative energy 
balance or scope for growth. The explanation for the lower sensitivity in the early 
larval stage may be a combination of their reliance on energy reserves provided by the 
parent (rather than on direct feeding), and the absence of a developed nervous system, 
(which is an important site oftoxic action by the BTEX components). 

Widdows and Donkin (1992) have found the lowest lethal concentration of diesel oil in 
water to adult mussels (Mytilus edulis) was 125 ppb over 4 months of continuous 
exposure. Diesel oil usually contains no BTEX compounds, however refined 
mono aromatic hydrocarbons have been found to be generally more toxic to molluscs 
than crude cuts of oil such as diesel, (Straub, 1981). Comparatively, rapid narcosis 
(within 20 minutes) and delayed mortality were observed for larvae of king crab 
(Paralithodes camtschatica) and Kelp shrimp (Eualus suckZeyi) when exposed to 
O.SOO ppm and 2.0 ppm, respectively, of the water-soluble fraction of crude oil, in a 
static bio assay, (Broderson, 1987). Although this was a static bio-assay, the results 
might not be too uncertain since toxic effects were so rapid. The LC50 for fresh water 
rainbow trout exposed to benzene in a flow-through 96-hr bio-assay was S.3 ppm, 
(DeGraeve, et al. 1982). Using a static bio-assay, the 96-hr LCSO ranged from 2 to 11 
ppm for striped bass (Morone soxatilis) and O.SO to 20 ppm for bay shrimp (Crago 
franciscorum) for the WAF of crude oil, composed of benzene, toluene, ethylbenzene 
and p, 0, and m-xylene, as analysed by gas chromatograph, (Benville and Korn, 1977). 
There was delayed, but complete mortality to the hard clam, Mercenaria mercenaria, 
when exposed to 7 ppm of the water soluble fraction of crude oil, (Keck et al. 1978). 
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Shell valve gape 

Shell valve gape is not considered in this chapter because it is used to measure a 
reaction to large concentrations. Large, concentrations of contaminant usually cause 
the mussel to close. When mussels are exposed to sublethal concentrations, which are 
of interest in this thesis, their valve remains open. 

Shell and tissue growth 

Shell and tissue growth is a fundamental measure of physiological fitness and 
performance. Shell growth is measured by physical measurement, usually the longest 
dimension of the shell. Tissue growth is measured in a variety of ways including the 
wet weight of tissue, the dry weight of tissue, and the volume of tissue permitted by 
the shell. Shell and tissue growth can be difficult to use as a measure of environmental 
quality because in the field, it is difficult to distinguish nutritional effects from sublethal 
toxicant effects. However, there have been many laboratory studies which have used 
shell and tissue growth to assess the toxic effects of specific chemicals. 

The effects of oil on the shell growth rate was measured by Stromgren (1986), in the 
laboratory. A water concentration of 1500 f1,glL (ppb) induced a 50% reduction in 
shell growth compared with controls. However shell growth was not so sensitive to 
hydrocarbons as energetic movements, such as movement of the cilia used in water 
intake for feeding. 

Scope for growth 

The scope for growth analysis determines the energy available for growth and 
reproduction, based on the physiological analysis of the energy budget, rather than 
direct measurement of growth itself. It has been particularly useful in assessing the 
biological effects of pollution, (Widdows and Donkin 1992). There is good agreement 
between indirect estimates of growth (based on energy budget) and direct 
measurements of tissue and shell growth, as well as determination of production based 
on detailed popUlation size-class analysis. In this analysis, total consumption of food 
energy is equal to the total production (of shell, somatic tissue and gametes), the 
respiratory energy expenditure, and the energy lost in excreta and faecal energy loss. 
Production is estimated from the difference between the energy gains (energy 
absorbed) and the energy losses (energy expenditure via respiration and excretion). 
This production is referred to as the "scope for growth". This scope for growth can 
range from maximum positive values under optimum conditions, but can decline to 
negative values when the animal is severely stressed and utilising its body reserves for 
maintenance. Details of the methods for measuring physiological energetic responses 
and scope for growth are presented in Widdows (1985), and Widdows and Johnson 
(1988). 

Widdows et at. (1987) found mussels living near tanker-loading areas at the Sullom 
Voie Oil Terminal accumulate hydrocarbons to concentrations typically ten-fold higher 
than some "clean" reference sites. This results in a significant reduction in the scope 
for growth of mussels in these contaminated areas. An order of magnitude increase in 
the tissue concentration can account for approximately 50% reduction in the growth 
potential of M edulis. Their study did not investigate the effect on population, 
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although usually when growth is negatively affected, population growth and abundance 
is also decreased. 

Physiological effects 

Many physiological responses were altered by short-term or long-term exposure to the 
Water Accommodated Fraction (WAF). Gonzalez et ai.(1976) found Mytilus edulis 
(mussels) showed a decrease in filter~feeding activity and byssal thread attachment 
when exposed to the Water Accommodated Fraction of No. 2 fuel oil, at 
concentrations of 10 to 1000 ppb. Widdows et ai. (1982) have studied the Water 
Accommodated Fraction (WAF) of North Sea Oil in seawater and its sublethal effect 
on the blue mussel, Mytilus edulis. Power (1984) considered this study an extremely 
thorough examination of the sublethal physiological, cellular, and biochemical 
responses of mussels to the WAF. Concentrations of30 ppb and lower had a 
significant adverse effect on the physiological and cellular condition of blue mussels. 
Furthermore, there was no evidence of gradual recovery, but there was a suggestion of 
a gradual deterioration in the general health and condition of the mussel in response to 
chronic exposure. 

The intertidal clam, Macoma balthica showed sublethal problems at (crude) oil 
concentrations between 30 ppb and 30,000 ppb from burrowing problems, to growth 
reduction and gamete reabsorption, (Stekoll et ai. 1980). The authors concluded that 
chronic exposure as low as 30 ppb would lead to population decreases. This clam is 
similar to the pipis and cocldes in its burrowing ability. Toluene in water 
concentrations of 2 ppm was found to decrease the feeding rate of Mytilus edulis by 
50%, (Donkin et ai. 1989). 

Major (1977) examined sublethal effects ofisolated hydrocarbons on mussels (Mytilus 
edulis). Benzene, naphthalene and a benzene + naphthalene combination were found 
to depress respiration rate when applied as saturated solutions. Byssal thread 
formation was severely inhibited and in the case of naphthalene, totally inhibited. 

Sensitive Life Stage 

Malins et ai. (1978) have found survival of resulting larvae from gametes of the 
mussel, Mytilus edulis, exposed to solutions of 1, 10, and 100 ppb naphthalene after 
24 hours were 27%, 32%, and 2% respectively, compared to 69% survival for the 
controls. Furthermore, oyster (Crassostrea gigas) sperm exposed to 10 ppb and 1 ppb 
naphthalene resulted in 14% and 9% unfertilised eggs, respectively. When eggs were 
exposed to the same concentration, only 5% were unfertilised, compared to 4% 
unfertile in the control eggs. Naphthalene is sometimes considered to be a component 
of the Water Accommodated Fraction of crude oil, although it may be present in trace 
amounts. However, naphthalene is not considered to be a component of number 2 fuel 
oil, or of refined petrol. These experiments show a strongly negative reaction of 
gametes to the double aromatic ring. This sensitivity of gametes may be important in 
this attempt to understand the complete toxicity picture of exposure of shellfish to oil 
spills on the Mair Bank. However, this thesis is focussed only on refined petrol spills. 
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Concluding evidence 

The above quoted work as well as results of other marine toxicity studies are 
consistent with the older review work of Hyland and Schneider (1976) from Straub 
(1981). The conclusion of Hyland and Schneider's work, which is a summary for all 
marine organisms and not just shellfish, is shown in Table 4.10, below. This work 
showed sublethal effects in the 1 to 10 ppb exposure concentration range, lethal effects 
at sensitive life stages in the 100 to 1000 ppb range, and lethal effects to adults in the 
1000 to 100, 000 ppb range. 

Table 4.10: Effects of Lethal and Sub-lethal Concentrations of Soluble 
Petroleum and Petroleum Products on Marine Organisms Based on Bioassay 
Data, from Straub (1981) 

Concentration (ppb) Response 

1000 - 100,000 Lethal effects - adult stages of a wide 
variety of marine organisms 

100 - 1000 . Lethal effects - more sensitive larval and 
juvenile life stages 

1 - 10 Sublethal responses in certain ecologically 
and commercially important species* 

* Sublethal responses mc1ude both physiOlogical and behaViOural effects of 011 on manne orgamsms: 
'" Physiological effects include: narcotic or anaesthetic effects, interference with basic biochemical 

mechanisms, reduced rates of photosynthesis and respiration, tumour growths and mutagenic 
effects, physiological adaptation, reduced visual perception. 

<II Behavioural effects included: disruption of chemical stimuli relating to survival, feeding, and 
reproduction. 

The range quoted for lethal effects to marine organisms in the above table is not 
applicable to shellfish because of their ability to close up for long periods of time when 
exposed to unacceptable stimuli. In general, fish are more sensitive to most toxicants 
than shellfish, Straub (1981). This range does not take into account results of Ben ville 
and Korn (1977) who found mortality to Icing crab and striped bass at 500 ppb WAF in 
a static bioassay. However, the lethal range will be noted as a limit because coastal 
estuaries are nursery areas for marine life. As such, it would be prudent to use this 
limit as a guide in this risk assessment. 

Similarly, the range quoted for death at a sensitive life stage is also not directly 
applicable to bivalve shellfish, as the larvae appear to be at least an order of magnitude 
less sensitive than the adult stage. The levels that Broderson (1987) found for larval 
shrhnp and crabs were in the middle of the range shown in Table 4.10. Again, 
estuaries are regarded as nursery areas for ocean life and it is important to 
acknowledge the possible effects of this concentration range. 

Sublethal effects ofW AF (or BTEX) are of concern to Mytilus at levels of30 ppb and 
lower, Widdows et al. (1982). Power (1982) recommended maximum levels of 10 ppb 
aromatic hydrocarbons in the marine environment. Therefore, using a sublethal 
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response of 10 ppb as a benchmark for Mair Bank shellfish is consistent with the cited 
work in this chapter. A statistical comparison of toxic levels is beyond the scope of 
this work. General levels are used to give this work a realistic grounding. 

For comparative purposes, Rice et al. (1981) in their studies of Port Valdez, Alaska, 
found the permissible level for aromatic hydrocarbons of 10 ppb was usually exceeded 
in the area of the refinery outfall. The permissible level of 10 ppb aromatic 
hydrocarbons was reached at a point 350 to 400 meters away from the plant outfall. 
Levels of benzene averaged 3200 ppb in refinery wastewater and final effluent. Levels 
of other aromatic hydrocarbons were similarly significant. 

4.4.3 Bioaccumulation and Kinetics ofUptaI{e 

Uptake of aromatic hydrocarbon by mussels is generally by diffusion across external 
membranes until a steady state between rates of uptake and depuration is achieved, 
(Widdows and Donkin, 1992). The degree to which organic contaminants are 
accumulated by mussels depends upon both abiotic factors (such as the physiochemical 
properties of the contaminants) and on biotic factors. Biotic factors include pumping 
activity, growth, biochemical composition, reproductive condition, and elimination. 
(Metabolism was a biotic factor which did not have a significant effect on 
accumulation of aromatic hydrocarbons by mussels, according to Widdows and 
Donkin 1992). These factors are in turn influenced by the temperature and salinity of 
the marine environment. All these factors can influence the rates of dynamic processes 
concerned with uptake and depuration in an organism which determine the degree of 
bioaccumulation. 

In molecules which have smaller water solubility and increased hydrophobicity than 
petroleum fractions, there is an increasing tendency to partition into the tissues of 
organisms. This behaviour is usually expressed as the bioconcentration factor which is 
the contaminant concentration in the organism on a wet weight basis relative to its 
concentration in the water. The tendency to bioconcentrate in tissue is discussed in 
terms of the hydrophobicity versus the water solubility and is often measured as the log 
kow., also referred to as the octanol-water partition coefficient. The BTEX 
components would be considered to be relatively soluble organic compounds, for 
example log kow <3 for toluene and benzene, (Hansen et at. 1978) (log kow for benzene 
= 2.13, log kow for toluene = 2.69, and log kow for the xylenes = 3.25, from 
Schwarzenbach et al. 1993). Therefore, the BTEX compounds would be considered to 
have a relatively low bioconcentration factor but achieve steady-state concentration 
levels fairly rapidly, (Widdows and Donkin, 1992). The time required to achieve such 
a steady-state can range from hours for the more soluble organic compounds to weeks 
or months for the more hydrophobic molecules. 

Donkin and et al. (1989) have observed the rate of uptake of aromatic hydrocarbons 
by mussels. They found that the concentration in mussel tissues was directly related to 
the movement of the gill cilia, which are small hairs which help to fan water through 
the gills. The aromatic hydrocarbons have a narcotic effect, slowing and ultimately 
paralysing these cilia. The narcotic effect was related to the aromatic hydrocarbon 
tissue concentration. They further observed in these mussels that the tissue 
concentration did not change significantly between exposure times of 100 minutes and 
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24 days, Broderson (1987) similarly observed rapid narcosis, within 20 minutes 
(which ultimately resulted in death), for shrimp and crab larvae when exposed to 2000 
and 500 ppm WAF. Shrimp and crab are taxonomically far from the Mytilus but have 
a similarly short time for uptake. Therefore, the kinetics of uptake of the Water 
Soluble Fraction of oil is relatively rapid in bivalve shellfish, within 90 minutes for blue 
mussels. For the species of bivalve shellfish of concern in the Mair Bank, the rate of 
uptake is unknown but probably comparable to mussels. Even short exposure periods 
would be critical to contaminant uptake by these shellfish. 

4.4.4 Depuration 

Given the fast uptake of aromatic compounds by mussels, one might also expect that 
the process by which the shellfish cleanse their tissues of these contaminants would be 
similarly fast. Widdows and Donkin (1992) explain that bivalves, in general, compared 
to fish and crustacea, have a very low level of activity of enzymes capable of 
metabolising organic contaminants, such as aromatic hydrocarbons. Depuration curves 
for organic contaminants in mussels may be roughly divided into two phases, 
(Widdows and Donkin, 1992). The two phases indicate accumulation into and release 
from at least two compartments, which are often referred to as fast and slow 
compartments. Support for the multicompartment model of organic bioaccumulation 
comes from observations that the longer the exposure, the slower the depuration 
kinetics and that prolonged exposure of mussels to some contaminants results in a 
rapid initial phase of uptake followed by a relatively slow uptake, (Livingstone, 1991 
and Widdows et al. 1982). The more stable 'slow' compartment is thought to include 
organelles and lipid stores, (Widdows et al. 1982 and Farrington, 1989). 

Petroleum aromatics have depuration times in oysters, mussels and clams ranging from 
13 to S5 days depending on the type of aromatic analysed, maximum tissue 
concentration, exposure concentration, the time of exposure (8 hrs to 50 days) and the 
retained hydrocarbon concentration (0 to 30 ppm), (Connell and Miller 1980). Table 
4.11 displays only the data on oysters which included mono and di-aromatic 
hydrocarbon exposures. The mono aromatics were depurated more quicldy than the 
larger aromatic molecules, including the P AH (PolyAromatic Hydrocarbons). An 
exposure period of 1 to 2 months enabled the hydrocarbons to reach stable 
compartments so that they were only slowly released, as opposed to rapidly released. 
These estimates were confirmed in Power's (1984) review. 

These data were further confirmed by a similar study by MacKenzie et al. (1997) on 
the accumulation of plant poisons by the bivalve Tuatua, Paphies subtriangulatum. 
Tuatua was one of the main shellfish species in the Mair Bank. After initial exposure 
to a marine plant poison, PSP-toxin, Tuatua took 10 months to depurate below levels 
which were harmful to human health. Furthermore, these Tuatua took a total of one 
and a half years after exposure for their tissue levels to reach the original base-line 
levels. While BTEX is different from this plant poison, the physiological response of 
the Tuatua to toxins is such that it takes a very long time for it to rid its tissues of the 
contaminant. 
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Table 4.11: Uptake and Loss of Petroleum Hydrocarbons by the Bivalve Oyster, 
Crassostrea virginia under Experimental Conditions, (from Connell and Miller, 
1980) 

Hydrocarbon I HC Exposure MaximumHC Depuration Retained HC 
analysed concentration time (days) concentration period concentration 

in water (Ppb) in animals (days) in animals 
(ppm) (ppm) 

aliphatics and 
106 50 334 30 30 aromatics from 

no.2 fuel oil 

aliphaticsand 470 ppm 8hr 311 28 1.5 
aromatics from (max) 

no.2 fuel oil (1% oil in 
water) 

mono- and di-
ND {l%oil 4 412 13 2.2 aromatics from 

No.2 fuel oil in water) 

mono- and di-
ND (5% oil 4 37.4 27 0.1 aromatics from 

crude oil in water) 

4.4.5 Northland's Monitoring Results 

Northland Regional Council Water Quality Management Plan specifies periodic 
analysis of harbour water quality. In particular, heavy metals and P AH in sediment and 
shellfish tissues are analysed every two years, starting in 1988. The report of 
hydrocarbons and polycyclic aromatic hydrocarbons (P AH) in the harbour sediment, 
from Northland Regional Council (1990a and 1990c), generally shows large 
concentrations of PAR in the city/marina area-- the upper harbour, and very small or 
nondetectable concentrations in the Marsden Point area, at the mouth ofthe estuary. 
Northland's 1990 study suggests two reasons for this: 
1. The major load ofP ARs is found in the upper harbour and is due to urban and 

industrial runoff, and boat maintenance and refuelling jetties in the marinas. 
2. The upper harbour is not flushed out very well because of the very fine sediment 

there, compared with Marsden Point, and also because the tidal flushing is far less 
pronounced in the upper harbour than at Marsden Point. 

The hydrodynamics of the harbour confirm this. Petrol products discharged in the 
upper harbour, stay in the upper harbour for considerable time before they move to the 
middle estuary and then finally to the area near the mouth where they are rapidly 
flushed out. Williamson (1983) proposed to divide the harbour into 3 tidal excursion 
segments. The upstream segment was estimated at 20.4 tidal cycles to flush out, as 
opposed to the middle segment at 10.8 and the estuary entrance segment at 1.1 tidal 
cycles. This would give petrol products in the upper harbour considerable time to 
weather, volatile products time to evaporate, and tars and hydrophobics time to sorb 
onto sediments. 



Chapter 4 Case Study page 4-87 

While Marsden Point has large-scale petroleum operations going on, it is at the mouth 
of the estuary and as such, is subject to rigorous tidal flushing. The conclusions drawn 
by the Regional Council are that the upper harbour needs more regulatory attention 
than the lower harbour area at Marsden Point. The upper harbour has sediment 
contamination levels in the range which threatens aquatic life. The upper harbour is 
also where almost all pollution complaints originate. 

Concerning hydrocarbon monitoring, many investigators report only qualitative results 
in their monitoring and toxicity studies. For example, Williamson and Thomsen (1994) 
ofNIWA reported on Whangarei urban stormwater quality. They reported numerical 
values for suspended solids, total phosphorus, ammoniacal nitrogen, lead, zinc, and 
copper, but discussed oil and grease in qualitative terms only. "Oil and grease are 
generally very low, with occasionally high concentrations found in the industrial 
catchments. The low concentrations may partially reflect the difficulty in 
representative sampling using the automatic samplers, where surface oils are not 
sampled or oil is lost via adsorption on sampler surfaces." 

Owing to the difficulty in collecting representative water samples, only sediment and 
shellfish tissue monitoring data exist for hydrocarbons. Furthermore, PARs were 
chosen by the Council as the only hydrocarbon for environmental-monitoring purposes 
because of their known carcinogenic properties and the consequent potential for 
adverse effects on both aquatic life and human consumers. The report by Northland 
Regional Council (1990a) gave PAR values for the upper and lower Harbour for 
several PAR species and several sites in the Harbour. For the upper Harbour, values 
ranged between 7000 and 7.0 ppm of specific polycyclic aromatic hydrocarbons (P AH) 
entities. For the upper harbour, these sediment-effect values lay between the low end 
(10 percentile) and the midrange (50 percentile) of values known to adversely affect 
aquatic life, set by the United States National Oceanic and Atmospheric Administration 
(US NOAA, 1991). Phenanthrene and pyrene exceeded the midrange. 

The sediment monitoring sights in the lower harbour at Marsden Point, including those 
at the Refinery jetty and those at the Mair Bank, were further tested by Northlands 
Regional Council (1993). With the exception of naphthalene in pipi tissue of the Mair 
Banl(, most PAR concentrations were at or below the midrange (50 percentile) of 
values known to adversely affect aquatic life, set by the US NOAA (1991). The 
naphthalene concentration in pipi tissue in the Mair Bank was 4.2 ± 1.5ppm. The 
naphthalene value was double the midrange (50 percentile) of values known to 
adversely affect aquatic life, set by the US NOAA (1991). The other concentrations of 
PAR measured in pipi tissue taken from the Mair Bank, (Northlands Regional Council 
1993 and 1990c), included: 
l1li Phenanthrene at 0.6 ± 0.1 ppm, just below the midrange (50 percentile) of 1.38 but 

above the 10 percentile of 0.225 ppm, 
€I Acenaphthene at 0.9 ± 0.3 ppm just above the midrange (5 0 percentile) of 0.65 

ppm, 
II Benzo(a)anthracene at 0.51 ± 0.04 below the midrange (50 percentile) of 1.6 ppm, 
It Dibenz(a,h)anthracene at 2.1 ± 2.9 ppm which is above the mid range (50 

percentile) of 0.26 ppm. 
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Northlands Regional Council (1990c) compared the above PAH levels with PAH levels 
measured in fresh and canned shellfish for human consumption in other OECD 
countries. The P AH in Northlands shellfish were found to be low, in comparison with 
these shellfish. However, the comparison was made with the intention of safe
guarding human health, not safe~guarding shellfish abundance. 

Therefore, significant petroleum~based pollution occurs in the upper Harbour which is 
not removed quicldy. Levels of some P AH in the sediment may cause adverse effects 
to some marine life. While there may be pollution in the lower Harbour, levels in the 
sediments and shellfish tissue are generally low, with a few exceptions. The Mair Bank 
shellfish bed is in the lower Harbour and while its health makes a good endpoint for the 
lower Harbour, it does not appear to be a good endpoint for the upper Harbour (due 
to the localised nature resulting from hydrodynamics and weathering actions). 

It appears that in spite of all the monitoring done by Northland Regional Council, it 
would not be possible to compare estuary oil concentrations to the estimate generated 
by the models in this study. Northland's data include sediment and shellfish tissue 
analyses of heavy metals and P AH. Connell and Miller (1978) note Mytilus edulis, 
blue mussels, have been shown to concentrate P AH aromatics by an apparent factor of 
104

• In this study, refined petrol was studied which has low levels ofP AH. Shellfish 
tissue level might indicate an average exposure to a past exposure concentration. 
However, this study is concerned with the instantaneous peak exposure concentration, 
which may be more meaningful than an average exposure. 

Adaptation to toxic agents 

Adaptation to the toxic agents of concern is an alternative response of a population 
which is not considered in this thesis. Adaptation is the increased tolerance of 
pollutant exposure (or other environmental conditions) resulting fl:om acquired 
inheritable traits. Adaptation to toxic chemicals can occur due to changes in the target 
cells or due to changes in the kinetics of the chemical, particularly the metabolic 
capability. It has been demonstrated to occur in the field in fish, aquatic invertebrates, 
plants and insect pests exposed to insecticide, Suter (1993, p221). Adaptation has 
generally been ignored in ecological assessments, and will be ignored here, because 
effects on a population that create enough selective pressure to induce adaptation is 
assumed to be unacceptable, and because it is believed to take too long to be 
considered ameliorative. 
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4.5 MONTE CARLO ANALYSIS 

The most important distinguishing feature of risk analysis is the emphasis on 
characterising and quantifying stochasticity. Stochasticity refers to the variability in 
parameters in a model resulting from the inherent variability of the system described. 
Examples include, rainfall, temperature, and wind as well as humanly-influenced 
variables such as mistalces leading to spills, and forgetfulness. Biological processes 
such as colonisation, reproduction, and death are similarly stochastic. Such variability 
cannot be predicted deterministically. Monte Carlo analysis is a tool that is used to 
evaluate possible outcomes of a stochastic system. 

4.5.1 Baclrground 

Commonly, assessors use conservative assumptions and "worse-case scenarios" rather 
than estimating natural variability. This practice has several disadvantages from the 
standpoint of decision-miling (Paustenbach 1990). Firstly, it is inappropriate. Even 
((worst case" assumptions are not determinable; it is always possible to conceive of a 
worse and more improbable case. Secondly, conservative assumptions tend to hide 
variability and error from the decision maker by burying them in the estimates of 
exposure and effects. Finally, conservatism assumes that there are no societal or 
environmental costs of regulating false positives. An example of the regulation of a 
false positive is that unneeded remediation or regulation costs may result in transfers of 
treated pollutants from one medium to another (for example, instead of release directly 
to the water, the pollutant might be buried where it may decompose more slowly and 
pose a greater threat to ground water), or replacement of one product with another 
whose properties are.not as well studied (for example, some may consider the 
replacement in gasoline of high aromatic content for tetraethyllead to be more harmful 
to human health). For these reasons, conservative assumptions generally, are not 
adequate responses to uncertainty. The major exception is the use of conservative 
assumptions in the screening of hazards, to quickly eliminate chemicals and routes of 
exposure that are clearly trivial from further assessment. 

In the Environmental Impact Report (New Zealand Refining Company, Ltd, 1979) for 
the Marsden Point Oil Refinery Expansion, environmental effects of continuous 
emissions (air and water) were evaluated as well as the potential for large oil spills 
from ship collisions and human error in loading/unloading operations. Conservative 
assumptions and {(worse-case scenarios" were used for these analyses. Effects of 
refinery effluent (released in an outfall pipe situated in the shallows near the wharf) 
were assessed. Maximum levels were specified in the water right permit and the 
location of the outfall was moved from the shallows ofthe wharf, to the deep-water 
channel. In addition, the number of movements of tankers were assessed in regard to 
risk of collision (and the resultant large oil spills). Reduction of the number of tankers 
by increasing individual tanker capacity was proposed to improve the safety of these 
movements in order to meet community concern over these oil spill risks. Even the 
issue of ballast water discharge was evaluated and rules were proposed to control this 
activity. However, the effects of small spills in loading and unloading operations were 
very difficult to estimate (Williamson 1993 and 1994). The frequency of small spills 
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(less than 1 tonne) were not monitored, (Northland Regional Council, 1994 and 
Mortimer, 1997). Since the very nature of a spill is an unpredictable, variable input, it 
is difficult to analyse, even with the appropriate tidal flushing information (Williamson 
1994). 

Monte Carlo analysis and other stochastic estimation methods became popular when it 
was realised that the uncertainty or variability incorporated in scientific information 
provided to decision makers could be utilised to playa role in the decision-making 
process, (Moore, 1996). While the amount of uncertainty cannot always be reduced, it 
can sometimes be utilised in such a way as to increase the understanding of the 
underlying precepts of a problem. In this way, the certainty ofthe success of a policy 
decision might actually be increased. 

4.5.2 Why Use Monte Carlo Methods over Other Stochastic Methods? 

Suter (1993) has argued that regardless of whether the empirical Bayes approach or 
fuzzy set theory (to name two alternative methods) provided the more accurate 
theoretical foundation, the basic sources of information were still the same: data and 
models. Because of its generality and ease of application to mechanistic simulation 
models, Monte Carlo uncertainty analysis was emphasised in Suter (1993) and has 
been used in this thesis. 

The reasons for the choice of Monte Carlo analysis for this risk analysis case study 
were the following: 
1. Fuzzy mathematical models would have adequately analysed the intervals of spill 

size and frequency data available. However, fuzziness is not synonymous with 
probability, although it can serve the latter in a restricted sense, Kaufmann and 
Gupta (1988). The probabilistic format of the data and the software availability 
made Monte Carlo analysis the natural choice. 

2. Bayesian statistics could also have been used. The prior probability information on 
spills could have been the Californian Spill data which could have been updated by 
the historical spill data from Northland Regional Council (1994). The Monte Carlo 
analysis, however, was thought to be more simple and straightforward without 
making false assumptions and without sacrificing a rigorous statistical analysis. 

4.5.3 Theory 

In a Monte Carlo analysis, point estimates in a model equation are replaced with 
probability distributions. Then samples are randomly taken from each distribution, 
processed according to the model equation and the output often takes the form of a 
probability density or a cumulative distribution. Monte Carlo methods work best when 
there is a large quantity of data and theories exist to properly specify the model 
equation and the input probability distributions. 

To put this more theoretically, "Monte Carlo methods are those in which properties of 
the distribution of random variables are investigated by use of simulated random 
numbers .... Every quantitative result of a Monte Carlo experiment is essentially an 
estimate of the value of some integra1.", Gentle (1985) as quoted in Lavine (1996). 
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Monte Carlo analysis can calculate the probability, given a particular distribution, that 
a random variable, X, with a distribution of density, p(x), lies between the specified 
bounds (in this example the bounds are -1 and 1), ie. it calculates the integral of the 
probability density function within the bounds ofthe stochastic variable, 

tp(x)dx 

Gentle (1985) continues, " .. .In most cases, the integral being evaluated is a 
complicated integral. If the integral is simple enough to be evaluated analytically or by 
a good method of numerical integration, Monte Carlo methods should not be used." 

The steps involved in a Monte Carlo analysis include 

1. Developing a model by defining the problem or situation and identifying the 
stochastic parameters. The models developed to define the transport and 
subsequent exposure to the shellfish have been discussed in sections 4.3.1-4.3.3. 
How these models are combined will be explained in the next section. While 
several variables in this analysis may have stochasticity, the variables of interest are 
the ones concerning spill size and frequency in loading and unloading operations at 
the refinery wharf 

2. Defining the statistical distributions of input stochastic parameters. The statistical 
distributions ofthe stochastic (spill size and frequency) input parameters have been 
discussed in Section 4.2. These parameters were assumed to be independent 
random events. The spill event frequency per year was estimated from historical 
records from Northland Harbour Board (1994) and data from the California Lands 
Commission, (Falkner, 1997), and the spill size frequency per year was estimated 
from these same record's, as well. No relationship or indication of dependence was 
noticed between the two variables. Bounds were specified as discrete or 
continuous. 

3. Randomly sampling from each of these distributions. The random sample 
generator built into the commercial program @RISKTM was used. This functioned 
by generating random numbers between 0 and 1. The algorithm embedded in the 
program met three important criteria for a random number generator. A uniform 
histogram was used, there was no autocorrelation, and there was little cyclical 
behaviour, (Palisade, 1997 and Benjamin and Cornell, 1970). The random number 
was then used to select a value from the specific cumulative probability distribution' 
curve chosen for the stochastic parameter. 

4. Performing repeated model simulations using the randomly selected samples for 
each parameter. Repeated random sampling was performed using the Latin 
Hypercube sampling scheme. This kind of sampling method was used in this case 
study because it avoided clustering in sampling and therefore the output 
distribution converged faster. In order to avoid random sample clustering (which 
is common when a small number of iterations are performed), it used stratification 
to divide the cumulative probability distribution curve into equal intervals. A 
sample was then randomly taken from each interval of the input distribution. The 
technique used in Latin Hypercube sampling is "sampling without replacement" 
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(palisade, 1997). The number of stratifications of the cumulative distribution is 
equivalent to the number of iterations performed. A sample is taken from each 
stratification and subsequently that stratification is not sampled again .. This method 
is helpful in situations such as oil spill frequency where low probability events are 
represented in the input probability distribution. By forcing the sampling of the 
simulation to include outlying events, Latin Hypercube assumes they are 
adequately represented. 

5. Analysing the output. The output was analysed using traditional statistical 
measures of mean, range, and standard deviation, as well as looking at the output 
exposure concentration to the shellfish bed over the course of one operational year. 
The decision rule for convergence of output from Palisade (1997) was adopted for 
this thesis. The output was considered converged when there was less than a 1.5% 
change in the mean, standard deviation and percentile statistics of the output 
distribution for two consecutive calculations. This decision rule was checked by 
doubling the iterations required for convergence. 

The uncertainty in the Monte Carlo output distribution was measurable by using 
the 95% confidence interval. Given that a distribution was accepted as a long-run 
frequency over many repetitions, the 95% confidence interval asserted that 95% of 
the intervals generated ovefmany repetitions would cover the mean. The 
philosophy of interval estimation does not attach preferential treatment to different 
points in a confidence interval but rather is directed toward determining a range of 
plausible values for the percentage confidence of choice. 

In addition to a converged output, it was also of great importance to analyse the 
output by checking out other underlying variables which might be more critical to 
the result. Sensitivity analyses were done to achieve this end. 

Finally, an important and often over-looked aspect of every Monte Carlo risk 
analysis is to communicate the results to the decision-maker in an understandable 
way. The results in the exposure analysis are presented as actual exposures over 
the time period of one year. The ease of understanding these results is considered 
one of the strong points in this analysis. 
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4.6 METHOD OF ANALYSIS (Simulation) 

The method of analysis consisted of first estimating the total amount of hydrocarbons 
spilled each year in loading/unloading spills at the refinery wharf. This estimate utilised 
the spill distributions which were parameterized in Section 4.2 .. The estimated annual 
hydrocarbon load on the estuary could then be compared with the results of a new 
spillage monitoring program in another harbour in New Zealand. This gives the 
simulation some measurable grounding for comparison. 

The next step was to design an algorithm to simulate the exposure concentration from 
some of the spills to the shellfish bed. To do this the environmental transport 
processes occurring after a spill were modelled. The two main stochastic variables of 
interest were yearly frequency of spill and spill size. The major transport processes 
involved in oil spill dispersion were reviewed in previous sections. 

4.6.1 Overview of Model Simulation 

An algorithm to estimate the total annual tonnage spilled and the exposure 
concentration to the Mair Bank shellfish bed was written in EXCELTM. The program 
@RISKTM, an add-on to EXCELTM, was used to randomly sample from the input 
probability distributions using a Monte Carlo analysis. The input probability 
distributions were parameterised as discussed in section 4.2. The programme logic is 
summarised briefly below: . 

In order to estimate the total annuallitres of oil spilled at the wharf, the spill frequency 
was generated for each iteration (each iteration represented one year) and then the 
spill-size distribution was sampled for each spill which occurred over the year. These 
spill sizes were then summed to represent the total spilled for each year. Total tonnage 
spilled annually was estimated for four scenarios which represented different 
combinations of the two distributions chosen for spill frequency (Truncated normal and 
Weibull) and two distributions for spill size (Weibull distributions with two sets of 
parameters according to the two different methods used for reconstructing the data). 
The result of this analysis would be a distribution of the probability of the annual 
amount of hydrocarbon spilled into the estuary from this operation. 

The algorithm for the shellfish exposure distribution was more complex. For each 
iteration, the programme randomly generated the number of spills that could occur in a 
given year from the appropriate distribution. The operational year of 1990 was chosen 
for this analysis because data was available from the New Zealand Ministry of 
Transport, Maritime Transport Division (1992), for volumes of hydrocarbons 
transferred and the number of transfer events in loading and unloading ships at the 
refinery wharf. Then the algorithm randomly chose whether a spill occurred for each 
loading/unloading event given the probability generated. Given that a spill occurred, 
the programme randomly generated the size of the spill from the appropriate 
distribution. At this point the programme generated the day of the year, and the time 
in the 12 hour tidal cycle that the spill occurred. 
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The expanding area of the spill on the water's surface was generated using the three 
regimes of buoyant spreading discussed in section 4.3.2. Then the further effect of 
advective spreading on the oil slick was estimated using the properties of the 
streamtubes generated on the scale model of the estuary, section 4.3.1. Streamtube 
spreading was effected by the water's velocity which was dependent on the time in the 
tidal cycle in which the spill occurred. This analysis only addressed the effect of spills 
which occurred on the outgoing, or ebb tide. Furthermore, only spills which occurred 
in the first 5 hours of the ebb tide were considered, since after this time the slicks 
flowed around the Mair Bank, rather than over it. 

The amount ofBTEX which evaporated from the slick was estimated next. The 
amount evaporated depended on time, temperature, wind speed and the changing slick 
area, depending on time of year and time in the tidal cycle. Finally, the amount of 
BTEX evaporated was subtracted from the total in the spilled gasoline. In some cases, 
more BTEX was estimated to evaporate in the time it took for the slick to drift from 
the wharf to the Mair Bank, than what was present in the spill. If this happened, the 
exposure would be zero. When the slick encountered the shelf ofthe Mair Bank, it 
was assumed that the turbulence caused the slick to be dispersed and vertically 
entrained in the water column. Therefore, the BTEX left in the slick was considered to 
be the exposure concentration. This concentration was calculated by assuming 
instantaneous mixing of the gasoline in the circular slick over the entire cylindrical 
volume of water below the slick. (The depth of water was a function of the time in the 
tidal cycle). 

Four hundred and twenty-four iterations were performed for each operational year, 
one for each loading/unloading operation. For each iteration there was either no 
exposure or a calculated exposure in ppb. These exposures were then plotted as a 
function oftime over a one-year period. The graph of exposure to the shellfish bed 
over the course of one hypothetical year may give a readily understandable picture of 
the frequency of exposure. 

4.6.2 Frequency Distributions 

The following input frequency distributions were used, as described in section 4.2: 

1. Two continuous distributions were used to describe number of spills occurring per 
year: 

• Truncated normal (mean = 98.9, standard deviation = 73.7, with bounds 
from a minimum of 0 (because there could be no negative spills per year) to 
a maximum of 424 (because this was the maximum number of transfer 
events in 1990 [New Zealand Ministry of Transport, Maritime Transport 
Division, 1992]) 

• A Weibull continuous distribution with parameters a = 1.28 and ~ 106, 
(see Figure 4.6). 



Chapter 4 Case Study page 4-95 

2. The discrete distribution was used to determine whether a spill occurred for each 
particular transfer event. The distribution for each decision was calculated for each 
event from the number of spills per year. (This was updated for every spill event.) 

3. Two Weibull distributions were used to describe the spill size, given that a spill 
occurred. From section 4.2, two methods were used to reconstruct small spill size 
data at Marsden Point: 

• Weibull distribution with parameters ex = 0.50 and ~ 83.1, referred to as 
Method I. 

• Weibull distribution with parameters ex = 0.83 and ~ = 2310, referred to as 
Method II. 

4. The day of the operational year that the spill occurred was chosen randomly from a 
uniform probability distribution with bounds between day 8 and day 358. This was 
taken from a 365 day year with two weeks for downtime/vacation over the 
Christmas period. It was assumed there was no correlation between the time of 
year and the frequency and size of spills. 

5. The hour of the 12 hour tidal cycle that the spill occurred was also chosen from a 
uniform probability distribution with bounds between 0 and 12. There was again 
assumed to be no correlation between the time in the tidal cycle and the frequency 
and size of spills. 

The four scenarios used to simulate the total annual tonnage and the exposure to the 
shellfish bed were various combinations of the distributions representing the number of 
spills per year and the spill size distributions, (in numbers 1 and 3, above). These 
scenarios are defined in Table 4.12. 

4.6.3 Detailed Explanation of the Simulation of Total Annual Hydrocarbon 
Spillage 

Table E-1, Appendix E shows the EXCELTM code for the estimate of the total 
hydrocarbons spilled per year. The spill frequency scenarios in Table 4-12 were used to 
randomly generate the frequency and size of each possible spill. Then for each Monte 
Carlo iteration the spill volumes were summed over one operational year. The 
summed volume (in litres) was then converted to the mass in tonnes, assuming the 
specific gravity for gasoline of 0.75. However the New Zealand Ministry of Transport, 
Maritime Transport Division (1992) appeared to use I tonne interchangeably with 1 
m3

. This is a reasonable assumption because the specific gravity of 1.0 is not too far 
from measurements for several types of crude oi1. 

Although 424 input spill-size distributions should have been used to represent the total 
possible number of spills per year, the limits of the software, @RISK, would not allow 
it. Depending on the amount of analysis required, the number of input distributions 
which allowed program execution through to completion appeared to be somewhere 
between 250 and 375 input distributions. Therefore, 350 input distributions were used 
for the spill-size distribution. Practically, given the mean number of spills per year in a 
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Table 4.12: Frequency Distribution Scenarios Used for Monte Carlo Simulation 
A I . nalYSIS 

Expected Values of Input 
Distributions 

Scenario Frequency Distribution Combination Spill Freq. Mean Spill-Size Mean 
No. (No. of Spills/ (m3

) 

yr.) 

Spill freq: Tronc. normal dist'n 

1 (Il= 98.9, 0' = 73.7, O=lower bound) 112 0.166 
Spill size: Method I, 
Weibull dist' n (a 0.5, ~ = 83.1) 
Spill freq: Trunc. normal disCn 

2 (Il= 98.9, 0' = 73.7, O=lower bound) 112 2.552 
Spill size: Method II, 
Weibull dist' n (a 0.83, ~ 2310) 
Spill freq.: Weibull dist'n 

3 (a = 1.28, ~ = 1060) 98 0.166 
Spill size: Method I, 
Weibull dist' n (a 0.5, ~ = 83.1) 
Spill freq.: Weibull dist'n 

4 (a = 1.28, ~ = 106) 98 2.552 
Spill size: Method II, 
Weibull dist'n (a = 0.83, ~ = 2310) 

normal distribution of98.9 (with a standard deviation of74), the range of the number 
of spills was 0.4 to 3 26 (for a seed of 25). For this particular algorithm, however, the 
difference in the mean of the output distribution between using 250 and 350 input 
distributions was much less than the uncertainty in the analysis and much less than one 
standard deviation; (in this case 500 litres was the difference, compared to a standard 
deviation in the analysis of 161,000 Htres). 

4.6.4 Detailed Explanation of Exposure Concentration Model Simulation 

The following steps were followed for each single transfer event to determine whether 
or not there was a spill and if so what the exposure was. The EXCELTM code is shown 
in Table E-2, Appendix E, for each step discussed below. This algorithm was followed 
for the total number of iterations chosen. 

Chance of a spill happening for each transfer event 

1. For each iteration, a number of yearly spills was generated. A truncated normal or 
a Weibull distribution (see section 4.2) were used to estimate the number of spills of all 
sizes occurring in one operational calendar year. See section 4.2.3. 
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2. In order for the programme @RISKTM to estimate whether a spill happened, (yes or 
no), a response from a discrete distribution was generated. This discrete distribution 
was generated for every iteration from the number of spills occurring in one year. The 
percentage of time that a spill occurred had to be calculated from the yearly number of 
spills. 

3. This step calculated cell B5, which was the percentage of time that there WAS a 
spill. The yearly number of spills (from number 1, above), was divided by the total 
yearly number of transfer events. The number of transfer events represented the 
number of spills which could occur. The number of transfer events in 1990 was 424 
and therefore this was the maximum number of spills possible, (New Zealand Ministry 
of Transport, Maritime Transport Division, 1992). 

4. The programme, @RISK, then sampled from the discrete distribution, representing 
"yes (1) or no (0), there is a spill". This discrete distribution was formed by the 
calculation in steps 2 and 3 for the percentage of time that a spill occurred. 

Size of spill 

5. If there was a spill, the spill size distribution was sampled in order to choose the 
size of the spill (given the frequency of different volumes). If there was no spill, (from 
no. 4), then no sample was made from the spill-size distribution. The spill size was 
then 0, and the exposure was O. 

6. The total aromatic (BTEX) content by weight fraction in the gasoline spilled was 
given. This was equal to 0.45 in the case of98 premium, Mobil Oil (1997) 

When the spill occurred 

7. The day of the 3 51-day operational year in which the spill occurred was then 
randomly chosen. This was done by sampling randomly from a uniform probability 
distribution. The day ofthe year was important to the calculation because windspeed 
and temperature were important seasonal parameters for calculation of evaporation 
and dispersion. 

8. The hour ofthe tidal cycle in which the spill occurred was given by sampling 
randomly from a uniform probability distribution. A 12-hour tidal cycle was used 
rather than the actual tidal period which varied between 12.17 to 12.33 hours. The 
time in the tidal cycle that the spill occurred was important because the direction of 
tidal flow, the velocity offlow, and the water depth varied with time over the tidal 
cycle. (The direction of tidal flow was important because the analysis only considered 
ebb tidal flow, hours 1 - 6, as discussed in section 4.3.1) The velocity variation was 
calculated for 15 segments of time over the ebb tidal period (see Table E-5, Appendix 
E) from Danish Hydraulic Institute (1982) measurements. The water depth variation 
affected the exposure concentration or the volume of water under the slick. This was 
similarly measured for 15 segments of time over the ebb tidal period, from the 
Hydrographic Office (1983). (See Table E-5, Appendix E and section 4.3.1) 
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Slick spreading 

Another spreadsheet was used to calculate the changing spill radius with time. This 
spreadsheet could be thought of as a subroutine. Table E-3, Appendix contains the 
EXCEL code to which the following steps refer. 

The spill size was first copied from Table E-2, and then Table E-3 calculated the radius 
for a circular spill using the oil slick buoyant spreading laws developed in section 4.3.2 
and using the advective dispersion streamtubes traced in section 4.3.1. 

A. The spill size generated in step 5 was copied. 

B. This spill size in litres was then converted to cubic meters for the subsequent 
calculations. 

C. A maximum time of90 minutes (5400 s) was allowed for the spill to reach the Mair 
Bank from the wharf The time after the spill occurred was split into 300 s intervals 
for subsequent spreading area calculations. However, the initial 250 s were split into 
smaller intervals. At times in mid-ebb cycle, velocities were high and smaller intervals 
were appropriate for the initial stages of spreading. 

a. The gravity-spreading regime: radius of the spreading circular slick was 
determined using equation 4.20 for each of the time segments from 1 s to 5400 s. 

b. The viscous-spreading regime: the radius of the spreading circular slick was 
determined using equation 4.24 for each of the time segments from 1 sec to 5400s. 

c. The surface-tension spreading regime: the radius of the spreading circular slick 
was determined using equation 4.29 for each of the time segments from 1 s to 5400s. 

d. The next three columns: column E (cmpr grav & v), column F (cmpr vsc & srf), 
and column G (final rad (m) used logical statements to determine which regime the 
oil spill was in. F or example, if the calculated gravity regime radius was smaller than 
the calculated viscous regime radius, then the spill was in the gravity regime. If, in 
the next column, the surface tension regime radius was less than the viscous regime 
radius, then the spill was in the viscous regime. Finally, if the calculated gravity 
regime radius was smaller than the calculated viscous regime radius, then the final 
regime was the gravity regime, (as noted in column E). If the gravity regime radius 
was larger, which happened at all times past the gravity regime, then the final radius 
was in the viscous regime, (as noted in column F). The radius of the spill (calculated 
for buoyancy-aided spreading only), for each segment of time, was copied into the 
('final radius", column G. 

e. The effect of advective dispersion was assessed in the next columns I, J, K. In 
column H the initial velocity was copied from Table E-4 ( columns AB and AC) at 
the refinery wharf for the time in the tidal cycle in which the spill occurred, (Danish 
Hydraulic Institute, 1982). 

f. The column titled, Velxtime (column I) calculated the distance that a drop of oil 
would travel along the water's surface in the time interval chosen in column A. To 
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do this the cumulative time (i.e. the time segment incremented in column A) was 
multiplied by the tidal velocity from column H. 

g. The appropriate multiplier was calculated in column J to account for the widening 
of the streamtube from the process of advective dispersion. Two streamtube length 
segments were of concern for the distance between the wharf and the Mair Bank, Ao 
to Ai and Al to A2, see Tables B-1 to B-8 and Figure B-14, Appendix B. On 
average, the segment Ao to Al of the streamtube was 220 m long. For every meter 
from the wharf to the end of segment, AI, the streamtube width increased by 
0.33/220, or 0.0015, from the measurements of Tables B-1 to B-8, and Figure B-14, 
Appendix B. In the same way, the segment of the streamtube from Al to A2 was 211 
m long, on average. For every meter from the beginning of this segment to the Mair 
Bank the streamtube width increased by 1/184, or 0.0054, Figure B-14, Appendix B. 

h. The final radius (in column K) for each time segment was determined by 
multiplying the final radius from buoyant spreading (in column G) by the multiplier 
calculated in (column J, step g above). One was added to this calculated multiplier 
so that the fractional width was greater than one. For numbers less than or equal to 
zero, a large number was placed in the cell so that the program would not make an 
error in dividing by zero at a later step, but so that it would be distinguished from 
other plausible estimates. 

Slick travel and total evaporation 

9. In this step, the cumulative evaporation for each time increment was calculated 
using the evaporation equation 4.48, and given the changing spill area with time and 
tidal velocity, the seasonally changing temperature (which also effects vapour 
pressure), and the windspeed. 

10. The next step calculated the time taken. for an oil spill to drift from the refinery 
wharf to the shelf of the Mair Bank which was an average distance of 431 ill, 

depending on the path taken by the oil spilL This path was dependent on the time 
segment in the ebb-tidal cycle in which the spill occurred. Therefore, 431 m. was 
divided by the water surface velocity, as found in Table E-5 and calculated for 16 
segments oftime over the 12 hour tidal cycle. 

11. This step (Row 39) found the cumulative amount evaporated from the spilL The 
time calculated in step 10 for the spill to travel from the wharf to the Mair Bank was 
copied to the columns calculated in step 9 above (columns A and B, rows 12 to 34). 
From the match oftime, the cumulative amount ofBTEX evaporated was copied, (into 
cell B39), unless the time was less than or equal to zero. A negative time would 
indicate that the time the spill happened in the 12 hour tidal cycle was either in hours 6 
-12 of the flood cycle or hours 5.1 - 6, when the water flowed around the Mair Bank. 

12. To find the total amount ofBTEX left in the oil spill after evaporation had taken 
place, the size of the spill, in Htres (from cell B9) was multiplied by the density of 
gasoline, 0.75 (Mobile Oil 1997) and the percentage ofBTEX in the gasoline (from 
cell B 10). The cumulative amount ofBTEX evaporated (from cell B39) was then 
subtracted from the amount ofBTEX originally present. This value was expressed in 
units of kilograms gasoline in cell B40. 

THE LIBRARY 
UN1VEW:IT'i I';,,;., ;'FR8UF1Y 

ChRISTCHJHCH, ,\j.Z. 
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Exposure concentration 

13. The exposure concentration (cell B41) was determined assuming that as soon as 
the slick encountered the Mair Bank shelf, it would encounter turbulence and mix 
thoroughly and completely with all the water below the slick. This was estimated by 
dividing the kilograms ofBTEX present (from cell B40) by the volume of water with 
which it was expected to mix. To calculate this volume of water, the final radius (due 
to buoyant spreading and advective spreading) of a circular spill was found from Table 
E-3 for the time calculated in cell B38 for the slick to drift (given the velocity of the 
water for the time in the tidal cycle) from the wharf to the shelf of the Mair Bank. The 
area of the circular spill was calculated from the radius. The volume of water which 
mixed with this slick was calculated assuming perfect vertical mixing between the 
surface and the total amount of water below the slick. Therefore, the depth of the 
water multiplied by the area of the spill yielded the volume of mixing water. To 
complete the calculation the weight fraction was put in terms of parts per billion (Ppb) 
by mUltiplying by one billion (109

). 

4.6.5 Sampling and Iterations 

The software program @RISKTM was used to randomly sample from the above 
frequency distributions for the Monte Carlo analysis. 

The decision rule used to assess convergence of the simulation was that recommended 
by the @RISK Handbook, Palisade (1997), ofless than 1.5 % change in the mean, 
standard deviation, and percentile statistics of the output distribution for two 
consecutive calculations. The statistical calculations were done every 100 iterations. It 
is possible for the statistics to change back to the unconverged status if subsequent 
simulation shows a change in the statistic greater than the convergence threshold. 
Because the simulation process is random, there will always be some change in 
statistics with additional iterations. However, in these analyses the convergence 
statistics were recorded every lOOO iterations, for the exposure analysis and every 100 
iterations for the tonnage analysis. The statistics converged slowly toward the decision 
rule after some initial movement. In addition, the convergence was checked by 
doubling the iterations required for convergence. Latin Hypercube sampling was used 
to increase the speed of convergence. 

Only 900 iterations were required to meet the decision rule for the. estimate of the total 
tonnage spilled annually into the estuary. Therefore, 1000 iterations were run for all 
scenarios in order to estimate of the total tonnage of hydrocarbons spilled annually. In 
comparison, about 4000 to 5000 iterations were required for the exposure analysis to 
meet the decision rule established for convergence. Comparatively more iterations, 
5000, were required for the scenarios in the exposure analysis utilising the Method I 
distribution for spill-size. Therefore, 6000 iterations were run for all scenarios of 
exposure analysis in order to estimate the exposure from 424 transfer operations at the 
wharf which occurred in 1990. It was a simple way to find the chance ofa spill 
occurring each time that an oil transfer was made at the wharf over the course of a 
year. 
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The seed for the random number generator in the program, @RISKTM, was varied and 
was recorded for all simulation runs. However, to facilitate comparisons between 
simulation runs, the same seed was sometimes used. In these cases the seed is 
specified. 



Chapter 5.0 
Simulation 

esults: Case Study 

The total tonnage of hydrocarbons spilled at the wharf annually was estimated for the 
four scenarios of interest. This hydrocarbon spillage estimate could then be compared 
with the results of a new spillage monitoring program in another harbour in New 
Zealand. Furthermore, this gave the following exposure simulation a basis for 
comparison. 

The BTEX exposure to the Mair Bank shellfish bed was estimated for the same four 
scenarios used in the annual hydrocarbon spillage estimate. The exposure estimate 
utilised the environmental transport processes discussed in chapter 4. A sensitivity 
analysis was carried out to check the significance of other variables in the simulation. 

The following results were generated for four scenarios of input probability 
distributions. The purpose of the different scenarios was to represent the spectrum of 
uncertainty present in the analysis as a result of introducing data into the risk 
assessment for reconstruction of spillage distributions. The combinations of the two 
distributions for annual spill frequency and the two distributions for spill-size are 
shown in Table 4.12. The Method I spill-size distribution represented the more 
optimistic spill-size distribution with the mean of spill-size of less than 200 litres. The 
Method II distribution represented the more pessimistic distribution with a mean spill 
size 0[2500 litres. (See section 4.2 for data reconstruction and distributional 
parameter estimation.) 

5.1 TOTAL TONNAGE HYDROCARBONS SPILLED ANNUALLY 

5.1.1 Results of the Probabilistic Simulation 

The Monte Carlo analysis was used to estimate the total hydrocarbon load on the 
Whangarei Estuary from loading and unloading oil spills at the Refinery wharf. This 
involved no transport analysis since only the total amount spilled was of interest. The 
results of four Monte Carlo analyses representing the four scenarios of input 
distribution (described in Table 4.12) are displayed in Table 5.1 and are compared with 
other yearly hydrocarbon pollution sources in the Whangarei Estuary. 

To do the analysis, two scenarios were used to represent the yearly spill frequency at 
the wharf and two scenarios (l\1ethods I and II) were used to represent the spill-size, 
from section 4.2. For each spill-frequency scenario, the expected value means of the 
input distributions were similar at 112 and 98. These were the means of the truncated 
normal distribution and the Weibull distribution, respectively, which were used as input 
distributions in the Monte Carlo analysis. The reason the means were similar was 
because they were two different distributional fits to the same data set. In contrast, for 
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Table 5.1 Annual Amount of Hydrocarbons Spilled in Off-loading Operations 
(in cubic meters) at the Refinery Wharf (for the 1990 operational year) for Four 
Input Distribution scenarios, Compared to Other Sources of Hydrocarbons in 
th Wh . E d hAt H dl d tth Wh f . 1990 t e angarel stuary an t e moun an e a e ar m . 

Expected Values of Expected Values of 
Input Distributions Output 

Source of Hydrocarbons on a per Spill Freq. Spill size Mean Stand. 
Annum Basis Mean Mean Am't dev. Am't 

no. per yr. (m3
) spilled spilled 

(m3/yr) (m3
) 

1. Amount spilled at wharf, assume 112 0.166 18.4 10.3 
Spill freq.: Trunc. normal dist'n 95% conf. 
(J..l= 98.9, cr = 73.7, O=Iower bound) interval: 
Spill size: method I, Weibull dist'n 2.2-36.1 

(a = 0.5, ~ 83.1) 
2. Amount spilled at wharf, assume 112 2.552 283.0 161.0 
Spill freq.: Trunc. normal dist'n 95% com. 
(J..l= 98.9, cr:=; 73.7, O=lower bound) interval: 
Spill size: method II, Weibull dist'n 40.3-571 
(a = 0.83, ~ = 2310) 
3. Amount spilled at wharf, assume 98 0.166 15.7 11.8 
Spill freq.: Weibull dist'n 95% conf. 
(a = 1.28, ~ = 106) interval: 
Spill size: method I, Weibull dist'n 1.2-42.5 
a=0.5,~ 83.1) 
4. Amount spilled at wharf, assume 98 2.552 241.1 175.6 
Spill freq. : Wei bull dist' n 95% conf. 
(0: = 1.28, ~ = 106) interval: 
Spill size: method II, Weibull dist'n 22.7-604 
(0: = 0.83, ~ = 2310) 
Urban runo:ff' (tonne/yr) * 35 

I 
6 . Sewage (tonne/yr)1 

I 

Refinery Effluent (tonne/yr)* <2 I 

Total hydrocarbons handled by Port 7,313,000 
(incoming & outgoing)(tonne/yr)* 
Incoming hydrocarbons (tonne/yr)* 4,600,000 
Unaccounted for losses based on 9200 
0.2% of in corning hydrocarbons 
(tonne/yr) * * 
t This Table assumes that present spillage trends continue 011 a basis similar to the data discussed and 
analysed in section 4.2. 
* Data from: N.Z. Ministry of Transport. Maritime Transport Division. 1992. Table Cl. for the 
1990 operational year. This does not include the amount sent to Auckland via the Wiri pipeline. 
** Loss estimate from Davis 1992. 
* Williamson, RB. 1993. 
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each spill-size scenario, the expected values of the volume spilled for the two 
distributions were quite different at 0.166 and 2.552 m3

• These were the means for the 
two Weibull distributional fits for the two different methods of reconstructing the spill 
size distribution, (see section 4.2). 

5.1.2 Convergence 

In this case study, the decision rule for convergence from Palisade (1997) was used 
(discussed in section 4.6.5) ofless than 1.5% change in the mean and standard 
deviation of the output distribution for two consecutive calculations. Statistical 
calculations (mean, standard deviation, and percentile statistics) were performed every 
100 iterations on the output distribution. For each simulation of "Total Tonnage Of 
Hydrocarbons Spilled", 1 000 iterations were run, although the decision rule was met at 
900 iterations. 

5.1.3 Sensitivity 

The mean of the output was sensitive to the two spill-size distributions used, as shown 
in Table 5.1. Scenarios 1 and 3 yielded output distributions of total annual 
hydrocarbon spillage with means of 18.4 and 15.7 m3

, respectively, while scenarios 2 
and 4 yielded means of 283 and 241 m3

. The means in scenarios 1 and 3 were just 
outside the 95% range of confidence generated in scenarios 2 and 4. 

The two distributions used to represent the annual spill frequency yielded results which 
were within one standard deviation of each other, as shown in scenarios 1 and 3 and in 
scenarios 2 and 4. The truncated normal distribution (for the spills frequency) was 
carried through because the distribution fit the data in a theoretical sense, while the 
Weibull distribution fit the same data with the best statistical fit and also had a 
reasonable theoretical basis. Since there was little resulting difference, the better 
statistical fit (the Weibull) will be used for comparative purposes and so scenarios 3 
and 4 will be used for further comparison and discussion. 

The two distributions representing the spill size used two different reconstruction 
methods and yielded distributions of different shapes. Method I resulted in a 
distribution that was a direct proportion to the Californian data, with its high frequency 
of spills less than 200 litres and its long, thin tail signifYing rare large spills, see Figure 
4.8. Therefore, a larger proportion of the spill sizes were relatively small (mean = 
0.166 m3

). Method II represented data in the large category sizes and therefore, a 
greater proportion of the spill sizes were large (mean = 2.552 m3

). The estimated 
mean amount annually spilled of 15.7 and 241.1 m3 

, respectively, from Table 5.1, 
were therefore, significantly different. 

The uncertainty in this Monte Carlo estimate is measurable by using the 95% 
confidence interval of the output distributions. Given that either distribution is 
accepted as a long-run frequency over many repetitions, the 95% confidence interval 
asserts that 95% of the intervals generated over many repetitions will cover the mean. 
The philosop~y of interval estimation does not attach preferential treatment to different 
points in a confidence interval but rather is directed toward determining a range of 
plausible values. 
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The sensitivity of the result shows a linear response to the changes in the input 
distributions. For example, reducing the input distribution mean (annual spills 
frequency) to 75% of its original value, resulted in the output distributional mean and 
standard deviation to be reduced to 75% of its original value. A similar linear reduction 
in the mean of the output distribution occurred compared to the reduction of the mean 
of the input spill size distribution. This linear response may be expected because the 
algorithm consists only of a sum of the distributional outputs. 

5.1.4 Comparison of the Estimated Annual Port Spillage Losses to Other Losses 

Both the estimates of annual port spillage, using scenarios from Method I and II, are 
within the believable losses at the off-loading wharf, see Table 5.1. The Method II 
scenario estimate of 241 m3 compares to the hydrocarbon loads estimated by 
Williamson (1993) for urban runoff of 3 5 tonne per year, from the municipal sewerage 
treatment of 6 tonne per year and from refinery effluent outfall of <2 tonne per year. 
(New Zealand Ministry of Transport. Maritime Transport Division, (1992), Davis 
(1992) and Williamson (1993) assume an average specific gravity of one for the 
hydrocarbon spillage. Therefore, for comparison purposes, an average specific gravity 
of one is assumed here for the hydrocarbon spillage) The estimated 241 m3 is a large 
load compared with the total urban load of 41 tonne. However, compared to N.Z. 
Refinery's unaccounted for losses of9200 tonne, (Davis 1992) this estimate is 
conceivable. 

Compared to the successful petroleum spillage prosecutions in Tauranga Harbour, 
from Dickson (1998) (see Table 5.2), the 15.7 m3 estimate appears comparable and the 
241 m3 estimated amount appears high. However, it must be remembered that not 
only does Tauranga handle far less petroleum than Whangarei, but also the reported 

Table 5.2: The Estimated Amount of Petroleum Spilled in Port Whangarei 
Compared with the Recorded Amount of Successful Prosecutions for Petroleum 
S '11 d' PT' 1996 'PI e m ort auranga III . 

Port Annual Amount Amount Petroleum Ratio of m3 spilled 
Spilled in Port Handled by Port in to tonne handled in 

1990 (tonne) Port 

Port Whangarei 15.7/241 m3 ** 7,313,000* 2.1(10/6 /3.3(10/5 

est'd for 1990 ** 

Port Tauranga 1.3 m3 't recorded 539,000* 2.4(10y6i 
for 1996 

* Data from: N.Z. Ministry of Transport. Maritime Transport Division. 1992. Table C1. for the 
1990 operational year. This does not include the amount sent to Auc1dand via the Wiri pipeline. 
**15.71241 and 2.1(10)"6 / 3.3(10),5 refers to the estimated vo1unles spilled for each oftlle two 
different methods of reconstructing the probability distributions, Method I and Method II, 
respectively, scenarios 3) and 4) in Table 5.1, above. 
t Dickson 1998, This is the most recent published total of the successful petroleum spillage 
prosecutions for Tauranga Harbour. 
:I: This is the ratio of the cubic meters of successful petroleum prosecutions to the tonne of petroleum 
handled in Port Tauranga. 
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Tauranga spillage amount accounted only for successful prosecutions. Furthermore, 
the Tauranga estimate is for 1997 while the Port Whangarei estimate came from data 
for 1992 to 1996 and 1965 to 1988. It might be expected that as the public becomes 
more aware of the damage oil slicks may cause to marine life, the operations staff may 
become more careful in their transfer operations, and so spillage should decrease. 

In comparing the estimated amount spilled in Whangarei in 1990 to the recorded 
successful prosecutions for amount spilled in Tauranga in 1996, the ratio of the cubic 
meters spilled to the tonnes handled in the Port is helpful to examine. The low 
estimate of 15.7 m3 (using Method I) is quite close to the volume associated with ratio 
for successful prosecutions to annual port tonnage in Tauranga. While the Port 
response at Tauranga to oil spills appears to be exemplary for New Zealand, it is 
possible that not all oil spills might be noticed or if they are noticed perhaps are 
unsuccessfully prosecuted. Those which might be considered difficult to notice before 
they disperse would be those under 0.500 m3 and particularly those under 0.200 m3

. 

Therefore, it is conceivable that the actual amount spilled in Tauranga could be much 
more than the sum of successful prosecutions. Then, it could be concluded that the 
actual yearly spillage in Whangarei is somewhere between the two estimates from 
Method I and II. 

5.2 BTEX EXPOSURE TO THE SHELLFISH BED 

5.2.1 Results of Probabilistic Simulation 

The results of two Monte Carlo simulations of annual BTEX exposure to Mair Bank 
shellfish from spills at the refinery wharf are shown in Figures 5.1 to 5.4. These 
simulations were done for two input spill-size distribution scenarios (Method I and II 
from section 4.2), using the transport assumptions discussed in section 4.3, and 
toxicity levels discussed in section 4.4. In one simulation, 6000 iterations were 
completed, to represent the 6000 transfer events at the wharf However, only the first 
424 and the last 424 iterations of each simulation are shown in these figures. This 
represents the 424 transfer events which might have occurred at the wharf in one year, 
using data from the year 1990. Statistics which summarise these two simulation 
scenarios, (and two additional scenarios which, in total equate to the same four input 
scenarios shown in Tables 4.12 and 5.1) are shown in Table 5.3. Scenario 3 from 
Table 5.3 represents the statistics of the simulation shown in Figures 5.1 and 5.2 and 
scenario 4 represents Figures 5.3 and 5.4. 

I 

For each simulation in Table 5.3,6000 iterations were completed. Assuming a 
constant number of transfer events at the refinery wharf per year of 424, the 6000 
iterations represent 14.2 years ofloading and unloading events at the wharf. About 
5000 iterations were required to meet the decision rule for convergence of less than 
1.5 % change in the mean and standard deviation of the output distribution for two 
consecutive calculations. 

In Figures 5.1 to 5.4 most exposures occurred in the range between sub-lethal and 
adult lethal toxicity concentration. While a few excursions (not shown in the figures) 
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Figure 5.1: Estimated BTEX Exposure Concentration at the Mair Bank Shellfish Bed for One Operational Year 
Following Calculations Listed in Table 5.3 for Scenario 3. This Represents the First Operational Year. 
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Figure 5.2: Estimated BTEX Exposure Concentration at the Mair Bank Shellfish Bed for One Operational Year 
Following Calculations Listed in Table 5.3 for Scenario 3. This Represents the Last Operational Year. 
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Figure 5.3: Estimated BTEX Exposure Concentration at the Mair Bank Shellfish Bed for One Operation Year 
Following Calculations Listed in Table 5.3 for Scenario 4. This Represents the First Operational Year. 
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Figure 5.4: Estimated BTEX Exposure Concentration at the Mail" Bank Shellfish Bed for One Operational Year 
Following Calcualtions Listed in Table 5.3 for Scenario 4. This represents the Last Operational Year 
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Table 5.3 Estimated Annual BTEX Exposure Concentration to Mair Bank Shellfish Bed Unlloading Spills at the Refinery 
Wharf, Assumin~ Four Scenarios of Input Distributions for Annual Spill Frequency and Spill Size, Section 4.1. 

Annual Scenario No. of I Avg. no. of Avg. eone'n Avg. eone'n Avg.no.of Avg. no. 
significant* significant* of an of an transfer of days 
exposures exposures exposure exposure events between 

6000 per yr. over all over between exposures 
iterations ** exposures events exposures ** 

(ppb) (ppb) 

1) Spill freq.: Trone normal dist'n (~= 98.9, 9.5 5512 120 44.4 36.9 
0=73.7)t Spill size: Method I, Weibull dist'n 
(0.=0.5, ~=83.1) 

2) Spill freq.: Trone normal dist'n (~= 98.9, l 438 31.0 20,340 1490 13.7 11.3 
0=73.7) t Spill size: Method II, Weibull dist'n 
(0.=0.83, ~=231O) 

3) Spill freq.: Weibull dist'n (0.=1.28, ~=106) Spill 127 9.0 5,235 110 47.2 39.0 
size: Method 1, Weibull disi'n (0.=0.5, ~=83.1) 

4) Spill freq.: Weibull dist'n (0.=1.28, ~=106) Spill 378 26.7 
size: Method II, Weibull dist'n (0.=0.83, ~=2310) I 

19,650 1240 15.9 13.1 

Exposure calculations were made following the spill frequency and spill-size distributions discussed :in section 4.1. concentration as calculated in section 4.2 and to 
levels from Table 4.10. 

* "Significant" corresponds to the exposures which were greater than the threshold sub-lethal concentration of 10 ppb, and assuming 424 transfer events/yr. 
** Assuming 351 days per operational re:6ne:ryyear. 

t The bounds specified on the truncated norrual distnbution were zero to 424 maximum nmnber of transfer events :in a year), See section 4.1. 

xicity 
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exceeded the adult lethal toxic level in the analysis, it is difficult to make fatality 
predictions for tidal creatures which have the ability to close up for long periods of 
time. What is of concern is that the exposures are closer together than the ability of 
the creatures to eliminate the toxins from their tissues. 

Figures 5.1 to 5.4 may be misleading because it is possible to choose a segment of time 
where there may appear to be greater or fewer exposures occurring per year, 
depending what snapshot of time is chosen from the 6000 iterations performed. This is 
because the analysis did not converge in 424 iterations. However, this type of graph is 
useful because it clearly and understandably illustrates the frequent BTEX exposure to 
the shellfish bed. Figure 5.3 shows 21 exposures to the shellfish occurring in a year, 
whereas Figure 5.4 from the same simulation shows 29 exposures. The statistics of the 
fully-converged analysis of6000 iterations are shown in Table 5.3. The average 
number of exposures per year is 26.7. 

The output distributions for Figures 5.1 to 5.4 consist of 127 to 378 significant 
exposures in 6000 iterations. The mean of the exposures (or potential exposures) of 
all 6000 transfer events is 1487 ppb for scenario 2, Table 5.3. Comparatively, the 
average of only the non-zero exposures was 20,340 ppb. A significant exposure is 
defined as one that is greater than 10 ppb, the sub-lethal toxicity level. But in this 
particular analysis, all non-zero exposures, were greater than 10 ppb and therefore, 
effectively the same as the so-called significant exposures. 

The number of exposures per year varied with the scenario of distributions used. 
Similar to Table 5.1, the major variability in results comes from the two methods used 
to reconstruct the spill-size data. Method I, which had an input distribution with an 
average spill size of 0.166 m3 resulted in fewer exposures to the shellfish bed. Also the 
average concentration of those exposures was significant, but smaller, than the 
scenarios using Method II. The average spill size of the input distribution using 
Method II was much larger at 2.552 m3

, and this resulted in many more exposures per 
year and higher average concentrations of exposure. The average number of transfer 
events which occurred between exposures, (45 and 15, respectively, from Table 5.3) 
demonstrates that these small spills are much more coinmon than might be expected. 

Most exposures exceeded the sensitive-life-stage toxicity (Figures 5.1 - 5.4 and Table 
5.3) and the average number of days between a significant exposure ranged from 11 to 
39 days, depending on the scenatio used. Depuration times were discussed in section 
4.3, Table 4.3.2, for petroleum aliphatics and aromatics in oysters of13 to 55 days. 
The times varied, depending on the type of shellfish, the contaminant, the time of 
exposure, and the concentration, among others. Therefore, the average number of 
days between an exposure was a concern because the exposures were generally closer 
together than the ability of the shellfish to rid their tissues of the toxic residues. In 
fact, compared to oysters, Tuatua, (paphies subtriangulatum) one of the Mair Bank 
shellfish species, take a particularly long time (10 months to 1.5 years) to rid their 
tissues oftoxic residues, MacKenzie, et al. (1997). There appears to be particular 
concern, in this regard, if the Method II spill size distribution is assumed to describe 
the actual spill distribution. 
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Because the two distributions representing annual spill frequency, (the truncated 
normal and the Weibull distributions) gave similar results, See Table 5.3, only one will 
be chosen for the following sensitivity analyses. The Weibull distribution resulted in a 
better statistical fit to the data (as discussed in section 4.2) and therefore it will be used 
for further analysis. 

5.2.2 Sensitivity to Evaporation Rate 

The sensitivity of the exposure analysis to the evaporation rate was important to check 
to determine how critical the calculation of evaporation was. A number of 
assumptions were made regarding this calculation and it is important to understand 
how significant this calculation is to the final result. The sensitivity of the analysis to 
the spill size was shown in Table 5.3. The significance of the spill~size on the number 
of exposures and the average exposure concentration indicates that, the analysis might 
be sensitive to the evaporation rate ofthe contaminant, BTEX. Table 5.4 shows the 
results of two simulations run for each of the two scenarios of spill size, Method I and 
Method II. The evaporation rate was both increased by a factor of2.5 and decreased 
by a factor of2.5. This could represent the actual evaporation rate being smaller or 
larger than that estimated. 

The physical interpretation of an increased evaporation rate might be that the oil slick 
was spreading faster than was predicted by the buoyant spreading equations. A larger 
area meant a faster evaporation rate so that more BTEX would be evaporated before 
the slick reached the Mair Bank. This possibility is less likely although it is considered 
here. It is possible that all the BTEX could evaporate before the slick reached the 
Mair Bank. The result of this possibility on the Method I spill size distribution 
scenario (mean = 0.166 m3

) was that the average number of exposures per year 
decreased from 9 to less than one, with an average concentration decreasing from 5235 
to 3371 ppb. For the Method II spill size distribution (mean = 2. m\ the average 
number of exposures per year decreased from 26.7 to 16.6 and the average 
concentration decreased from 19,650 to 10,742 ppb. The result of increasing the 
evaporation rate seemed to have a great effect on the number of exposures per year. 
While the average concentration of an exposure decreased, it was still a significant and 
problematical exposure. 

The evaporation rate was also decreased by a factor of 2. 5. This possibility was 
physically more likely since, as was discussed in section 4.3.3, evaporation ofBTEX 
might be limited in the gasoline mixture by liquid diffusion rates. Also, the analysis 
neglected evaporation loss in the rate of slick spread, thus overestimating the slick 
area. A smaller evaporation rate meant that more BTEX would be present at the time 
that the slick reached the Mair Bank. Therefore, both higher average exposure 
concentrations and more exposures per year were observed with, on average, fewer 
days between exposures. These results could be cause for concern to the health ofthe 
shellfish bed. 
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Table 5.4: Sensitivity of the BTEX Evaporation Rate on the Estimated Annual 
BTEX Exposure Concentration to Mair Bank Shellfish. (All other assumptions are 
the same as in Table 5.3) 

Scenario Avg.no. of 
significant 
exposures 
peryr. * 

3) Spill freq./yr.: Weibull 9.0 
dist'n (u==1.28, ~=106) 
Spill size: Method I, Weibull 
dist'n (u=0.5, ~=83.l) 

3a) same as 3) above but 0.6 
increase evap'n rate by 
factor of 2.5 

3b) same as 3) but decrease 16.6 
evap'n rate by factor of2.5 

4) Spill freq./yr.: Weibull 26.7 
dist'n (u=1.28, ~=106) 
Spill size: Method II, 
Weibull disCn (u=0.83, 
~=2310) 

4a) same as 4)above, but 16.6 
increase evap' n rate by a 
factor of2.5 

4b) same as 4)above, but 32.1 
decrease evap'n rate by a 
factor of2.5 
* Assunnng 424 transfers per year, as III 1990. 
** Assuming 351 days in an operational year. 

Avg. Avg. no. of Avg. no. of 
conc'n of transfer days** 

an events between 
exposure between exposures 

(ppb) exposures 

5,235 47.2 39.0 

3371 667 585 

8021 25.5 21.1 

19,650 15.9 13.1 

10,740 25.5 21.1 

24,690 13.2 10.9 

5.2.3 Sensitivity to the Annual Number of Ship Transfer Events at the Wharf 

The sensitivity of the simulation to the number of unloading and loading events at the 
wharfwas important to check since the Refinery may want to increase its production at 
some future date and may not only have more products to export, but also may need 
more raw materials delivered. To evaluate this possibility, the number of transfer 
events from 1990 was increased by a factor of 1.5, to 636 transfer events. The results 
of this increase are shown in Table 5.5 for the two scenarios previously discussed, 
Method I and II. The average exposure concentration was unaffected by this change. 
However, the number of significant exposures increased from 9 per year to 14 per year 
using Method I and from 27 per year to 46 per year using Method II. This is a cause 
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for concern because the corresponding average number of days between exposures 
shrinks to 26 days for Method I and 8 days for Method II. 

Table 5.5: Sensitivity To The Annual Number Of Ship Petroleum Transfer 
Events At The Wharf On The Estimated Annual BTEX Exposure Concentration 
To The Mair Bank Shellfish. (All other assumptions are the same as in Table 5.31 

Scenario Avg.no.of Avg. conc'n of Avg.no. of 
significant an exposure days between 

exposures per yr. _(ppb) exposures 

3) Spill freq.lyr.: Weibull 9.0 5,235 39.0 
dist'n (a=1.28, ~=106) 
Spill size: Method I, Weibull 
dist'n (a=0.5, ~=83.1)* 

3a) same but assume 636 13.5 5235 26.0 
transfers per year* * 

4) Spill freq.lyr.: Weibull 26.7 19,650 13.1 
dist'n(cx.=1.28, ~=106) 
Spill size: Method II, Weibull 
dist'n (a=0.83, S=2310)* 

4a) same but assume 636 46.4 19,650 7.5 
transfers peryear** 
* Assuming 424 transfer events per year as in 1990 and a 84241u (351 day) operational year. 
** Assuming 636 transfer events per year, and a 8424 Ill' (351 day) operational year, using the same 
input distributions. 

5.2.4 Exposure to the Shellfish Bed from Benzene and Xylene 

The exposure to the Mair Bank shellfish bed from two of the separate components of 
the BTEX mixture is shown in Table 5.6. Benzene was chosen because it is the most 
volatile component of the BTEX mixture, with a vapour pressure of 10170 Pa at 20 C. 
Similarly, xylenes, (including 0, ill, p, and ethyl benzene), were the least volatile 
components, with an average vapour pressure of826 Pa at 20 C. Benzene had a 
higher vapour pressure than the BTEX mixture and so the results were similar to Table 
5.4 for the increased evaporation rate. The average concentration of an exposure was 
smaller, at 950 ppb, and the number of exposures per year averaged 13. Xylene, had a 
lower vapour pressure, (therefore, a lower evaporation rate), than the BTEX mixture 
and so, similar to the trends shown in Table 5.4, the number of exposures per year was 
higher than that calculated for BTEX. The average concentration of each exposure 
was smaller, however because the amount ofx:ylene (including ethylbenzene) present 
initially was only 18% w/w compared to the initial concentration ofBTEX of 45% 
w/w. 

It is difficult to argue whether individual components may be more toxic than the 
mixture because much ofthe toxicity literature examines exposure to mixtures, for 



Chapter 5 Results page 5-15 

example, crude oil, number 2 fuel oil, diesel oil, and gasoline, rather than the pure 
components such as benzene, toluene, octane. 

Table 5.6: Comparison of the Exposure of Two Compounds in the BTEX 
M' t B th M t V I fI d X I th LtV I fl IX ure, enzene - e os o a I e, an ... Ylene - e eas o a Ie. 

Scenario Avg.no. of Avg. conc'n of Avg.no. of 
significant an exposure days between 

exposures per yr. * (Ppb) exposures 

3) Spill freq.lyr.: Weibull 26.7 19,650 13.1 
dist'n (ex,=1.28, 13=106) 
Spill size: Method II, Weibull 
dist'n (ex,=0.83, 13=2310) 

5) same, but assume only 12.7 951 27.3 
benzene (at 5% w/w of gas) 
exposure is of concern 

6) same but assume only 35.9 10,552 9.9 
xylene (at 18% w/w) 
exposure is of concern 
* Assuming 424 transfers per year, and a 8424 hr (351 day) operational year. 

5.2.5 Sensitivity to Spill Size 

The sensitivity of the analysis to spill size can be assessed by substituting a uniform 
spill size distribution for the two Weibull distributions used in the analysis. A specific 
uniform spill size range was substituted for the Weibull spill-size distribution to test the 
effects of different spill sizes. The results of this analysis are shown in Table 5.7. Spill 
sizes of 40 litres and below resulted in no exposure to the shellfish because the spill 
was small enough that all the BTEX evaporated before the slick could reach the Mair 
Banlc Spills in the next range of 40 to 200 litres were critical, in that there were 13 
significant exposures per year, given the same annual spill frequency. The average 
concentration of BTEX from the slick, while possibly damaging, was comparatively 
small, As the spill size range increased, the exposure concentration from the gasoline 
slicks increased. 

The number of significant exposures per year increased to a rate of35.1 and did not 
increase further with spill size, (given a cornmon random seed for the simulation). This 
is most likely because at the large spill sizes, almost every spill resulted in an exposure. 
The BTEX does not fully evaporate (in all but the slowest tidal velocity scenarios) 
before it reaches the Mair Bank, only the concentration of exposure increases with spill 
size. The variables which affect evaporation rate such as: the time for evaporation to 
take place (ie. if the stream velocity is slow there is more time for the BTEX to fully 
evaporate before it reaches the Mair Bank), the water temperature (which affects 
evaporation rate), the wind speed (which affects evaporation rate), and the changing 
surface area ofthe slick may be significant to the spill sizes in the range of 40 (0 1,000 
litres, but beyond this size, the evaporation rate matters less. The annual spill 
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frequency would need to increase or the evaporation rate decrease for this exposure 
rate to increase beyond 35 per year, While it is possible for the annual spill frequency 
to change, it is difficult to change the physical parameters that govern gasoline 
evaporation. 

Table 5.7: Sensitivity of Spill Size to the Estimated Annual BTEX Exposure 
Concentration to the Mair Bank Shellfish at an Annual Spill Frequency 
represented by the Weibull distribution (a,=1.2S, ~=106), (seed = 137 for all 
scenarios ID. (All other assumptions are the same as in Table 5.31 

Scenariot 

1. Spill size: Uniform dist'n (1,40)'1' 

2. Spill size: Uniform dist'n (40,200)1' 

• 3. Spill size: Uniform dist'n (200, 1000)1' 

4. Spill size: Uniform dist'n (1000, 20,000)1' 

5. Spill size: Uniform dist'n (20,000, 
40,000)'1' 

6. Spill size: Uniform dist'n (40,000, 
75,000)1' 
*Assuming 424 transfers per year, as in 1990. 
** Assuming 351 days in an operational year. 

Avg. no. 
of 

significant 
exposures 
per yr. * 

0 

13.5 

26.5 

34.2 

35.1 

35.1 

Avg. 
conc'n of 

an 
exposure 

fu£b) 

0 

1990 

9220 

41,170 

66,470 

86,330 

Avg. no. of 
days** 

between 
exposures 

0 

26 

13.2 

10.3 

10 

10 

! 

'I' Distributions were described using the @RIS~( distributional format, Palisade (1997), for a uniform 
probability distribution (minimum value, maximum value). 
§ The seed for the random number generator for all simulations was varied and was recorded. To 
facilitate comparisons between simulation runs, such as that shown above, the same seed was used. 

5.2.6 Environmental Impact 

If the environmental impact can be represented by the number of significant BTEX 
exposures per year and the average concentration of each exposure, then it may be 
analysed by spill size. Table 5.7 and Figures 5.5 and 5.6 show these results. Similar to 
Table 5.7, the figures show the large step in impact between the very small spills, less 
than 40 litres, and the next category of spills, between 40 and 200 litres. A decision
maker may conclude from this analysis that spills below 1 m3 [tonne], or 1000 litres are 
almost as damaging as the large ones. Furthermore, spills which are less than 20 m3 

[tonne] are just as damaging as those 40 m3 and greater. Therefore, the present 
strategy of the Northland Regional Council to monitor only those spills greater than 
1000 litres should be reconsidered. While New Zealand Refining Company, Ltd, 
(1976) has stated that only those spills greater in size than 40 tonne were significant, it 



Chapter 5 Results page 5-17 

Figure 5.5 Environmental Impact as Measured by the Average BTEX Exposure Concentration from a Spill at 
the Wharf, Following Calcnlations Detailed in Table 5.7 
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Figure 5.6 Environmental Impact as Measured by the Average Number ofBTEX Exposures per Year, 
Following Calculations Detailed in Table 5.7 
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Table 5.8: Sensitivity of Spill Size and the "No Evaporation" Assumption to the 
Yearly Number ofBTEX Exposures and the Estimated Annual BTEX Exposure 
Concentration to the Mair Banl{ Shellfish. This is for an Annual Spill Frequency 
represented by the Weibull distribution (a..=1.28, ~=106), (seed = 137 for all 
scenario All other assum tions are the same as in Table 5.3 

Scenario :I: 

1. Spill size: Uniform 
• dist'n 1 40)t 

6. Spill size: Uniform 
dist'n 40000 75,000 t 

Avg.no. of 
significant 
exposures 
per yr.* 

o 

26.5 

35.1 

* Assuming 424 transfers per year, as in 1990. 
* * Assuming 351 days in an operational year. 

Avg. Avg. no. of 
conc'n of significant 

an exposures 
exposure per yr. * 

b 

o 40.4 

9220 40.4 

86,330 . 40.4 

Avg. conc'n 
of an 

exposure 
(Ppb) 

1,784 

18,760 

89,800 

tUniform distribution is written in the format of @RISK, with the distribution range specified. 
:j:: Distributions were described using the @RlSK distributional format, Palisade (I 997), for a uniform 
probability distribution (minimum value, maximum value). 
§ To facilitate comparisons benveen simulation runs, such as that shown above, the same seed was 
used. 

appears this may not be true when the health of the Mair Bank Shellfish bed is 
considered. 

The assumption of no evaporation from the slick adds a total of 5 more exposures per 
year to the largest category of spills (see Table 5.8), and decreases the average days 
between a spill to 8.7, as opposed to 10 days. However, this assumption increases the 
annual number of exposures substantially for the smaller spill sizes. The evaporation 
loss is a significant process affecting the exposure ofBTEX to the shellfish. 

5.2.7 Estimated Surface Water BTEX Levels Compared to Measurements 

Foo (1991) measured the amount of benzene in the surface waters of Singapore, see 
Table 5.9. The amount of benzene in the gasoline in Singapore is about 3% w/w, Foo 
(1991). Foo found 1 to 40 ppb benzene in solution in the water in drains of gasoline 
stations and 0.8 to 2.0 ppb benzene in solution in the Jurong River in Singapore. If 
automotive petrol in Singapore were of similar composition to 96 octane in New 
Zealand, Foo's measurements would translate to 9 to 360 mg m-3 (ppb) ofBTEX in 
solution in the drains of gasoline stations and 7.2 to 18 mg m-3 (Ppb) BTEX in the 
Jurong River in Singapore. Caution must be used in such a direct comparison for two 
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reasons. Firstly, Singapore is a much larger and more densely populated city than 
Whangarei. Secondly, benzene is the most soluble (as well as the most volatile) 
component ofBTEX and therefore may not accurately represent the BTEX 
concentration. Furthermore, Faa (1991) only measured the benzene in solution and he 
measured, what might be considered in this investigation, a background urban 
concentration. In contrast, the Monte Carlo analysis estimated a spot concentration 
which might occur directly after a spill. 

Therefore, Faa's estimate would be comparable to the background concentration total 
from the medium-sized city ofWhangarei, the sewerage plant, and the three marinas 
that exist in the city. The spot concentrations estimated in this study would add on to 
those background concentrations. In this thesis, the background concentrations were 
assumed to be zero. However, the "back-of-the-envelope" estimate from Table 4.2 
yielded a background concentration of 0.1 to 0.6 ppb benzene (not zero) using the 
assumption of no evaporation between the city and Marsden Point. Comparing this 
range to that of Singapore it is possible that 0.1 to 0.6 ppb might be a valid 
background concentration, inspite of the large time available for evaporation. 

Table 5.9: Estimated BTEX Concentration in the Surface Water in Singapore 
C d "th th ACt f Eft d' th' A I . ompare WI e verage oncen ra Ion SIma e In IS nalYSlS 

160 Benzene level (ppb) BTEX level (ppb) 

Drains, Singapore 1 - 40* 9 - 360** 

Jurong River 0.8 - 2.0* 7.2 - 18** 

This estimate Method 1 - 5235 (mean over all exposures) 
(Table 5.3) (110 mean over all events) 

• This estimate Method 2 951 19,650 (mean over all exposures) 
(Table 5.3) (1240 mean over all events) 
*Foo (1991) 
** Assuming that Singapore had a similar ratio of benzene to BTEX in its automotive petrol to that of 
New Zealand. 



Chapter 6.0 Discussion 

This chapter addresses uncertainty, both random and systematic, in the exposure 
analysis. Then it discusses strengths and weaknesses in the case study analysis and 
conclusions to the case study. Finally, the strengths and weaknesses of the proposed 
methodology are discussed as well as the value ofthe case study to the proposed 
methodology. 

6.1 UNCERTAINTY 

Uncertainty in ecological risk analysis can be classified into several categories. This 
includes statistical variation, subjective judgement, variability, inherent randomness, 
disagreement, and approximation, as discussed in Morgan and Henrion (1990). 
Uncertainty in this study will be put into two categories: 

l1li Random error is also known as objective uncertainty, variability, heterogeneity or 
"Type N' error. This uncertainty arises from the random or the inherent error in 
measurement. Statistical variation of data is put into this category, as well. 

• Systematic error and subjective judgment include the error from biases in the 
measuring apparatus, the experimental procedure or the modelling analysis. It also 
includes the error from using the wrong model or making a poor assumption. 

6.1.1 Random Error 

In addition to the natural statistical variation of a system, random error in this analysis 
will also include the inherent variability of a system. The natural statistical variability 
refers to the random error introduced by direct measurement of a quantity. For 
example, 5% relative error was introduced in the measurement of the current velocity 
due to the fluctuation of the measurement reading. In comparison, the inherent 
variability includes quantities which are variable over space or time. For example, the 
changing velocity of the ebb-tidal current due to rain events or due to spring and neap 
tides was estimated at 16.67% relative error. In this analysis, random error also 
included the error from the distributions of data which were used to represent the 
annual spill frequency and the spill size, discussed in Section 4.2. 

In order to quantify the uncertainty which the random error introduced to the analysis, 
the error must be carried through the calculations. Two types of error estimation must 
be defined to clarify this procedure. The absolute error is the error in dimensional 
terms, while the relative error is the absolute error divided by the experimental reading 
(or computational value). 

The following parameters in the exposure analysis represent a random error of about 
two standard deviations, or the 95% confidence interval in this analysis: 
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\I The physical scale model of the Whangarei Estuary generated 11 % relative error 
in the vertical scale and 5 % relative error in the horizontal. This resulted in 
streamtube spreading measurements having 5% relative error and model velocity 
measurements which equate to the square root of the vertical scale error having 3.3 
% error. 

• The weight fraction ofBTEX present in gasoline was estimated to be 0.45 ± 0.03. 
(This was 6.67 % relative error) This estimate came from Mobil Oil New Zealand, 
Ltd (1997) and was confirmed by a gas chromatographic analysis of several 
samples of gasoline. 

• One evaporation estimation error was from MacKay and Matsugu (1973). They 
found the evaporation expression, equation 4.48, to yield evaporation times which 
were 11.7 % larger than the experimental. The authors believed this was primarily 
due to the unaccounted for liquid-liquid diffusion process, although the 
temperature and wind speed variability were neglected. MacKay's error estimate 
compared with 17.4 % relative error estimated for the evaporation specifics of this 
case study. The larger estimate included 5 % relative error from the physical 
model in the streamtube widening. The streamtube widening affected the slick 
radius in the evaporation estimate. The larger estimate also included the inherent 
variability of: 

.. temperature over the course of a month, ± 2 C or 10 % relative error, from 
Appendix B, Figure B-3. 

the vapour pressure of the constituents ofBTEX with temperature~' 10% 
relative error . 

., the mass fraction ofBTEX in the gasoline, 6.67 % relative error. 

• The time taken for the slick to drift the 431 meters from the wharf to the shelf of 
the Mair Banlc resulted in a total relative error of 19.4 %. This error estimate is a 
combination of the inherent variability in the current speed and the unaccounted for 
variability in the horizontal distance over the ebb-tidal cycle. The variability of the 
current speed over the tidal cycle was accounted for in the programme, Appendix 
E, Table E-5, but the variability in this quantity due to rain events and spring and 
neap tides was included in the relative error estimate. The random error in 
horizontal distance on the physical model was 5 %, but the estimate of 10 % was 
used in this step to include the variability in the slick path to reach the shelf of the 
Mair Bank. The length of the path depended on the time in the tidal cycle, as 
shown in Figures B-4 to B-9. 

• The error in the amount ofBTEX left on the water's surface was calculated using 
absolute error quantities. The amount ofBTEX present was subtracted from the 
amount evaporated. Because absolute errors were involved, the estimate was done 
for three spill sizes, at three different times in the tidal cycle. See Table 6.1. For 
the first hour in the tidal cycle the current velocity is low which allows longer times 
for evaporation to occur. In two instances in Table 6.1 for spill sizes of 100 and 
1000 litres in the first hour of the ebb-tidal cycle, more evaporation 
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Table 6.1 Random Error in the Exposure Estimate for Three Spill Quantities at 
Three Times in the Tidal Cycle. 

Spill Hour in Relative Error Relative Error Absolute 
Amount Ebb-Tidal (%) (%) Error 
(litres) Cycle Amount left on Exposure Exposure 

Surface Amount Amount 
(ppb) 

10,000 1 42.0 44.3 2267 II 

10,000 2 8.4 16.3 6026 

10,000 3 9.0 16.6 9630 

1,000 1 10.0 17.2 4400 

1,000 2 48.8 50.8 7141 

1,000 3 14.9 20.4 4135 

100 1 20.2 24.5 4700 

100 2 38.0 40.5 947 

100 3 107 108 2430 

theoretically took place than there was BTEX available to evaporate. The relative 
error and the absolute error of the exposure are shown however, as absolute values. 

Estimated errors are larger for the smaller sized spills, for example the spill amount of 
100 litres, had the largest error in Table 6.1 of 108%. The relative error becomes 
larger at this point when the absolute error is additive and the amount evaporated must 
be subtracted from the amount initially present. The relative error in the estimate 
before the subtraction operation remains at about 15 to 20 %. This is about the 
magnitude of relative error one might expect for an analysis at this stage of 
development. As the analysis is refined, the random error will decrease. 

At the calculational stage where the subtraction operation occurs, the relative error can 
become very large when the calculated error remains the comparable to other estimates 
but the amount ofBTEX left in the spill becomes small. As a result, the random 
relative error in the final result can vary from 16% to 108% (see Table 6.1) depending 
on the ratio of the relative BTEX quantity evaporated to that BTEX originally in the 
spill. The assumption of no evaporation makes only a small difference in the number 
of exposures per year for the large spills. But this assumption can make a very large 
difference for the smaller spills, see the sensitivity analysis in section 5.2.2. 
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6.1.2 Systematic Error 

Systematic error generally refers to bias in the analysis or experiment. Systematic 
error in this analysis included the following biases: 

• The assumption that the evaporative loss ofBTEX does not affect the radius of the 
spreading circular slick in the first two regimes. The slick radius is important in the 
evaporation rate expression (equation 4.48) because it is raised to almost the 
second power. This assumption was estimated to introduce between zero and 
46.5% relative error into the evaporation calculation. The volume of the slick 
parameter in the spreading equations only applies to the first two spreading 
regimes, the gravity and the viscous. When the slick enters the surface tension 
regime, the volume does not affect the estimated slick radius. Therefore, this 
assumption causes less error in the smaller spills, under 100 litres, where the 
surface tension regime is approached faster than in the larger spills. This 
assumption also causes less error at larger times. This error results in over
prediction of slick area, hence an over-prediction of evaporation rate. This would 
result in the estimate under-predicting the number of exposures per year and under
predicting the concentration of exposure. Therefore, in Table 5.4, sensitivity 
scenarios 3b and 4b for decreased evaporation rate, show results which would be 
closer to the actual situation. 

«& The assumption that all transfer events at the wharf are handling high octane 
gasoline. With other petrol products and with crude oil, the evaporation rate 
would be less than gasoline due to lower vapour pressures, to the slower spreading 
rate, and to higher rates of liquid-liquid diffusion in the thicker slick. This could 
result in larger exposure concentrations. However, it is also possible that, due to 
increased viscosity, the amount of vertical entrainment in the water column would 
be lower or might occur less frequently. Therefore, the exposure prediction to 
BTEX from mixed hydrocarbon spills might be less dependent on the evaporative 
loss calculation and more dependent on the exposure from slick break-up and 
entrainment. In addition, some of the hydrocarbons, such as diesel, have no 
BTEX, which would result in no exposure. However, Widdows and Donkin 
(1992) point out that exposure to diesel oil at low concentrations over the long 
term is lethal at concentrations as low as 125 ppb. 

• The assumption that there is enough turbulence at the Mair Bank shelf so that the 
slick is dispersed and entrained uniformly through the water. If this assumption 
does not apply to the heavier crudes and fuel oils, then the exposure to BTEX 
might be smaller than that analysed. The slicks from the heavier fuel oils and 
crudes would require much higher velocities and turbulence to disperse and entrain 
than would gasoline. From Section 4.3.3, it appears that tidal velocities might be 
high enough to disperse gasoline slicks 90% of the time. This does not include 
turbulence from breaking on-shore waves or other coastal currents. This item 
would have to be checked on site and fine tuning of this analysis is recommended. 
However, Northlands Regional Council (1993, 1990c), (see Section 4.4.6), shows 
significant amounts ofP AH (polyAromatic Hydrocarbons) from the heavier petrol 
in the tissues of the Mair Bank shellfish. This is considered a well washed-out 
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environment so if there is P AH in the tissue (which is not even water-soluble), then 
there has been exposure to the heavier fuel oils and/or crudes on a regular basis. 

o The assumption that hydrocarbon inputs from Whangarei City and the marinas 
result in a zero background concentration which is not true in Singapore. A 
significant background concentration of dissolved aromatics would only increase 
BTEX exposure. Furthermore, exposure of shellfish to sublethal levels on a 
continuous basis is even worse than frequent short-time exposures. 

lit The assumption that the exposure time ofBTEX to the shellfish bed, (given the 
lack of coastal current information), is significant. Given the fact that 90 minutes is 
enough time for complete uptake by the shellfish (see Section 4.4.4), twenty 
minutes, which is the time it might take the slick to flow over the bed is a 
significant exposure time. Given the lack of information on coastal dynamics, 
twenty minutes was estimated to be a minimum exposure time. 

In situations where information is available which will not be shared with the 
analyst, it is prudent to use a worst-case scenario. In spite ofthis, this analyst did 
not use a worst-case scenario for exposure time but instead, used a reasonable 
estimate. 

l1li The assumption that liquid-liquid diffusion rates in the gasoline slick resulted in no 
more than 11 % error in the evaporation rate. A smaller diffusion rate through the 
gasoline would decrease the evaporation rate further, which would result in 
increased BTEX exposure to the shellfish than that predicted. A larger liquid
liquid diffusion rate would increase evaporation and decrease exposure. Given the 
physical turbulent environment on the coast, the spreading slick may be prone to 
pooling and mixing which would act to increase mixing in the slick, resulting in 
evaporation equivalent to that estimated or slightly greater. 

• The assumption that an average monthly wind speed with no resultant directional 
slick movement is an accurate representation of the effect of the wind on BTEX 
evaporation and on the slick path. In the evaporation rate expression (equation 
4.48), wind speed is raised to the 0.78 power, so it is a less significant variable than 
the area, temperature, or vapour pressure. According to meteorological data froni 
the Marsden Point area, the wind speed normally varies from zero to 40 kmlhr. 
Therefore, given that the full statistical treatment of wind speed and direction is 
beyond the scope of this analysis the average windspeed should reflect the average 
evaporation. 

As discussed in Section 4.3.1, the direction from which the wind blew might 
change the path of the slick. The effects of all winds except the south west wind 
were accounted for within the random effects of possibilities within the analysis. 
Further studies should include this aspect. The direction imposed by the wind on 
the slick does not appear to effect the results more than 25% of the time. This 
could be an issue during this percentage of the time and but was not addressed in 
the analysis. 
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iii The assumption that the slick flows over the Mair Bank during the first five hours 
of the ebb tidal cycle rather than out in the channel and around the Mair Bank. The 
scaled model in this case study, Black's (1983) numerical simulation, and the 
Danish Hydraulic Institute (1982) scale model, show the flow path for the near
shore water in the path of the Refinery wharf flow directly over the Mair Bank 
shellfish bed. This is a reasonable basis for this assumption. 

® The estimated annual frequency of spills was estimated to have a mean of 98 to 
112 but to have a standard deviation of74. The high standard deviation indicates 
that the annual number of spills are highly variable from year to year. Although the 
small spills which led to this estimate were from reconstructed data, Fletcher and 
Douglas (1971) suggest that small accidents are generally under-reported. This 
would suggest that using the same proportionality factor for the medium sized 
spills in Table 4.4 and A-5, as for the small and very small spills is conservative. 

flO The assumption that the spill distributions represent a true and accurate 
representation of events at the Refinery wharf. The smaller spill-size distribution in 
Method I is thought to represent the low end of the spill-size frequencies (hence 
the exposure scenario), while the larger spill-size distribution, Method II represents 
the high end of the spill-size frequencies (hence exposure possibilities). The 
estimate of the total annual hydrocarbon tonnage spilled in Whangarei Port 
compared to the total tonnage handled was shown in Table 5.2 compared to the 
successful prosecutions for oil spillage in Port Tauranga. Because the amount 
spilled using Method I compared favourably with the successful spillage 
prosecutions in Port Tauranga, it appears that a spill-size distribution intermediary 
between the Method I and Method II might be more realistic. This intermediate 
spill-size distribution would still predict problems for the shellfish but not such 
severe problems as the Method II scenarios predict. 

6.2 DISCUSSION OF THE CASE STUDY 

6.2.1 Strengths and Weaknesses in the Exposure Models 

The evaporation loss estimate ofBTEX from a gasoline slick is an important and 
significant strength ofthe case study. It is a major transport loss mechanism. The 
status quo viewpoint is that refined hydrocarbon spills evaporate quickly and 
completely, resulting in no environmental damage. While the possibility of complete 
evaporation is possible, it depends on the spill size, the environmental conditions, and 
the time available for evaporation before the slick reaches the Mair Bank shelf 

A further strength of the analysis was that the evaporation loss estimate was modelled· 
rigorously by incorporating all three slick-spreading regimes in the variable of the area. 
If only the final spreading regime had been considered, the amount ofBTEX 
evaporated would have been smaller due to the underprediction of spreading in the 
first minutes of the spill. The larger the spill, the longer the spreading time in the first 
two regimes and the greater the over-exposure estimation. 
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Dispersion of the gasoline slick by surface currents was also an important aspect of the 
analysis. The status quo viewpoint argued that any spills at the wharf would go out in 
the main channel on the outgoing tide. However, this analysis and two previous 
analyses, showed that the surface currents carry the slick directly over the Mair Bank. 
A strength of this analysis, therefore, was that dispersion was examined using a 
physical model. The ability to vertically partition the water column, as was done in this 
study, is a major advantage of using a physical model and would not be possible using 
a two-dimensional numerical model. The path of the slick was to flow over the Mair 
Bank. 

Another strength of this analysis was that the total annual tonnage of hydrocarbons 
from spills at the wharf could be estimated using the same distributions and analysis 
techniques. This predicted load could be compared with the data from another Port. 
This exercise is not only informative but also validates the distributional spill data. 

One of the limitations of this study was that the effect of coastal currents was not 
determined. The mixing, eddying and backwash of an oil slick in this area on the coast 
near the mouth of an estuary was a complex and possibly a chaotic phenomenon. 
Therefore, exposure time ofBTEX to the shellfish could not accurately be estimated. 
The fact that the Mair Bank exists however, indicates that water velocity slows enough 
so that sediment deposits and continues to deposit. lYliller (1980) and Black (1983) 
both indicate an eddying of water in this area which would prolong exposure time. 
Given the lack of data on coastal currents, and because the uncertainty in estimation is 
likely greater than the estimate, no attempt was made to estimate exposure time 
outside of the time (about 20 minutes) it takes for the slick to slide over the shellfish 
bed. Furthermore, no attempt was made to estimate further exposure due to backwash 
of the slick into the estuary when the tide turns. 

This study was limited to the exposure of a petroleum slick to the shellfish bed on the 
ebb tide. It did not include spills which occurred on the flood tide nor did it include 
spills which occurred after the Mair Bank was above water in the ebb-tidal period. 
After portions of the Mair Bank were above water, it was observed that tidal currents 
flowed around the Bank. In the instance of spills on the flood tide it was assumed that 
all the volatile components evaporated before the tide turned. Exposure to other 
shellfish beds within the estuary was beyond the limits of this study. (Although these 
shellfish beds may be exposed to oil from city run-off and marina spills as well as 
frequent, loading/unloading refinery spills). Similarly, spills or contributions from 
Refinery effluent or deballasting from the oil tankers were outside the scope of this 
analysis. 

The major exposure mechanism ofBTEX to the shellfish is from dropwise break-up of 
the slick. Although this mechanism has been frequently discussed qualitatively by 
marine scientists (Rice, et al. 1977) and oil-spill containment specialists (Reis 1996), 
the specific level of mixing energy required for this to happen is ill-defined. 
Information from experience with process-plant equipment may provide indicative 
answers. However, actual harbour experiments with test releases are needed. 

The Monte Carlo result is sensitive to the input probability distributions. Aside from 
the annual spill frequency, the greatest sensitivity was to the shape ofthe spill-size 
distribution. Because the evaporation term was so significant in this analysis of mono-
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aromatic compounds, the volatile aromatics in the smaller spills (less than about 60 1.) 
would evaporate completely. Therefore, the proportion of spills which were in the size 
range of 60 to 200 litres and 200 to 1000 litres in the input distribution appeared to be 
the significant spill size for frequent exposures of concern. The greater the proportion 
of spills under 100 litres, the smaller the exposure and the exposure frequency. Spills 
over 1000 litres often resulted in an exposure level approaching the adult lethal 
concentration. 

Exposure models contribute to uncertainty in the impact assessment, not just through 
random uncertainty of the parameters used but also in the applicability of the 
assumptions embedded in the models used. With any developed model, the predictions 
should be confirmed by monitoring the outcomes, in ways similar to that used in 
hazard-warning analysis in the process industries. This provides a means of gaining 
confidence in the results of a risk analysis. In other words, warning indicators should 
be defmed and monitored against expected changes. 

6.2.2 Strengths and Wealmesses in Toxicity Models 

The inclusion of shellfish reaction to contaminant exposure was a strength of the case 
study. Not only were acute toxicity levels used for comparison to the estimated 
exposures, but also sub-lethal affects were considered. The sub-lethal exposure levels 
are very important as they affect individual shellfish size and population abundance. 
These sub-lethal affects may be undesirable as they affect the future availability of 
shellfish as a food source, and they may also affect the stability of the unconsolidated 
sand spit (Marsden Point) on which the refinery is built. In addition, the kinetics of 
shellfish uptake and depuration were briefly considered. Shellfish appear to react more 
adversely to continuous or frequent sub-lethal exposures than they do to relatively 
brief, high-level exposures. It is in this area, especially, where more work is required. 

Besides the uncertainty in the exposure models there is an additional uncertainty 
associated with the toxic impacts. This is a limitation of the study. There is always 
some uncertainty in predicting the effects on one species from data on the impact of 
another species. Use of worst-case scenarios may lead to unduly pessimistic 
predictions. For example, in the hazard assessments examined by Slooff et al. (1986) 
of the uncertainty in predicting toxicity from one species to another, and from acute to 
chronic exposure, the estimated uncertainty ranged up to four orders of magnitude for 
35 aquatic species to 164 chemicals. In contrast, the uncertainty associated with the 
exposure estimate, was one order of magnitude. A strength in this case study was that 
care was taken to employ petroleum toxicity data from similar species and in similar 
exposure ranges. 

In addition to the uncertainty in predicting toxicity to one species from another species, 
there is also uncertainty in predicting effects from controlled laboratory conditions to a 
natural, ecologically interdependent community. It must be remembered that at least 
three species of shellfish have been identified in the Mair Bank. They form an 
ecological community such that each species takes advantage of different conditions. 
While such communities are thought to stabilise conditions for each other, there is less 
published literature on the effect of chemical contaminants on such communities. 
However, usually the community functions to stabilise itself against natural physical 
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forces such as water flow and coastal turbulence. The effect of chemical contaminants 
on such communities is more difficult to study under controlled conditions. 

6.2.3 Conclusions of the Case Study 

The level of exposure ofBTEX hydrocarbons to shellfish, the number of days between 
exposures, and the exposure time are the most critical aspect of the exposure from 
small hydrocarbon spills to the shellfish bed. While the uncertainty in some variables 
may change the specifics of the exposure results, the conclusion reached in this study is 
that the shellfish are being exposed to a significant, in shellfish health terms, amount of 
narcotic. Because of the frequent nature of the event, this narcotic may build up in the 
tissues with time, with little chance for the shellfish to rid their tissues of the 
contaminant. This may affect shellfish size, and in the longer-term, shellfish 
abundance. The most important deficiency in the analysis was that the duration of 
exposure could not be calculated, hence the intake rate could not be estimated. 
Twenty minutes was assumed to be the average exposure, though it may well be more 
than this when the tide is turning from ebb flow to flood, or when the coastal currents 
hold the contaminants around the coast. Twenty minutes is still a significant intake 
when compared to the time required for full equilibrium in the tissues of 90 minutes, 
(Widdows and Donkin, 1989). 

Figures 5.6 and 5.7 illustrate that the spills in the interval between 200 to 1000 litres 
are almost as damaging as the spills greater than 1000 litres, as it concerns the 
frequency of exposure and exposure level to the shellfish. The exposure level ranged 
from 1 to 100 ppm (1000 to 100,000 ppb) which is toxic at sub-lethal levels. The 
environmental impact, as measured by deleterious exposure, of spills between 1000 
and 20,000 litres was just as bad as that from the spills greater than 20,000 litres. 
Therefore, a frequent sub-lethal exposure to the Mair Bank shellfish bed could be more 
devastating to the size and abundance of the shellfish than one large spilL 

It is difficult to compare this result to the impact of a large oil spill without injecting 
other values into the analysis. A large oil spill would cause many other problems in 
addition to a high level of exposure to the shellfish for a period of several days or 
weeks. It would foul the beaches in the area, and disrupt recreational and commercial 
operations within the estuary. It would also damage other marine life and bird life in 
the area. However, if only the health of the shellfish bed were of concern, it appears 
that frequent small spills are worse than single large ones. 

This study did not examine the levels of BTEX or hydrocarbons in shellfish tissue 
which might accumulate such that the tissue would be unhealthy for human 
consumption. Further, this study did not examine the exposure of Poly Aromatic 
Hydrocarbons (P AH) to Mair Bank shellfish. P AH may be an even worse 
contaminant to the shellfish beds than BTEX. Studies show it is more difficult for 
shellfish to excrete and it is damaging at low concentrations, (Widdows and Donkin, 
1992, US NOAA, 1991). Furthermore, P AH do not evaporate like the aromatics and 
light petroleum fractions and while the initial dose may be lower, it is more toxic than 
the aromatics to shellfish. It also may attach to the sediments and so is available for 
longer time periods. 
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The conclusion of this study is to recommend to Northland Regional Council that ALL 
oil spills, down to a size of about 5 litres be monitored. Furthermore, this study 
recommends that regulatory monitoring and prosecution for oil spills be carried out. 

6.3 DISCUSSION OF THE VALUE OF THE CASE STUDY AS IT APPLIES 
TO THE PROPOSED METHODOLOGY 

6.3.1 Advantages Of the Method 

Impact Evaluation 

The tool of modelling was used to evaluate impact in this case study. While both 
modelling and monitoring are important, the main advantage of modelling over 
monitoring is that modelling contaminant transport and effects can result in evidence 
that specific releases cause a negative environmental risk. Models of contaminant 
paths through environmental compartments may show the most significant sources of 
the contaminant. In contrast, monitoring may show residues of a chemical 
contaminant in tissue samples or in the water, but the origin of the contaminant can 
only be speculated on. The source of the contaminant must be identified in order for 
expensive operating procedures to be redesigned to limit releases ofthe problem 
contaminants. 

Another advantage of modelling is that exposure models do not depend on sampling 
time coinciding with a spillage in order to detect an impact. Monitoring will only pick 
up chemicals which are present at the time of sampling. Just because there is no 
chemical present at sampling time does not mean there has never been any exposure 
and no organismal injury. Some chemical residues are depurated within days of 
exposure, while others may take months, or in the case of Tuatua, 1.5 years to return 
to base-line levels after exposure and uptake. 

Endpoint Selection 

Shellfish are a particularly good choice for an endpoint for studies oflow-level 
exposure because the molluscs cannot escape from the contaminant. They are, 
however, not useful for high level exposures and, ifused for such, often result in acute 
lethal levels which are an order of magnitude in error. When a contaminant 
concentration exceeds some upper limit, shellfish have the ability to close up and no 
longer take in the toxic material. Since they are tidal creatures, this ability can be 
retained for long periods of time. 

Detection oflow-Ievel contaminant exposures can be useful for decision making. If 
only acute levels of toxicant were a decision rule for action or for regulation, then 
environmental health or human health damage might be imminent and costs for 
remediation very high. 

Cumulative Stress to an Endpoint 

It is often easier for an environmental impact report to assess impact to an environment 
from the incremental stress which might arise from a new installation than from 
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existing facilities. The proposed risk methodology discussed in section 3.1 included 
the importance of assessing not just the incremental contaminant stress, but the 
cumulative stress placed on an environmental endpoint. However, this case study was 
chosen so as to eliminate the background concentration ofBTEX in order to simplifY a 
possibly complex problem. In fact, if the health of shellfish beds within the Whangarei 
Estuary were of concern, the background concentration ofBTEX might be important 
to evaluate. This background concentration would include not only the Refinery 
effluent, spills on both the ebb and the flood tide and deballasting which might 
accidentally occur, but also contaminants from urban runoff, the marinas and the 
sewerage. Further, other contaminants such as excess nutrients and turbidity in the 
water could also threaten marine and estuarine creatures. Additive and synergistic 

. effects from multiple stressors are important to consider but less is known in this area. 

Protection of environmental endpoints as opposed to human endpoints 

Another advantage of such a proposed environmental risk method is that the 
evaluation of risk to a non-human endpoint is put forward in the case study. Human 
mortality and then human health risk have been the first concerns of the post
industrialist society. After initial progress was made in cleaning up easy-to-see 
contaminant dumping and thereby decreasing human exposure, the wider picture 
became more important. That is, that there can be no real improvement in human 
health without similar improvement in the environment in which humans live. Schwela 
(1998) discussed this issue particularly as it applied to safe drinking water goals set by 
the WHO. In order to have drinking water which is safe from microbial and chemical 
contamination, Schwela argued, that it is imperative to protect the entire freshwater 
water ecosysteml Reliance on the clean-up of the water prior to drinking it, he argued, 
is expensive and unsustainable in the long-run. The WHO has recently established this 
as a goal, (Schwela, 1998), but their published guidelines have not yet been revised to 
protect the drinking water resource/ecosystem. Instead, available guidelines address 
only human health-based water quality protection criteria. When endpoints are 
established in the natural environment which are desirable to protect, and action is 
taken to protect these entities, society is also protecting itself. 

Deterministic and Probabilistic Risk Analyses 

The proposed method and case study illustration is an improvement on those methods 
which use only deterministic analyses. The effects of frequent small spills are difficult 
to estimate deterministically, except as worst-case scenarios. But the worst-case 
scenarios defeat the idea that the spills are small, but frequent. Also the effects as 
estimated from deterministic, worst-case scenarios may not be noticeable in the field 
until the damage has been done and the population is on the decline. 

Another advantage of the probabilistic approach is that it may deal well with 
subjective, value-laden issues which are very difficult to incorporate in a deterministic 
analysis. Examples of such issues were discussed by Brunk, et at. (1991) in the 
Canadian risk assessments of the pesticide Alachlor and include: 
• Is it fair to expect, in estimates of applicator exposure to a pesticide, that pesticide 

applicators will wear protective clothing? 
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III Is it fair to expect that applicators of a pesticide will use closed cab tractors for 
application? 

l1li Is it fair to include in estimates of an applicator's exposure to a pesticide, the 
exposure which results from spills or from other accidents or results of 
carelessness? 

l1li Is it fair, when estimating pesticide exposure that results from contaminated well 
water, to include exposure caused by poorly constructed wells? 

These subjective, value-laden issues are made more difficult to deal with in an 
objective analysis by any attempt to incorporate exposure using a "reasonable worst
case scenario". Probabilistic exposure methods, as used in this case study, make it 
possible to determine extent of exposures using existing data on percentage of 
applicators who wear protective clothing and who apply pesticide from closed-cab 
tractors. Spill rates and accidents in pesticide usage can also be estimated using 
historical or existing accident data, as can seepage into poorly constructed wells. This 
might be done in a similar way to the estimation of oil spills in un/loading operations at 
the Refinery wharf 

As was mentioned earlier, attempting to err by making overly-protective decisions can 
have negative consequences also, as when a mildly toxic pesticide is taken off the 
market and replaced, in practice, by a pesticide about which less is known. Authorities 
do not always have the control over individual usage. Therefore, the probabilistic 
aspects of the analysis improve the amount of useful information to the decision
making authority. 

An exception to the avoidance of worst-case scenarios is when useful information to a 
risk assessment is withheld by a stakeholder. In this case, it is prudent for the risk 
analyst to make a worst-case assumption. This is not only a prudent and protective 
course of action to take, but also it penalises the with-holding of information. 

The Uncertainty Estimate 

An uncertainty analysis is also an important part of any risk analysis. This can lend 
important "value-of-information" understanding. The very knowledge of the 
importance that assumptions or unknown information may play in the 
recommendations from a risk assessment can be important and valuable in and of 
themselves. 

For example, in the analysis in this thesis, knowledge of the actual concentration of the 
exposure is less important than the frequency of the sub-lethal exposures. Also, the 
path which the slick follows after the spill is important. If the spill happens at any time 
but during the first 5.0 hours of the 12 hour tidal cycle, the exposure to the Mair Bank 
shellfish bed is not significant. Also, a spill which happened in the first hour of the tidal 
cycle usually has resulted in complete evaporation because the tidal current speed is so 
slow at this time. The current speed is critical to the exposure because it determines 
the amount which can evaporate. The exposure time is less important than might be 
expected because the kinetics of shellfish uptake are fast. Contaminants in the water 
filtered tbrough the gill cilia quickly equilibrate with the shellfish tissue. More 
information on the uptake and depuration rates of the specific Mair Bank shellfish 
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species to hydrocarbons of specific concentrations would be helpful information for 
confirming the conclusion reached in this thesis case study. 

There are, several pieces of information which are very important to the case study 
analysis. The evaporation rate is a critical parameter. If all the BTEX evaporates 
before the slick encounters the Mair Bank shelf, there will be no exposure ofBTEX, 
although there may be exposure to other deleterious hydrocarbons. Similarly, the 
distance from the wharf to the shellfish bed and the current speed, which affect the 
time available for evaporation were important pieces of information. Environmental 
impacts from various sized spills were compared in Figures 5.5 and 5.6. These figures 
show that all spills but the very small ones may impact shellfish bed health. Similarly, 
the annual frequency of spill is important. 

Finally, modelling exposure to environmental endpoints, using probabilistic methods is 
a relatively inexpensive way to show cause for concern and identify sites for further 
detailed assessment, including field monitoring. It is comparatively objective and is a. 
transparent method to use for ranking environmental risks. 

6.3.2 Disadvantages Of The Proposed Method 

A weakness of the proposed methodology is that, while exposure transport models are 
more accurate when used for single chemical species (due to a lack of transport 
coefficient data), toxicity models are more accurate when the response reflects the 
actual multi-variable conditions. Exposure in the environment is rarely from one pure 
substance. The method may pose a laborious analysis when a cocktail of chemicals is 
emitted such as those from paper and pulp factories. In addition, environmental fate 
models are poor at accounting for sources such as illegal storm water dumping. This is 
a reason for checking modelling results with selective monitoring. 

The health of an environment or community may depend not just on exposure to one 
chemical species but on the entire complex exposure which includes natural stresses 
from other factors. These natural stresses can act together to amplify a toxic effect. 
Synergistic effects between various contaminants and other natural factors are often 
unknown and can be difficult to demonstrate. Even when the toxicity from multiple 
contaminants is estimated based on quantitative structure-activity relationships, as set 
out in Mancini(1983) or Donkin et al. (1989) , uncertainty in such toxic cause-effect 
relationships is high. 

Many chemical species have not been tested for either acute short-term effects or long
term mutagenic, carcinogenic, or toxic effects. Data are frequently not available, 
especially for the species of concern. Further, extrapolation of the impact at relatively 
high, lethal doses to the response to very low levels of contaminants can yield a wide 
range of effects depending on the dose-response model employed. Ideally, a dose
response model should have a valid physiological basis, but in many cases the toxicity 
mechanism is unknown or uncertain. In addition, equilibrium data may also not be 
available for many chemical species to determine partitioning. There is room for 
further work in this area. 

Traditionally risk assessors have estimated dose rates from potential exposure to 
environmental contaminants using simple equations. For example, the dose rate is a 
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function of not only the environmental concentration, and the average time of 
exposure, but also the intake rate, internal duration, and body weight. In this analysis, 
only the environmental concentration was estimated, and the other variables were 
either speculated on or were ignored. Given further work enabling extrapolation of 
laboratory toxicity tests, further estimation of exposure duration, intake and 
accumulation in the shellfish, and relation of this to exposure might predict the long
term effects of the population. 



Chapte 7.0 Conclusions 

The purpose of this work was to add to the development of environmental risk 
methods and then to illustrate some of these proposed changes with a case study. 

7.1 CONCLUSIONS OF THE CASE STUDY 

1. The annual volume of small spills which occur at the refinery wharf contribute 
significantly to the load of hydrocarbons imposed on the Whangarei Estuary and 
the adjacent coastal environment. Between 15 to 280 cubic meters of 
hydrocarbons per year are spilled, based on the probability distributions used in this 
report. The lower figure is comparable to the successful prosecutions recorded in 
Port Tauranga (see Table 5.2). Furthermore, given an estimate which compares to 
the successful prosecutions in another New Zealand Harbour, it is reasonable to 
assume a somewhat higher figure for the total spills which occurred which were 
either unsuccessfully prosecuted or which were not noticed. Given the lower 
figure of 15 cubic meters per year it is reasonable to assume that the total annual 
load of hydrocarbons into the estuary is comparable to the annual load from urban 
runoff, (Table 5.1, 35 to 41 cubic meters) which Williamson (1993) estimated to 
be the major hydrocarbon load on the estuary. 

2. A significant exposure (i.e. over 10 ppb BTEX) to the Mair Bank shellfish bed 
would occur between 9 to 27 times per year with an average exposure 
concentration of 5,000 to 19,500 ppb respectively, per occurrence, (assuming the 
evaporation rate approximations used in this study). The average number of days 
between the respective exposures varied from 39 to 13 days, respectively. This is a 
significant exposure concentration range for sub-lethal response and for the time 
between exposures. The time of39 to 13 days between exposures may not be 
sufficient for the shellfish to rid their tissues of the contaminants, particularly the 
shellfish species known as Tuatua. The lower part ofthe exposure range (at 9 
significant exposure per year, at an average concentration of 5,000 ppb) does not 
predict as severe of an exposure scenario as the upper range (at 27 significant 
exposure per year at an average concentration of 19,500 ppb). However, there is 
still cause for concern. The lower range is comparable to the amount of successful 
spillage prosecutions at Port Tauranga. 

3. If the frequency of tanker loading operations increases, then the corresponding 
frequency of spills is predicted to increase, as well as the number of significant 
exposures to the shellfish in the Mair Bank. A greater frequency of exposures per 
year would exacerbate the current problem because the time between exposures 
would decrease so that the shellfish had less time to rid their tissues of the 
hydrocarbons before another exposure. (See Table 5.5). 

4. As predicted by staff at Northland Regional Council and staff at N.Z. Refinery, 
evaporation was the key loss parameter in a spill of refined petroleum. However, 
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evaporation was not a fast enough loss process to prevent significant sub-lethal 
exposure to the Mair Bank shellfish in spills greater than 60 litres in size. 

5. Frequent, small spills, greater than 60 litres, resulted in significant sub-lethal BTEX 
exposures to the Mair Bank shellfish bed. 

6. Small spills under 1000 litres, are almost as damaging to the shellfish in terms of 
sub-lethal exposure, as the large ones, 20,000 to 70,000 litres. (See Table 5.7) 

7. The health of the shellfish in the Mair Bank should be monitored because it appears 
there may be cause for concern. 

8. Other shellfish within the Whangarei Estuary should also be monitored, such as the 
shellfish in the Snake Bank and the MacDonald Bank, because they may have a 
similar, (perhaps a worse) exposure history. 

9. It is difficult to compare the impact from small, frequent oil spills to the impact of a 
large oil spill without injecting other values into the analysis. A large oil spill 
would cause many other problems, in addition to a high level of exposure to the 
shellfish for a period of several days or weeks. It would foul the beaches in the 
area, and would disrupt recreational and commercial operations within the estuary. 
It would also damage other marine life and bird life in the area. However, if only 
the health ofthe shellfish bed were of concern, it appears that frequent, small spills 
are worse than a single large one. 

10. The Northland Regional Council should monitor all oil spills down to 5 litres in 
size and should prosecute the source of the spillage appropriately. Not only will 
prevention of small spills protect the shellfish in the estuary and the coast (as well 
as other marine life), but also decreasing the frequency of small spills may lead to 
decreasing the probability of the large, damaging spills. 

7.2 CONCLUSIONS OF THE PROPOSED METHODOLOGY 

The following conclusions about the value of the proposed method, as it was applied 
to the case study, correspond, roughly to the points selected to be of central 
importance to environmental risk methods in section 2.11 of the Literature Review. 

1. Shellfish make good endpoints for evaluation of risk to a marine/estuarine area. 
They are stationary and while they are not useful for studies of acute lethality, they 
are useful for evaluation of the more difficult sub-lethal levels. They are an 
example of a relatively short-lived, highly fecund organism where frequent, low
level exposures may cause a greater problem than rare, high-level exposures. 

2. Cumulative stresses were not evaluated in this case study. The baseline estimates 
of hydrocarbons from sources in or near the City ofWhangarei resulted in 
negligible exposures ofBTEX (as a result of significant evaporative loss) to the 
Mair Bank shellfish bed in comparison to the exposures from the small oil spills at 
the near-by refinery wharf 
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3. Low-levels of contaminants can be more damaging to a natural resource (such as a 
short~lived, highly fecund organism like shellfish) than the corresponding high 
levels which might cause immediate death after exposure. Low-level toxic impacts 
are, therefore, important not to neglect in environmental risk analyses. While 
negative impacts from a low-level contaminant may take longer to notice, the 
damage can be more pervasive and more difficult to remediate. In contrast, acute 
sudden toxic impacts are easier to notice, but may be easier to remediate, 
depending on the type of the organism. Therefore environmental risk evaluations 
in the future must rely on comparing exposure concentrations against a "maximum 
acceptable toxicant concentration" established specifically for that endpoint, rather 
than a comparison to acute toxicity values based on a fractional kill. 

4. The probabilistic approach is a stronger method of analysis than a deterministic, 
worst-case, or average-case analysis. This is especially true when analysing small 
frequent spills. In this case, worst-case scenarios would defeat the purpose of the 
analysis. In addition, attempting to err by making overly-protective decisions can 
have negative consequences also (as discussed in section 6.3.1). Furthermore, the 
probabilistic approach deals well with subjective value-laden issues such as 
accidental spillage. Some risk authorities would rather assume that because 
accidental spillage should not happen, that it does not happen. The probabilistic 
aspects ofthe analysis improve the amount of useful information to the decision
making authority. 

5. Uncertainty is an important quantity to be highlighted at the end ofthe analysis. It 
is critical to the following decisions that must be made in the assessment phase of 
ranking and priortizing, as well as the risk treatment considerations. Furthermore, 
the uncertainty may influence the time allotted before the phase of review and 
monitoring occurs. While several quantities were uncertain in this analysis, such as 
the exact exposure time, evaporative loss, the types and quantities of hydrocarbons 
being spilled, and the exact wind speeds and direction, among others, these 
quantities appear not to change the conclusions above to any significant degree. 
The amount of turbulence which would cause the entrainment of the oil slick might 
change the results significantly and this should be checked out. 

6. A methodology which uses modelling of contaminant transport with monitoring for 
confirmation, is a more powerful regulatory tool than monitoring only. This is 
because sources of contamination may be identified for regulation and spills or 
releases do not rely on detection to be included. Furthermore, it could be a 
inexpensive way, compared with large-scale monitoring, to show cause for concern 
and to identifY sites for further detailed monitoring and assessment. It is an 
objective and a transparent method to use for ranking environmental risks. 



Chapter 
Further 

8.0 Recommendations for 
rk 

Risk management is a broad, interdisciplinary field involving numerous subject areas. 
The subject areas range from engineering and the sciences (chemistry, zoology and 
ecology, human toxicology, plant and microbial science, and geology) to management 
and economics, to journalism, to name a few. As a project in a new area at the 
University of Canterbury, this project was based in engineering. This project has 
initiated several B.E. projects and an l\1E, already, and may initiate several more, 
especially if funding could be secured for further research. While there are many 
engineering recommendations for further study, there are also many other non
engineering and management and social aspects for future development. 

The recommendations that follow in this study fall into two area: the 
recommendations for further work for the case study and the recommendations for 
further work from the overall methodology. The first section, 8.1, below includes 
those areas where further work would directly enhance the results of this study. The 
second section. 8.2, includes those areas where further work would advance the 
present understanding of mass transfer and frequency of small spills in loading 
operations, as well as enhance the development of an environmental decision-making 
structure based on risk. 

8.1 CASE STUDY RECOMMENDATIONS 

Transport operations 

1. Confirm the estimated transport operations and ultimate potential exposure by 
experimental measurement. While some experiments on-site would be best, a 
laboratory set up may be necessary, as permission to spill oil in a coastal environment 
may be difficult to obtain. 

1.1 Check the assumption of slick break-up and vertical entrainment and the 
conditions under which this occurs. This would confirm the assumption used in this 
analysis. 

1.2 Monitor coastal currents, or gain access to the coastal current information 
already available. This would allow quantification of the exposure time of the 
contaminant to the shellfish. 

1.3 At a time when gasoline is routinely being loaded at the Refinery wharf, monitor 
the shellfish tissue in the Mair Bank for BTEX compounds or their metabolites. This 
would not be possible until the refinery changes its production so that it is again 
manufacturing gasoline for New Zealand and is loading gasoline onto coastal tankers 
for distribution. It would also be appropriate to monitor the shellfish tissue from the 
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Snake Bank and the MacDonald Banks. This would confirm (or negate) the 
conclusions of the work. 

2. This analysis assumed that all transport calculations were done for a refined 
petroleum product, high-performance gasoline. This was appropriate because most of 
the published literature covers transport and effects of crude oil. There appears to be a 
dearth of literature on gasoline spills. While gasoline had higher evaporation 
characteristics than other hydrocarbons which would act to reduce shellfish bed 
exposure, it also had low viscosity which would make slick break-up and entrainment 
more likely, thus increasing the chance for shellfish bed exposure. It also had a high 
fraction ofBTEX compared to the other hydrocarbons. While shellfish are sensitive to 
BTEX at low concentrations, they are also sensitive to other hydrocarbons at only 
slightly higher concentrations. Still, it would be appropriate to repeat the present 
analysis for the range of hydrocarbons handled at the wharf, allowing for the different 
properties in evaporation, slick spreading and entrainment transport operations. These 
hydrocarbons would include crude oil, fuel oils (no. 2, 5 and 6), and marine diesel. 

3. This analysis assumed no effect of the wind on the movement of the oil slick and 
used a monthly average of wind speeds for the evaporation estimate. In spite of the 
fact that the distance of the Mair Bank from the wharf is relatively short, it would be 
appropriate to expand the analysis to statistically account for the different wind speeds 
and directions, given appropriate meteorological data. 

4. The inherent random error in this analysis could be reduced by including the 
evaporation loss in the first two regimes of the slick spreading rate expression. 

5. This project looked only at spills which could flow directly over the Mair Bank so 
that only spills which occurred on the ebb tide were considered. Spills which occurred 
on the flood tide might result in a small exposure to the Mair Bank, if there were any 
residual left in the water when the tide turned to ebb flow. But more importantly, 
spills which occurred on the flood tide might cause a deleterious exposure to the 
shellfish beds on the Snake Bank and the MacDonald Bank. In addition to being 
exposed to frequent small spills from the Refmery wharf (in a similar pattern to the 
exposures at the Mair Banlc), the shellfish in these beds are closer to the city and closer 
to the proposed timber loading port, as well. While the fluid dynamics of this estuarine 
area would be challenging to model, the risk to the shellfish may be greater than that 
for the Mair Bank. Northland Regional Council (1990c) show that shellfish tissue 
levels ofP AH increase from the well-washed coastal area of the Mair Bank to the 
upper estuary and port area in the city ofWhangarei. The Council receives numerous 
complaints of oil slicks and other contaminants in the water of this high profile urban 
Port, Mortimer (1997). It was not unexpected that reports of shellfish tissue levels in 
the area showed high levels ofPAH. 

Frequency 

6. Since no database presently exists in New Zealand for hydrocarbons spills of ALL 
sizes, it is important to characterise the spill frequency and the sizes of all spills at a 
loading/unloading wharves in New Zealand. Industry/port authority cooperation 
would be necessary. The purpose would be to verify the spill frequency and the spill 
size distributions used in this analysis. It may be appropriate to see if the spill 
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frequency or the spill size distribution varies by port or by industry. It would further 
be helpful to understand the causes of various sized spills, and the small spills in 
particular. It might be helpful to port companies to understand the faults of the various 
loading equipment. When faults of an operation are understood, prevention and 
mitigation are more likely. It follows that reducing the frequency of the small spills, 
greatly reduces the probability of a large one. 

8.2 RECOMMENDATIONS FOR THE METHODOLOGY 

Mass transfer 

1. Investigate the evaporation rate from a rippled surface and how it compares to a 
smooth surface. Surfaces of open water in New Zealand are more commonly rippled 
from the ever-present wind. This is important to mass transfer rates between the 
surface and the air. 

2. Investigate the mass transfer rate between an oil slick and water. Measure the rate 
of solution of a soluble, volatile hydrocarbon, such as toluene, in the water at the 
interface between air and water, under conditions of turbulent water flow. The rates 
of the solubility of cumene were investigated by Cohen, et al. (1980) under laminar 
water flow, but not under the more common conditions of turbulence and breaking 
waves. 

3. Investigate the evaporation rate of a dispersed particle phase in the water to the air 
phase, as above. When oil spills are dispersed vertically as droplets in open water or 
when they go into solution, it is important to understand the rate of removal of this 
volatile and toxic fraction. 

Toxicity 

4. Examine the variables of exposure time, concentration, and frequency of exposure 
oflight hydrocarbons to shellfish under controlled conditions. Combine these variables 
with shellfish life-stage considerations to measure resultant tissue concentration of 
shellfish. Compare the tissue concentrations to measurable results of shellfish size and 
abundance. 

5. Examine the toxic effects from sub-lethal exposures to multiple contaminant 
stressors on shellfish under controlled conditions. Contaminants such as BTEX, diesel 
oil, fuel oils, crude oil, turbidity, heavy metals, and P AH would be most relevant to the 
Whangarei Estuary. Determine the toxic effects observed for multiple stressors, and 
check for additive effects as well as synergistic effects. It would be appropriate to do 
this testing under controlled laboratory conditions so that contaminant level dosing 
rates could be measured. With a known exposure history, the shellfish tissue 
contamination levels could be measured, and the resulting shellfish condition could be 
evaluated histologically. Effects on a individuals and on a population could be better 
predicted this way. 
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The value of information 

6. The value ofinformation in a risk evaluation includes determining which aspects of 
the analysis are most important to a decision and which uncertainties would affect the 
outcome the most. It involves further work with the sensitivity analysis. Presently, the 
exposure time to the shellfish and the sub-lethal effects of these exposures on the 
shellfish are considered to have a high value of information. 
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endixA lihood 

Figure A-I: Gas Chromatograph of New Zealand High Performance Gasoline 
(96 ,Unleaded), Showing Mass Percentages of Benzene, Toluene, and Xylene 
(including ethylbenzene) 
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Figure A-:2: Gas Chromatograph of New Zealand High Performance Gasoline 
(96 Unleaded), Showing Mass Percentages of Benzene, Toluene, and Xylene 
(including ethylbenzene) 

RED '36 OCTAt-lE 
START 00.®0.00.00. 

GC-R1A 
Si1PL "# 
FILE "# 

PT "# 
r1ETHOD 

. . 
5 ~l 51 

13.4'7 

1. 
1253 

41. 

t~mlE rUlE COtiC 
2.11 
,-, 
L'::II 

3.37 13 .. 5664 
4u 0~4307 
5.51 14.0189 
6= :l~lE,'3'3 
~., 11 B 1 kv1~~ €'!J 5455 
q.~1 8.2825 
13_47101~ :2.l.1€i~38~3 
16.77 2.3603 
24. ii? XU I~ '1~'.! ~ 11 
28.31j 1 L 4.9b 

TOTAL 99. 

.'" .... 

tIl t!~ AREA 
V 442~36 

V 1096';';4 
I,}, 2~i03t:;:3 
II ... 61 
V 207f,52 
\,I 1727'3 
V '~E,E.73 
'.,I 1 ·-.· .. I-;;:·-I~ 

L.!.~JL. f' 

1/ -:; 1 1 .i c.. () 
'-' 

""f,_, __ • 

V 34E:6t1 

2531 64 
\,i 73402 

14 7€1'~41 

G<"sol;llt! S~p(1! fv.,M .shc!.ll f4."'-i( a.~ I 0J...tp 
~pk .k~~ ill\. No.". 1991 

IoTAl A R.oMA-l1cs 
'=- L[q. b' '1, 



Appendix A Page A~3 

Figure A-3: Gas Chromatograph of New Zealand Synthetic Petrol, Showing 
Mass Percentages of Benzene, Toluene, and Xylene (includi~g ethylbenzene) 
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Table A-1: Individual Oil Spill Events at Marine Terminals in the State of 
California Which Occur as a Result of Accidents in Hydrocarbon Transfer 
Operations from 1-1-92 to 31-12-96. (Raw data gathered by the California State 
Lands Commission, Marine Facilities Division), see Falkner (1997). 

Date Substance Amount (US. Gal) Transfer related event 

1.5.92 fuel oil 452 yes; steady 
1.7.92 ans crude 168 yes; steady 
2.23.92 fuel oil 1 yes; hookup 
4.18.92 diesel 756 yes; start up 
4.21.92 diesel 10 yes; top 
5.13.92 diesel 1 yes; steady 
6.28.92 ansI crude oil 42 yes; steady 
7.17.92 fuel oil 30 yes; start up 
8.7.92 ans crude 1 yes; start up 
10.2.92 crude oil 1 yes; hook up 
10.2.92 diesel 2 yes; top 
11.20.92 diesel 2 yes; top 
11.30.92 diesel 100 yes; top 
12.28.92 oily water 1 yes; steady 
1.27.93 diesel 2 yes; top 
1.30.93 gas/oil 1 yes; steady 
2.12.93 fuel oil 1 yes; start up 
3.7.93 gas/oil I yes; steady 
3.8.93 fuel oil 1 yes; disconnect 
3.24.93 light cycle oil 1 yes; steady 
3.29.93 fuel oil 1 yes; start up 
4.30.93 diesel 1 yes; steady 
5.26.93 marine diesel 80 yes; top 
5.28.93 soot 1 yes; steady 
6.1.93 gas/oil 80 yes; top 
6.13.93 crude oil 1 yes; hookup 
7.2.93 gasoline 1 yes; top 
7.23.93 hydraulic oil 3 yes; start up 
8.13.93 crude oil 1 yes; steady 
9.15.93 lube oil 1 yes; top 
10.6.93 cutter stock 2 yes; start up 
10.6.93 gasoline 2 yes; steady 
10.18.93 cutter stock 84 yes; top 
10.19.93 soot 1 yes; steady 
1.13.94 soot 1 yes; steady 
1.21.94 lube oil 40 yes; start up 
1.28.94 fuel oil 1 yes; steady 
1.28.94 gasoline 1 yes; start up 
2.20.94 diesel 15 yes; steady 
3.1.94 diesel 5 yes; top 
3.11.94 clean oil 1 yes; disconnect 
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3.18.94 ansI crude oil 1 yes; steady 
3.18.94 diesel 420 yes; top 
3.25.94 diesel 3 yes; top 
5.2.94 diesel 25 yes; top 
7.6.94 diesel 1 yes; steady 
8.6.94 fuel oil 1 yes; steady 
8.15.94 ansI crude oil 1 yes; steady 
9.15.94 diesel 1 yes; start up 
10.9.94 drift rv crude oil 126 yes; disconnect 
11.1.94 cat feed 1 yes; steady 
11.27.94 fuel oil 64 yes; steady 
12.9.94 diesel 3 yes; top 
12.15.94 diesel 10 yes; top 
1.3.95 oil/water mix 1 yes; steady 
2.3.95 diesel 1 yes; steady 
2.6.95 mtbe 1 yes; hookup 
2.19.95 unknown oil 1 yes; strip 
3.14.95 diesel 1 yes; top 
3.20.95 cutter stock 3 yes; steady 
3.31.95 if-380 fuel oil 1974 yes; top 
4.4.95 ansI crude oil 1 yes; disconnect 
4.l1.95 light cycle oil 1 yes; depart 
4.20.95 fuel oil 5 yes; hook up 
5.26.95 gasoline 5 yes; start up 
6.16.95 #2 diesel-dyed 6 yes; steady 
7.1.95 diesel 25 yes; top 
7.2.95 gas oil 1 yes; start up 
7.22.95 vgo 1 yes; start up 
8.16.95 lube oil 1 yes; top 
9.19.95 diesel 20 yes; top 
9.23.95 diesel 2 yes; top 
10.12.95 diesel 1 yes; top 
10.16.95 diesel 1 yes; top 
10.26.95 diesel 1 yes; top 
10.28.95 light cycle gas oil 1 yes; top 
11.21.95 jet fuel 2 yes; start up 
12.11.95 diesel 1 yes; disconnect 
1.3.96 ifo 168 yes; start up 
2.24.96 diesel 43 yes; top 
3.13.96 fuel oil 10 yes; steady 
5.8.96 diesel 1 yes; top 
5.30.96 gas oil 42 yes; start up 
7.3.96 diesel 4 yes; steady 
7.16.96 diesel 1 yes; top 
7.16.96 diesel 2 yes; top 
7.29.96 diesel 50 yes; top 
10.18.96 jet fuel 1 yes; hook up 
11.29.96 crude 1 yes; start up 
12.1.96 crude oil 5 yes; strip 



12.4.96 
12.9.96 

crude oil 
diesel 

All spills are transfer related. 
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1 
1 

yes; start up 
yes; top 

Data from Falkner (1997), collected by the Marine Facilities Division of the California 
State Lands Commission. 

Table A-2: Reported Oil Spill Incidents per annum at Marsden Point Refinery 
Jetties from 1965 to 1988. (only oil spills over 1000 L were recorded) 

year no. of ~ills year no. of spills 

196) 2 1977 3 
1966 6 1978 4 
1967 8 1979 11 
1968 3 1980 5 
1969 3 1981 3 
1970 6 1982 0 
1971 8 1983 2 
1972 5 1984 2 
1973 13 1985 3 
1974 6 1986 0 
1975 3 1987 2 
1976 4 1988 1 

TOTAL: 103 spills over 24 years 
Source: Northlands Regional Council. (1994). Reported spill incidents per annum at Marsden Point 
Refmery Jetties from 1965 to 1988, Table 6.2 Unpublished memoranda, WhangareL 
Of these spills only 4 would be termed significant by the Northlands Harbour Board, ie. of 40 tonne or 
greater. The remainder, 99 spills, were reported to be of a "minor nature", ie. less than 40 tonne. 

Addendum: Further information on oil spills from Davis, (1992), was that "6 to 8 
spills occurred in 1991, the biggest was about 200 tonne (200,000 litres)". 

Table A-3: Summary of Sources of Oil S pills at Marsden Point 

Source of Spill Frequency 

Ship tank leak 20 
Valve defect 10 

Bunkering overflow 15 
Miscellaneous 8 
Air vent fault 1 

Discharge pump fault 6 
Shoreside fault 4 
Bilge discharge 3 

Other discharge fault 5 
Bitumen spill from pipe 1 

Not known 30 
TOTAL 103 over 24 years 
Source: Northlands Regional COlIDCil. (1994). Reported spill incidents per annum at Marsden Point 
Refinery Jetties from 1965 to 1988, Table 6.3 Unpublished memoranda, Whangarei. 

i 
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Addendum a.) In order to estimate the average annual total volumes of oil spilled at 
the Refinery wharf assume a constant ratio of amount oil spilled to amount oil 
transferred: 

Californial: 1.8701 (10)4 L spilled N.Z.: unknown L spilled 
7.078 (10)10 L transferred 5 yrs 3.6565 (10)10 L transferred 5 yrs 

If a constant ratio is assumed, then 9661 L spilled in 5 years in NZ. 
But this is not consistant with known reports from the Refinery, Davis (1992) or from 
Tables II and III above. 

Addendum b.) In order to estimate the average annual number of oil spills at the 
Refmery wharf, assume a constant ratio of spill events to transfer events: 

California 92 spill events 
109,569 transfer events 5 yrs 

N.Z. unknown spill events 
2120 transfer events 5 yrs 

If constant ratio assumed, then 1.8 spill events occurred in 5 years. 

But this is not consistant with known reports from the Refinery, Davis (1992) or from 
Tables 2 and 3 above, even in light of an assumption of under-reporting of data. 

Table A-4: Estimation of small and very small oil spills at Marsden Point using 
th H' . h T' I th d d b d C I'~ . d N tbI ddt e emnc rIan~le me 0 an ase on a I orma an or an s aa 

Oil Spill Size Spill Category Size Calif. Freq. (5 yr) NZ Freq. (24 yr) NZFreq. (5· 
yr) 

Very large spill [over 70,000 Ll* 0 ° 0 

Large [40,000 to 70,000 ° est(0.IS5) 4 .83 
L] 

Medium [1,000 to 40,000 Ll 4 99 20.6 

Small r40 to 1,000 Ll 18 est (445) est (92.7) 

Very small [1 to 40 Ll 70 est (1728) est (360) 

* 70,000 L was chosen as an upper bowd for the large spills for convenience of fitting a distribution. 
Davis, (1992) ofNZ Refinery spoke of a 200,000 L spill onto land in 1991, so 70,000 L is a very 
conservative upper bound. The 200,000 L spill was not taken into consideration in this data set 
because it was technically a spill onto land, although an llllknown amowt may have flowed into the 
sea. 

These kinds of relationships or accident pyramids exist in industries between small 
accidents and large accidents, as reported by Heinrich (1959), Health and Safety 
Executive (1991), Bird and Germain (1985). Given the accident data available for oil 
spills from California and from Marsden Point the five categories of spill size were 
selected. This appears to be a conservative method of prediction, that is, the smaller, 
nondamageing accidents are usually under reported, as noted by Fletcher and Douglas 
(1971). 
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Table A-5: Estimation of average spills per year and standard deviation at Marsden point by using California State Lands data to 
estimate the fj encies of small and ve small 

Year No TAL spills 

1965 2 12.9 9 35.0 0.078 46.12 
1966 6 4.3 27 105.1 0.233 138.35 = 1967 

8 3.2 36 140.2 0.310 184.47 
1968 3 I 8.6 13.5 52.6 0.116 69.17 
1969 3 8.6 13.5 52.6 0.116 69.17 
1970 6 4.3 27 105.1 0.233 138.35 
1971 8 3.2 36 140.2 0.310 184.47 
1972 5 5.2 22.5 87.6 0.194 115.29 
1973 13 2.0 58.5 227.8 0.504 299.76 
1974 1 6 4.3 27 105.1 0.233 138.35 
1975 3 8.6 13.5 52.6 0.116 69.17 
1976 4 6.5 18 70.1 0.155 92.23 
1977 3 8.6 13.5 52.6 0.116 69.17 
1978 4 6.5 18 70.1 0.155 92.23 
1979 11 2.3 = 49.5 192.7 0.426 253.64 
1980 5 5.2 22.5 87.6 0.194 115.29 

1981= 3 8.6 13.5 52.6 0.116 69.17 
1982 0.1 258 0.45 1.8 0.004 2.31 
1983 2 12.9 9 35.0 0.078 46.12 
1984 2 12.9 9 35.0 I 0.078 46.12 
1985 3 8.6 13.5 52.6 0.116 69.17 
1986 0.1 258 0.45 1.8 0.004 2.31 
1987 2 12.9 9 35.0 0.078 46.12 
1988 1 25.8 4.5 17.5 0.039 23.06 

AvgspI/yr 4.3 19.4 75.3 0.2 99.2 
std. dey. 3.2 14.4 56.0 0.1 73.7 
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std. dey. P 3.1 14.1 54.9 1 0.1 72.2 

Sum Freq 103.2 464.4 1808 4.0 2379.6 
a:vg w/o two zero yrs 107.95 
std dev w/o two 70.5825051 
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Table A-6: California and NZ S on .. ency as a function of size: Calculate the distribution parameters usin~ bootstrappin~ of Calif dat a 
merged freq. spill size (gal. US) spill size (litres) probability (freq.l474) cum. freq. prob. x spill size 

0 0 0 0 0 o ± 0 
70 360.5 5 19 0.7605 0.761 14.393 278.065 

2 10.3 15 57 0.0217 0.782 1.234 mean spill size 
3 15.45 25 95 0.0326 0.815 3.084 474.6 

1 5.15 35 l32 0.0109 0.826 1.439 spills in 5 years 
4 20.6 45 170 0.0435 0.869 7.402 

0 0 55 208 0.0000 0.869 0.000 

1 5.15 65 246 0.0109 0.880 2.673 3396038 

2 10.3 75 284 0.0217 0.902 6.169 Sum of devtns 

1 5.15 85 322 0.0109 0.913 3.496 

i 1 5.15 95 360 0.0109 0.924 3.907 1842.8 

0 0 105 397 0.0000 0.924 0.000 Std. dey. 

0 0 115 435 0.0000 0.924 0.000 

1 5.15 125 473 0.0109 0.934 5.140 , 

0 0 135 511 0.0000 0.934 I 0.000 

I 0 0 145 549 0.0000 0.934 0.000 

0 0 155 587 0.0000 0.934 0.000 

2 10.3 165 625 0.0217 0.956 13.571 

0 0 175 662 0.0000 0.956 0.000 

0 0 185 700 0.0000 0.956 0.000 

0 0 195 738 0.0000 0.956 0.000 

0 ! 0 205 776 0.0000 0.956 0.000 

0 0 215 814 0.0000 0.956 0.000 

0 0 225 852 0.0000 0.956 0.000 

0 0 235 889 0.0000 0.956 0.000 

0 0 245 927 0.0000 0.956 o.oR 
a 0 255 965 0.0000 0.956 0.000 

0 0 265 1003 0.0000 I 0.956 0.000 
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0 0 275 1041 0.0000 0.956 0.000 

0 0 285 1079 0.0000 0.956 0.000 

0 0 295 1117 0.0000 0.956 0.000 

0 0 305 1154 0.0000 0.956 0.000 

0 0 315 1192 0.0000 0.956 0.000 
0 0 325 1230 0.0000 0.956 0.000 
0 0 335 1268 0.0000 0.956 0.000 

0 0 345 1306 0.0000 0.956 0.000 
0 0 355 1344 0.0000 0.956 0.000 
0 0 365 1382 0.0000 0.956 0.000 
0 0 375 1419 0.0000 0.956 0.000 
0 0 385 1457 0.0000 0.956 0.000 
0 0 395 1495 0.0000 0.956 0.000 
0 0 405 1533 0.0000 0.956 0.000 
1 5.15 415 1571 0.0109 0.967 17.066 
0 0 425 1609 0.0000 0.967 0.000 
0 0 435 1646 0.0000 0.967 0.000 
0 0 445 1684 0.0000 0.967 0.000 
1 5.15 455 1722 0.0109 0.978 18.711 
0 0 465 1760 0.0000 0.978 0.000 
0 0 475 1798 0.0000 0.978 0.000 
0 0 485 1836 0.0000 0.978 0.000 
0 0 495 1874 0.0000 0.978 0.000 
0 0 505 1911 0.0000 0.978 0.000 
0 0 515 1949 0.0000 0.978 0.000 
0 0 525 1987 0.0000 0.978 0.000 
0 0 535 2025 0.0000 0.978 0.000 
0 0 545 2063 0.0000 0.978 0.000 
0 0 555 2101 0.0000 0.978 0.000 
0 0 565 2139 0.0000 0.978 0.000 
0 0 I 575 2176 0.0000 0.978 0.000 
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a a 585 2214 0.0000 0.978 0.000 

0 0 595 2252 0.0000 0.978 0.000 

a 0 605 2290 0.0000 0.978 0.000 
a a 615 2328 0.0000 0.978 0.000 

• 

a a 625 2366 0.0000 0.978 0.000 

a a 635 2403 0.0000 0.978 0.000 

a 0 645 2441 0.0000 0.978 0.000 

a a 655 2479 0.0000 0.978 0.000 

0 a 675 2555 0.0000 0.978 0.000 
a a 685 2593 0.0000 0.978 0.000 
a a 695 2631 0.0000 0.978 0.000 
a a 705 2668 0.0000 0.978 0.000 
a a 715 2706 0.0000 0.978 0.000 
a a 725 2744 ~ 0.0000 0.978 0.000 
a a 735 2782 0.0000 0.978 0.000 
a a 745 2820 0.0000 0.978 0.000 

I 5.15 755 2858 0.0109 0.989 31.049 

0 I 
0 765 2896 0.0000 0.989 0.000 . 

0 0 775 2933 0.0000 0.989 0.000 

a 0 785 2971 0.0000 0.989 0.000 

a a 795 3009 0.0000 0.989 0.000 
a a 805 3047 0.0000 0.989 0.000 

I 5.15 1975 ·7475 0.0109 1.000 81.220 
0.8 40000 0.0017 67.511 

sum 474.6 
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Table A-7: Calculate Distribution parameters based on NZ data in. large category size collected 

Frequency 
spill size geomean for 

categorv(Litres) 
1808 12.34 

464.4 410.33 
103.2 15768.53 

4 56034.38 

Sum 
2379.6 

TableA-8 
Ratio Of Total Estimated Oil S 

Recorded s 300 

Total s 9480 

II Ratio Total/recorded 31.6 

probability prob.x spill size 
(freq/sum) (L) 

0.759791562 9.37 
0.19515885 80.08 

0.043368633 683.86 
0.001680955 94.19 

J! 86'"' '" 

Recorded Oil S 

5 yr: Marsden 
from Table 

22 

475 

21.6 

prob.x(spill size)2 

555641.8 
40790.6 

9629594.2 

5115790.9 

d' 1534~ 
a= 3916 

over 24 years, Method n 
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Figure B-1: Example of Streak-line Tracing of Dye Release 
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Figure B-2: Measured Tidal Height Above Chart 

Calibration of Surface Float Gauge 
Model Scale, as a Function of Time, Model Scale, in the Ebb-tidal Cycle; 

e = gauge reading from Bream Bay 

x = gauge reading from the Shell Cut Reach inside the Estuary 

MairBank . 
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Time the Ebb-tidal Cycle (seconds) 
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Figure B-3: Danish Hydraulic Institute Velocity Chart Recording for 10-21 to 12-20, 1981 
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Figure B-4: Streamlines drawn at the snapshot of 2.7 to 4.3 seconds, model-scale 

time, (0.67 to 1.06 hr. in the prototype) in the Ebb-tidal Cycle 



Figure B-5: Streamlines drawn at the snapshot of 6.4 to 8.4 seconds, model-scale 

time, (1.58 to 2.09 to hr. in the prototype) in the Ebb-tidal Cycle 
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Figure B-6: Streamlines drawn at the snapshot of 9.0 to 10.0 seconds and 10.0 to 

12.3 seconds, model-scale time, (2.23 to 2.48 hr. in the prototype) and (2.48 to 

3.06 hr. in the prototype) in the Ebb-tidal Cycle. 
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Figure B-7: Streamlines drawn at the snapshot of 12.3 to 14.0 seconds, model

scale time, (3.06 to 3.45 hr. in the prototype) in the Ebb-tidal Cycle 
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Figure B-8: Streamlines drawn at the snapshot of 14.2 to 15.2 seconds and 15.7 

to 16.7 seconds, model-scale time, (3.52 to 3.77 hr. in the prototype) and (3.87 to 

4.12 hr. in the prototype)in the Ebb-tidal Cycle. 



Figure B-9: Streamlines drawn at the snapshot of 17.3 to 19.9 seconds, model

scale time, (4.28 to 4.91 hr. in the prototype) in the Ebb-tidal Cycle \ 
\ 

\ 
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Figure B-IO: Photographs of the Oil-soluble Dye Simulating the Path of a Small 
Oil Slick at Marsden Point. The small, round droplets are the oil-soluble dye used to simulate 
an oil slick. 

The first photo (top) shows the path the droplets take at a mid-point in the ebb-tidal cycle (as shown 
in Figure B-6, 9 to 12 seconds out of the 25 second model ebb-tidal period) . The droplets flow 
directly over the Mair Bank and are then held in an eddy. 

The second photo shows the path of the droplets toward the end ofthe cycle, (as shown in Figure B-9, 
17 to 20 seconds in the model ebb-tidal cycle), just as the Mair Bank is starting to be uncovered by the 
receding ebb-tidal water. 
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Figure B-ll: Photographs of the Water-soluble Dye Simulating the Path of an 
Oil Slick on the Ebb-tide at Marsden Point. 

The first photo (top) shows the path of a slick toward the end of the cycle, (as shown in Figure B-9, 17 
to 20 seconds in the model ebb-tidal cycle). The pulses of dye stay in the channel between the Bank 
and the shore as the Mair Bank is uncovered by the receding tidal water. A cloud of dye, (shown as a 
light grey in the photo) is on the leeward (southern) side of the raised bank. 

The second photo shows the dye at a point in time after Figure B-9, at 20 to 22 seconds in the model 
ebb-tidal cycle. One of the pulses of dye is forming a dark grey cloud in the small eddy on the north 
side oftlle Bank, however, surface currents on the model often swept the dye into the Main Channel at 
this late time 
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Figure B-12: Photographs of the Water-soluble Red Dye Release Simulating the 
Path of an Oil Spill at Marsden Point on the Flood Tide. The red dye was released 
semi-continuously over the flood tidal cycle. 

The first photo shows the path of the dye at about 13 seconds into the 25 second model flood-tidal 
period. 

The second photo shows the path of the dye at about 24 second into the 25 second model flood tidal 
period. Given the fact that the water-soluble dye mixed very differently in the water from the oil
soluble dye, the photo shows that an oil slick would be dispersed beyond One Tree Point (See map of 
estuary, Figure 4.2) and cover the Snake Bank and the Shell Bank and a part of the MacDonald Bank. 
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Figure B .. 13: General tracking ebb drogue velocities. The velocities are plotted 

with 1 cm representing 2.0m/s. Taken from Black (1983). 
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Table B-1 Characteristics Of The Streamtube At 2.7 To 4.3 Seconds Into The 
Modelled 25 Second Ebb Tidal Flow Period. (0.67 to 1.06 hr. in the prototype) 

Lineal Depth to Total Depth Width of Cross Lineal 
Distance Chart (m) Streamtube Sectional Velocity 

from Wharf Datum (m) (m) Area of (m/s) * 
(m) Streamtube 

(m2
) 

0 -8.6 11 65.5 327.6 0.2 

218.4 -14.6 17 87.4 436.8 0.15 

404.0 -3.8 6.2 131.0 655.2 0.10 

578.8 1.1 1.3 174.7 227.1 0.29 

797.2 0.8 1.6 196.6 314.5 0.21 ... * Where the averaged volumetric flow rate for tIllS time penod was 65.52 m%, average, lrutial hneal 
velocity was 0.200 mls 

Table B-2 Characteristics Of The Streamtube At 6.4 To 8.4 Seconds Into The 
Modelled 25 Second Ebb Tidal Flow Period (1.58 to 2.09 to hr. in the prototype) 

Lineal Depth to Total Depth Width of Cross Lineal 
Distance Chart (m) Streamtube Sectional Velocity 

from Wharf Datum(m) (m) Area of (m/s) * 
(m) Streamtube 

(m2
) 

0 -8.6 10.8 54.6 273.0 I 0.42 

218.4 -8.2 10.4 87.4 436.8 0.26 

436.8 -1.0 3.2 109.2 349.4 0.32 

655.2 1.0 1.2 109.2 131.0 0.86 

873.6 ·0.1 2.3 163.8 376.7 0.30 
* Where the averaged volumetric flow rate for this time penod was 113 .29 m3/s, average, initial lineal 
velocity was 0.415 mls 
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Table B-3 Characteristics Of The Stl'eamtube At 9.0 To 10 Seconds Into The 
Modelled 25 Second Ebb Tidal Flow Period. (2.23 to 2.48 hr. in the prototype) 

Lineal Depth to Total Depth Width of Cross Lineal 
Distance Chart (m) Streamtube Sectional Velocity 

from Wharf Datum(m) (m) Area of (m/s) * 
(m) Streamtube 

(~) 

0 -14.6 16.5 43.7 218.4 0.51 

218.4 -8.2 10.1 65.5 327.6 0.34 

425.9 -3.8 5.9 87.4 436.8 0.25 

644.3 0.66 1.2 109.2 133.2 0.83 

851.8 1.0 0.9 142.0 124.9 0.89 
* Where the averaged volumetric flow rate far this time penod was 111.2 m3/s, average, mitiallineal 
velocity was 0.509 m/s 

Table B-4 Characteristics Of The Streamtube At 10.0 To 12.3 Seconds Into The 
Modelled 25 Second Ebb Tidal Flow Period. (2.48 to 3.06 hr. in the prototype) 

Lineal Depth to Total Depth Width of Cross Lineal 
Distance Chart (m) Streamtube Sectional Velocity 

from Wharf Datum(m) (m) Area of (m/s) * 
(m) Streamtube 

(m2
) 

0 -14.6 16.3 43.7 218.4 0.503 

218.4 -8.2 9.9 65.5 327.6 0.34 

436.8 -7.4 9.1 87.4 436.8 0.25 

644.3 -6.0 7.7 109.2 546 0.20 

862.7 0.2 1.5 142.0 217.2 0.50 
* Where the averaged volumetric flow rate far this time period was 109.8 m3/s, average, initial lineal 
velocity was 0.503 m/s 
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Table B-5 Characteristics Of The Streamtube At 12.3 To 13.9 Seconds Into The 
Modelled 25 Second Ebb Tidal Flow Period. (3.06 to 3.45 hr. in the prototype) 

Lineal Depth to Total Depth Width of Cross Lineal 
Distance Chart (m) Streamtube Sectional Velocity 

from Wharf Datum(m) (m) Area of (mls) * 
(m) Streamtube 

(m2
) 

0 -14.6 16.2 54.6 273.0 0.47 

218.4 -8.2 9.8 65.5 327.6 0.39 

436.8 -8.2 9.8 109.2 546.0 0.24 

644.2 -3.8 5,4 152.9 764.4 0.17 

873.6 -0.2 1.78 218.4 388.7 0.33 
,3 ' ,. * Where the averaged volumetnc flow rate for thlS time penod was 129.1 m Is, average, lmtial hneal 

velocity was 0.473 mls 

Table B-6 Characteristics Of The Streamtube At 14.2 To 15.2 Seconds Into The 
Modelled 25 Second Ebb Tidal Flow Period. (3.52 to 3.77 hr. in the prototype) 

Lineal Depth to Total Depth Width of Cross Lineal 
Distance Chart (m) Streamtube Sectional Velocity 

from Wharf Datum(m) (m) Area of (m/s) * 
(m) Streamtube 

(m2
) 

0 -14.6 16.0 43.7 218.4 0.45 

218.4 -8.2 9.63 54.6 273.0 0.36 

436.8 -9.4 10.8 109.2 546.0 0.18 

644.3 -4.7 6.1 131.0 655.2 0.15 

862.7 -0.6 2.0 152.9 310.3 0.32 
* Where the averaged volumetric flow rate for this time period was 98.1 m3/s, average, initial lineal 
velocity was 0.449 mls 
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Table B-7 Characteristics Of The Streamtube At 15.7 To 16.7 Seconds Into The 
Modelled 25 Second Ebb Tidal Flow Period. (3.87 to 4.12 hr. in the prototype) 

Lineal Depth to Total Depth Width of Cross Lineal 
Distance Chart (m) Streamtube Sectional Velocity 

from Wharf Datum(m) (m) Area of (m/s) * 
(m) Streamtube 

(m2
) 

0 -14.6 15.9 43.7 218.4 0.42 

218.4 -8.2 9.5 65.5 327.6 0.28 

436.8 -0.5 1.8 109.2 195.5 0.47 

655.2 -0.2 1.5 152.9 227.8 0.41 

873.6 1.0 OJ 240.2 69.7 1.33 
* Where the averaged volumetric flow rate for this time period was 92.8 rrf'ls, average, initial lineal 
velocity was 0.425 mls 

Table B-8 Characteristics Of The Streamtube At 17.3 To 19.9 Seconds Into The 
Modelled 25 Second Ebb Tidal Flow Period. (4.28 to 4.91 hr. in the prototype) 

Lineal Depth to Total Depth Width of Cross Lineal 
Distance Chart (m) Streamtube Sectional Velocity 

from Wharf Datum(m) (m) Area of (m/s) * 
(m) Streamtube 

(m2
) 

0 -14.6 15.7 43.7 218.4 0.39 

218.4 -8.2 9.3 87.4 436.8 0.20 

436.8 -0.5 1.6 87.4 140.6 0.61 

655.2 -0.2 1.3 87.4 114.4 0.75 

873.6 -0.7 1.8 174.7 316.2 0.27 
* Where the averaged vohnnetric flow rate for this time period was 86.0 m%, average, initial lineal 
velocity was 0.394 mls 

Hydraulic radius in the model channel was .0124 m2/0.405m 0.0306m 
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Ap endix C Oil Spill Spre 
Buoyancy .... induce 

.. erSlon 

CASE STUDY EXPOSURE MODEL 

Tables C-1 - C-3: Spreading Radius of a Circular Spill for Three Spill Volumes 

as a Function of Time and Using Equations for the Three Spreading Regimes: 

Equations 4.20 for the Inertial regime, 4.24 for the Viscous regime, 4.29 for the 

Surface Tension regime. Equations derived from Fannelop (1994). 

Table C-1: Radius of Circular Spill 4 
3 meters) for Volume of Spill 0.5 m or 500 I W . " Y.· 1/.'\ Viscous (m) Surface Tension (m) 

0.017 1.20 2.72 0.06 

1 9.25 7.54 1.3 

5 20.7 11.3 4.4 

10 29.2 13.4 7.4 

16.7 37.8 15.2 10.9 

33.3 53.4 18.1 18.4 

50 65.4 20.1 24.9 

60 71.6 21.0 28.6 

Table C-2: Radius of circular spill (meters) for Volume of SgiU 1m3 or 1000 1 

Time (min) Inertial (m) Viscous (m) Surface Tension (m) 

0.017 1.43 3.43 0.06 

1 11.0 9.50 1.3 

5 24.6 14.2 4.4 

10 34.8 16.9 7.4 

16.7 44.9 19.2 10.9 

33.3 63.5 22.8 18.4 

50 77.8 25.3 25.0 

60 85.2 26.5 28.6 
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3 Table C-3: Radius of circular spill (meters) for Volume of Spill 20 m or 20,000 I 

T: / . 1) Inertial (m) Viscous (m) Surface Tension (m) 

0.017 3.03 9.3 0.06 

1 23.3 25.8 1.3 

5 52.0 38.5 4.4 

10 73.5 45.8 7.4 

16.7 95.0 52.1 10.9 

33.3 134.2 61.9 18.4 

50 164.5 68.5 24.9 

60 180.2 71.7 28.5 
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Figure CM1: Combined Spreading Laws, after Rouit (1972) and Fannelop (1994), 
assuming a circular N.Z. premium gasoline slick of 100,000 m3 size, on a calm sea with 
no wind. 



Appendix D Page D~ 1 

Append· Evaporati 

CASE STUDY EXPOSURE MODEL 

D.1 Estimation of Physical Properties for the BTEX Mixture 

Evaporative losses of the entire aromatic fraction, BTEX, were considered in the risk 
analysis for this PhD thesis. In order to estimate the evaporation rate the physical 
properties of difibsivity, Schmidt number, molecular weight and vapour pressure for 
the mixture were necessary. Estimated physical properties for BTEX are shown in 
Table D-1. The vapour pressure of the mixture should be evaluated using mole 
fraction of the BTEX mixture, using a first approximation ofRaoult's Law. Similarly, 
the other physical properties should be evaluated using mole fractions, as shown in 
equations 4.37 through 4.41 in chapter 4. 

Table D~l: Estimated Ph 

Diffusivit ofBTEX in Air 

Schmidt number 1.74* 

Molecular Weight 97.17 kg/kmol * * 

Saturated Va our Pressure 3.78 kPa** 
*Note that the diffusivity for BTEX and hence the Schmidt number of BTEX was approximated by 
using the value for toluene. Benzene had the highest diffusivity and xylene and ethylbenzene the 
lowest, therefore, the value for toluene, as a compound with intermediary properties was used. 
**The approximation of mass fraction for mole fraction was used to estimate the properties of BTEX. 

The composition of gasoline from a refinery often changes depending on the 
feedstocks available and on the season ofthe year. The exact chemical mal<:e-up and 
composition of the mixture of petroleum compounds is not known, although the 
physical properties of the mixture, such as octane number and vapour pressure, are 
carefully controlled and assured by the manufacturer. Therefore, because the exact 
chemical make-up and mole fraction of the liquid was unknown and continually 
changing, an approximation for the mole fraction was used to calculate these 
properties. 

For the purposes of this evaporation estimate, the mass fraction was used to 
approximate the mole fraction. Given the similar molecular weights of benzene, 
toluene, ethylbenzene, and the xylenes, this is an approximation accurate to 10 to 20 
%, depending on the presumed composition of the gasoline. An alternative method of 
estimation would be that used in section D.2, following. Using this method, a certain 
composition was assumed (see Table D-2) based on compounds and physical 
properties which meet a specified criteria. The estimation of the mole fractions by 
these two methods introduced a similar amount of error. 
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This use of mass fraction for mole fraction would most likely result in underestimation 
of the composition ofBTEX in gasoline, which would result in the underestimation of 
the exposure concentration ofBTEX to the shellfish. (However, in the calculation of 
benzene evaporation in items 1 to 7 below, the molar fraction of benzene was used, 
assuming a simple mixture of four compounds in gasoline, see Table D-2.) 

Table D-2: Composition of a Simplified Gasoline* - from Blal{eiock(19891 

Compound % Volume Liq. density, Molecular Wt. 
20° (kg/m3

) 

methyl pentane 30. 710 86 

n-octane 45 729 114 

i n-decane 20 740 142 

benzene 5* 870 78 
.. * Benzene is legally limited to 4.2% vol wt. in New Zealand, Ministry of Transport (1992.). This 

converts to about 4.8% wt. by mass assuming this ideal mixture. B1ake1ock's estimate of 5% by 
volume is slightly high for years 1992 and onwards. This table also neglects the 45% w/w fraction of 
mono-aromatics, BTEX. 

D.2 Comparison of Evaporation Models Evaluated for Benzene Only 

A number of correlations were considered to evaluate the evaporation rate process. 
Several methods of estimating evaporation rates were considered. There are two 
approaches to estimate evaporative losses in a numeric model: 1) Use theoretical 
formulae to estimate the mass transfer coefficient; 2) Use empirical correlations, 
specially derived from experimental data for similar volatile compounds. Because 
evaporation losses were critical to the exposure estimates, several modelling methods 
were evaluated and compared. For comparative purposes, this analysis specifically 
evaluated benzene evaporation, because it was the most volatile ofthe aromatic 
constituents ofBTEX. 

Background and Assumptions for Items 1 to 7 

Of the correlations and formulae considered for evaporative loss, many differed in the 
variables required, and the parameters predicted. Therefore, to facilitate comparison 
between the results of the different methods, the following scenario for a spill of 
gasoline at an instant of time was considered. 

Volume: 37litres, or 0.037 m3 (This corresponds to approximately half of a speed 
boat gas tank.) 
Thickness of spill: Imm. 
Area of spill: 37 m2 (diameter = 6.86 m) 
Temperature ofwater/pool = 20° 
Estimate the evaporation of benzene only 

To simplify benzene evaporation calculations, it was assumed that gasoline was a 
mixture of four compounds, as per Blakelock (1989) ,which were chosen to coincide 
with evaporation data supplied to Blakelock by Mobil Seaview in Wellington. See 
Table D-2. 

I 
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Furthermore, it was assumed the gasoline vapours acted as ideal gases, and that the 
spill was the same temperature as the water, which was 20°C. Windspeed data were 
from the N.Z. Meteorological Service (1980) as measured at the Marsden Point Power 
Station. For comparative purposes, it was assumed the air was blowing at a constant 
velocity, one meter above the surface of 1.85 mis, 

Seven methods to estimate the mass-transfer coefficient and the mass transfer rate are 
described in Items 1 to 7 and results of these methods are compared in Table D-3. 
Calculations corresponding to the methods are shown following the methods in this 
appendix. 
Table D-3: Estimated Initial Benzene Mass Transfer Rates from a 37 m2 (.037 

3 
m~) Pool of Gasoline on the Water's Surface at 20°C 

Method Used Mass transfer rate (kg/s) 

II ~~. ,036Reo.
8
Sco.

3 

rbulent flat plate, Welty (1978) 
.0023 

Sh = .037Reo.8Sc°.43 
.0025 

Turbulent, flat plate, Brauer( 1971 ) 

Sh == .6Reo.s 
.00077 

. Blakelock (1989) 

· ~ = 2 (DvO/nLtS 
.0013 

• Penetration Theory, Treybal (1968) 

Q = .OOI5uAPs 
.0020 

Wells (1980) empirical correlation 

Ni O.00447nSc··67 uw·
78 r1.89(MPJRTp) .0034 

MacKay and Matsugu (1973) 
Ni = 3 .6(1O)"lo(MpjT)uo.78 r1.89 

.0021 
Clancy (1974) 

Methods for Items 1 to 7, Table D-3 for benzene evatJoration: 

Item 1: Turbulent flat plate, Welty (1978) 

This method was discussed in the text. The sample calculation is shown below. 

Item 2: Turbulent, flat plate, Brauer(1971) 

This method was similar to Item 1 except that a slightly larger coefficient was used and 
the exponent for the Schmidt number was 0.43. Brauer (1971) derived this correlation 
experimentally and found better correlation for this exponent for heat transfer from a 
plate in fluid flow for Schmidt numbers between 0.7 and 380. This was described in 
section 4.2.3. 

Item 3: Blakelock (1989) 

Blakelock used a simplified approach based on two assumptions. Firstly, in Welty's 
turbulent flat plate estimate, dilute solutions of benzene in the liquid and vapour were 
assumed. In this estimate, the effects of diffusion-induced convection were included. 
Cussler (1997) discussed the theoretical derivation of the equation, below, which took this 
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into account. In an example of fast benzene diffusion, the amplifying effects of diffusion
induced benzene convection did not appear to become significant until the benzene 
temperature was 30°C or more. Since the benzene temperature would be close to the sea 
temperature, on which it floated in a thin layer, this temperature was assumed to be below 
25°C, even in Northlands. In addition, benzene was less than 6% of the evaporating 
gasoline mixture. 

Where 
Ni the mass flux per unit area for component i, benzene. (kg/sec m2 

) 

D the diffusivity of benzene in air (m2/sec) 
c = the average molar density (moles/m3) 
6 = the boundary layer thickness (m) 
Yio= concentration of benzene at the surface (moles/ms) 
L = the diameter of the pool (m.) 

In spite of the fact that diffusion-induced convection was assumed to be negligible, an 
estimate was made based on these assumptions (for comparative purposes). To find Ni, 

however, an estimate of 6, the film thickness was required. 

Sh == L16x from the approximation that a ::::: D/6x 

Furthermore, Blakelock's approximation ofthe Sherwood number was used: 

Sh::::: 0.6Re·5 

Blakelock used this estimate for Reynold's numbers from 2(10)5 to 1.2(10)6. This estimate 
ofRe number was 8(10)5. 

The resulting mass transfer rate using this method was the smallest of all the estimates. It 
was possible that the reason for this was that the estimate for the Sherwood number, based 
only on the Reynolds number to the half power, was too low. When Welty's (1978) 
approximation for the Sherwood number was used, (assuming turbulence, Sh = 
0.036Reo.8ScO.3), the mass transfer coefficient was larger by one order of magnitude. 
Therefore, 6 was smaller by one order of magnitude, as well. This resulted in Ni=.0032 
kg/s, which was comparable to other tabular values. (see Table D-3) 

Although the benzene evaporation rate could be accelerated by the effects of diffusion
induced convection, it is less likely that this is happening in a pool of gasoline where the 
temperature is below 25 deg. C. Therefore, this method will not be considered. . 

Item 4: Penetration Theory, Treybal (1968) 

Although penetration theory is not generally applied to evaporation rate estimation, it will 
be applied here for purposes of comparison. The assumptions basic to it were that 
diffusion occurred in one direction and convection occurred in the perpendicular direction, 
and that the convecting material was dilute. Furthermore, according to Treybal (1968), 
the expression for a was based on short exposure times with slow diffusion of a gas into a 
liquid. The following expression shows the diffusion constant raised to the half power 
which was a dependence on D. This is typical of short exposure times where depth of the 
gas penetration into the liquid is small relative to the depth of the absorbing pool. 
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P 2 (DvO/rcL),s 

Where D the diffusivity of benzene in air (m2/sec) 

L = the diameter of the pool (m.) 

vO the wind speed (m/sec) 
In practice, the expression allows a range of exponents on D from 0.8 or 0.9. Using 
penetration theory to determine p and the p to determine the average flux, a result was 
obtained that was about half the rate estimated using the rigorous turbulent, flat plate 
correlation from Welty (1978). See calculations following. 
In conclusion, penetration theory does not fit our example well since it assumes such 
short exposure times. Therefore this approach will not be considered further. 

Empirical formulas 

The following empirical correlations might be considered better that the above methods 
because they have been correlated with experimental data. However, caution must be 
exercised in the selection ofthe specific conditions and materials used in the experiment. 
Obviously the best results would be obtained for those experiments most similar to this 
specific situation. 

Item 5: Wells (1980) 

Wells gives the following correlation to calculate evaporation rate ofa pool of flammable 
liquid, 

Q = 0.00 15uAPs. 

Q the evaporation rate in (m3/sec) 
u = wind speed (m/sec) 

area of the pool (m2) 
Ps = the vapour pressure of the liquid (bar) 

The volumetric evaporation rate, Q, must then be converted to mass evaporation rate 
using the vapour density and mass fraction of benzene in the gasoline mixture. (See 
Calculations in the Appendix). For all its simplicity, this correlation compared reasonably 
well other correlations. It was 15% higher than Welty (1978) and it was 41 % lower than 
the MacKay and Matsugu (1973). However, Wells gave no explanation or references as 
to how the correlation was developed or for what materials it was developed. 

Item 6: MacKay and Matsugu (1973) 

This method was discussed in the text. Example calculations are shown below. 

Item 7: Clancy (1974) 

Ni = 3.6(10r1°(Mpo!T)u·7Sr1.89 

Where Ni the evaporation rate, mass flux in glsec 
u = the mean wind speed (cm/sec) 
r = the pool radius (cm) 
M molecular weight 
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po = the vapour pressure of the liquid (dyne/ cmz) 
T = the absolute temperature of the liquid (K) 

Clancy's method was similar to that of MacKay and Matsugu (1973). The exponents of 
the parameters u and r, were the same. The main difference was the coefficient. The 
reasons for this appear to be: 1) that the coefficient in this correlation incorporated the 
universal gas constant as well as 1C, 2) the units were specified at dyne/cmz, grool, and ergs. 
After these conversions were made, the constant was .0040, which was midway between 
MacKay and Matsugu's (1973) constant, of 0.00447 and Woodward's (1990) proposed 
constant of 0.00333. 

The formula used in WHAZAN II was originally derived from the work of Woodward 
(1990) who improved upon the results of McKay and Matsugu (1973) on spills of 
hydrocarbons on land and water. Woodward later proposed a change in the coefficient 
by correlating data for very volatile hydrocarbons. However, for this case, the original 
coefficient used by MacKay and Matsugu of 0.00447 yielded a closer fit with benzene 
and the other mono aromatics in gasoline. 

T hI D 4 V a e - . . apour p ressures 0 fS ltd C e ec e ompoun sa 

Compound Vapour Pressure (KPa.) 

pentane** 68.3 

hexane * * 20.2 

cyclohexane** 13.0 

benzene * 12.7 

toluene* 3.79 

2-xylene* 0.94 

3-xylene* 1.13 

4-xylene* 1.21 

ethylbenzene* 1.28 

BTEX*** 3.78 

cumene** 0.61 

water** 3.17 
Vapour Pressure data from: *:= TRC Thermodynailllc Tables (extant 1997), ** = Weast (1977), 
*** = Calculated value based on formula from Table E-4, Appendix E. 
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Calculations for Items 1 to 7 for benzene evaporation 

_ (diameter slick)(windspeed)(air density) 
Re- .. . 

rur VlSCOSlty 

(6.86m)(1.85ml s)(1.21kg 1m3
) 5 

= = 848(10) 
1.812(10) -5 kg I ms . 

1.5(10r5 m2 Is. 
Sc = ()-6 2 I = 1.56 9.6 10 m s 

C (10J7kPa benz) ( 1kmol ) (273K)(78kg)(0.059kmol benz) = _0._01_9_5-::=,-_be_n_z 
sat 100kPa air 22.4m3 293K kmol kmol gasoline 

Item 1: Welty (1978) 

(
96(10)-6 2 -1) 

P = 0.036(8.48(10)5)0.8 (1.56)°·33 . 6.86: s = 0.003188 ms·tusing the correlation 

in Welty, p = .036Reo.8ScO.3DBNL 

and Ni = P Csat Area 
Ni = (.003188m1s)(.0195 kg) (37m2)= .0023 kg/sec 

Item 2: Brauer (1971) 

(
96(10)-6 m2s-1 \ 

P = 0.037(8.48(10)5)0.8(1.56)°.43 . 6.86m j 

P = .037Reo·&ScO.43 DBNL 

and Ni = P Csat Area 

and Ni = (. 00346m1s)(. ° 195 kg) (37m2)= .0025 kg/sec 

Item 3: Blakelock (1989) 

0.00346 ml s 

Sh = .6Re·5 = .6(8.5(10)5),5 552 and d = L/Sh; 6.86m1552 = .0124m 

Ni = [(9.6(10)"6 m2/sec)(0.0421 kmol/m3)]/.0124m In [1/(1-.00818)] 

=2.67(10y7kmol benz/sec m2 

2.67(10y7kmol benz/sec m2 (78.11 kg benz/kmol) (37m2) .00077 kg/s 

Item 4: Penetration, Treybal (1968) 

P = 2[(9.6(1O)"6m2/sec) (1.85 mlsec)lrc (6.86m)],5= .0018 mls 

Ni = (.0018m1sec) (.0195 kg benz/m3) (37m2) = .0013 kg/s 
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Item 5: Wells (1980) 

Q .00f5 uAPs 

0.0015l1.85 ~ ){37 m2 )(0.102 bar) == 0.0105 m3s-1 

0.0105 m3s-1( 1 kmol )(273K)(78.11 kg) (1.0132bar) 
22.41 m3 293K 1 kmol 1atm 

(
0.059 kg benz) / 

k 
= 0.0020 kg s 

ggas 

Item 6: MacKay and Matsugu (1973) 

Ni = 0.004477tSc··67 uw·78 r1.89(l\IlPslRTp) 

-67 78( )l.B9((78.11kg /kmol)(10170pa)] 
0.004471(;(1.56)' (1.85m / s)' 3.43 m (8314J / kmolK)(293K) 

0.0034 kg/s 

Item 7: Clancy (1974) 
Ni = 3.6(1O)"lo(MPiT)u°·78 r1.89 

-lOl (78.11g/gmOl)(1.02(1O)5dyne/cm2)]( ).78( )1.89 
3.6(10) K 185cm / s 343cm 

293 

35.6 gls or 0.0356 kgls 
(0.035 kg/s)(0.059 kg benz/kg gas) = 0.0021 kg/s 

Dissolution 

Item 8: Calculate the mass transfer coefficient, kw for benzene diffusion from an oil slick 
into the water below using the penetration theory: 

(
DWBVrnax) 0.5 _ 

-kw 
1IX 

DWB Benzene diffusivity through water 1.02(10)"9 m2/sec at 25° C, Cussler (1997) at 
infinite dilution. 
x length of the spill, assume the average diameter ofa small spill = 6.9 m 
Vrnax rate of spill movement over the water surface. Using Smith (1977) and a wind 
speed of2.57 mis, the velocity of the slick = 0.56 mls 

Then kw 1.63 (10)"6 mls 

To calculate the mass flux of benzene from an oil slick into the water below, 

• WBvmax 
(

D ) 0.5 

JI L=o = 1IX clsa! 

Where jl z,,"ol = the mass flux at the film boundary. 
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Table E-l EXCELTM Code For The Estimate Of Total Per Of Hydrocarbons Spilled 
Refinery Wharf In UnloadingfLoading Operations. 

Row columnA columnB columnC colnmnD column IV 
No. i 

4 No. of spills in one =INT(RiskTnormaI(9&.92, 

year 
73.7,0,424)) 

6 No. of spill 1 2 3 350 

7 Spill size, jf the no. IF(B6<=B4,RiskWeibull( 1F(C6<=B4,RiskWeibull( 1F(D6<=B4,RiskWeibuU( 1F(lV6<=B4,RiskWeibullC 

of spill is less than 
0.83,2310),0) 0.83,2310),0) 0.83,2310),0) 0.83,2310),0) 

B4 I 

9 Sum litres spilled =SUM(B7:IV7) 

peryr i 

10 Tonne per year =B9*0.75/1000 
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Table E-2 EXCEL Code for Monte Carlo Spreadsheet calculations. Calculation 
ofthe exposure concentration to the Mair Bank Shellfish Bed from an oil spill at the 
Marsden Point wharf (SHEET 11) Time increments in the time series are shown for 
the first six rows only. The time increments increase by 300 seconds up to 5400 
seconds. 

Row Cell description (column A) Fonnula (co1umnB) 

3 Distribution for no. spills per =RiskTnormal(98,9,73.7,O,424) 

yr. 

4 % time there is NOT a spill =100·B5 

5 % time there IS a spill =INT(B3*100/424) 

6 Is there a spill? =IF(B3<424,RiskDiscrete( {O,l },B4:B5),1) 

9 I Spill size in litres =IF(B6=O,O,RiskWeibull(0.83,23 10» 

10 Total aromatics, wt. fraction 0.45 

in gas 

11 When spill: day of year =RiskUniform(8,358) 

12 When spill: hour of cycle =RiskUniform(O,12) 

13 Calculate cumulative kg =o.OOOOSO 86*VLOOKUP(B$11 ,Sheet41 $W$41 ;$AA$S3,S)*(VLOOKUP(B 

evaporation per time $11,Sheet4!$W$41;$AA$53,2)"O.78)*(VLOOKUP(Sheetll$A14,Sheet4!$A 

increment 
$12:$K$34,ll )"1.89)/VLOOKUP(SheeU IB$11,Sheet4!$W$41 :$AA$S3,4) 

14 1 =B14+($AlS-
$A14)*O.OOOOS086*VLOOKUP(B$11,Sheet41$W$41:$AA$,53,5)*(VLOO 
KUP(B$II,Sheet4!$W$41 :$AA$'s3,2)"O.78)*(VL00KUP(Sheetl !$A15,Sh 
eet4!$A$12:$K$34,11)"1.89)JVLOOKUP(SheetlIB$11,Sheet41$W$41 :$A 

A$53,4) 

15 30 =Bl's+($A16· 
$A1's)*0.0000S086*VLOOKUP(B$11 ,Sheet4! $W$41 :$AA$'s3,5 )*(VL00 
KUP(B$11 ,Sheet41$W$41 :$AA$,53, 2)"0. 78)*(VLOOKUP(Sheetl !$AI6,Sh 
eet4!$A$12:$K$34, 11 )"l.89)JVLOOKUP(Sheetl !B$II,Sheet4!$W$41 :$A 

A$53,4) 

16 90 =Bl5+($A16-
$A15)*O.00005086*VLOOKUP(B$11 ,Sheet4! $W$41 :$AA$s3,S)*(VLOO 
KUP(B$11,Sheet41$W$41:$AA$S3,2)"O.78)*(VL00KUP(SheetI!$A16,Sh 
eet41$A$12:$K$34, 11)"l.89)IVL00KUP(SheetlIB$11,Sheet41$W$41 :$A 

A$53,4) 

17 160 =B16+($AI7-
$AI6)*O.00OO's086*VLOOKUP(B$11,Sheet41$W$41:$AA$'s3,5)*(VLOO 
KUP(B$11,Sheet41$W$41 :$AA$S3,2)"O.78)*(VLOOKUP(Sheetll$AI7,Sh 
eet41$A$12:$K$34,11 )1\1.89)1VL00KUP(SheetlIB$11,Sheet4!$W$41 ;$A 

A$,53,4) 

18 250 =BI7+($AI8-
$A17)*0.OOOOS086*VLOOKUP(B$11,Sheet4!$W$41:$AA$S3,5)*(VL00 
KUP(B$11,Sheet41 $W$41 :$AA$S3 ,2)"O.78)*(VL00KUP(Sheet II$A18,Sh 
eet4!$A$12;$K$34,11)1\1.89)JVLOOKUP(Sheetl!B$11,Sheet4!$W$41;$A 

A$53,4) 

19 450 =B18+($A19-
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$A18)*O.OOOOS086*VLOOKUP(B$11,Sheet41$W$41 :$AA$S3,5)*(VLOO 
KUP(B$11,Sheet41 SW$41 :$AA$S3,2)"O.78)*(VLOOKUP(Sheetl !$A19,Sh 
eet4!$A$12:$KS34,11)"1.89)fVLOOKUP(Sheetl !BSll,Sheet41 $W$41:$A 

AS53,4) 

20 to times 750 to 5250 -
33 

34 5550 =B33+($A34-
$A33)*O.OOOOS086*VLOOKUP(B$11,Sheet41$W$41:$AA$S3,S)*(VLOO 
KUP(B$11,Sheet4!$W$41 :$AA$53,2)"O. 78)*(VLOOKUP(Sheetll $A34,Sh 
eet4!$A$12:$K$34,11)"1.89)fVLOOKUP(Sheetl !B$l 1,Sheet41$W$4 1 :$A 

A$S3,4)' 

38 Slick drift time to turbulence =431fVLOOKUP(B$12,Sheet4!$AB$S4:$AD$70,2) 

at shelf 

39 Cumulative amount =IF(B$38<=O,5000, VLOOKUP(B$38,$A$14:B$36,2» 

evaporated (kg) 

40 Amount left on sllnace (kg) =(B9*0. 75*$B$1 0)-B39 

41 Exposure concentration (PPb) =IF(B40<=0, 
0,1 OOOOOO*B40/(3.14*(VLOOKUP($B$38,Sheet4! $A$12:$K$3 4,11 )"2)*V 

LOOKUPlSheetl !BS12.Sheet4!AB54:AD70 3))) 



Table E-3 EXCEL Code for the Slick Size Calculations. 
volume (first 5 rows of time intervals, only, are shown). 
. . b 300 d t 5400 d mcrements mcrease lY secon s up a secon s. 

Ib B D 

Look up the spill size from cell B9, 
(cell B5) 

Table 1, :in (litres) 
=Sheetl!B9 

,... 
• L spill size to cubic meters 

(cell B6) 
=B9*O.OOI 

Time gravi1y viscous surface compare 
:interval to regime (m) regime (m) tension(m) gravity & 

calculate viscosity 
slick radius 

(sec) 

1 =1.42*($13$6" =3.415*($B$6 =O.0615*(A12 =IF{B12<C12, 
0.25)*(A12"O. "O.333)*(A12" "0.75) B12,CI2) 
5) 0.25) 

15 =1.42*($8$6" =3.415*($B$6 =O.0615*(A13 =IF(B 13<C 13, 
0.25)*(A13"O. "O.333)*(A13" "0.75) 813,C13) 
5) 0.25) 

60 =1.42*($8$6" =3.415*($13$6 =0.0615*(A14 =IF(B14<CI4, 
I 0.25)*(A14"O. "O.333)*(A14" "0.75) 814,C14) 

5) 0.25) 

120 =1.42*($8$6" =3.415*($8$6 =O.0615*(A15 =IF{B15<C15, 
0.25)*(A15"O. "O.333)*(A15" "0.75) 815,C15) 
5) 0.25) 

-""-j.Jj.JvJJ.U.l.2\. E Page E-4 

Slick radius (for a circular slick) is calculated from the interval and spill 
increments in the time series are shown for the first five rows only. The time 

,.. kumnI column T 
. '0 T7' 

compare :final veloci1y distance multiplier final radius 
vl"cm:itv& -OJ buoyant (m/s) (m) (m) 

surface radius (m) 
tension 

=IF(B12<CI2, =VLOOKUP( =H12*A12 =IF(I12>220,(I =IF(H12<O,l0 
E12,FI2) Sheetl!8$12,$ 12- 00000000,Gl2 

AB$54:$AC$7 220)1184,112*0 "'(1+Il2» 
0,2) I .33n20) 

1"1<(;1"1 =IF{B13<C13, =VLOOKUP( =HI3*AI3 =IF(I13>220,(I =IF(H13<0,1O 
EI3,F13) , SheetlIB$12,$ 13- 00000000,013 

AB$54:$AC$7 220)1184,113*0 *(1+JI3» 
i 0,2) .33/220) 

=IF(])].t1<C' 1.<1 =IF{B14<CI4, =VLOOKUP( =HI4*A14 =IF(I14>220,(I =IF(H14<0,10 
(;lim4) EI4,F14) Sheetl!B$12,$ 14- 00000OOO,Gl4 

ABS54:SAC$7 220)/184,114*0 *(1+114» 
0,2) .331220) 

=IF(B15<C15, =VLOOKUP( =H15*A15 =IF(I15>220,(I =IF(H15<0,1O 
EI5,FI5) Sheetl !B$12,$ 15- 00000000,Gl5 

AB$54:$AC$7 220)1184,115*0 *(1+115» 
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Table E-4: EXCEL Data Table the "LOOKUP" C01!D.DtlaJIG. Months of the year are shown by day number. corresponds to seasonal 
windspeed, water temperature, and vapour pressure. 

Month of yr. Day of yr. Windspeed, I m Avg. Water 
above water Temperature "'-1 ""JLU1:'''''J. aUll "" 

surface (m/s) (deg C) (degK) 

Jan. 8 1.75 20 293 

Febr. 32 1.85 22 295 

March 60 1.75 20 293 

"' 91 1.87 18 291 

121 1.81 17 290 

June 152 1.87 15 288 

July 182 1.98 13 286 

Aug. 213 1.87 13 286 

Sept 244 2.0 14 287 

Oct:. 274 1.91 15 288 

Nov. 305 1.85 17 290 

u"'". 335 1.85 19 292 

last day 359 marker for LOOKUP command 

* BTEX saturated vapour pressure was calculated assuming Henry's 
V.P) + 0.489(Toluene V.P.) + O.ll(Benzene V.P.) or for row 47 EXCEL code 

BTEX* sat'd m-Xylene sat'd yap Toluene sat'd yap Benzene sat'd yap 
vapour pressure press (pa) pressure (pa) pressure (pa) 

(pa) 

2918.8 826.9 2984 10170 

3271.0 932.3 3382 11210 

2918.8 826_9 2984 10170 

2588.3 731.8 2622 9130 

2458.7 687.9 2511 8610 

2239.6 606.9 2288 7910 

2025.4 534.2 2066 7220 

2025.4 534.2 2066 7220 

2131.5 569.5 2177 7560 

2239.6 606_9 2288 7910 

2458.7 687.9 2511 8610 

2744.2 778.1 2785 9650 

fraction composition of gasoline so that BTEX V.P. = O.4(Xylene and Ethyl benzene 
AB47 = .4* AC47+.489* AD47+O.11 * AE47) 
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Table E-5 EXCEL Data Table for the "LOOKUP" command. Tidal velocity and 
tidal depth (corresponding to measured streamtube path on the physical model) at 
M d P' t fi d t f1' th bb 1'd 1 1 ars en om or measure segmen s 0 lme over ee 1 a cye e. 

Time period (hr) Tidal velocity (m/s) Tida1d~(m) 

0 0.08 6.35 

0.67 0.20 6.35 

1.06 0.302 6.2 

1.58 0.415 4.7 

2.09 0.482 3.2 

2.23 0.509 4.66 

2.48 0.503 5.68 

3.06 0.473 9.13 

3.45 0.459 9.78 

3.52 0.449 10.00 

3.77 0.425 10.83 

4.28 0.394 1.79 

4.8 0.372 1.61 

5.0 0.368 1.46 

5.1 -1 -1 

6.2 -1 -1 

12 -5 -1 
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