


 

 
 
 
 
 
 
 
 
 

PREFACE 
 
On May 12, 2004, the Minister of Public Works and Government Services Canada and 
the Premier of Nova Scotia signed a Memorandum of Agreement to jointly remediate the 
Tar Ponds and Coke Ovens Sites, Sydney, Nova Scotia. This Project is subject to an 
environmental assessment pursuant to the Canadian Environmental Assessment Act 
and provisions of Part IV of the Nova Scotia Environment Act. A Joint Review Panel has 
been established by the Minister of the Environment, Canada and the Minister of 
Environment and Labour, Nova Scotia under the Agreement for the Joint Panel Review 
of the Sydney Tar Ponds and Coke Ovens Sites Remediation Project (July 14, 2005). 
 
This Environmental Impact Statement (EIS) is submitted by the Sydney Tar Ponds 
Agency to the Joint Review Panel and relevant regulatory authorities for the 
environmental assessment of the Project, Remediation of Sydney Tar Ponds and Coke 
Ovens Sites. It has been prepared on behalf of the Sydney Tar Ponds Agency by AMEC 
Earth & Environmental in association with Jacques Whitford Limited and ADI Limited. 
 
The documents comprising this EIS submission include seven Volumes and one 
Technical Executive Summary, as described in the following Submission Index.  In case 
of a discrepancy, the seven Volumes of the EIS submission take precedence over the 
Technical Executive Summary.  
 



Sydney Tar Ponds Agency 
Remediation of Sydney Tar Ponds and Coke Ovens Sites 
Environmental Impact Statement Submission Index 
Sydney, Nova Scotia 
December 2005 
 

SUBMISSION INDEX 
 
 

                          DOCUMENT 
 
Remediation of Sydney Tar Ponds and Coke Ovens Sites  
Technical Executive Summary                    Summary 
 
Remediation of Sydney Tar Ponds and Coke Ovens Sites 
Environmental Impact Statement (EIS)      Volume 1 
 

1.0   Introduction        
2.0   Project Description 
3.0   Consultation and Public Information Program 
4.0   Environmental Assessment Scope and Methodology 
5.0   Description of the Environment 
6.0   Biophysical Effects Assessment 
7.0   Socio-Economic Effects Assessment 
8.0   Malfunctions and Accidents 
9.0   Effects on the Capacity of Renewable Resources 
10.0  Potential Effects of the Environment on the Project 
11.0  Cumulative Effects Assessment 
12.0  Monitoring and Follow-up Programs 
13.0  Summary and Conclusions of the Assessment 
14.0  Annotated Bibliography 
15.0  References 
Appendices         

 
Air Quality Study: Dispersion Modeling of the Temporary Incinerator  Volume 2 

 
1.0   Introduction 
2.0   Characteristics of the Material to be Treated 
3.0   Mitigation Technologies 
4.0   Proposed Incinerator 
5.0   Dispersion Modeling Methodology 
6.0   Model Inputs 
7.0   Results of Dispersion Modeling 
8.0   Cumulative Impacts 
9.0   Conclusions 
10.0   References 
Appendices 

 
Air Quality Study: Dispersion Modeling of the Remediation Activities 
for the Sydney Tar Ponds and Coke Ovens Sites     Volume 3 
 

1.0   Introduction 
2.0   Overview of Emissions 
3.0   Particulate Matter Emissions from Remediation Activities 
4.0   Diesel Exhaust Emissions 
5.0   Emissions Specific to Tar Ponds Site Remediation Activities 
6.0   Emissions Specific to Coke Ovens Site Remediation Activities 
7.0   Ambient Air Quality Analysis 
8.0   References 
Appendices 



Sydney Tar Ponds Agency 
Remediation of Sydney Tar Ponds and Coke Ovens Sites 
Environmental Impact Statement Submission Index 
Sydney, Nova Scotia 
December 2005 
 

 
SUBMISSION INDEX (cont.) 

 
                   DOCUMENT 

 
Multipathway Human Health Risk Assessment Study:  
Incineration of Waste from Remediation Activities for the 
Sydney Tar Ponds and Coke Ovens Sites      Volume 4 
 

1.0   Introduction 
2.0   Hazard Identification 
3.0   Toxicity Assessment 
4.0   Exposure Assessment 
5.0   Risk Characterization 
6.0   Uncertainty Assessment 
7.0   References 
Appendices 

 
Human Health Risk Assessment Study: Remediation of the  
Sydney Tar Ponds and Coke Ovens Sites      Volume 5 
 

1.0   Introduction 
2.0   Hazard Identification 
3.0   Toxicity Assessment 
4.0   Exposure Assessment 
5.0   Risk Characterization 
6.0   Uncertainty Assessment 
7.0   References 
Appendices 

 
Ecological Risk Assessment Study: Remediation of the 
Sydney Tar Ponds and Coke Ovens Sites      Volume 6 

 
1.0   Introduction 
2.0   Scope of the ERA 
3.0   Site Characterization 
4.0   Ecological Risk Assessment Methodology 
5.0   Information and Data Management 
6.0   Risk Assessment for Coke Ovens Site 
7.0   Risk Assessment for Incinerators 
8.0   Uncertainty Analysis 
9.0   Summary and Conclusions 
10.0   References 
Appendices 

 
Contaminant Fate Modeling of Sydney Harbour: Remediation of 
the Sydney Tar Ponds and Coke Ovens Sites      Volume 7 
  

1.0   Introduction 
2.0   Modelling Approach 
3.0   Contaminant Flux Model 
4.0   Contaminant Fate Model Results 
5.0   Discussion 
6.0   Conclusions 
7.0 References 
Appendices 



 
 

Contaminant Fate Modeling of Sydney Harbour: 
Remediation of the Sydney Tar Ponds and Coke Ovens Sites  

Sydney, Nova Scotia 
 
 
 
 
 
 
 
 
 

Submitted to: 
Sydney Tar Ponds Agency 

PO Box 1028, Stn A 
Sydney, Nova Scotia 

B1P 6J7 
 
 
 

Submitted by: 
AMEC Earth & Environmental, 

A Division of AMEC Americas Limited 
32 Troop Avenue 

Dartmouth, Nova Scotia 
B3B 1Z1 

 
 
 
 

December 2005 
 
 
 

File No. TE4109713 
 
 
 



IMPORTANT  NOTICE 
 

This report was prepared exclusively for Sydney Tar Ponds Agency by 
AMEC Earth & Environmental, a division of AMEC Americas Limited 
(AMEC).  The quality of information, conclusions and estimates 
contained herein is consistent with the level of effort involved in AMEC’s 
services and based on: i) information available at the time of preparation, 
ii) data supplied by outside sources and iii) the assumptions, conditions 
and qualifications set forth in this report.  This report is for use by Sydney 
Tar Ponds Agency only, subject to the terms and conditions of its 
contract with AMEC.  Any other use of, or reliance on, this report by any 
third party is at that party’s sole risk. 
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1.0 INTRODUCTION 
 
The governments of Canada and Nova Scotia propose to remediate the Sydney Tar Ponds and 
Coke Ovens Sites, located in Sydney, Nova Scotia.  The Sydney Tar Ponds Agency, a special 
operating agency of the government of Nova Scotia, will manage and implement the Project.  
The objective of the Project is to remediate the Tar Ponds and Coke Ovens sites in order to 
reduce the ecological and health hazards from existing soil, sediment and water contamination.  
The probability of human exposure to contaminated material on the site is currently being 
managed by controlling access to the sites through erection of fencing and implementation of 
access controls.  The existing low risk to ecological receptors associated with releases to 
Sydney Harbour continues to be addressed through on-going clean-up activities.  The 
implementation of the Project will further reduce the potential health and ecological risk by 
removing materials that may remain.  The ecological risk to Sydney Harbour will be reduced as 
a result of planned remedial activities at both the Coke Ovens and Tar Ponds sites. 
 
This document has been prepared in order to evaluate the present and future levels of risk to 
ecological receptors in Sydney Harbour that may be attributable to contaminant substances 
originating from Muggah Creek (the Tar Ponds area).  The contaminant substances to be 
evaluated include the organic contaminants Polycyclic Aromatic Hydrocarbons (PAHs) and 
Polychlorinated Biphenyls (PCBs), as well as the inorganic contaminants arsenic (As), cadmium 
(Cd), copper (Cu), lead (Pb), mercury (Hg) and zinc (Zn).  These substances partition mainly 
between water and sediment compartments in the harbour and the exposure of aquatic 
ecological receptors to contaminants in these compartments will be evaluated. 
 
The underlying technical approach that has been adopted for this report is to use a computer 
model to simulate contaminant releases to Sydney Harbour from Muggah Creek, as well as the 
long-term fate and distribution of the contaminants within Sydney Harbour.  Using this approach 
over time scales of decades to a century, the history, present state, and likely future state of the 
harbour can be simulated, and (to the extent possible) compared with existing sediment and 
water quality data for validation purposes.  The existing data have been collected by a variety of 
agencies, including but not limited to Environment Canada, the Province of Nova Scotia, and 
independent environmental consulting companies. 
 
This report provides background information on Muggah Creek and Sydney Harbour; a 
technical description of the computer model that was developed and used to carry out the 
simulations; the results of the computer simulations; and an interpretation of the toxicological 
significance (or ecological risk) for aquatic receptors that may be associated with the present 
and likely future conditions within Sydney Harbour. 
 
1.1 STUDY AREA AND EXISTING INFORMATION 
 
Sydney Harbour was described by Stewart and White (2001) as follows.  The harbour 
(Figure 1.1) is a shallow (maximum depth 19 m), Y-shaped inlet, 21 km long by 3 km wide at the 
mouth, situated on the northeastern coast of Cape Breton Island.  The inlet is a “drowned” river 
valley which has been flooded by the sea.  For the purposes of this report, the harbour has been 
divided into a “Trunk” section extending from approximately the location of North Sydney to the 
mouth of the bay where it enters the Atlantic Ocean.  A small area lying between North Sydney, 
South Bar, and the two arms is identified as the “Groin” section.  Lastly, the two arms (the 
Northwest Arm and the South Arm) extend inland.  The South Arm is fed by the Sydney River, 
whereas the Northwest Arm is fed by several smaller brooks.  Salinity within the overall system 
varies from approximately 15 parts per thousand to 30 parts per thousand (fully marine water 
has a salinity of 35 parts per thousand), and so the harbour is classified as an estuarine system. 
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Stewart and White (2001) report that the inlet as a whole has a flushing time of about 5.8 days.  
Tides are semi-diurnal with a mean range of approximately 0.82 m and large tides of 1.4 m.  
Mean and peak tidal current velocities of 3 cm/second and 5 cm/second are typical for the 
harbour.  Due to the volume of flow from the Sydney River, the South Arm has a significant two-
layer estuarine circulation during periods of high runoff.  With this circulation, a thin layer of 
relatively fresh water tends to move seaward, while more saline bottom water tends to move 
inland, to be entrained by freshwater flows near the head of the estuary.  Waters in the outer 
harbour and in the Northwest Arm tend to be well mixed both horizontally and vertically. 
 
Sediments in the shallow subtidal areas of the South and Northwest Arms of Sydney Harbour 
are generally coarse (due to wave action and re-suspension of finer sediments), while 
sediments in central deeper areas consist of silts and clays, with elevated organic content (up to 
7% organic carbon, although 3% to 5% is more typical).  In the outer harbour sediments tend to 
be somewhat coarser, with lower organic content. 
 
Like many other industrial ports, Sydney Harbour has received contaminants from a variety of 
industrial and municipal sources.  Elevated concentrations of PAHs, PCBs, hydrocarbons, 
heavy metals, and other contaminants are commonly reported in such environments.  However, 
in the case of Sydney Harbour, a dominant source of contaminant emissions has been linked to 
the former SYSCO steel mill (and in particular to coke oven operations) located near a tidal inlet 
known as Muggah Creek.  Muggah Creek is a small tidal inlet located on the east side, near the 
inland end of South Arm.  It is fed by two main brooks (Wash Brook and Coke Oven Brook) as 
well as receiving the discharge from a number of sewers.  Wash Brook carries natural runoff, 
municipal storm water and sanitary sewage from parts of Sydney.  Coke Oven Brook likewise 
carries runoff, storm water, and sanitary sewage from municipal areas in addition to draining a 
large part of the former SYSCO steel mill and the Coke Ovens site, but is of particular interest 
because historically it also directly received and transported distillates (coal tar) from the former 
Coke Ovens to Muggah Creek (also known as the Sydney Tar Ponds).  A project is currently 
underway to collect the sewage that presently discharges into these systems.  After completion 
of this project, only occasional (i.e., overflow) sewage discharges would be expected to enter 
Wash Brook or Coke Oven Brook. 
 
As a result of contaminant loadings to Muggah Creek, contaminants have entered Sydney 
Harbour.  Contaminant concentrations in the water and sediments of Sydney Harbour have 
been documented in numerous studies including but not limited to: 
 

• Environmental Quality in Sydney and Northeast Industrial Cape Breton, Nova Scotia 
(Hildebrand, 1982); 

• Investigation of Polynuclear Aromatic Hydrocarbon Contamination of Sydney Harbour, 
Nova Scotia (Matheson et al. 1983); 

• Polynuclear Aromatic Hydrocarbons and Heterocyclic Aromatic Compounds in Sydney 
Harbour, Nova Scotia.  A 1986 Survey (Kieley et al. 1988); 

• Site Investigation of Contaminants in Sediment and Biota of Sydney Harbour.  Results of 
Field Survey Conducted December, 1995 (JWEL-IT, 1996); 

• Concentration and Distribution of Polycyclic Aromatic Hydrocarbons (PAHs), PCBs, and 
Metals in Sediments, Mussels (Mytilus edulis and Modiolus modiolus), and Lobsters 
(Homarus americanus) from Sydney Harbour, Nova Scotia (Ernst et al. 1999); 

• Disaggregated Inorganic Grain Size and Trace Metal Analyses of Surficial Sediments in 
Sydney Harbour, N.S., 1999 (Stewart et al. 2001); and 
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• Environmental Effects and Remediation of Contaminants in Sydney Harbour, Nova 
Scotia (Lee, 2002). 

 
1.1.1 Selection of Contaminants of Potential Concern 
 
There have been several previous reports that provide estimates of the contaminant inputs to 
Muggah Creek from various sources, as well as the contaminant flux from Muggah Creek to 
Sydney Harbour.  This flux is measured for convenience at an imaginary line located across the 
mouth of Muggah Creek at Battery Point (Figure 1.1).  The past studies that provide information 
on contaminant fluxes include: 
 

• Sydney Tar Pond Study – Final Project Report (Acres International Limited, 1985); 
• Final Report, Sydney Tar Ponds Clean-up, Marine Monitoring Implementation, Volume I 

of IV, Project E-222 (prepared for Acres International Limited by P. Lane and Associates, 
1991); 

• Coke Oven Brook Monitoring Program.  Report to Sydney Tar Ponds Clean-Up Inc. 
(Washburn and Gillis, 1996); 

• Risk Analysis of PAH Hazards for the Muggah Creek Containment Project (JWEL-IT, 
1996); 

• Contaminant Loading Study for Muggah Creek (JDAC 2002a); 
• Contaminant Flux from Muggah Creek to Sydney Harbour (JDAC 2002b); and 
• Environmental Effects and Remediation of Contaminants in Sydney Harbour, Nova 

Scotia (Lee 2002). 
  
Contaminants of concern for the present modelling exercise were selected based upon the 
results of contaminant loading (input to Muggah Creek from the surrounding watershed) and flux 
(output from Muggah Creek to Sydney Harbour) studies carried out by JDAC (2002a, b).  
Studies conducted by Environment Canada (Lee, 2002; and supporting studies including 
Stewart et al., 2001) were also consulted.  Based upon these main sources of information, the 
following contaminants of concern (COCs) were evaluated: 
 

• Total Polycyclic Aromatic Hydrocarbon (Total PAH), which can be subdivided into low 
(LPAH), medium (MPAH) and high (HPAH) molecular weight fractions; 

• Total Polychlorinated Biphenyl (Total PCB); 
• Arsenic (As); 
• Cadmium (Cd); 
• Copper (Cu); 
• Lead (Pb); 
• Mercury (Hg); and 
• Zinc (Zn). 

 
For the purpose of modelling, the PAH compounds can be classified by molecular weight into 
three sub-classes of COC.  These include low (LPAH), medium (MPAH) and high (HPAH) 
molecular weight PAH compounds.  Table 1.1 shows the breakdown of the PAH compounds 
into each sub-class. 
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Table 1.1 Classification of PAH Compounds into Low, Medium and High Molecular Weight   
  Compounds (from JDAC, 2002b) 

Compound Name Number of 
Rings 

Molecular 
Weight 

(g/mole) 

Solubility in 
Water (mg/L) 

Log Kow Cancer 
Causing? 

Low Molecular Weight PAH Compounds (LPAH) 
Naphthalene 2 128 30 3.37 No 
1-Methylnaphthalene 2 142 28 5.08 No 
2-Methylnaphthalene 2 142 25 5.08 No 
Acenaphthylene 2 152 16.3 4.08 No 
Acenaphthene 2 154 4.13 3.96 No 
Fluorene 2+ 166 1.86 4.17 No 
Phenanthrene 3 178 1.28 4.55 No 
Medium Molecular Weight PAH Compounds (MPAH) 
Anthracene 3 178 0.07 4.47 No 
Fluoranthene 3+ 202 0.232 5.08 No 
Pyrene 4 202 0.137 5.0 No 
High Molecular Weight PAH Compounds (HPAH) 
Benz(a)anthracene 4 228 0.014 5.61 Yes 
Chrysene 4 228 0.00194 5.74 Yes 
Benzo(b)fluoranthene 4+ 252 0.004 6.19 Yes 
Perylene 5 252 0.0004 6.25 No 
Benzo(a)pyrene 5 252 0.0038 6.13 Yes 
Indeno(1,2,3-c,d)pyrene 5+ 276 0.0107 6.91 Yes 
Dibenz(a,h)anthracene 5 278 0.00067 6.55 Yes 
Benzo(g,h,i)perylene 6 276 0.00026 7.23 No 
Kow = octanol-water partition coefficient 
 
Total PAH and Total PCB were selected due to their obvious importance as critical COCs 
related to the past industrial operations in the Coke Oven Brook watershed.  The PAH 
contaminants are derived from coal tar, released from coking operations as part of the former 
steel mill operation at Sydney.  The origin of the PCB contaminants is less clear, but elevated 
concentrations of PCBs have been detected in discrete areas of the sediments of Muggah 
Creek.  Therefore, the fate of PCB contaminants in Sydney Harbour is an important question 
with respect to the proposed remediation of Muggah Creek sediments. 
 
Selection of trace metals of concern was based on information provided in Lee (2002) and 
Stewart et al. (2001).  Stewart et al. (2001) identified two principal components of variation in 
the trace element composition of sediments in Sydney Harbour.  The first and dominant 
component (Factor 1, representing 47.7% of total variance) was dubbed the “sedimentation 
factor” and represented the accumulation of fine-grained aluminosilicates with their 
accompanying lattice trace metals (of primarily natural origin) in response to present 
depositional conditions.  The second component (Factor 2, representing 24.2% of total 
variance) was dubbed the “anthropogenic factor” and represented the enrichment of certain 
metals from anthropogenic sources above background levels.  This suite of elements included 
arsenic, antimony, bismuth, cadmium, copper, iron, mercury, lead, molybdenum, silver, 
tellurium, thallium, tungsten, yttrium and zinc, of which arsenic, cadmium, copper, lead, mercury 
and zinc were selected as being metals with significant toxicological potential, with a likely 
significant source being Muggah Creek, for which sufficient information is available to support 
the required modelling effort. 
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1.1.2 Baseline Information on Chemicals of Concern 
 
1.1.2.1 Polycyclic Aromatic Hydrocarbons 
 
Total PAH data for sediments in Sydney Harbour have been presented on several occasions, 
based on surveys carried out in 1981 (Matheson et al., 1983), 1986 (Kieley et al., 1988), 1995 
(JWEL-IT 1996 and Ernst et al., 1999) and 1999 (Lee, 2002).  The results of those surveys are 
summarized in Table 1.2.  The survey data generally show a strong grouping of very high PAH 
concentrations near the mouth of Muggah Creek, in the South Arm, with South Arm sediments 
also having generally high concentrations of PAHs.  PAH concentrations in the remaining 
segments of the harbour (i.e., in the Northwest Arm and Trunk) are generally much lower than in 
the South Arm.  The Groin area (located at the mouths of both the South and Northwest Arms) 
has generally not been sampled, so data are not available for this area. 
 
Table 1.2 Historical Sediment Total PAH Data for Sydney Harbour 

Area Geometric Mean1 
Total PAH (mg/kg) 

Characteristic 
Range2 

Total PAH 
(mg/kg) 

Comments 

1981 Data (Matheson et al. 1983) 
South Arm 67.8 17-279 
Groin NA  
Northwest Arm 5 3.2-8 
Trunk 1.3 0.2-9 

Based on grab samples.  Analysis did not include 
most LPAH compounds (except phenanthrene).  
Maximum value 2,800 mg/kg. 

1985 Data (Kieley et al. 1988) 
South Arm 32.4 6.4-163 
Groin NA  
Northwest Arm 1.5 0.3-8.4 
Trunk 0.21 0.03-1.67 

Based on core samples, top 5 cm.  Does not include 
1-methylnaphthalene or 2-methylnaphthalene in 
LPAH group.  Maximum value 310 mg/kg. 

1995 Data (JWEL-IT 1996 and Ernst et al. 1999) 
South Arm 18.2 5.25-63 
Groin NA  
Northwest Arm 1.2 0.53-2.72 
Trunk 0.24 0.05-1.15 

Based on core samples, top 1.5 cm.  Maximum 
value 178 mg/kg. 

1999 Data (Lee 2002) 
South Arm 114 48-271 
Groin NA  
Northwest Arm 16.4 10.1-26.6 
Trunk 3.5 0.7-17.1 

Based on grab samples.  Maximum value 326 
mg/kg. 

1. Geometric Mean is the mean of the log-transformed data, de-transformed to a real number. 
2. Characteristic Range is defined here as the geometric mean plus or minus one geometric standard deviation, 

with the resulting values de-transformed to real numbers. 
 
As can be seen from Table 1.2, it is difficult to generalize about trends over time, based on the 
sediment quality data, due to differences in sample collection and analytical methodology.   
 
The 1981 data are likely biased low, since most of the LPAH group (including naphthalene) 
were not reported in the analysis, anthracene was not reported from the MPAH group, and 
perylene and dibenz(a,h)anthracene were not reported from the HPAH group.  At the same 
time, triphenylene and benzo(e)pyrene, which are not included in other standard PAH analytical 
suites, were reported.  The grab sample technique was shown by Matheson et al. (1983) to 
result in higher measured PAH concentrations than a core sampling technique that extracted 
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only the surface 0 to 3 cm layer, since the grab sample typically “bites”  more deeply into the 
underlying more contaminated sediment. 
   
The 1985 data are based on the surface 0 to 5 cm layer of core samples (Kieley et al. 1988), but 
the analysis for these samples did not report 1-methylnaphthalene or 2-methylnaphthalene in 
the LPAH group, or perylene in the HPAH group.  However, triphenylene and benzo(e)pyrene 
were reported. 
 
The 1995 data are based on the surface (0 to 1.5 cm) layer of sediments from core samples.  In 
the 1995 data sets, it was shown that in general, the middle core sections (4 to 5.5 cm depth) 
had higher PAH concentrations than the tops or bottoms of cores (JWEL-IT 1996). 
 
The 1999 data (Lee 2002) were collected using grab samples, but appear to be a subset of a 
larger data set that includes both core and grab samples, and sampling campaigns during 1999, 
2000 and 2001 (Lee 2002).  These data do not appear to have been fully reported to date. 
 
It is safe to generalize that grab samples will likely collect a deeper sample of sediment (likely 
sampling the 0 to 10 cm horizon, or deeper, depending upon the size and weight of the grab, 
and sediment characteristics.  In contrast, core samples, which are generally pushed to a depth 
of up to 30 cm, are typically sectioned upon recovery so that only a discrete horizon of the 
sediment (variously 1 to 1.5, 0 to 3, or 0 to 5 cm) is analyzed.  It is beyond the scope of this 
report to try to decipher the results of the various sediment sampling campaigns.  However, 
various authors (Ernst et al. 1999; Stewart and White 2001; Lee 2002) have cautiously 
concluded that contaminant concentrations in the sediments of Sydney Harbour appear to be 
declining, and the maximum concentrations of PAH compounds reported near the mouth of 
Muggah Creek would appear to support this conclusion. 
 
1.1.2.2 Polychlorinated Biphenyls 
 
In contrast to PAHs, PCB concentrations in Sydney Harbour generally cluster into two areas in 
the South Arm that are elevated.  One is located near the mouth of Muggah Creek, consistent 
with the known presence of PCB-contaminated sediments in the North and South Tar Ponds.  
The other centre of high PCB concentrations is located further south, in another area where 
sewage outfalls from Sydney enter the harbour.  Therefore, it would appear that there were at 
least two major sources of PCB input to the harbour, both located in Sydney.  PCB 
concentrations in the sediments of the Northwest Arm and outer harbour are considerably lower 
than in South Arm (Table 1.3). 
 
1.1.2.3 Metals 
 
Sediment quality data for metals have been reported at different times by various authors, 
however, the analytical methods for metals analysis have varied, and this creates ambiguity 
about the interpretation of the historical metals data.  The data reported by Stewart et al. (2001), 
based on grab samples and subject to “total” digestion, are both recent, and comprehensive, 
and provide the best available background information for metals (Table 1.4), although they may 
tend to over-estimate the concentration in the surface (0 to 5 cm) sediment layer if the grab 
samples bit more deeply into the underlying sediment. 
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Table 1.3 Historical Sediment PCB Data for Sydney Harbour 

Area 
Geometric Mean1 

PCB 
(mg/kg) 

Characteristic 
Range2 

PCB 
(mg/kg) 

Comments 

1995 Data (JWEL-IT 1996 and Ernst et al. 1999) 
South Arm 0.364 0.06 – 2.1 
Groin NA  
Northwest Arm Not detected <0.05 
Trunk Not detected <0.05 

Based on core samples, top 1.5 cm.  Maximum 
value 20.3 mg/kg. 

1999 Data (Lee 2002) 
South Arm 0.694 0.29-1.67 
Groin NA  
Northwest Arm 0.036 0.018-0.072 
Trunk Not detected unknown 

Based on grab samples.  Maximum value 3.377 
mg/kg. 

1.  Geometric Mean is the mean of the log-transformed data, de-transformed to a real number. 
2.  Characteristic Range is defined here as the geometric mean plus or minus one geometric standard deviation, with 
the resulting values de-transformed to real numbers. 
 
 
Stewart et al. (2001) concluded that Sydney Harbour is a depositional area, dominated by fine-
grained sediment.  Trace metal concentrations within sediments of the harbour show significant 
levels of enrichment in some areas, notably within Sydney River and the South Arm when 
compared to the outer harbour and Northwest Arm, with the highest concentrations being found 
in the region of Muggah Creek.  Most trace metal concentrations in the Northwest Arm and 
outer harbour were at or below levels considered to be “baseline”.  Cadmium, copper and lead 
concentrations were elevated in the South Arm generally, especially adjacent to Muggah Creek.  
Mercury was also elevated in proximity to Muggah Creek. 
 
Lee (2002) reported concentrations of cadmium, copper, lead and zinc in water from various 
areas of the harbour during surveys conducted in 1999 and 2000.  Cadmium concentrations 
were typically in the range of 0.02 µg/L, showing little variation throughout the harbour.  Copper 
concentrations ranged from 0.3 to 0.6 µg/L, and generally decreased in a seaward direction.  
Lead concentrations showed a relatively high seasonal variation, ranging from 0.005 to 
0.032 µg/L, with generally higher values being seen in October than in July.  Zinc concentrations 
showed the strongest spatial trend, ranging from about 0.2-0.6 µg/L in the outer harbour, to 1.0-
1.7 µg/L in the central South Arm, a trend that was attributed to the influence of Muggah Creek.   
 

Table 1.4 Historical Sediment Metals Data for Sydney Harbour (from Stewart et al. 2001) 

Area 
Geometric Mean1 

Metal 
(mg/kg) 

Characteristic 
Range2 
Metal 

(mg/kg) 
Comments 

Arsenic 
South Arm 17.13 8.9-32.9 
Groin 14 11.1-17.6 
Northwest Arm 13.6 8.9-20.6 
Trunk 19.8 12.1-32.3 

Arsenic considered to be at or slightly above 
baseline levels throughout the harbour. 

Cadmium 
South Arm 0.73 0.40-1.33 
Groin 0.24 0.018-0.322 
Northwest Arm 0.40 0.23-0.67 
Trunk 0.14 0.009-2.14 

Cadmium considered to be elevated in the South 
Arm, especially adjacent to Muggah Creek. 

Copper 
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Table 1.4 Historical Sediment Metals Data for Sydney Harbour (from Stewart et al. 2001) 

Area 
Geometric Mean1 

Metal 
(mg/kg) 

Characteristic 
Range2 
Metal 

(mg/kg) 
Comments 

South Arm 50 24.1-104 
Groin 30 23.6-38 
Northwest Arm 32.2 22.6-45.8 
Trunk 25.8 4.9-135 

Copper considered to be elevated in the South Arm, 
especially adjacent to Muggah Creek. 

Lead 
South Arm 117 61-223 
Groin 46.8 33.5-65.5 
Northwest Arm 64.3 43-96 
Trunk 46.4 9.84-219 

Lead considered to be elevated in the South Arm, 
especially adjacent to Muggah Creek. 

Mercury 
South Arm 0.12 0.05-0.31 
Groin 0.037 0.012-0.11 
Northwest Arm 0.032 0.019-0.052 
Trunk 0.025 0.003-0.25 

Most mercury levels considered to be below 
baseline levels within the harbour, with the 
exception of Muggah Creek and an outlier near 
North Sydney. 

Zinc 
South Arm 207 132-323 
Groin 111 86-142 
Northwest Arm 131 100-171 
Trunk 102 33-318 

Zinc considered to be at or slightly above baseline 
levels throughout the harbour. 

1. Geometric Mean is the mean of the log-transformed data, de-transformed to a real number. 
2. Characteristic Range is defined here as the geometric mean plus or minus one geometric standard deviation, 

with the resulting values de-transformed to real numbers. 
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2.0 MODELLING APPROACH 
 
The modelling approach that was followed in this study was based upon a mass balance 
(compartment) model.  The overall objective of the study was to evaluate the likely fate of 
contaminants discharged from Muggah Creek to Sydney Harbour.  Muggah Creek was not 
explicitly modelled (although it was the subject of a related modelling exercise carried out in 
2002 (JDAC 2002b).  A similar model (Ethier 2002) was previously developed to simulate the 
fate of selected PAH compounds in Sydney Harbour.  However, that model dealt only with 
selected compounds and was not used to model the fate and transport of metal contaminants or 
PCBs, and was not validated due to a lack of suitable data at that time.  The model was not 
applied to a broader range of contaminants, or used to forecast future conditions in the harbour, 
due to a lack of contaminant input data at that time.  Similar models have been used in Hamilton 
Harbour for PCBs, benzo(a)pyrene, lead and zinc (Ling et al. 1993) and in the Saguenay Fjord 
for naphthalene, phenanthrene, and benzo(a)pyrene (Lun et al. 1998) to elucidate the fate and 
transport of contaminants in harbour and estuarine systems. 
 
Since 2002, information on contaminant flux rates from Muggah Creek have become available 
(JDAC 2002b).  In addition, the results of intense investigations of environmental conditions 
within the harbour have become available (Lee 2002; Stewart et al. 2001).  The availability of 
this information overcomes many of the issues that were problematic for previous investigators. 
 
Sydney Harbour was divided into four general regions (or segments) for the present modelling 
exercise, representing the South Arm (which directly receives contaminants discharged from 
Muggah Creek); the Northwest Arm, and the “Groin” and “Trunk” areas of the outer harbour.  
The water and sediments of the Atlantic Ocean represent the ultimate sinks for contaminants 
leaving Sydney Harbour.  Within each of the four segments representing the harbour, the model 
includes surface (0 to 2 cm depth) and deeper sediments, which are also sinks for 
contaminants.  The model domain is illustrated in Figure 1.1.  Although some of the COCs 
under investigation (such as PAHs, PCBs and mercury) are potentially volatile and may escape 
from harbour water to the atmosphere, this process was considered to be of little importance 
given the relatively rapid flushing time of the harbour water, and the strong tendency for these 
substances to partition into the sediment phase.  Therefore, losses to the atmosphere were not 
simulated.  This approach is conservative, in the sense that the concentrations of volatile COCs 
in the water and sediment compartments will be slightly overestimated as a consequence. 
The objective of the model was to predict the effects of contaminant release from Muggah 
Creek on the environmental quality of Sydney Harbour.  With this in mind, the model was 
developed in order to provide answers to three specific questions: 
 
Question 1:  What have been the historical trends with respect to contaminant concentrations in 
Sydney Harbour, and how can these trends be expected to extend into the future? 
 
Question 2:  What is the incremental impact of contaminants discharged from Muggah Creek 
on Sydney Harbour, based on contaminant fluxes estimated by JDAC (2002b)? 
 
Question 3:  What would be the incremental impact of contaminants discharged from Muggah 
Creek on Sydney Harbour, if Muggah Creek is remediated as anticipated under the Sydney Tar 
Ponds and Coke Ovens Sites Remediation Project?  
 
The results of modelling the scenarios outlined above will provide an indication of the 
environmental benefits that can be expected in Sydney Harbour as a result of the Project. 
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2.1 MASS BALANCE MODELS 
 
There are two major reasons for developing numerical models.  The first is to gain insight and 
some fundamental understanding of the processes governing the movements of material in the 
environment.  The second is to produce answers to management questions with adequately 
defined confidence limits.  No single model is appropriate for all purposes, and a range of 
models is often required.  Because biological, chemical, geological and physical processes can 
all affect the transport, dispersion and fate of marine contaminants, the quantification of the 
important processes in a given marine environment often requires multidisciplinary study.  
However, such studies are often either too costly, or of insufficient duration, resolution and 
breadth to adequately characterize the receiving system.  Thus, simplified approaches are 
required. 
 
The mathematical modelling approach can be used to understand and trace the fate and 
transport of contaminants through an estuarine system.  A model can be a useful tool for 
extending limited data sets to predictions of future conditions.  However, it should be 
remembered that a model is an idealized and simplified representation of the environment.  
Although not a perfect representation, a model can still be useful if it is designed to embody the 
important features and processes of the original system.  The extent to which a model must 
reproduce conditions in the real environment is dictated by the management questions and the 
resources available to characterize the environment, and for model development and 
implementation. 
 
There are several fundamental principles that form the basis of models, of which the 
conservation laws of mass, momentum and energy, and the chemical equilibrium equations are 
some examples.  Once the model is formulated, there are a number of solution procedures such 
as constantly stirred reactor compartment models, analytical methods, finite-difference, and 
finite-element techniques.  There have been numerous evaluations of mathematical models 
used for contaminant transport in large lakes, estuaries, and coastal ocean environments, 
including GESAMP (1991), Onishi et al. (1981), and US EPA (1985, 1987).    
 
Mass balance compartment models consisting of two-dimensional or three-dimensional 
arrangements of compartments, configured to represent the natural environment, have been 
widely used to simulate contaminant transport in rivers, lakes, and estuaries (Diamond et al. 
1994, 1996; Soetaert and Herman 1995a, b; Stephenson et al. 1995).  Models of this type have 
been used in previous analyses of contaminant fluxes and transport in the Muggah Creek and 
Sydney Harbour system (PLA 1991; JDAC 2002b; Ethier 2002).  Mass balance models can 
provide explicit estimates of the flux of contaminants across boundaries or within compartments 
as a function of time.  Therefore, a mass balance compartment model was selected as the most 
appropriate model for the present investigation. 
 
The fundamental principle of mass balance modelling is that an environment or process can be 
represented by several compartments, each of which contain a certain quantity, or mass of 
material.  In this case, the compartments represent specific areas of Sydney Harbour, and the 
mass represented is the mass of contaminant (e.g., PAH) present within the compartment.  The 
mass of contaminant present within each compartment may change over time, in response to 
processes representing contaminant inputs, transport to other compartments, or exchange with 
sediments.  The equations representing these processes are solved for a series of time steps, 
allowing the model to represent the behaviour of the system being modelled over time.  Mass is 
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never lost from the model (although it may be stored in various compartments from which it 
cannot return to surface water), and mass is not created within the model (except as it is added 
to the model through ongoing source terms, such as the flux to Sydney Harbour from Muggah 
Creek).  A mass balance model was selected for this work because it provides an effective and 
widely accepted way to simulate contaminant transport in the estuarine environment, and can 
provide an accurate account of contaminant exchange across boundaries between 
compartments.  
 
The Sydney Harbour model, a multi-compartment mass balance model, was developed as an 
adaptation of the model that was used to simulate the contaminant flux from Muggah Creek to 
Sydney Harbour (JDAC 2002b).   
 
Sydney Harbour was divided into a number of segments, each representing a well defined 
geographic area (see Figure 1.1 showing the boundaries of the South Arm, Northwest Arm, 
Groin, and Trunk segments of Sydney Harbour, as well as the boundaries with Muggah Creek 
and the Atlantic Ocean).  Each segment in the model contains two or more compartments 
representing water and sediment.  Contaminants are assumed to enter the surface water 
compartment of the South Arm segment of the model, from Muggah Creek at Battery Point.   
 
The contaminant “fluxes” or inputs to the harbour were obtained from JDAC (2002b) for all 
contaminants of concern except PCBs and mercury.  For PCBs and mercury, new contaminant 
input estimates were obtained using the JDAC (2002b) model, and using as input the previously 
measured 95% upper confidence limit for the geometric mean PCB and mercury concentrations 
in Muggah Creek sediments.  This approach assumes that the dominant source of PCB and 
mercury lies within the sediments of Muggah Creek, and that there is no significant ongoing 
source of PCB or mercury coming into Muggah Creek with streams, groundwater, or sewer 
flows.  This assumption is thought to be reasonable.  The model allows contaminants entering 
Sydney Harbour to either settle to the sediments within that compartment, or remain suspended 
in the water column compartments and exchange with the other water compartments within 
Sydney Harbour (where they may also settle to the sediment compartments).  Those 
contaminants that are not retained within Sydney Harbour may eventually be discharged to the 
Atlantic Ocean.  The model explicitly represents the flushing processes caused by tide and 
freshwater runoff from creeks and rivers.  
 
Once contaminants enter the sediment compartment, it is assumed that there is no return flux to 
the water column (since water velocities within Sydney Harbour are generally too low to cause 
re-suspension of bed sediments except along shoreline areas where sediment grain sizes are 
coarser, and sediment contaminant concentrations are generally low).  However, the sediments 
are subdivided into a thin layer of biologically active (and mixed) surface sediments, overlying a 
deeper layer of more compacted deep sediments.  Biological degradation of organic 
contaminants can take place in the surface sediment compartment (where oxygen is available) 
but is assumed not to take place in the deeper sediment compartment (where oxygen is not 
available). 
 
The level of detail incorporated into the model, as well as the finest scale of geographic 
representation, is fairly coarse.  However, the segmentation scheme was arrived at based upon 
professional judgment and exploratory modelling using alternative segmentation schemes.  The 
four-segment compartmentalization of Sydney Harbour implemented in the present model, as 
well as the processes to be incorporated in the model, were selected as being sufficiently 
detailed to provide useful information for the present analysis, without being overly complex.  
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This is appropriate, since the objective of the modelling exercise is to simulate behaviour of 
contaminants within Sydney Harbour, and the flux of contaminants between Muggah Creek and 
the Atlantic Ocean.  A central tenet in environmental modelling is that models should be 
sufficiently complex to adequately describe the processes or phenomena under study, but that 
excess complexity is to be avoided.  Thus, the Sydney Harbour model focuses on the physical 
transport processes that are likely to have the strongest influence on the fate and transport of 
the COCs under investigation. 
 
The model was implemented using commercially-available modelling software (STELLA, 
Version 8.0 for Windows, High Performance Systems Inc.).  A description of the model can be 
found in Section 3 of this report, and the full set of equations from the STELLA model is 
reproduced in Appendix A.  The model was developed and tested in a series of discrete stages.  
In the first stage, the hydraulic behaviour of Sydney Harbour was coded, and this phase of the 
model was calibrated and validated by simulating the salinity of water in the harbour under a 
variety of seasonal conditions, and comparing the model results to observed data.  In the 
second stage, the model was fully coded and parameterized to simulate the inputs and 
concentrations of PAH compounds in Sydney Harbour over the 125-year period between 1900 
and 2025, and to simulate the inputs and concentrations of PCB concentrations in Sydney 
Harbour over a 75-year period between 1950 and 2025.  The results of the validation exercises 
are presented in Sections 3.4, 3.5 and 3.6 of this report. 
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3.0 CONTAMINANT FLUX MODEL 
 
The STELLA modelling framework is a mass balance modelling system that allows the user to 
construct models using three basic components: "stocks" (compartments that hold and account 
for mass and that are represented as rectangular boxes); "flows" (links between compartments 
that act as valves, allowing mass to be transferred at rates that are specified by controlling 
equations, and that are represented by valves); and "converters" (generally equations or 
parameters that are entered into the model in order to drive equations, that are represented by 
circles).  Flow icons that have only a single arrow head allow contaminant transport only in the 
direction of the arrow.  Flow icons that have an arrow head on each end ("biflows") allow 
contaminant transport in either direction, depending upon whether the calculated flux value in 
any time step is positive or negative.  A negative flux drives contaminant transport in the 
direction of the solid arrowhead.  
 
3.1 SYDNEY HARBOUR MODEL 
 
An overview of the Sydney Harbour Model is shown in Figure 3.1.  This figure shows only the 
"stock" and "flow" icons, but serves to show the main structure, and transport pathways 
represented in the model.  Compartments are typically named using abbreviations that reflect 
their location (e.g., “South” represents the South Arm) and the medium being represented (e.g., 
W represents water, SS represents surface sediment, and DS represents deep sediment).  
Thus, the compartment representing water in the South Arm is named SouthW, and the surface 
sediments in the Trunk section of the harbour are identified as TrunkSS.  Flows between 
compartments are named using abbreviations of the names of the compartments involved, 
separated by a colon.  Thus, the flow from the water compartment of the South Arm to the water 
compartment of the Groin section of the harbour becomes SW:GW.   
 
The entire model is subject to tidal water movements.  The tide is represented by a sine wave, 
with a range of 0.82 m.  This mean tidal range was observed at the Canadian Hydrographic 
Service tide gauge in North Sydney during 2000.  Tides in Sydney are not particularly large, or 
variable.  A tidal period of 12.4 hours is built into the model.  Water and contaminants are 
transferred between surface water compartments to reflect tidal movements of water.  These 
tidal movements are the largest single driver for contaminant transport in the model.  For 
convenience, the year is assumed to have a length of exactly 365 days. 
 
Contaminants enter the water compartment of the South Arm from Muggah Creek.  Once in 
Sydney Harbour, the net flux of contaminant transport is generally seaward, although tidal water 
movements also transport contaminants from the Groin area into the Northwest Arm.  Each 
water compartment in Sydney Harbour is assumed to be completely mixed (i.e., the harbour is 
not treated as a stratified water body although this is sometimes the case for the South Arm).  
This was a simplification in the model, but one that is considered to be reasonable.  All of the 
water compartments in Sydney Harbour and the ocean, are underlain by surface and deep 
sediment compartments that act as sinks for contaminants. 
 
The model was designed and parameterized to provide realistic estimates of contaminant 
concentrations in the water and sediments of Sydney Harbour.  Where substantial uncertainty 
was present, so that a parameter value could not be specified with a high level of confidence, 
conservative assumptions were used to derive appropriate parameter values.  This approach 
was based upon the philosophy that in modelling work and risk assessment, it is more 
acceptable to over-estimate risks than to under-estimate risks. 



Figure 3.1

Overview of Stella Model Structure Showing Major Compartments and Linkages
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As noted previously, models should be sufficiently complex to adequately describe the 
processes or phenomena under study, but excess complexity is to be avoided.  Thus, the 
Harbour Model focuses on the physical transport processes that are likely to have the strongest 
influence on contaminants discharged from Muggah Creek into Sydney Harbour.  With this in 
mind, the timescale of the model was visualized as extending from a decade up to a century, 
with a daily time step.  The harbour was subdivided into four main segments, representing the 
South and Northwest Arms, as well as the main body of the harbour which was divided into 
Groin (located near the intersection of the South and Northwest Arms) and Trunk (the Outer 
Harbour) segments.  Physical processes that were modelled include flushing with freshwater 
from rivers and streams, flushing with tidal action, and sedimentation.  Volatilization of organic 
contaminants to the atmosphere was not modelled, as volatilization is likely to be a minor 
process, even for organic compounds, when compared with physical flushing and 
sedimentation.  Microbial degradation of organic contaminants was modelled, but only in the 
surface sediment compartments where the contaminant residence time was considered long 
enough to make microbial degradation a relevant process, and oxygen will also be available.  
Water residence times in the harbour, and contaminant residence times in the water 
compartments of the harbour, are relatively short, making microbial degradation of PAH and 
PCB compounds within these compartments a minor process that can be conservatively 
omitted.  Microbial degradation was not modelled in the deeper sediment layer, due to the 
assumed absence of oxygen. 
 
Within the sediments, two layers are modelled: a thin surface layer that comes to equilibrium 
with contaminant inputs relatively quickly, and a deeper “buried” layer, that serves as a sink in 
the longer term.  These two layers can also be visualized as representing a surface layer that is 
subject to bioturbation and is occupied by relatively high numbers of infaunal and epifaunal 
invertebrates; and the deeper layer of sediments that is largely anoxic, and is generally 
undisturbed by biological or anthropogenic activity. 
 
The model considers as inputs the annual contaminant fluxes estimated to occur across the 
boundary between Muggah Creek and Sydney Harbour (JDAC 2002b).  These fluxes include, 
where appropriate, direct inputs to Muggah Creek with stream flows (Coke Oven Brook and Wash 
Brook) and sewers, as well as deep groundwater that discharges locally within Muggah Creek, and 
contaminants that are resuspended from the sediment or other deposits within Muggah Creek with 
tidal action and stream flow.  The model does not consider any other inputs to Sydney Harbour.  
These could include contaminants that enter the harbour with stream flows or sewers that do not 
pass through Muggah Creek; contaminated groundwater that enters the harbour directly, or 
contaminants that are deposited to the harbour as a result of volatilization or dust suspension from 
contaminated surfaces elsewhere.  However, these non-modelled fluxes are expected to be of 
minor importance in comparison with the direct fluxes from Muggah Creek.   
  
The full Sydney Harbour Model, as implemented in the STELLA Model framework, is provided in 
Appendix A.  A description and explanation of the model is provided in the following sections of 
this report.  The description for the South Arm is detailed.  Descriptions for other segments of 
the model are more abbreviated, since they essentially duplicate the processes represented in 
the South Arm, and all equations are provided in Appendix A.   
 
3.1.1 South Arm 
 
The equation for the mass of contaminant (kg) that is present in the water compartment of the 
South Arm of Sydney Harbour (SouthW) at time “t” is written as: 
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SouthW(t) = SouthW(t-dt) + (PondInput – SW:GW – SW:SSS) × dt 
 
where SouthW represents the contaminant mass in the water of the South Arm (kg); t is the time 
after the start of the simulation (in time steps of one day each); dt is the model time step (one 
day); PondInput represents the contaminant flux coming from the Tar Ponds (kg/day); SW:GW 
represents contaminant losses by water exchange with the “Groin” segment of the harbour 
water (kg/day); and SW:SSS represents contaminant losses (kg/day) with settling sediments 
from the South Arm Water (SW) to the South Arm Surface Sediments (SSS). 
 
The input of contaminants to the South Arm water column from the Tar Ponds is modelled by 
assuming that the annual flux of contaminants (generally from JDAC 2002b) is delivered to 
Sydney Harbour at a constant rate.  Therefore, the daily contaminant input to the harbour is 
equal to the annual flux from the Tar Ponds, divided by 365 days in the year. 
 
Contaminant exchange with the water of the adjacent compartment (GroinW) is driven by tidal 
exchange (DailyTide) and stream flow (DailyRunoff).   
 
The parameter DailyTide has units of metres (m) and represents the equivalent depth of water 
in any marine water compartment that is flushed daily by tidal action.  The mean tidal period is 
12.4 hours, giving an average of 1.935 tidal cycles per day.  The mean tidal range at Sydney is 
0.81 m.  Multiplying this value by 1.935 tidal cycles per day gives DailyTide (1.57 m).  This value 
is subsequently multiplied by the surface area of the South Arm (AreaSouth = 11.63E06 m2) to 
calculate the volume of water that tidally flushes the South Arm daily.  The volume of the South 
Arm (VolSouth = 114.32E06 m3) is estimated as the product of AreaSouth and the mean depth 
of the South Arm (9.83 m).  
 
The parameter DailyRunoff is a seasonally variable parameter that simulates stream flow into 
the various harbour water segments.  DailyRunoff provides the average water flow (m3/day) that 
is expected from a catchment area of 1 km2, based upon weekly average flow measurements 
for McAskill Brook, located near Sydney (see Appendix A).  DailyRunoff is multiplied by the 
catchment area draining into the South Arm (274 km2) in order to estimate the freshwater 
flushing of South Arm. 
 
Since the tidal water exchange between the South Arm and the Groin segments of Sydney 
Harbour involves both segments (i.e., the tide moves in and out), whereas freshwater flushing is 
essentially moving in one direction, from land to sea, the water and contaminant exchanges 
between South Arm and the adjacent Groin segments are represented by the following 
equation: 
 
SW:GW =  (SouthW × ((DailyRunoff × 274)+(DailyTide × AreaSouth))/VolSouth) – 
  (GroinW × ((DailyTide × AreaSouth)/VolGroin)) 
 
where GroinW is the contaminant inventory (kg) in the water compartment of the Groin 
segment, and VolGroin is the volume (m3) of the water compartment of the Groin segment. 
 
Contaminants are also transported from the surface water compartment of the South Arm to the 
surface sediments of the South Arm as follows: 
 
SW:SSS =  (SouthW × ((Kd × TSS)/(1 + Kd × TSS)) × (Ks/(VolSouth/AreaSouth))) 
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where Kd (L/kg) is the partitioning coefficient for the contaminant of interest between surface 
water and suspended sediment in the water column, TSS (assumed to be 5 mg/L) is the 
expected concentration of  suspended sediments in the water column, and Ks is the settling 
velocity for suspended sediments in the water column (assumed to be 0.00004 m/second or 
3.456 m/day).  
 
Within the sediment compartments of South Arm, sediments are initially deposited to a relatively 
thin layer of surface sediments that are biologically and/or physically mixed, and undergo 
diagenesis and compaction.  Sediments in Sydney Harbour are reported to accrue at a rate of 
approximately 5 mm/year (Stewart et al. 2001, Lee 2002), and it is assumed that the surface 
layer of mixed sediments is about 5 cm thick.  Since the surface sediment layer is subject to 
biological mixing, it is assumed that oxygen is available, that there is microbial activity, and that 
organic contaminants are subject to microbial degradation. 
 
After a relatively short period of time (assumed to be about 10 years), the bottom layer of 
surface sediments transitions into the more permanently buried deep sediment layer.  The deep 
sediment layer is assumed to lie beneath the zone of biological colonization, and to be anoxic.  
Contaminants entering this sediment layer are permanently buried.  Since there is no available 
oxygen, microbial degradation of organic contaminants becomes negligible in this sediment 
layer.   
 
The equation for the mass of contaminant that is present in the South Arm Surface Sediments 
(SouthSS, kg) at time “t” is written as: 
 
SouthSS(t) = SouthSS(t-dt) + (SW:SSS – SSS:SDS - SSSdecay) × dt 
 
Where SW:SSS represents contaminant inputs from the overlying water column; SSS:SDS 
represents the loss contaminant to the deep sediment compartment; and SSSdecay represents 
the loss of contaminant (for organic contaminants only) due to microbial degradation while in the 
surface sediment compartment. 
 
The loss term, SSS:SDS = (SouthSS × burial), where SouthSS is the contaminant inventory (kg) 
in the surface sediment compartment of the South Arm segment, and burial is the net transfer 
rate to the deep sediment compartment (1/3650 day-1). 
 
The loss term, SSSdecay = (SouthSS × decay), where decay is the compound-specific 
degradation rate (day-1). 
 
The equation for the mass of contaminant that is present in the South Arm Deep Sediments 
(SouthDS, kg) at time “t” is written as: 
 
SouthDS(t) = SouthDS(t-dt) + (SSS:SDS) × dt 
 
Where SSS:SDS represents contaminant inputs from the overlying surface sediment 
compartment. 
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3.1.2 Groin 
 
The GroinW compartment represents the surface water in the Groin segment, and lies at the 
intersection of the South Arm, Northwest Arm, and Trunk segments.  Contaminated water can 
enter the GroinW compartment from the South Arm (SouthW), and is subsequently re-distributed 
back to the South Arm, to the Northwest Arm, and Trunk segments.  In addition, the GroinW 
compartment is underlain by surface (GroinSS) and deep (GroinDS) sediment compartments.  
Although the direct drainage basin for the Groin compartment is relatively small, this compartment 
is also flushed by surface water drainage that enters the South and Northwest Arms.  Equations 
representing contaminant transfers between compartments associated with the Groin segment are 
similar to those describing the South Arm, and can be found in Appendix A. 
 
3.1.3 Northwest Arm 
 
The NorthW compartment represents the surface water in the Northwest Arm segment, and 
receives contaminant inputs via the GroinW compartment.  The NorthW compartment is 
underlain by surface (NorthSS) and deep (NorthDS) sediment compartments.  The water 
compartment of the Northwest Arm segment is flushed by freshwater runoff from several 
streams, however, these are relatively small in comparison with the drainage from Sydney River 
that flushes the South Arm.  Equations representing contaminant transfers between 
compartments associated with the Northwest Arm segment are similar to those describing the 
South Arm, and can be found in Appendix A. 
 
3.1.4 Trunk 
 
The TrunkW compartment represents the surface water in the Trunk (outer harbour) segment, 
and receives contaminant inputs via the GroinW compartment.  The TrunkW compartment also 
exchanges water and contaminants with the Atlantic Ocean water (AtlanticW) compartment.  
The TrunkW compartment is underlain by surface (TrunkSS) and deep (TrunkDS) sediment 
compartments, and is flushed by freshwater drainage from all of the upstream segments, in 
addition to having a small catchment area of its own.  Equations representing contaminant 
transfers between compartments associated with the Trunk segment are similar to those 
describing the South Arm, and can be found in Appendix A. 
 
3.1.5 Atlantic Ocean 
 
The AtlanticW compartment represents the surface water in the Atlantic Ocean segment, and 
receives contaminant inputs via the TrunkW compartment.  The AtlanticW compartment is 
treated as a final sink for contaminants, by making it extremely large (providing essentially 
infinite dilution), so that return fluxes of contaminants from the AlanticW compartment to Sydney 
Harbour are negligible. 
 
3.2 PARAMETER VALUES 
 
The partition coefficients (Kd) for metals were generally taken from a compilation of partition 
coefficient data for coastal marine environments (Balls 1989).  Partition coefficients for metals 
may be strongly influenced by environmental factors such as the redox potential.  However, 
since Kd is only applied to contaminants while present in the water column (either as free metal 
ions or sorbed to suspended sediments), it is reasonable to assume that oxidizing conditions will 
prevail and that consideration of the effects of low redox potentials is not required.  For organic 
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contaminants, Kd values were estimated using standard equations (e.g., US EPA 1999; 
Schwarzenbach et al. 1993) that relate the water-sediment partition coefficient to the octanol-
water partition coefficient (log Kow), and the assumed carbon content of the sediments.  Partition 
coefficients for organic contaminants are generally not strongly influenced by redox potential or 
salinity.  
 
The settling velocity of particles in South Pond is an important parameter in this model, since 
this process can result in the removal of contaminants from the water of South Pond, and lead 
to their accumulation in sediments.  Settling velocities of particles in water vary, depending 
largely upon particle size, density, and shape.  It is common practice in modelling to use a mean 
settling velocity to represent the net behaviour of a wide variety of particle sizes.  The sediments 
that are presently accumulating in the harbour are predominantly silty (Stewart et al. 2001).  The 
US EPA (1985) provides a classification of sediment particle size ranges.  Silty sediments are 
typically 0.05 mm to 0.005 mm in diameter.  Based upon this the same source provides 
sedimentation velocities of between 2.2E-04 m/s for particles with a diameter of 0.1 mm, to 
2.2E-06 m/s for particles with a diameter of 0.001 mm.  During the model validation process, 
this parameter value was finalized at a value of 4.0E-05 m/second (3.456 m/day). 
 
The critical parameter values for various segments of the model are presented in Table 3.1 
(water compartments); Table 3.2 (sediment compartments); and Table 3.3 (contaminant-specific 
parameters). 
 
 
 
Table 3.1 Model Parameter Values for Water Compartments 

Parameter 
Model Compartment Mean Depth (m) Surface Area 

(m2) 
Volume 

(m3) 
Catchment Area 

(km2) 
South Arm Water 9.83 11.63E06 1.117E08 274.0 
North Arm Water 9.13 11.88E06 1.085E08 157.5 
Groin Water 9.75 5.77E06 5.626E07 453.5 
Trunk Water 9.75 17.32E06 1.689E08 487.5 
Atlantic Water Not Applicable Not Applicable 1.000E15 Not Applicable 
 
 
 
Table 3.2 Model Parameter Values for Sediment Compartments 

Parameter Value 
Total Suspended Sediment (TSS) in water Assumed, 5 mg/L 
Settling Velocity for Suspended Sediment Assumed, 4.0E-05 m/s or 3.456 m/day 
Sediment Burial Rate Average residence time in the surface sediment 

compartment is 10 years (3,650 days), so burial rate is 
1/3,650 or 2.74E-04/day 

Contaminant-specific microbial degradation rate Only organic substances undergo microbial decay.  
Contaminant-specific values, representing 10% loss per 
year, and 1% loss per year for PAH and PCB, 
respectively, are as follows: Total PAH = 2.74E-04/day; 
LPAH = 6.85E-04/day; MPAH = 2.74E-04/day; HPAH = 
1.37E-04/day; PCB = 2.74E-05/day. 
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Table 3.3   Model Parameter Values for Contaminant-Specific Parameters 
Parameter 

Model Compartment Sediment-Water 
Partition Coefficient 

Kd, L/kg 

Contaminant Input 
kg/year 

(from JDAC 2002b)1 
Total PAH 5.367E03 777 
LPAH 5.780E02 231 
MPAH 3.680E03 248 
HPAH 7.270E04 298 
PCB 7.370E03 10.6 
Arsenic 3.0E01 26.2 
Cadmium 3.0E04 2.03 
Copper 1.0E05 421 
Lead 7.0E06 95.6 
Mercury 1.0E03 0.77 
Zinc 2.0E04 606 
Note: Kd values generally from JDAC (2002b) except PCB and mercury which are from US EPA (1999).  Contaminant 
input values for PCBs and mercury, not presented in JDAC (2002b) were calculated from contaminant concentrations 
in sediment using the JDAC (2002b) model. 
 
3.3 MODEL VALIDATION – SALINITY 
 
For the salinity validation exercise, the Atlantic Ocean compartment was defined as having a 
salinity of 31 parts per thousand (‰), slightly less than the salinity of fully oceanic waters (35‰), 
due to the influence of the Gulf of St. Lawrence, and the associated freshwater inputs.  The 
validation scenario was initiated by defining the initial mass of salinity within the Atlantic Ocean 
compartment (model volume 1.0E15 m3) as being 3.1E13 kg.  The initial mass of salinity in all 
other compartments was defined to zero.  The partitioning coefficient (Kd) for salinity on 
suspended sediment was set to zero, as was the microbial degradation rate.  Inputs of salinity 
from Muggah Creek were also set as zero.  The model was run with a daily time step for two 
years.  The simulation showed salinity rapidly “invading” the initially freshwater dominated 
compartments.  The simulation showed salinity reaching a quasi steady state condition within a 
few weeks, with salinity varying as a function of freshwater inputs from runoff.  During the 
second year of the simulation (when the model was fully equilibrated with respect to salinity), 
the expected ranges of salinity were extracted for the South Arm, Northwest Arm, Groin and 
Trunk segments (Table 3.4). 
 
Table 3.4 Model Estimated and Observed Salinity Values for Sydney Harbour 

Model Segment Model Estimated Salinity (‰) Observed Salinity (‰)1 
South Arm 22.8 - 30.9 25 - 28 (Lee 2002);  

25 - 28 (COA 2000);  
21.6 - 29.3 (May, JDAC 2002b) 

29.1 - 29.5 (August, JDAC 2002b)  
28.3 - 29.1 (October, JDAC 2002b) 

28.6 - 30.2 (December, JDAC 2002b) 
Groin 26.4 - 30.9 28-29 (Lee 2002) 
Northwest Arm 24.3 - 30.9 Data not available. 

Trunk 29.0 - 31.0 29 (Lee 2002) 
1.  Data from Lee (2002) were collected in October 2001.  Data from COA (2000) were collected in November 1999.  
Data from JDAC (2002b) were collected at the mouth of Muggah Creek in May, August, October and December, 
2001. 
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As shown in Table 3.4, the model predicts that salinity values in any part of the harbour can 
approach 31‰ during periods of low runoff (summer or winter).  During periods of high runoff 
associated with spring melt or fall storm periods, dilution of the harbour water by freshwater 
runoff can be significant, particularly in the South Arm, where the Sydney River provides a major 
source of freshwater input.  The Northwest Arm has a smaller catchment, and much lower 
freshwater input rates than the South Arm, and as a result the lowest observed salinity values 
for the North Arm are expected to be higher than for the South Arm.  Only limited salinity data 
are available for Sydney Harbour, but the available data (see Table 3.4) indicate that the range 
of model predictions is consistent with observed data. 
 
The salinity validation exercise demonstrates that the hydraulic properties of the model closely 
approximate the hydraulic properties of Sydney Harbour, and that the fate and transport of a 
conservative tracer (in this case salinity) is simulated in a reasonable manner. 
 
3.4 MODEL VALIDATION – COMPARISON WITH HISTORICAL OBSERVATIONS FOR 

 PAH 
 
For the PAH validation scenario, a time series of 125 years of total PAH inputs to Sydney 
Harbour was constructed (extending from 1900 to 2025), based on reasonable assumptions 
about past inputs.  The model was run and concentrations of total PAH were estimated in the 
water, surface sediment, and buried sediment compartments of each model segment.  Surface 
sediment total PAH concentrations in the South Arm, Northwest Arm, and Trunk segments of 
Sydney Harbour were used to calibrate the model against observed total PAH concentration 
data from 1981 (Matheson et al. 1983), 1985 (Kieley et al. 1988), 1995 (JWEL-IT, 1996; Ernst et 
al. 1999) and 1999 (Lee 2002).  The magnitude of contaminant (i.e., total PAH) input rates to 
the South Arm, and other parameters, were adjusted as required to bring the predicted total 
PAH concentrations in the sediments of the South Arm, Northwest Arm, and Trunk segments 
into ranges consistent with the observed data ranges.  In evaluating the empirical data, 
emphasis was placed on the characteristic range of values observed (i.e., the geometric mean 
plus or minus one geometric standard deviation), rather than the extreme values recorded near 
the mouth of Muggah Creek.  This decision was taken because it was considered likely that the 
extreme values were caused by bulk deposits of coal tar derived material (such as could be 
caused by gravity flows of dense oily waste, or settlement of “blobs” of tarry material having a 
specific gravity of slightly greater than 1.0), rather than fluxes of dissolved or suspended 
particulate material that are the primary focus of the model.  The resulting calibrated model 
parameter values for total PAH are presented in Table 3.5. 
 
After calibration, the model estimated concentrations of total PAH in water (Figure 3.2) and in 
sediment (Figure 3.3) were plotted as a function of time.  The total PAH flux from Muggah Creek 
to Sydney Harbour between 1900 and 2000 is estimated to have been in the range of 230 
tonnes.  If the true PAH concentrations in surface sediment in the harbour are in the somewhat 
higher range suggested by Lee (2002), then a higher overall total PAH flux from Muggah Creek 
(i.e., closer to 500 tonnes in total) might be indicated.  However, the Tar Ponds functioned as a 
trap for PAH, and it is the massive residual contamination of sediments within Muggah Creek 
that is the subject of the present remediation proposal.  These estimates are small in 
comparison with the various estimates of the total quantity of PAH material that was discharged 
to the Tar Ponds, or is presently stored in the Tar Pond sediments.   
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Table 3.5 Calibrated Input and Parameter Values for Total PAH Model Validation Scenario 

Total PAH Flux from Muggah Creek to Sydney Harbour (kg/year) 
Year Total PAH Flux Year Total PAH Flux 
1900 
1905 
1910 
1915 
1920 
1925 
1930 
1935 
1940 
1945 
1950 
1955 
1960 

0 
500 

1000 
1250 
1500 
1750 
2000 
2125 
2250 
2375 
2500 
2750 
3000 

1965 
1970 
1975 
1980 
1985 
1990 
1995 
2000 
2005 
2010 
2015 
2020 
2025 

3500 
4000 
4000 
4000 
4000 
2000 
1000 
800 
777 
777 
777 
777 
777 

 
Sediment-Water Partition Coefficient (Kd) for Total PAH 5367 L/kg 
Particle Settling Velocity (Ks) 3.456 m/day 
Decay Rate for Total PAH in Surface Sediments  1.37E-04/year 
 
JWEL-IT (1996) estimated that the total PAH input to the Tar Ponds between 1900 and 1985 
may have averaged 40 tonnes per year (totalling approximately 3,400 tonnes).  Estimates of the 
quantity of PAH present in the Tar Ponds have ranged from about 2,300 tonnes, to 7,685 
tonnes.  Therefore, depending upon the estimates involved, it appears that about 7% (i.e., 
between 3% and 22%) of the total PAH that entered the Tar Ponds was subsequently released 
to Sydney Harbour.  Additional releases of PAH as free product which was retained in the 
sediments in the immediate vicinity of the mouth of Muggah Creek would increase the total 
estimated release, and it is perhaps not unreasonable to conclude that about 10% of the total 
PAH entering the Tar Ponds may have passed beyond Battery Point at the mouth of Muggah 
Creek, with the remainder being trapped within Muggah Creek. 
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Figure 3.2 Total PAH Concentrations in Water, Modeled from 1900-2025 
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Figure 3.3 Total PAH Concentrations in Sediment, Modeled from 1900-2025 

 
The model estimated total PAH concentrations in water rise in direct relationship to the PAH 
input function, and peak at an estimated concentration of 0.2 µg/L in the water of the South Arm 
between about 1970 and 1985.  Concentrations elsewhere in the harbour water are estimated to 
have been about 0.05 µg/L or less through that period.  Concentrations of total PAH in sediment 
also reflect the PAH input function, but in a more smoothed manner, due to the integrating effect 
of estimating the total PAH concentration in the surface 0 to 5 cm sediment layer.  The total 
PAH concentration in sediment is estimated to have peaked at approximately 53 mg/kg around 
1985, however, it is emphasized that this represents an average concentration in the South 
Arm, and is not representative of maximum PAH values recorded near the mouth of Muggah 
Creek.  The characteristic ranges for measured PAH concentrations in sediments of Sydney 
Harbour were presented in Table 1.1.  Geometric mean values for the South Arm have ranged 
from 18.2 mg/kg to 114 mg/kg, and the reported characteristic ranges have varied from 5.23-63 
mg/kg, to 48-271 mg/kg. 
 
Estimated concentrations of total PAH in the Northwest Arm and Trunk segments of the harbour 
are considerably lower than in the South Arm.  The model output suggests peak total PAH 
concentrations in the Groin, Northwest Arm, and Trunk segments of 3 to 5 mg/kg.  These results 
are also consistent with PAH concentrations reported by various authors for these areas (see 
Table 1.1).   
 
Based on comparison to measured concentrations of total PAH in harbour sediments, it is 
concluded that the model provides a reasonable representation of the past behaviour of total 
PAH in Sydney Harbour.  Looking forward, the model shows that a rapid decline in total PAH 
concentrations in harbour water and sediments should have occurred following shut-down of the 
Coke Ovens during the mid-1980’s.  This result from the model is consistent with conclusions 
expressed by Ernst et al. (1999), Stewart and White (2001) and Lee (2002).  Lee (2002) state 
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that it is important to note that PAH levels in Sydney Harbour sediments have decreased by a 
factor of two since the termination of coking activities in the 1980’s.  The model results (Figure 
3.3) are consistent with this view.  The model further suggests that if PAH inputs to the harbour 
remain at about the level estimated by JDAC (2002b), PAH concentrations in harbour sediments 
will decline by another factor of two by about 2025.  The estimated geometric mean PAH 
concentration in South Arm sediments forecast by the model under this scenario (i.e., without 
further remediation) would be about 11 mg/kg, although locally higher concentrations near 
remaining source areas would also be expected. 
 
3.5 MODEL VALIDATION – COMPARISON WITH HISTORICAL OBSERVATIONS FOR 

 PCB 
 
For the PCB validation scenario, a time series of 75 years of PCB inputs to Sydney Harbour 
was constructed (extending from 1950 to 2025), based on reasonable assumptions about past 
inputs.  The model was run and PCB concentrations were estimated in the water, surface 
sediment, and buried sediment compartments of each model segment.  Surface sediment PCB 
concentrations in the South Arm, Northwest Arm, and Trunk segments of Sydney Harbour were 
used to calibrate the model against observed total PAH concentration data from 1995 (JWEL-IT, 
1996; Ernst et al. 1999) and 1999 (Lee 2002).  The magnitude of PCB input rates to the South 
Arm, and other parameters, were adjusted as required to bring the predicted PCB 
concentrations in the sediments of the South Arm, Northwest Arm, and Trunk segments into 
ranges consistent with the observed data ranges.  In evaluating the empirical data, emphasis 
was placed on the characteristic range of values observed (i.e., the geometric mean plus or 
minus one geometric standard deviation), rather than the extreme values recorded near the 
mouth of Muggah Creek or other possible source areas.  The resulting calibrated model 
parameter values for PCBs are presented in Table 3.6. 
 
Table 3.6 Calibrated Input and Parameter Values for PCB Model Validation Scenario 
Total PCB Flux from Muggah Creek to Sydney Harbour (kg/year) 

Year Total PCB Flux Year Total PCB Flux 
1950 
1955 
1960 
1965 
1970 
1975 
1980 
1985 

0 
4 

10 
20 
30 
40 
50 
50 

1990 
1995 
2000 
2005 
2010 
2015 
2020 
2025 

40 
20 
15 

10.6 
10.6 
10.6 
10.6 
10.6 

 
Sediment-Water Partition Coefficient (Kd) for PCB 7370 L/kg 
Particle Settling Velocity (Ks) 3.456 m/day 
Decay Rate for PCB in Surface Sediments  2.74E-05/year 
 
After calibration, the model estimated PCB concentrations in water (Figure 3.4) and sediment 
(Figure 3.5) were plotted as a function of time.  The total PCB flux from Muggah Creek to 
Sydney Harbour between 1950 and 2000 is estimated to have been in the range of 1,360 kg.  If 
the true PAH concentrations in surface sediment in the harbour are in the somewhat higher 
range suggested by Lee (2002), then a higher overall total PAH flux from Muggah Creek (i.e., 
closer to 2,000 kg in total) might be indicated.  However, the Tar Ponds functioned as a trap for 
PCB, and it is estimated that the Tar Pond sediments presently contain about 4,500 kg of PCB.  
Based on the pattern of PCB deposition in harbour sediments, it is believed that there may have 
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been two independent sources of PCB contamination, of comparable strength.  If half of the 
PCB that entered the harbour did so through Muggah Creek, it is perhaps not unreasonable to 
conclude that about 12% of the PCB entering the Tar Ponds may have passed beyond Battery 
Point at the mouth of Muggah Creek, with the remainder being trapped within Muggah Creek.  
This figure is similar to the value (best estimate 10%) for PAHs. 
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Figure 3.4 Total PCB Concentrations in Water, Modeled from 1900-2025 
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Figure 3.5 Total PCB Concentrations in Sediment, Modeled from 1900-2025 
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The model estimated PCB concentrations in water rise in direct relationship to the PCB input 
function, and peak at an estimated concentration of 0.0025 µg/L in the water of the South Arm 
between about 1980 and 1985.  The exact time frame of the maximum is a function of the 
assumed input function, and is somewhat arbitrary.  PCB concentrations elsewhere in the 
harbour water are estimated to have been about 0.0007 µg/L or less (0.0002 µg/L) through that 
period.  PCB concentrations of in sediment also reflect the PCB input function, but in a more 
smoothed manner, due to the integrating effect of estimating the PCB concentration in the 
surface 0 to 5 cm sediment layer.  The PCB concentration in sediment is estimated to have 
peaked at approximately 0.8 mg/kg around 1990, however, it is emphasized that the timing is 
dependent upon the assumed input function, and the concentration represents an average 
concentration in the South Arm, and is not representative of maximum PCB values recorded 
near the mouth of Muggah Creek.  The characteristic ranges for measured PCB concentrations 
in sediments of Sydney Harbour were presented in Table 1.1.  Geometric mean values for the 
South Arm have ranged from 0.364 mg/kg to 0.694 mg/kg, and the reported characteristic 
ranges have varied from 0.06-2.1 mg/kg, to 0.29-1.67 mg/kg. 
 
Estimated PCB concentrations in the Northwest Arm and Trunk segments of the harbour are 
considerably lower than in the South Arm.  The model output suggests peak total PCB 
concentrations in the Groin, Northwest Arm, and Trunk segments of less than 0.1 mg/kg.  These 
results are also consistent with PCB concentrations reported by various authors for these areas 
(generally <0.05 mg/kg, see Table 1.1).   
 
Based on comparison to measured PCB concentrations in harbour sediments, it is concluded 
that the model provides a reasonable representation of the past behaviour of PCB in Sydney 
Harbour.  Looking forward, the model shows that a rapid decline in PCB concentrations in 
harbour water and sediments (by about a factor of two) should have occurred at some time 
between the mid-1980’s and 2000, due to the phase-out of PCBs from common use around this 
time.  The model further suggests that if PCB inputs to the harbour remain at about the level 
estimated here for the 2000-2002 period, PCB concentrations in harbour sediments will decline 
by another factor of two by about 2025.  The estimated geometric mean PCB concentration in 
South Arm sediments forecast by the model under this scenario would be about 0.2 mg/kg, 
although locally higher concentrations near remaining source areas would also be expected. 
 
3.6 UNCERTAINTY ANALYSIS 
 
The validation exercises described above provide confidence that the model is capable of 
describing the fate of a conservative tracer in harbour water, as well as providing a reasonable 
simulation of the fate of PAH and PCB contaminants in the water and sediments of Sydney 
Harbour.  However, all models are simplified representations of reality, and it is important to 
understand the limitations of the model, as well as the implications of any assumptions that 
have been made during the development and parameterization of the model.  The following 
discussion provides an evaluation of the major limitations and sensitivities of the model, and the 
uncertainties associated with the model outputs. 
 
3.6.1 Model Structure, Processes and Parameters 
 
The model structure is dominated by the segmentation, which includes Trunk, Groin, Northwest 
Arm and South Arm.  In testing various configurations as precursors to the present model 
configuration, the Groin segment was found to be of key importance to correctly predicting the 
relative concentrations of contaminants in the Northwest Arm and Trunk segments, particularly 
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for contaminants originating in the South Arm.  Without including the Groin segment (i.e., with a 
model structure that included South Arm, Northwest Arm, and Outer Harbour segments, with the 
South Arm in direct contact with the Outer Harbour) the mixing of contaminants with the Outer 
Harbour water led to a systematic underestimation of contaminant concentrations in the 
Northwest Arm.   
 
The water compartments of the model segments are assumed to be well mixed, and 
homogeneous.  This assumption is reasonable for the Northwest Arm, Groin, and Trunk 
segments, for contaminant originating at Muggah Creek.  It is also considered to be reasonable 
as a representation of the average contaminant concentration in the water of the South Arm.  
However, the South Arm is in reality the area within the model domain that is most likely to 
demonstrate vertical and longitudinal stratification, due to freshwater inputs from the Sydney 
River.  The South Arm could have been represented as three separate segments representing 
the outer South Arm, the middle South Arm (receiving inputs from Muggah Creek) and the inner 
South Arm (receiving freshwater inputs from Sydney River).  However, this additional complexity 
was not deemed to be sufficiently important to warrant including in the model. 
 
The key hydraulic processes included in the model include tidal flushing and seasonally-variable 
freshwater runoff.  Both of these processes are based on observed ranges for the natural 
processes, and are therefore modelled in a realistic manner.  Dilution is the key factor 
responsible for the decreasing concentrations of contaminants in water as they are transported 
out of the South Arm.  The salinity validation scenario has shown that dilution is modelled in a 
realistic manner. 
 
The key processes responsible for removal of contaminants from water to sediment are sorption 
to suspended particles, and settlement of those particles to the sediment surface.  These 
processes are dependent upon the concentration of suspended particles in the water column 
(assumed to be 5 mg/L), as well as the contaminant-specific sediment-water partition 
coefficient, and the settling velocity for suspended sediment particles.   
 
The suspended sediment concentrations measured by JDAC (2002b) at the mouth of Muggah 
Creek ranged from 1 mg/L to 354 mg/L, but most of the observed concentrations lay between 3 
and 15 mg/L.  The various creeks and rivers flowing into Sydney Harbour are all potential 
sources of suspended particles, but it is reasonable to assume that the suspended particle 
concentration will generally decline along a transect from Muggah Creek to the mouth of the 
harbour, due largely to flushing with marine water (which likely has a suspended sediment 
concentration in the range of 1 mg/L), and partly to the settlement of suspended particles to the 
sediments of the harbour.  Therefore, the selected value for suspended sediment concentration 
is considered to be realistic for the South Arm but may be conservative (likely to over-estimate 
retention of contaminants in bed sediments) for the remaining segments. 
 
The sediment water partition coefficients (Kd) for trace elements were generally taken from a 
comprehensive review of such partition coefficients for European coastal waters (Balls 1989), 
and are considered to be realistic.  The partition coefficients for organic substances were based 
on generally accepted relationships with octanol-water partition coefficients (Kow), and are also 
considered to be realistic.  For the PAH compounds, where a wide range of physical properties 
exists due to the large range in molecular weight and Kow properties, individual compounds were 
assigned to LPAH, MPAH and HPAH classes, each modelled as having different properties, to 
reduce the overall uncertainty.  However, for both metals and organic contaminants, the 
predominant partitioning behaviour is to bind to particles as the Kd value increases above a 
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value of about 500 to 1000.  Given this behaviour, the model shows very little sensitivity to Kd 
values. 
 
The settling velocity of suspended sediment particles is probably the most influential parameter 
for water to sediment transfer of contaminants.  The value that was selected for the present 
model lies in the mid-range of values representative of the bulk sediment characteristics of 
Sydney Harbour.  Higher values for the settling velocity would tend to increase the retention of 
contaminants in the South Arm, and reduce ultimate losses to the Atlantic Ocean.  As indicated 
by the model validation scenarios for total PAH and PCBs, the modelled distribution of 
contaminants within Sydney Harbour appears to be in reasonable agreement with the observed 
behaviour. 
 
Within the sediment compartments, the surface sediment layer is considered to be well mixed 
(consistent with biological or physical mixing of the surface 0 to 5 cm layer), whereas the 
underling compartment is assumed to lie below the zone of biological mixing, and to act as a 
sink for contaminants.  The model allows no return flux of contaminants from sediment to water.  
While this is conservative with respect to the contaminant concentrations in the sediment 
compartments, it is non-conservative with respect to the water compartment.  However, the net 
flux of contaminants is clearly and overwhelmingly from water to sediment, so the uncertainty 
associated with this simplification is minor. 
 
One process that was not included in the model, which could potentially be of some importance 
for volatile organic contaminants, was volatilization to the atmosphere.  This was not included in 
the model for two reasons.  First, even the LPAH fraction will be predominantly sorbed to 
particles in the water column, leaving only a very low concentration of dissolved LPAH in the 
water that could potentially volatilize across the water-air interface.  The predominant fate of 
PAH in the model is loss to sediments.  Secondly, the physical flushing rate of water in the 
harbour is fairly fast.  Tidal flushing alone replaces the water in each compartment at a rate of 
about 1.57 m/day.  Assuming an average compartment depth of about 10 m, the renewal time 
for the water compartments, due to tidal flushing alone, is about 6 days.  Emerson et al. (1973) 
reported a mass transfer coefficient for a non-reactive noble gas (radon) of about 0.3 m/day.  
The mass transfer coefficients for PAH compounds are likely to be smaller than for radon, since 
they are larger molecules.  However, even assuming a mass transfer coefficient of 0.3 m/day 
would suggest that the clearance time for the water column based on volatilization would be in 
the range of 30 days or longer.  Therefore, volatilization is considered to be a process of only 
minor importance, even for the LPAH group, and is of no importance whatsoever for the trace 
metals.   
 
3.6.2 Overall Model Sensitivity and Uncertainty 
 
Overall, the model is most sensitive to the input function for contaminants.  Contaminant 
concentrations in water and sediment compartments are directly responsive to the input 
function.  Present day (i.e., 2001) contaminant flux estimates were obtained (for all 
contaminants of concern except mercury and PCBs) from JDAC (2002b), and for mercury and 
PCBs, the flux estimates were calculated using the JDAC model, and measured sediment 
concentrations in the North and South Tar Ponds (assuming that the sediments are now the 
primary source of PCB and mercury).  The JDAC estimates are considered to be the most 
reliable estimates presently available, because they were derived through a purpose-designed 
sampling and modelling program.  Water samples were collected from surface, mid and bottom 
water layers at the mouth of Muggah Creek, at different times throughout the full tidal cycle, 
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during winter, spring, summer and fall conditions.  In addition, a storm-surge event was also 
sampled.  The measured data were used to support the development of a model that was used 
to extent the observations to a full annual cycle, with flux estimates being provided at the Ferry 
Street Weir, and at the mouth of Muggah Creek.  JDAC (2002b) felt that the total uncertainty in 
the flux estimates they provided was in the range of -50% to +25% for LPAH, and -50% to +50% 
for other contaminants.  This uncertainty is therefore transmitted into the uncertainty for the 
present model estimated concentrations of contaminants in the water and sediments of Sydney 
Harbour. 
 
The model has relatively low sensitivity to the physical dimensions of the compartments, to tide, 
freshwater flushing, partition coefficients and suspended sediment concentrations, since the 
parameter values used were based on reliable observed data.  The model has some sensitivity 
to particle settling velocity, but this was adjusted during the calibration exercises, and the 
selected value is considered to be reliable. 
 
The model has moderate sensitivity to the degradation constant (which applies only to organic 
contaminants in the surface sediment compartment).  The models that were incorporated into 
the model were selected based on professional judgment, and the known tendency for the 
contaminants of concern to persist in the environment.   
 
A significant source of uncertainty that is not represented in the model is the variability observed 
in the natural environment as a result of the spatial heterogeneity of sediments, which have 
been addressed in part in the present report by considering the geometric mean and 
characteristic range of observed values when evaluating the model outputs.  The sediment 
quality surveys would suggest that spatial heterogeneity in the outer harbour is responsible for a 
total uncertainty in the range of the geometric mean value divided by or multiplied by a factor of 
about 3 (i.e., if the mean was 1, the range could typically be between 0.33 and 3.0).  Variability 
in the South Arm appears to be rather higher, with particularly high concentrations of some 
contaminants being observed in the immediate vicinity of the mouth of Muggah Creek.  
However, these locally high concentrations may be caused by processes (such as gravity flows 
of highly contaminated sediments from the mouth of Muggah Creek) that are not included within 
the processes modelled here. 
 
Based upon the uncertainty analysis provided above, the uncertainty around the model 
estimated contaminant concentrations in water is expected to be in the range of a factor of 5 
(i.e., the geometric mean value divided or multiplied by 5).  For surface sediments, the 
uncertainty around the model estimated contaminant concentrations (including spatial 
heterogeneity) is expected to be in the range of a factor of 10 (i.e., the geometric mean divided 
or multiplied by 10). 
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4.0 CONTAMINANT FATE MODEL RESULTS 
 
For each contaminant of concern, the contaminant fate model was run for a total 60 year period 
(21,900 days).  During the first 39 years, the contaminant flux rate from Muggah Creek to 
Sydney Harbour was stable, at the rate that was measured by JDAC (2002b).  This approach 
was taken in order to allow contaminant concentrations in all compartments to come to steady 
state, and to isolate the expected incremental effect of contaminant releases from Muggah 
Creek on water and sediment quality in the various harbour water and sediment compartments.  
In Year 40 of the simulation, the contaminant flux rate was increased to five-times the standard 
rate, simulating a potential increased rate of contaminant release from Muggah Creek to the 
harbour while remedial activities are underway.  For Years 41 to 60 (after remediation), the 
contaminant flux to the harbour was reduced to 10% of the pre-remedial flux, assuming that 
contaminant inputs from Muggah Creek to the harbour should be reduced by at least 90% 
following remediation.   
 
The model illustrates the potential environmental effects of contaminant releases during 
remediation, as well as the post-remediation contaminant concentrations in harbour water and 
sediment, and the expected rate of recovery of the harbour once contaminant fluxes are 
reduced.  Summarized results are presented for all contaminants of concern in Table 4.1 
(contaminant concentrations in water) and Table 4.2 (contaminant concentrations in sediment). 
 
4.1 CONTAMINANT FATE MODEL RESULTS FOR LOW MOLECULAR WEIGHT PAH 

 (LPAH) 
 
The low molecular weight (LPAH) group of PAH compounds includes the following specific 
compounds: 
 

• Naphthalene; 
• 1-methylnaphthalene; 
• 2-methylnaphthalene; 
• acenaphthylene; 
• acenaphthene; 
• fluorene; and 
• phenanthrene. 

 
These substances are considered to be non-carcinogenic, and are relatively soluble in water, 
volatile, and readily degraded, in comparison with other, higher molecular weight PAH 
compounds. 
 
The model estimates that the present incremental LPAH concentrations in the water of the 
South Arm of Sydney Harbour, caused by an LPAH flux from Muggah Creek of 231 kg/year, 
averages 0.0115 µg/L prior to remediation (Figure 4.1).  LPAH concentrations measured by 
JDAC (2002b) near the mouth of Muggah Creek varied from 0.14 to >4 µg/L, and showed a 
marked tendency to peak during falling tide conditions.  Therefore, it appears that Muggah 
Creek may be a significant contributor to the overall LPAH budget for Sydney Harbour. 
 
The present incremental LPAH concentrations in water in other segments of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.0008 µg/L (in the Trunk segment) to 0.003 µg/L (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly one third to 
one tenth of the concentrations estimated in the South Arm during these Project phases. 



Contaminant 
of Concern

Contaminant 
Flux

CCME 
Guideline*

(kg/year) µg/L Present 
Increment

Peak During 
Remediation

Post-
Remediation

Present 
Increment

Peak During 
Remediation

Post-
Remediation

Present 
Increment

Peak During 
Remediation

Post-
Remediation

Present 
Increment

Peak During 
Remediation

Post-
Remediation

LPAH 231 (4,530) 1.15E-02 5.74E-02 1.15E-03 3.01E-03 1.49E-02 3.01E-04 9.32E-04 4.61E-03 9.32E-05 7.96E-04 3.94E-03 7.96E-05
MPAH 248 (640) 1.24E-02 6.16E-02 1.24E-03 3.23E-03 1.60E-02 3.23E-04 1.00E-03 4.95E-03 1.00E-04 8.54E-04 4.23E-03 8.58E-05
HPAH 298 (2,700) 1.49E-02 7.41E-02 1.49E-03 3.88E-03 1.93E-02 3.88E-04 1.20E-03 5.95E-03 1.20E-04 1.03E-03 5.09E-03 1.03E-04
Total PAH 777 (7,870) 3.88E-02 1.93E-01 3.88E-03 1.01E-02 5.02E-02 1.01E-03 3.13E-03 1.55E-02 3.13E-04 2.68E-03 1.33E-02 2.68E-04
PCB 10.6 (0.03) 5.29E-04 2.63E-03 5.29E-05 1.38E-04 6.85E-04 1.38E-05 4.27E-05 2.11E-04 4.27E-06 3.64E-05 1.80E-04 3.67E-06
Arsenic 26.2 12.5 1.32E-03 6.54E-03 1.31E-04 3.43E-04 1.70E-03 3.40E-05 1.07E-04 5.28E-04 1.10E-05 9.10E-05 4.50E-04 9.10E-06
Cadmium 2.03 0.12 1.01E-04 5.05E-04 1.01E-05 2.64E-05 1.31E-04 2.64E-06 8.19E-06 4.05E-05 8.19E-07 6.99E-06 3.46E-05 6.99E-07
Copper 421 (3.1) 2.10E-02 1.05E-01 2.10E-03 5.50E-03 2.72E-02 6.00E-04 1.70E-03 8.40E-03 2.00E-04 1.40E-03 7.20E-03 1.40E-04
Mercury 0.77 (0.94) 3.85E-05 1.91E-04 3.85E-06 1.00E-05 4.98E-05 1.00E-06 3.11E-06 1.54E-05 3.11E-07 2.65E-06 1.31E-05 2.66E-07
Lead 95.6 (8.1) 4.78E-03 2.38E-02 4.78E-04 1.24E-03 6.18E-03 1.24E-04 3.86E-04 1.91E-03 3.86E-05 3.29E-04 1.63E-03 3.31E-05
Zinc 606 (81) 3.03E-02 1.51E-01 3.03E-03 7.89E-03 3.92E-02 7.89E-04 2.44E-03 1.21E-02 2.44E-04 2.09E-03 1.03E-02 2.09E-04
* Guideline values are from CCME (updated 2001).  Values in parentheses are continuous chronic criteria (CCC) from NOAA (1999), except for PAH values which are acute (CMC) values. 

ISQG (mg/kg) PEL         
(mg/kg) Baseline** Present 

Increment
Peak During 
Remediation

Post-
Remediation Baseline** Present 

Increment
Peak During 
Remediation

Post-
Remediation Baseline** Present 

Increment
Peak During 
Remediation

Post-
Remediation Baseline** Present 

Increment
Peak During 
Remediation

Post-
Remediation

LPAH 231 0.196        
(0.619)

1.698        
(6.62) NA 1.32E+00 2.46E+00 1.35E-01 NA 1.40E-01 2.60E-01 1.40E-02 NA 1.10E-01 2.00E-01 1.10E-02 NA 9.00E-02 1.70E-01 9.00E-03

MPAH 248 0.313        
(1.35)

3.137        
(8.8) NA 2.49E+00 3.91E+00 3.30E-01 NA 2.60E-01 4.10E-01 3.40E-02 NA 2.00E-01 3.10E-01 2.60E-02 NA 1.70E-01 2.70E-01 2.20E-02

HPAH
298 0.722        

(3.288)
6.974       

(14.26) NA 3.98E+00 5.79E+00 7.10E-01 NA 4.10E-01 6.00E-01 7.00E-02 NA 3.20E-01 4.60E-01 6.00E-02 NA 2.70E-01 3.90E-01 5.00E-02

Total PAH 777 1.231        
(5.257)

11.809     
(29.68)

18.06        
(5.26 - 62) 7.79E+00 1.22E+01 1.18E+00 NA 8.10E-01 1.27E+00 1.18E-01 1.20           

(0.53 - 2.72) 6.30E-01 9.70E-01 9.70E-02 0.24          
(0.05 - 1.15) 5.30E-01 8.30E-01 8.10E-02

PCB 10.6 0.0633 0.709 0.694        
(0.29 - 1.67) 1.91E-01 2.58E-01 4.90E-02 NA 2.00E-02 2.70E-02 5.00E-03 0.036          

(0.018 - 0.072) 1.50E-02 2.10E-02 4.00E-03 ND           
(<0.05) 1.30E-02 1.70E-02 3.00E-03

Arsenic 26.2 7.24 41.6 17.1         
(8.9 - 33) 5.14E-01 6.92E-01 1.47E-01 14           

(11.1 - 17.6) 5.40E-02 7.30E-02 1.50E-02 13.6           
(8.9 - 20.6) 4.10E-02 5.50E-02 1.20E-02 19.8          

(12.1 - 32.3) 3.50E-02 4.70E-02 1.00E-02

Cadmium 2.03 0.7 4.2 0.73         
(0.40 - 1.33) 3.99E-02 5.40E-02 1.14E-02 0.24         

(0.02 - 0.32) 4.10E-03 6.00E-03 1.20E-03 0.40           
(0.23 - 0.67) 3.20E-03 4.00E-03 9.00E-04 0.14          

(0.01 - 2.14) 2.70E-03 4.00E-03 8.00E-04

Copper 421 18.7 108 50           
(24 - 104) 8.28E+00 1.11E+01 2.37E+00 30           

(24 - 38) 8.60E-01 1.16E+00 2.50E-01 32             
(23 - 46) 6.60E-01 8.90E-01 1.90E-01 25.8          

(4.9 - 135) 5.60E-01 7.50E-01 1.60E-01

Mercury 0.77 0.13 0.7 0.12         
(0.05 - 0.31) 1.51E-02 2.01E-02 4.33E-03 0.04         

(0.01 - 0.11) 1.57E-03 2.09E-03 4.49E-04 0.032          
(0.02 - 0.05) 1.21E-03 1.61E-03 3.46E-04 0.025        

(0.003 - 0.25) 1.03E-03 1.36E-03 2.93E-04

Lead 95.6 30.2 112 117          
(61 - 223) 1.88E+00 2.50E+00 5.37E-01 47           

(34 - 66) 1.94E-01 2.59E-01 5.60E-02 64             
(43 - 96) 1.50E-01 2.00E-01 4.30E-02 46.4          

(9.8 - 219) 1.27E-01 1.69E-01 3.60E-02

Zinc 606 124 271 207          
(132 - 323) 1.19E+01 1.59E+01 3.40E+00 111          

(86 - 142) 1.23E+00 1.64E+00 3.50E-01 131            
(100 - 171) 9.50E-01 1.27E+00 2.70E-01 102           

(33 - 318) 8.10E-01 1.07E+00 2.30E-01

NA indicates value not available; ND indicates substance not detected.

* Guideline values are from CCME Marine Sediment Quality Guidelines (updated 2001), except for values in parentheses which are effects 
range low (ERL) and effects range median (ERM) from Long et al. (1995).  Guidelines are adapted by assuming a value equivalent to 2-
methylnaphthalene for 1-methylnaphthalene, and values equivalent to benzo(a)pyrene for benzo(b)fluoranthene, benzo(k)fluoranthene, 
perylene, indeno(1,2,3-cd)pyrene, and benzo(g,h,i)perylene.

** Values given are indicative of the characteristic range, presented as the geometric mean value (minus and plus one geometric standard 
deviation).  Data for PAH are for 1995 (JWEL-IT (1996) and Ernst et al. 1999); data for PCB are for 1999 (Lee 2002);  data for trace elements 
are for 1999 (Stewart et al. 2001).

Contaminant 
of Concern

Contaminant 
Flux       (kg/yr)

Table 4.2 Contaminant Concentrations in Sediment

CCME Guideline* South Arm Segment (mg/kg) Groin Segment (mg/kg) Northwest Arm Segment (mg/kg) Trunk Segment (mg/kg)

Table 4.1 Contaminent Concentrations in Water

South Arm Segment (µg/L) Groin Segment (µg/L) Northwest Arm Segment (µg/L) Trunk Segment (µg/L)
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Figure 4.1 Present and Future Increments for LPAH in Water 

 
There are no CCME water quality guidelines for the protection of marine aquatic life for PAHs.  
However, there are freshwater guidelines, and the sum of the published guidelines 
(representing only acenaphthene, fluorene, naphthalene and phenanthrene) gives a total LPAH 
concentration in water of 10.3 µg/L.  Based on this limited information, it is clear that the 
maximum predicted incremental LPAH concentration in South Arm water (0.0574 µg/L) is a 
small fraction of the CCME guideline, and that following remediation, the predicted incremental 
LPAH concentration in South Arm water (0.0011 µg/L) would be a very tiny fraction of the 
CCME guideline.  In the USA, there are published “acute” (i.e., CMC criteria for short-term 
exposures only) guidelines for PAH compounds in the marine environment (NOAA 1999).  
These guidelines suggest that acute exposures of up to 4,530 µg LPAH/L may be acceptable.  
Applying a safety factor of 100 to the CMC criterion results in a hypothetical chronic value of 
45.3 µg/L.  This value is still well in excess of the model-predicted present increment, peak, and 
expected future LPAH concentrations in the water of Sydney Harbour, and suggests that harm 
to aquatic life is not likely.    
 
The model estimates that the present incremental LPAH concentrations in the sediment of the 
South Arm of Sydney Harbour, caused by an LPAH flux from Muggah Creek of 231 kg/year, 
averages 1.32 mg/kg prior to remediation (Figure 4.2).  Baseline LPAH concentrations are not 
available, however, Ernst et al. (1999) report total PAH concentrations in Sydney Harbour 
sediments for the year 1995.  Based upon the 1995 data, the characteristic value (i.e., the 
geometric mean concentration plus or minus one geometric standard deviation) in South Arm 
was 18.06 mg/kg (5.26 – 62 mg/kg).  The LPAH fraction makes up approximately 30% of the 
total PAH flux to the harbour, however, this fraction dissipates and is degraded more rapidly 
than the other fractions.  Assuming, therefore, that 20% of the total PAH present in harbour 
sediments falls within the LAPH range, it is follows that the expected LPAH concentration in the 
South Arm should fall in the range of 3.6 mg/kg (with a characteristic range of 1.05 to 12.4 
mg/kg).  Since the model estimate is based upon the flux measured in 2001, from Muggah 
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Creek only, and the sediment quality data are from 1995 and will be influenced by earlier, much 
higher fluxes as well as other potential sources of PAH, the modelled value for the present 
incremental LPAH concentration in South Arm sediments seems reasonable. 
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Figure 4.2 Present and Future Increments for LPAH in Sediment 

 
During the remediation period, the LAPH flux is assumed to increase temporarily by a factor of 
5, and the present incremental LPAH concentration in the sediments of the South Arm 
increases to 2.46 mg/kg during this activity.  Subsequently, after remediation, the LPAH flux is 
assumed to decrease by 90%, and the incremental LPAH concentration in sediment declines to 
0.135 mg/kg after 20 years.  This decline is due partly to microbial degradation of PAHs in the 
surface sediment layer, and partly to burial of contaminated sediments under a less 
contaminated sediment layer. 
 
Present incremental LPAH concentrations in sediment in other areas of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.09 mg/kg (in the Trunk segment) to 0.14 mg/kg (in the Groin segment).  Concentrations during 
the remedial and post-remedial phases of the project are likewise roughly about one tenth or 
less of the concentrations estimated in the South Arm. 
 
CCME (1999, updated 2001) has published sediment quality guideline for the protection of 
marine aquatic life for selected PAHs compounds.  Based upon the published value, and 
assuming that a value for 1-methylnaphthalene can be taken as equivalent to that for 2-
methylnaphthalene, nominal ISQG and PEL guidelines for LPAH are estimated to be 0.196 and 
1.698 mg/kg, respectively.  In addition, Long et al. (1995) estimated similar (i.e., the ERL where 
biological effects should rarely be observed, and the ERM where biological effects should 
commonly be observed) guidelines, for marine and estuarine sediments, and these values are 
endorsed in the United States by NOAA (1999).  The ERL and ERM for marine and estuarine 
sediments are 0.619 and 6.62 mg/kg respectively (representing acenaphthene, acenaphthylene, 
fluorene, 2-methylnaphthalene, naphthalene and phenanthrene, to which a value for 1-
methylnaphthalene has been added for the purposes of this report, equal to the value for 2-
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methylnaphthalene).  Based on this information, it is clear that both the present increment (1.32 
mg/kg) and the maximum predicted incremental LPAH concentration in South Arm sediment 
(2.46 mg/kg) exceed relevant guidelines.  However, following remediation, the predicted 
incremental LPAH concentration in South Arm sediment (0.135 mg/kg) is within relevant 
guidelines.  The modelled present incremental and post-remediation LPAH concentrations in 
other segments of the harbour all fall within relevant guidelines, although the peak 
concentrations expected during remediation approximate the CCME ISQG value.  These results 
suggest that there are not likely to be substantive adverse effects on aquatic life as a result of 
the present incremental or likely future inputs of LPAH to the harbour. 
 
4.2 CONTAMINANT FATE MODEL RESULTS FOR MEDIUM MOLECULAR WEIGHT PAH 

 (MAPH) 
 
The medium molecular weight (MPAH) group of PAH compounds includes the following specific 
compounds: 
 

• Anthracene; 
• Fluoranthene; and 
• Pyrene. 

 
These substances are considered to be non-carcinogenic, and while they are generally less 
soluble in water, less volatile, and less readily degraded, in comparison with the LPAH group, 
are still less persistent in the environment than most of the high molecular weight (HPAH) 
compounds. 
 
The model estimates that the present incremental MPAH concentrations in the water of the 
South Arm of Sydney Harbour, caused by an MPAH flux from Muggah Creek of 248 kg/year, 
averages 0.0124 µg/L prior to remediation (Figure 4.3).  MPAH concentrations measured by 
JDAC (2002b) near the mouth of Muggah Creek varied from 0.05 to >5 µg/L, and showed a 
marked tendency to peak during falling tide conditions.  Therefore, it appears that Muggah 
Creek may be a significant contributor to the overall MPAH budget for Sydney Harbour.       
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Figure 4.3 Present and Future Increments for MPAH in Water 
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During the remediation period, the flux is assumed to increase temporarily by a factor of 5, and 
the incremental MPAH concentration in the water of the South Arm increases to 0.0616 µg/L 
during this activity.  Subsequently, after remediation, the MPAH flux is assumed to decrease by 
90%, and the incremental MPAH concentration in water declines to 0.0012 µg/L after 20 years.  
The decrease in the MPAH concentration in water takes place very quickly after the 
contaminant flux is reduced, since the harbour water flushes rapidly. 
 
The present incremental MPAH concentrations in water in other segments of the harbour prior 
to remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.0008 µg/L (in the Trunk segment) to 0.003 µg/L (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly one third to 
one tenth of the concentrations estimated in the South Arm during these Project phases. 
 
There are no CCME water quality guidelines for the protection of marine aquatic life for PAHs.  
However, there are freshwater guidelines, and the sum of the published guidelines 
(representing anthracene, fluoranthene and pyrene) gives a total MPAH concentration in water 
of 0.077 µg/L.  Based on this limited information, it is clear that the maximum predicted 
incremental MPAH concentration in South Arm water (0.0616 µg/L) would be close to the CCME 
(freshwater) guideline.  Following remediation, the predicted incremental MPAH concentration in 
South Arm water (0.0012 µg/L) would be a small fraction of the CCME (freshwater) guideline.  In 
the USA, there are published “acute” (i.e., CMC criteria for short-term exposures only) 
guidelines for PAH compounds in the marine environment (NOAA 1999).  These guidelines 
suggest that acute exposures of up to 640 µg MPAH/L may be acceptable.  Applying a safety 
factor of 100 to the CMC criterion results in a hypothetical chronic value of 6.4 µg/L.  This value 
is well in excess of the model-predicted present increment, peak, and expected future MPAH 
concentrations in the water of Sydney Harbour, and further suggests that harm to aquatic life is 
not likely.     
 
The model estimates that the present incremental MPAH concentrations in the sediment of the 
South Arm of Sydney Harbour, caused by an MPAH flux from Muggah Creek of 248 kg/year, 
averages 2.49 mg/kg prior to remediation (Figure 4.4).  Baseline MPAH concentrations are not 
available, however, Ernst et al. (1999) report total PAH concentrations in Sydney Harbour 
sediments for the year 1995.  Based upon the 1995 data, the characteristic value (i.e., the 
geometric mean concentration plus or minus one geometric standard deviation) in South Arm 
was 18.06 mg/kg (5.26 – 62 mg/kg).  The MPAH fraction makes up approximately 32% of the 
total PAH flux to the harbour, however, this fraction dissipates and is degraded more rapidly 
than the HPAH fraction.  Assuming, therefore, that 30% of the total PAH present in harbour 
sediments falls within the MAPH range, it is follows that the expected MPAH concentration in 
the South Arm should fall in the range of 5.42 mg/kg (with a characteristic range of 1.58 to 18.6 
mg/kg).  Since the model estimate is based upon the flux measured in 2001, from Muggah 
Creek only, and the sediment quality data are from 1995 and will be influenced by earlier, much 
higher fluxes as well as other potential sources of PAH, the modelled value for the present 
incremental MPAH concentration in South Arm sediments seems reasonable. 
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Figure 4.4 Present and Future Increments for MPAH in Sediment 

 
During the remediation period, the MAPH flux is assumed to increase temporarily by a factor of 
5, and the present incremental MPAH concentration in the sediments of the South Arm 
increases to 3.91 mg/kg during this activity.  Subsequently, after remediation, the MPAH flux is 
assumed to decrease by 90%, and the incremental MPAH concentration in sediment declines to 
0.33 mg/kg after 20 years.  This decline is due partly to microbial degradation of PAHs in the 
surface sediment layer, and partly to burial of contaminated sediments under a less 
contaminated sediment layer. 
 
Present incremental MPAH concentrations in sediment in other areas of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.17 mg/kg (in the Trunk segment) to 0.26 mg/kg (in the Groin segment).  Concentrations during 
the remedial and post-remedial phases of the project are likewise roughly about one tenth or 
less of the concentrations estimated in the South Arm. 
 
The CCME sediment quality guidelines for the protection of marine aquatic life for PAHs include 
anthracene, fluoranthene and pyrene, and these values can be summed to estimate nominal 
ISQG and PEL guidelines of 0.313 and 3.137 mg/kg, respectively, for MPAH.  In addition, Long 
et al. (1995) estimated ERL and ERM values that are endorsed in the United States by NOAA 
(1999).  The ERL and ERM for marine and estuarine sediments are 1.35 and 8.8 mg/kg 
respectively (representing anthracene, fluoranthene and pyrene).  Based on this information, it 
is clear that both the present increment (2.49 mg/kg) and the maximum predicted incremental 
MPAH concentration in South Arm sediment (3.91 mg/kg) exceed relevant guidelines.  
However, following remediation, the predicted incremental MPAH concentration in South Arm 
sediment (0.33 mg/kg) slightly exceeds only the CCME (ISQG) guideline.  The modelled present 
incremental and post-remediation MPAH concentrations in other segments of the harbour all fall 
within relevant guidelines, although the peak values expected during remediation slightly 
exceed the CCME ISQG guideline.  These results suggest that there may be adverse effects on 
aquatic life as a result of the present incremental inputs of MPAH, as well as due to inputs 
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during remediation.  However, the likely future inputs of MPAH to the harbour are likely to result 
in incremental MPAH concentrations in sediment that are not likely to have adverse effects in 
aquatic biota. 
 
4.3 CONTAMINANT FATE MODEL RESULTS FOR HIGH MOLECULAR WEIGHT PAH 

 (HAPH) 
 
The high molecular weight (HPAH) group of PAH compounds includes the following specific 
compounds: 
 

• Benz(a)anthracene; 
• Chrysene; 
• Benzo(b)fluoranthene; 
• Benzo(k)fluoranthene; 
• Perylene; 
• Benzo(a)pyrene; 
• Indeno(1,2,3-cd)pyrene; 
• Dibenz(a,h)anthracene; and 
• Benzo(g,h,i)perylene. 
 

These substances are considered to be potentially carcinogenic to humans, and they are 
generally less soluble in water, less volatile, and less readily degraded, in comparison with the 
LPAH and MPAH groups. 
 
The model estimates that the present incremental HPAH concentrations in the water of the 
South Arm of Sydney Harbour, caused by an HPAH flux from Muggah Creek of 298 kg/year, 
averages 0.0149 µg/L prior to remediation (Figure 4.5).  HPAH concentrations measured by 
JDAC (2002b) near the mouth of Muggah Creek varied from <0.1 to >4 µg/L, and showed a 
marked tendency to peak during falling tide conditions.  Therefore, it appears that Muggah 
Creek may be a significant contributor to the overall HPAH budget for Sydney Harbour.         
 
During the remediation period, the flux is assumed to increase temporarily by a factor of 5, and 
the incremental HPAH concentration in the water of the South Arm increases to 0.0741 µg/L 
during this activity.  Subsequently, after remediation, the HPAH flux is assumed to decrease by 
90%, and the incremental HPAH concentration in water declines to 0.0015 µg/L after 20 years.  
The decrease in the HPAH concentration in water takes place very quickly after the contaminant 
flux is reduced, since the harbour water flushes rapidly. 
 
The present incremental HPAH concentrations in water in other segments of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.001 µg/L (in the Trunk segment) to 0.004 µg/L (in the Groin segment).  Concentrations during 
the remedial and post-remedial phases of the project are likewise roughly one third to one tenth 
of the concentrations estimated in the South Arm during these Project phases. 
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Figure 4.5 Present and Future Increments for HPAH in Water 

 
 
There are no CCME water quality guidelines for the protection of marine aquatic life for PAHs.  
However, there are freshwater guidelines, and the sum of the published guidelines 
(representing only benz(a)anthracene and benzo(a)pyrene) gives a total HPAH concentration in 
water of 0.033 µg/L.  Based on this limited information, it is clear that the maximum predicted 
incremental HPAH concentration in South Arm water (0.0741 µg/L) would exceed the CCME 
(freshwater) guideline, although this exceedence would be based on the 9 HPAH compounds, 
not just on the two compounds for which there are guidelines.  Following remediation, the 
predicted incremental HPAH concentration in South Arm water (0.0015 µg/L) would be a 
fraction of the CCME (freshwater) guideline.  In the USA, there are published “acute” (i.e., CMC 
criteria for short-term exposures only) guidelines for PAH compounds in the marine environment 
(NOAA 1999).  These guidelines suggest that acute exposures of up to 2,700 µg HPAH/L may 
be acceptable.  Applying a safety factor of 100 to the CMC criterion results in a hypothetical 
chronic value of 27 µg/L.  This value is well in excess of the model-predicted present increment, 
peak, and expected future HPAH concentrations in the water of Sydney Harbour, and suggests 
that harm to aquatic life is not likely.  
    
The model estimates that the present incremental HPAH concentrations in the sediment of the 
South Arm of Sydney Harbour, caused by an HPAH flux from Muggah Creek of 298 kg/year, 
averages 3.98 mg/kg prior to remediation (Figure 4.6).  Baseline MPAH concentrations are not 
available, however, Ernst et al. (1999) report total PAH concentrations in Sydney Harbour 
sediments for the year 1995.  Based upon the 1995 data, the characteristic value (i.e., the 
geometric mean concentration plus or minus one geometric standard deviation) in South Arm 
was 18.06 mg/kg (5.26 – 62 mg/kg).  The HPAH fraction makes up approximately 38% of the 
total PAH flux to the harbour, however, this fraction dissipates and is degraded less rapidly than 
the LPAH and MPAH fractions.  Assuming, therefore, that 50% of the total PAH present in 
harbour sediments falls within the HAPH range, it is follows that the expected HPAH 
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concentration in the South Arm should fall in the range of 9 mg/kg (with a characteristic range of 
2.63 to 31 mg/kg).  Since the model estimate is based upon the flux measured in 2001, from 
Muggah Creek only, and the sediment quality data are from 1995 and will be influenced by 
earlier, much higher fluxes as well as other potential sources of PAH, the modelled value for the 
present incremental HPAH concentration in South Arm sediments seems reasonable. 
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Figure 4.6 Present and Future Increments for HPAH in Sediment 

 
During the remediation period, the HAPH flux is assumed to increase temporarily by a factor of 
5, and the present incremental HPAH concentration in the sediments of the South Arm 
increases to 5.79 mg/kg during this activity.  Subsequently, after remediation, the HPAH flux is 
assumed to decrease by 90%, and the incremental HPAH concentration in sediment declines to 
0.71 mg/kg after 20 years.  This decline is due partly to microbial degradation of PAHs in the 
surface sediment layer, but largely to burial of contaminated sediments under a less 
contaminated sediment layer. 
 
Present incremental HPAH concentrations in sediment in other areas of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.27 mg/kg (in the Trunk segment) to 0.41 mg/kg (in the Groin segment).  Concentrations during 
the remedial and post-remedial phases of the project are likewise roughly about one tenth or 
less of the concentrations estimated in the South Arm. 
 
The CCME sediment quality guidelines for the protection of marine aquatic life for PAHs include 
benz(a)anthracene, benzo(a)pyrene, chrysene and dibenz(a,h)anthracene, and these values 
can be summed (together with additional amounts based on benzo(a)pyrene to represent the 
remaining HPAH compounds) to estimate nominal ISQG and PEL guidelines of 0.722 and 6.974 
mg/kg, respectively, for HPAH.  In addition, Long et al. (1995) estimated ERL and ERM values 
that are endorsed in the United States by NOAA (1999).  The ERL and ERM for marine and 
estuarine sediments are 3.288 and 14.26 mg/kg respectively (representing benz(a)anthracene, 
benzo(a)pyrene, chrysene and dibenz(a,h)anthracene, to which additional amounts, equal to the 
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value for benzo(a)pyrene have been added to represent benzo(b)fluoranthene, 
benzo(k)fluoranthene, perylene, indeno(1,2,3-cd)pyrene and benzo(g,h,i)perylene for the 
purposes of this report).  Based on this information, it is clear that both the present increment 
(3.98 mg/kg) and the maximum predicted incremental HPAH concentration in South Arm 
sediment (5.79 mg/kg) may exceed relevant guidelines.  However, following remediation, the 
predicted incremental HPAH concentration in South Arm sediment (0.71 mg/kg) should be 
within relevant guidelines.  The modelled present incremental, peak, and post-remediation 
HPAH concentrations in other segments of the harbour all fall within relevant guidelines.  These 
results suggest that there may be adverse effects on aquatic life as a result of the present 
incremental inputs of HPAH, as well as due to inputs during remediation.  However, the likely 
future inputs of HPAH to the harbour are likely to result in incremental HPAH concentrations in 
sediment that are not likely to have adverse effects in aquatic biota. 
 
4.4 CONTAMINANT FATE MODEL RESULTS FOR PCB 
 
The polychlorinated biphenyl (PCB) compounds are considered to be potentially carcinogenic to 
humans.  They are considered to be persistent and cumulative toxins in the aquatic 
environment. 
 
The model estimates that the present incremental PCB concentrations in the water of the South 
Arm of Sydney Harbour, caused by a total PCB flux from Muggah Creek of 10.6 kg/year, 
averages 0.000529 µg/L prior to remediation (Figure 4.7).  During the remediation period, the 
flux is assumed to increase temporarily by a factor of 5, and the incremental PCB concentration 
in the water of the South Arm increases to 0.00263 µg/L during this activity.  Subsequently, after 
remediation, the PCB flux is assumed to decrease by 90%, and the incremental PCB 
concentration in water declines to 0.000053 µg/L after 20 years.  The decrease in the PCB 
concentration in water takes place very quickly after the contaminant flux is reduced, since the 
harbour water flushes rapidly. 
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Figure 4.7 Present and Future Increments for PCB in Water 



Sydney Tar Ponds Agency 
Contaminant Fate Modeling of Sydney Harbour: Remediation 
of the Sydney Tar Ponds and Coke Ovens Sites 
Sydney, Nova Scotia 
December 2005 
 

 
Project No.:  TE4109713 Page 42 

 
The present incremental PCB concentrations in water in other segments of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.000036 µg/L (in the Trunk segment) to 0.000138 µg/L (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly one quarter to 
less than one tenth of the concentrations estimated in the South Arm during these Project 
phases. 
 
There are no CCME water quality guidelines for the protection of marine aquatic life for PAHs.  
However, there is a value of 0.03 µg/L prepared by NOAA (1999) as a continuous chronic 
criterion for the protection of marine aquatic life.   This value can be considered essentially 
equivalent to the CCME guideline.  Based on this limited information, it is clear that the 
maximum predicted incremental PCB concentration in South Arm water (0.00263 µg/L) would 
not exceed a relevant guideline.  Following remediation, the predicted incremental PCB 
concentration in South Arm water (0.000053 µg/L) would be a small fraction of the guideline.  
These results suggest that harm to aquatic life from exposure to PCBs in the water of Sydney 
Harbour is not likely during any Project phase.     
 
The model estimates that the present incremental PCB concentrations in the sediment of the 
South Arm of Sydney Harbour, caused by a PCB flux from Muggah Creek of 10.6 kg/year, 
averages 0.191 mg/kg prior to remediation (Figure 4.8).  Baseline PCB concentrations are 
available from JWEL-IT (1996) and Ernst et al. (1999); and Lee (2002).  JWEL-IT and Ernst et 
al. (1999) report PCB concentrations in Sydney Harbour sediments for the year 1995.  Based 
upon the 1995 data, the characteristic value (i.e., the geometric mean concentration plus or 
minus one geometric standard deviation) in South Arm was 0.364 mg/kg (0.06 – 2.1 mg/kg).  
Lee (2002) report PCB data for the year 1999, and obtain a slightly higher estimate of 0.694 
(0.29 – 1.67 mg/kg) in the South Arm, as well as an estimate of 0.036 mg/kg (0.018 – 0.072 
mg/kg) in the Northwest Arm.  Since the model estimate is based upon the flux measured in 
2001, from Muggah Creek only, and the sediment quality data are from 1995 and will be 
influenced by earlier, much higher fluxes as well as other potential sources of PCBs, the 
modelled value for the present incremental PCB concentration in South Arm sediments seems 
reasonable. 
 
During the remediation period, the PCB flux is assumed to increase temporarily by a factor of 5, 
and the present incremental PCB concentration in the sediments of the South Arm increases to 
0.258 mg/kg during this activity.  Subsequently, after remediation, the PCB flux is assumed to 
decrease by 90%, and the incremental PCB concentration in sediment declines to 0.049 mg/kg 
after 20 years.  This decline is due partly to microbial degradation of PCBs in the surface 
sediment layer, but largely to burial of contaminated sediments under a less contaminated 
sediment layer. 
 
Present incremental PCB concentrations in sediment in other areas of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.013 mg/kg (in the Trunk segment) to 0.02 mg/kg (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly about one 
tenth or less of the concentrations estimated in the South Arm. 
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Figure 4.8 Present and Future Increments for PCB in Sediment 

 
 
The CCME sediment quality guideline for the protection of marine aquatic life for PCBs 
(Arochlor 1254) is 0.0633 (ISQG) or 0.709 mg/kg (PEL).  Based on this information, it is clear 
that both the present increment (0.191 mg/kg) and the maximum predicted incremental PCB 
concentration in South Arm sediment (0.258 mg/kg) may exceed relevant guidelines.  However, 
following remediation, the predicted incremental PCB concentration in South Arm sediment 
(0.049 mg/kg) should be within relevant guidelines.  The modelled present incremental, peak, 
and post-remediation PCB concentrations in other segments of the harbour all fall within 
relevant guidelines.  These results suggest that there may be adverse effects on aquatic life as 
a result of the present incremental inputs of PCB, as well as due to inputs during remediation.  
However, the likely future inputs of PCB to the harbour are likely to result in incremental PCB 
concentrations in sediment that are not likely to have adverse effects in aquatic biota. 
 
4.5 CONTAMINANT FATE MODEL RESULTS FOR ARSENIC 
 
Arsenic is a non-metallic, non-essential trace element, which occurs naturally in the 
environment, and can be toxic above certain threshold values. 
 
The model estimates that the present incremental arsenic concentration in the water of the 
South Arm of Sydney Harbour, caused by an arsenic flux from Muggah Creek of 26.2 kg/year, 
averages 0.0013 µg/L prior to remediation (Figure 4.9).  Arsenic concentrations measured by 
JDAC (2002b) near the mouth of Muggah Creek varied from about 0.1 to 1 µg/L, and showed 
little variation between rising and falling tide conditions.  Therefore, it does not appear that 
Muggah Creek is a significant contributor to the overall arsenic budget for Sydney Harbour. 
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Figure 4.9 Present and Future Increments for Arsenic in Water 

 
During the remediation period, the flux is assumed to increase temporarily by a factor of 5, and 
the incremental arsenic concentration in the water of the South Arm increases to 0.0065 µg/L 
during this activity.  Subsequently, after remediation, the arsenic flux is assumed to decrease by 
90%, and the incremental arsenic concentration in water declines to 0.00013 µg/L after 20 
years.  The decrease in the arsenic concentration in water takes place very quickly after the 
contaminant flux is reduced, since the harbour water flushes rapidly. 
 
The present incremental arsenic concentrations in water in other segments of the harbour prior 
to remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.000091 µg/L (in the Trunk segment) to 0.000343 µg/L (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly one quarter to 
one tenth (or less) of the concentrations estimated in the South Arm during these Project 
phases. 
 
The CCME water quality guideline for the protection of marine aquatic life for arsenic is 
12.5 µg/L.  Based on this information, it is clear that the maximum predicted incremental arsenic 
concentration in South Arm water (0.0065 µg/L) would not exceed the guideline.  Following 
remediation, the predicted incremental arsenic concentration in South Arm water (0.00013 µg/L) 
would be a very small fraction of the guideline.  These results suggest that harm to aquatic life 
from exposure to arsenic in the water of Sydney Harbour is not likely during any Project phase.     
 
The model estimates that the present incremental arsenic concentration in the sediment of the 
South Arm of Sydney Harbour, caused by an arsenic flux from Muggah Creek of 26.2 kg/year, 
averages 0.514 mg/kg prior to remediation (Figure 4.10).  Baseline arsenic concentrations are 
available from Stewart et al. (2001), who report arsenic concentrations in Sydney Harbour 
sediments for the year 1999.  Based upon the 1999 data, the characteristic value (i.e., the 
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geometric mean concentration plus or minus one geometric standard deviation) in South Arm 
was 17.1 mg/kg (8.9 – 32.9 mg/kg).  Characteristic arsenic values for other segments of the 
harbour (see Table 4.2) are similarly in the range of 14 to 20 mg/kg, suggesting that Muggah 
Creek has not been a major source of arsenic to harbour sediments, and that most of the 
arsenic found in harbour sediments is of natural origin.  Therefore, although the modelled value 
for the present incremental arsenic concentration in South Arm sediments (0.514 mg/kg) is 
small in comparison with the measured (1999) concentration, it seems reasonable as an 
indicator of the effects of the flux from Muggah Creek on harbour sediment quality.  
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Figure 4.10 Present and Future Increments for Arsenic in Sediment 

 
During the remediation period, the arsenic flux is assumed to increase temporarily by a factor of 
5, and the present incremental arsenic concentration in the sediments of the South Arm 
increases to 0.692 mg/kg during this activity.  Subsequently, after remediation, the arsenic flux 
is assumed to decrease by 90%, and the incremental arsenic concentration in sediment 
declines to 0.147 mg/kg after 20 years, although the actual arsenic concentration in sediments 
is likely to be much higher (still close to 15 mg/kg), due to the dominant influence of natural 
sources of arsenic on harbour sediment quality. 
Present incremental arsenic concentrations in sediment in other areas of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.035 mg/kg (in the Trunk segment) to 0.054 mg/kg (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly about one 
tenth or less of the concentrations estimated in the South Arm. 
 
The CCME sediment quality guideline for the protection of marine aquatic life for arsenic is 7.24 
(ISQG) or 41.6 mg/kg (PEL), however, it is not uncommon for natural sediments to contain 
arsenic concentrations that exceed the ISQG value.  Based on this information, it is clear that 
both the present increment (0.514 mg/kg) and the maximum predicted incremental arsenic 
concentration in South Arm sediment (0.692 mg/kg) are small in comparison with relevant 
guidelines, and that the natural background concentrations of arsenic in harbour sediments are 
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likely elevated above the CCME ISQG value.  Following remediation, the predicted incremental 
arsenic concentration in South Arm sediment (0.147 mg/kg) will be even smaller in comparison 
with relevant guidelines.  The modelled present incremental, peak, and post-remediation arsenic 
concentrations in other segments of the harbour are also very small in comparison with relevant 
guidelines.  These results suggest that there not likely to be adverse effects on aquatic life as a 
result of the present incremental inputs of arsenic from Muggah Creek, or due to inputs during 
remediation.   The likely future inputs of arsenic to the harbour from Muggah Creek are also not 
likely to result in incremental arsenic concentrations in harbour sediment that will have adverse 
effects in aquatic biota. 
 
4.6 CONTAMINANT FATE MODEL RESULTS FOR CADMIUM 
 
Cadmium is a metallic, non-essential trace element, which occurs naturally in the environment, 
and can be toxic above certain threshold values. 
 
The model estimates that the present incremental cadmium concentration in the water of the 
South Arm of Sydney Harbour, caused by a cadmium flux from Muggah Creek of 2.03 kg/year, 
averages 0.0001 µg/L prior to remediation (Figure 4.11).  This is a tiny fraction of the cadmium 
concentrations (0.015 to 0.025 µg/L) reported for Sydney Harbour by Lee (2002) suggesting 
that Muggah Creek is not presently a major contributor to the cadmium budget of Sydney 
Harbour.  Cadmium concentrations measured by JDAC (2002b) near the mouth of Muggah 
Creek were uniformly non-detectable (<0.1 µg/L).  No variation was observed between rising 
and falling tide conditions.  Therefore, it does not appear that Muggah Creek is a presently a 
significant contributor to the overall cadmium budget for Sydney Harbour.  
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Figure 4.11 Present and Future Increments for Cadmium in Water 

 
During the remediation period, the flux is assumed to increase temporarily by a factor of 5, and 
the incremental cadmium concentration in the water of the South Arm increases to 0.0005 µg/L 
during this activity.  Subsequently, after remediation, the cadmium flux is assumed to decrease 
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by 90%, and the incremental cadmium concentration in water declines to 0.00001 µg/L after 20 
years.  The decrease in the cadmium concentration in water takes place very quickly after the 
contaminant flux is reduced, since the harbour water flushes rapidly. 
 
The present incremental cadmium concentrations in water in other segments of the harbour 
prior to remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range 
from 0.000007 µg/L (in the Trunk segment) to 0.000026 µg/L (in the Groin segment).  
Concentrations during the remedial and post-remedial phases of the project are likewise roughly 
one quarter to one tenth (or less) of the concentrations estimated in the South Arm during these 
Project phases. 
 
The CCME water quality guideline for the protection of marine aquatic life for cadmium is 
0.12 µg/L.  Based on this information, it is clear that the maximum predicted incremental 
cadmium concentration in South Arm water (0.0005 µg/L) would not exceed the guideline.  
Following remediation, the predicted incremental cadmium concentration in South Arm water 
(0.00001 µg/L) would be a very small fraction of the guideline.  These results suggest that harm 
to aquatic life from exposure to cadmium in the water of Sydney Harbour is not likely during any 
Project phase.     
 
The model estimates that the present incremental cadmium concentration in the sediment of the 
South Arm of Sydney Harbour, caused by a cadmium flux from Muggah Creek of 2.03 kg/year, 
averages 0.04 mg/kg prior to remediation (Figure 4.12).  Baseline cadmium concentrations are 
available from Stewart et al. (2001), who report cadmium concentrations in Sydney Harbour 
sediments for the year 1999.  Based upon the 1999 data, the characteristic value (i.e., the 
geometric mean concentration plus or minus one geometric standard deviation) in South Arm 
was 0.73 mg/kg (0.40 – 1.33 mg/kg).  Characteristic cadmium values for other segments of the 
harbour (see Table 4.2) are in the range of 0.14 to 0.40 mg/kg.  These data suggest that while 
South Arm sediments appear to have been contaminated with cadmium (in comparison with 
sediments in other areas of Sydney Harbour), Muggah Creek does not presently appear to be a 
major source of cadmium to South Arm sediments. 
 
During the remediation period, the cadmium flux is assumed to increase temporarily by a factor 
of 5, and the present incremental cadmium concentration in the sediments of the South Arm 
increases to 0.054 mg/kg during this activity.  Subsequently, after remediation, the cadmium flux 
is assumed to decrease by 90%, and the incremental cadmium concentration in sediment 
declines to 0.0114 mg/kg after 20 years, although the actual cadmium concentration in 
sediments is likely to be much higher (close to 0.7 mg/kg) due to the influence of natural and 
other anthropogenic sources of cadmium on harbour sediment quality. 
 
Present incremental cadmium concentrations in sediment in other areas of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.0027 mg/kg (in the Trunk segment) to 0.0041 mg/kg (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly about one 
tenth or less of the concentrations estimated in the South Arm. 
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Figure 4.12 Present and Future Increments for Cadmium in Sediment 

 
 
The CCME sediment quality guideline for the protection of marine aquatic life for cadmium is 0.7 
(ISQG) or 4.2 mg/kg (PEL), however, it is not uncommon for natural sediments to contain 
cadmium concentrations that exceed the ISQG value.  Based on this information, it is clear that 
both the present increment (0.04 mg/kg) and the maximum predicted incremental cadmium 
concentration in South Arm sediment (0.054 mg/kg) are small in comparison with relevant 
guidelines, and that the background concentrations of cadmium in harbour sediments are likely 
elevated above the CCME ISQG value due to natural, as well as due to past and present 
anthropogenic inputs.  Following remediation, the predicted incremental cadmium concentration 
in South Arm sediment (0.0114 mg/kg) will be even smaller in comparison with relevant 
guidelines.  The modelled present incremental, peak, and post-remediation cadmium 
concentrations in other segments of the harbour are also very small in comparison with relevant 
guidelines.  These results suggest that there not likely to be adverse effects on aquatic life as a 
result of the present incremental inputs of cadmium from Muggah Creek, or due to inputs during 
remediation.   The likely future inputs of cadmium to the harbour from Muggah Creek are also 
not likely to result in incremental cadmium concentrations in harbour sediment that will have 
adverse effects in aquatic biota. 
 
4.7 CONTAMINANT FATE MODEL RESULTS FOR COPPER 
 
Copper is a metallic, essential trace element, which occurs naturally in the environment, and 
can be toxic above certain threshold values. 
 
The model estimates that the present incremental copper concentration in the water of the 
South Arm of Sydney Harbour, caused by a copper flux from Muggah Creek of 421 kg/year, 
averages 0.021 µg/L prior to remediation (Figure 4.13).  This is a substantial fraction of the 
copper concentrations (0.3 to 0.6 µg/L) reported for Sydney Harbour by Lee (2002).  Copper 
concentrations measured by JDAC (2002b) near the mouth of Muggah Creek varied from about 
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0.5 to 10 µg/L, and showed a marked tendency to peak during falling tide conditions.  Therefore, 
it appears that Muggah Creek may be a significant contributor to the overall copper budget for 
Sydney Harbour, although the potential contributions from other sources, including natural 
sources, should not be discounted.   
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Figure 4.13 Present and Future Increments for Copper in Water 

 
During the remediation period, the flux is assumed to increase temporarily by a factor of 5, and 
the incremental copper concentration in the water of the South Arm increases to 0.105 µg/L 
during this activity.  Subsequently, after remediation, the copper flux is assumed to decrease by 
90%, and the incremental copper concentration in water declines to 0.0021 µg/L after 20 years.  
The decrease in the copper concentration in water takes place very quickly after the 
contaminant flux is reduced, since the harbour water flushes rapidly. 
 
The present incremental copper concentrations in water in other segments of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.0014 µg/L (in the Trunk segment) to 0.0055 µg/L (in the Groin segment).  Concentrations during 
the remedial and post-remedial phases of the project are likewise roughly one quarter to one tenth 
(or less) of the concentrations estimated in the South Arm during these Project phases. 
 
There is no CCME water quality guideline for the protection of marine aquatic life for copper.  
However, an equivalent guideline published by NOAA (1999) for the protection of marine 
aquatic life is 3.1 µg/L.  Based on this information, it is clear that the maximum predicted 
incremental copper concentration in South Arm water (0.105 µg/L) would not exceed the 
guideline.  Following remediation, the predicted incremental copper concentration in South Arm 
water (0.0021 µg/L) would be a very small fraction of the guideline.  These results suggest that 
harm to aquatic life from exposure to copper in the water of Sydney Harbour is not likely during 
any Project phase.     
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The model estimates that the present incremental copper concentration in the sediment of the 
South Arm of Sydney Harbour, caused by a copper flux from Muggah Creek of 2.03 kg/year, 
averages 8.28 mg/kg prior to remediation (Figure 4.14).  Baseline copper concentrations are 
available from Stewart et al. (2001), who report copper concentrations in Sydney Harbour 
sediments for the year 1999.  Based upon the 1999 data, the characteristic value (i.e., the 
geometric mean concentration plus or minus one geometric standard deviation) in South Arm 
was 50 mg/kg (24.1 – 104 mg/kg).  Characteristic copper values for other segments of the 
harbour (see Table 4.2) are in the range of 26 to 32 mg/kg.  These data suggest that a 
background copper concentration for Sydney Harbour may be in the range of 25 mg/kg, that 
South Arm sediments appear to have been substantially contaminated with copper (in 
comparison with sediments in other areas of Sydney Harbour), and that Muggah Creek has 
been, and likely continues to be, a significant source of copper to South Arm sediments. 
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Figure 4.14 Present and Future Increments for Copper in Sediment 

 
During the remediation period, the copper flux is assumed to increase temporarily by a factor of 
5, and the present incremental copper concentration in the sediments of the South Arm 
increases to 11.3 mg/kg during this activity.  Subsequently, after remediation, the copper flux is 
assumed to decrease by 90%, and the incremental copper concentration in sediment declines 
to 2.37 mg/kg after 20 years, although the actual copper concentration in sediments is likely to 
be much higher (greater than 30 mg/kg) due to the influence of natural and other anthropogenic 
sources of copper on harbour sediment quality. 
 
Present incremental copper concentrations in sediment in other areas of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.056 mg/kg (in the Trunk segment) to 1.16 mg/kg (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly about one 
tenth or less of the concentrations estimated in the South Arm. 
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The CCME sediment quality guideline for the protection of marine aquatic life for copper is 18.7 
(ISQG) or 108 mg/kg (PEL), however, it is not uncommon for natural sediments to contain 
copper concentrations that exceed the ISQG value.  Based on this information, it is clear that 
both the present increment (8.28 mg/kg) and the maximum predicted incremental copper 
concentration in South Arm sediment (11.13 mg/kg) are substantial in comparison with relevant 
guidelines, and that the background concentrations of copper in harbour sediments are likely 
elevated above the CCME ISQG value due to natural, as well as due to past and present 
anthropogenic inputs.  Following remediation, the predicted incremental copper concentration in 
South Arm sediment (2.37 mg/kg) will be smaller in comparison with relevant guidelines.  The 
modelled present incremental, peak, and post-remediation copper concentrations in other 
segments of the harbour are also small in comparison with relevant guidelines.  These results 
suggest that there may be adverse effects on aquatic life as a result of the present incremental 
inputs of copper from Muggah Creek, or due to inputs during remediation.  The likely future 
copper concentrations in sediments throughout the harbour are likely to exceed the CCME 
ISQG guideline, although the inputs of copper to the harbour from Muggah Creek will represent 
only a minor contribution (less than 10%) to the total concentration. 
 
4.8 CONTAMINANT FATE MODEL RESULTS FOR LEAD 
 
Lead is a metallic, non-essential trace element, which occurs naturally in the environment, and 
can be toxic above certain threshold values. 
 
The model estimates that the present incremental lead concentration in the water of the South 
Arm of Sydney Harbour, caused by a lead flux from Muggah Creek of 95.6 kg/year, averages 
0.00478 µg/L prior to remediation (Figure 4.15).  This is substantive in comparison with lead 
concentrations (0.005 to 0.032 µg/L) reported for Sydney Harbour by Lee (2002) suggesting 
that Muggah Creek may be a significant contributor to the lead budget of Sydney Harbour.  
Lead concentrations measured by JDAC (2002b) near the mouth of Muggah Creek varied from 
<0.1 to >1 µg/L, and showed a marked tendency to peak during falling tide conditions.  
Therefore, it appears that Muggah Creek may be a significant contributor to the overall lead 
budget for Sydney Harbour.   
  
During the remediation period, the flux is assumed to increase temporarily by a factor of 5, and 
the incremental lead concentration in the water of the South Arm increases to 0.0238 µg/L 
during this activity.  Subsequently, after remediation, the lead flux is assumed to decrease by 
90%, and the incremental lead concentration in water declines to 0.00048 µg/L after 20 years.  
The decrease in the lead concentration in water takes place very quickly after the contaminant 
flux is reduced, since the harbour water flushes rapidly. 
 
The present incremental lead concentrations in water in other segments of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.00033 µg/L (in the Trunk segment) to 0.0012 µg/L (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly one quarter to 
one tenth (or less) of the concentrations estimated in the South Arm during these Project 
phases. 
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Figure 4.15 Present and Future Increments for Lead in Water 

 
There is no CCME water quality guideline for the protection of marine aquatic life for lead.  
However, an equivalent guideline published by NOAA (1999) for the protection of marine 
aquatic life is 8.1 µg/L.  Based on this information, it is clear that the maximum predicted 
incremental lead concentration in South Arm water (0.00238 µg/L) would not exceed the 
guideline.  Following remediation, the predicted incremental lead concentration in South Arm 
water (0.00048 µg/L) would be a very small fraction of the guideline.  These results suggest that 
harm to aquatic life from exposure to lead in the water of Sydney Harbour is not likely during 
any Project phase.     
 
The model estimates that the present incremental lead concentration in the sediment of the 
South Arm of Sydney Harbour, caused by a lead flux from Muggah Creek of 95.6 kg/year, 
averages 1.88 mg/kg prior to remediation (Figure 4.16).  Baseline lead concentrations are 
available from Stewart et al. (2001), who report lead concentrations in Sydney Harbour 
sediments for the year 1999.  Based upon the 1999 data, the characteristic value (i.e., the 
geometric mean concentration plus or minus one geometric standard deviation) in South Arm 
was 116 mg/kg (61 – 223 mg/kg).  Characteristic lead values for other segments of the harbour 
(see Table 4.2) are in the range of 46 to 65 mg/kg.  These data suggest that a background lead 
concentration for Sydney Harbour may be in the range of 45 mg/kg, and that South Arm 
sediments appear to have been substantially contaminated with lead (in comparison with 
sediments in other areas of Sydney Harbour).  However, based on the presently estimated 
incremental contribution of Muggah Creek to lead concentrations in the South Arm, it is not clear 
that Muggah Creek is presently a major source of lead to South Arm sediments.  Given the 
many historical uses of lead in paints, plumbing, as a gasoline additive, and as a volatile 
emission from coal combustion, it is possible that the existing lead contamination of South Arm 
sediments may be largely attributable to a variety of point and non-point historical sources in 
Sydney, and not predominantly to aqueous releases from Muggah Creek. 
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Figure 4.16 Present and Future Increments for Lead in Sediment 

 
During the remediation period, the lead flux is assumed to increase temporarily by a factor of 5, 
and the present incremental lead concentration in the sediments of the South Arm increases to 
2.5 mg/kg during this activity.  Subsequently, after remediation, the lead flux is assumed to 
decrease by 90%, and the incremental lead concentration in sediment declines to 0.537 mg/kg 
after 20 years, although the actual lead concentration in sediments is likely to be much higher 
(greater than 50 mg/kg) due to the influence of natural and other anthropogenic sources of lead 
on harbour sediment quality. 
 
Present incremental lead concentrations in sediment in other areas of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.127 mg/kg (in the Trunk segment) to 0.194 mg/kg (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly about one 
tenth or less of the concentrations estimated in the South Arm. 
 
The CCME sediment quality guideline for the protection of marine aquatic life for lead is 30.2 
(ISQG) or 112 mg/kg (PEL), however, it is not uncommon for natural sediments to contain lead 
concentrations that exceed the ISQG value.  Based on this information, it is clear that both the 
present increment (1.88 mg/kg) and the maximum predicted incremental lead concentration in 
South Arm sediment (2.5 mg/kg) are small in comparison with relevant guidelines, and that the 
background concentrations of lead in harbour sediments are likely elevated above the CCME 
ISQG value due to natural, as well as due to past and present anthropogenic inputs.  Following 
remediation, the predicted incremental lead concentration in South Arm sediment (0.537 mg/kg) 
will be even smaller in comparison with relevant guidelines.  The modelled present incremental, 
peak, and post-remediation lead concentrations in other segments of the harbour are also small 
in comparison with relevant guidelines.  These results suggest that there may be adverse 
effects on aquatic life as a result of the present incremental inputs of lead from Muggah Creek, 
or due to inputs during remediation.  The likely future lead concentrations in sediments 
throughout the harbour are likely to exceed the CCME ISQG guideline, although the inputs of 
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lead to the harbour from Muggah Creek will represent only a minor contribution (possibly as little 
as 1 or 2%) of the total concentration. 
 
4.9 CONTAMINANT FATE MODEL RESULTS FOR MERCURY 
 
Mercury is a metallic, non-essential trace element, which occurs naturally in the environment, 
and can be toxic above certain threshold values. 
 
The model estimates that the present incremental mercury concentration in the water of the 
South Arm of Sydney Harbour, caused by a mercury flux from Muggah Creek of 0.77 kg/year, 
averages 0.000038 µg/L prior to remediation (Figure 4.17).  Mercury data for the waters of 
Sydney Harbour do not appear to be available for comparison.   
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Figure 4.17 Present and Future Increments for Mercury in Water 

 
During the remediation period, the flux is assumed to increase temporarily by a factor of 5, and 
the incremental mercury concentration in the water of the South Arm increases to 0.000191 
µg/L during this activity.  Subsequently, after remediation, the mercury flux is assumed to 
decrease by 90%, and the incremental mercury concentration in water declines to 0.000004 
µg/L after 20 years.  The decrease in the mercury concentration in water takes place very 
quickly after the contaminant flux is reduced, since the harbour water flushes rapidly. 
 
The present incremental mercury concentrations in water in other segments of the harbour prior 
to remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.000003 µg/L (in the Trunk segment) to 0.00001 µg/L (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly one quarter to 
one tenth (or less) of the concentrations estimated in the South Arm during these Project 
phases. 
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There is no CCME water quality guideline for the protection of marine aquatic life for mercury.  
However, an equivalent guideline published by NOAA (1999) for the protection of marine 
aquatic life is 0.94 µg/L.  Based on this information, it is clear that the maximum predicted 
incremental mercury concentration in South Arm water (0.000191 µg/L) would not exceed the 
guideline.  Following remediation, the predicted incremental mercury concentration in South 
Arm water (0.000004 µg/L) would be a very small fraction of the guideline.  These results 
suggest that harm to aquatic life from exposure to mercury in the water of Sydney Harbour is 
not likely during any Project phase.     
 
The model estimates that the present incremental mercury concentration in the sediment of the 
South Arm of Sydney Harbour, caused by a mercury flux from Muggah Creek of 0.77 kg/year, 
averages 0.015 mg/kg prior to remediation (Figure 4.18).  Baseline mercury concentrations are 
available from Stewart et al. (2001), who report mercury concentrations in Sydney Harbour 
sediments for the year 1999.  Based upon the 1999 data, the characteristic value (i.e., the 
geometric mean concentration plus or minus one geometric standard deviation) in South Arm 
was 0.12 mg/kg (0.046 – 0.307 mg/kg).  Characteristic mercury values for other segments of the 
harbour (see Table 4.2) are in the range of 0.025 to 0.037 mg/kg.  These data suggest that a 
background mercury concentration for Sydney Harbour may be in the range of 0.025 mg/kg, 
and that South Arm sediments appear to have been substantially contaminated with mercury (in 
comparison with sediments in other areas of Sydney Harbour).  However, based on the 
presently estimated incremental contribution of Muggah Creek to mercury concentrations in the 
South Arm, it is not clear that Muggah Creek is presently a major source of mercury to South 
Arm sediments.  Given the historical uses of mercury in industry, and in particular its volatile 
emission from coal combustion, it is possible that the existing mercury contamination of South 
Arm sediments may be largely attributable to a variety of point and non-point historical sources 
in Sydney, and not predominantly to aqueous releases from Muggah Creek. 
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Figure 4.18 Present and Future Increments for Mercury in Sediment 
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During the remediation period, the mercury flux is assumed to increase temporarily by a factor 
of 5, and the present incremental mercury concentration in the sediments of the South Arm 
increases to 0.02 mg/kg during this activity.  Subsequently, after remediation, the mercury flux is 
assumed to decrease by 90%, and the incremental mercury concentration in sediment declines 
to 0.0043 mg/kg after 20 years, although the actual mercury concentration in sediments is likely 
to be higher (greater than 0.05 mg/kg) due to the influence of natural and other anthropogenic 
sources of mercury on harbour sediment quality. 
 
Present incremental mercury concentrations in sediment in other areas of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.001 mg/kg (in the Trunk segment) to 0.0016 mg/kg (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly about one 
tenth or less of the concentrations estimated in the South Arm. 
 
The CCME sediment quality guideline for the protection of marine aquatic life for mercury is 
0.13 (ISQG) or 0.7 mg/kg (PEL).  Based on this information, it is clear that both the present 
increment (0.0151 mg/kg) and the maximum predicted incremental mercury concentration in 
South Arm sediment (0.02 mg/kg) are small in comparison with relevant guidelines, and that the 
background concentrations of mercury in South Arm sediments are likely locally elevated above 
the CCME ISQG value due to a variety of past and present anthropogenic inputs.  Following 
remediation, the predicted incremental mercury concentration in South Arm sediment 
(0.0043 mg/kg) will be even smaller in comparison with relevant guidelines.  The modelled 
present incremental, peak, and post-remediation mercury concentrations in other segments of 
the harbour are also small in comparison with relevant guidelines.  These results suggest that 
there may be local adverse effects on aquatic life as a result of past inputs to the harbour, and 
the present incremental inputs of mercury from Muggah Creek.  Inputs during remediation may 
locally and temporarily contribute to those effects.  However, the likely future mercury 
concentrations in sediments throughout the harbour are not likely to exceed the CCME ISQG 
guideline. 
 
4.10 CONTAMINANT FATE MODEL RESULTS FOR ZINC 
 
Zinc is a metallic, essential trace element, which occurs naturally in the environment, and can 
be toxic above certain threshold values. 
 
The model estimates that the present incremental zinc concentration in the water of the South 
Arm of Sydney Harbour, caused by a zinc flux from Muggah Creek of 606 kg/year, averages 
0.0303 µg/L prior to remediation (Figure 4.19).  This is a small fraction of the zinc concentrations 
(0.2 to 1.7 µg/L) reported for Sydney Harbour by Lee (2002) suggesting that Muggah Creek is 
not presently a major contributor to the zinc budget of Sydney Harbour, although local effects 
may be expected.  Zinc concentrations measured by JDAC (2002b) near the mouth of Muggah 
Creek varied from <1 to >10 µg/L, and showed a marked tendency to peak during falling tide 
conditions.  Therefore, it appears that Muggah Creek may be a significant contributor to the 
overall zinc budget for Sydney Harbour, although the potential contributions from other sources, 
including natural sources, should not be discounted.   
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Figure 4.19 Present and Future Increments for Zinc in Water 

 
During the remediation period, the flux is assumed to increase temporarily by a factor of 5, and 
the incremental zinc concentration in the water of the South Arm increases to 1.51 µg/L during 
this activity.  Subsequently, after remediation, the zinc flux is assumed to decrease by 90%, and 
the incremental zinc concentration in water declines to 0.003 µg/L after 20 years.  The decrease 
in the zinc concentration in water takes place very quickly after the contaminant flux is reduced, 
since the harbour water flushes rapidly. 
 
The present incremental zinc concentrations in water in other segments of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.0021 µg/L (in the Trunk segment) to 0.0079 µg/L (in the Groin segment).  Concentrations 
during the remedial and post-remedial phases of the project are likewise roughly one quarter to 
one tenth (or less) of the concentrations estimated in the South Arm during these Project 
phases. 
 
There is no CCME water quality guideline for the protection of marine aquatic life for zinc.  
However, an equivalent guideline published by NOAA (1999) for the protection of marine aquatic 
life is 81 µg/L.  Based on this information, it is clear that the maximum predicted incremental zinc 
concentration in South Arm water (0.151 µg/L) would not exceed the guideline.  Following 
remediation, the predicted incremental zinc concentration in South Arm water (0.003 µg/L) would 
be a very small fraction of the guideline.  These results suggest that harm to aquatic life from 
exposure to zinc in the water of Sydney Harbour is not likely during any Project phase.     
 
The model estimates that the present incremental zinc concentration in the sediment of the 
South Arm of Sydney Harbour, caused by a zinc flux from Muggah Creek of 606 kg/year, 
averages 11.92 mg/kg prior to remediation (Figure 4.20).  Baseline zinc concentrations are 
available from Stewart et al. (2001), who report zinc concentrations in Sydney Harbour 
sediments for the year 1999.  Based upon the 1999 data, the characteristic value (i.e., the 
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geometric mean concentration plus or minus one geometric standard deviation) in South Arm 
was 207 mg/kg (132 – 323 mg/kg).  Characteristic zinc values for other segments of the harbour 
(see Table 4.2) are in the range of 102 to 131 mg/kg.  These data suggest that a background 
zinc concentration for Sydney Harbour may be in the range of 100 mg/kg, that South Arm 
sediments appear to have been substantially contaminated with zinc (in comparison with 
sediments in other areas of Sydney Harbour), and that Muggah Creek has been, and continues 
to be, a substantive (although not necessarily the only) source of zinc to the harbour sediments.  
Given the ubiquitous anthropogenic use of zinc, and its relative abundance and mobility in 
disturbed environments, it is possible that a significant portion of the existing zinc contamination 
of South Arm sediments may be attributable to a variety of point and non-point historical 
sources in Sydney, and not predominantly to aqueous releases from Muggah Creek. 
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Figure 4.20 Present and Future Increments for Zinc in Sediment 

During the remediation period, the zinc flux is assumed to increase temporarily by a factor of 5, 
and the present incremental zinc concentration in the sediments of the South Arm increases to 
15.85 mg/kg during this activity.  Subsequently, after remediation, the zinc flux is assumed to 
decrease by 90%, and the incremental zinc concentration in sediment declines to 3.4 mg/kg 
after 20 years, although the actual zinc concentration in sediments is likely to be much higher 
(greater than 130 mg/kg) due to the influence of natural and other anthropogenic sources of zinc 
on harbour sediment quality. 
 
Present incremental zinc concentrations in sediment in other areas of the harbour prior to 
remediation (i.e., the Groin, Northwest Arm and Trunk segments) are estimated to range from 
0.81 mg/kg (in the Trunk segment) to 1.23 mg/kg (in the Groin segment).  Concentrations during 
the remedial and post-remedial phases of the project are likewise roughly about one tenth or 
less of the concentrations estimated in the South Arm. 
 
The CCME sediment quality guideline for the protection of marine aquatic life for zinc is 124 
(ISQG) or 271 mg/kg (PEL), however, it is not uncommon for natural sediments to contain zinc 
concentrations that exceed the ISQG value.  Based on this information, it is clear that both the 
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present increment (11.92 mg/kg) and the maximum predicted incremental zinc concentration in 
South Arm sediment (15.85 mg/kg) are small in comparison with relevant guidelines, and that 
the background concentrations of zinc in harbour sediments are likely elevated above the 
CCME ISQG value due to natural, as well as due to past and present anthropogenic inputs.  
Following remediation, the predicted incremental zinc concentration in South Arm sediment 
(3.4 mg/kg) will be even smaller in comparison with relevant guidelines.  The modelled present 
incremental, peak, and post-remediation zinc concentrations in other segments of the harbour 
are also small in comparison with relevant guidelines.  These results suggest that there may be 
local adverse effects on aquatic life as a result of past inputs to the harbour, and the present 
incremental inputs of zinc from Muggah Creek.  Inputs during remediation may locally and 
temporarily contribute to those effects.  The likely future zinc concentrations in sediments 
throughout the harbour may continue to locally exceed the CCME ISQG guideline. 
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5.0 DISCUSSION 
 
This discussion will address the three questions that were identified in Section 1 of this report, 
specifically: 
 
Question 1:  What have been the historical trends with respect to contaminant concentrations 
in Sydney Harbour, and how can these trends be expected to extend into the future? 
 
Question 2:  What is the incremental impact of contaminants discharged from Muggah Creek 
on Sydney Harbour, based on contaminant fluxes estimated by JDAC (2002b)? 
 
Question 3:  What would be the incremental impact of contaminants discharged from Muggah 
Creek on Sydney Harbour, if Muggah Creek is remediated as anticipated under the Sydney Tar 
Ponds and Coke Ovens Sites Remediation Project?  
 
Question 1 is addressed in Section 5.1 below, while Questions 2 and 3 are addressed in 
Section 5.2. 
 
5.1 GENERAL STATUS AND TRENDS IN SYDNEY HARBOUR 
 
Lee (2002) edited the most recent and comprehensive report on the status of contaminants in 
Sydney Harbour, compiling material contributed by an extensive team of government, 
academic, and consulting scientists, brought together under a Toxic Substances Research 
Initiative (TSRI) project.  Chapter 3 of Lee (2002) is of particular interest and relevance to the 
present study, as it represents the first serious attempt to understand the contaminant 
inventories and geochronology for the harbour.  In effect, Lee (2002) and co-workers are asking 
the same questions, following an empirical methodology, as the present document is asking 
following a theoretical and model-based methodology.  It is, therefore, highly relevant to 
compare and contrast the findings of the two studies, in order to evaluate where they reach and 
reinforce the same conclusions, and where they may differ in interpretation. 
 
Lee (2002) concluded that the geochronology for total PAH contamination in Sydney Harbour 
sediments suggests that they are derived to a great extent from the coking operations that 
formerly took place in Sydney.  PAH concentrations in sediment decrease rapidly with 
increasing distance from Muggah Creek, suggesting that PAHs are associated with a coarse-
grained particle fraction, and settle out quickly, close to the source.  PAH levels were relatively 
low at the beginning of the 20’th century, and increased to about 20% of their present levels 
during the 1920 to 1940 period.  The PAH concentration increased rapidly during the 1950’s and 
1960’s to reach maximum values that persisted through until the 1980’s.  This history is 
consistent with the history of coking operations in the Muggah Creek watershed.   
 
Lee (2002) notes that the PAH levels in Sydney Harbour sediments have halved since the 
termination of coking activities in the 1980’s.  Since the PAH input rate to the sediments has 
been significantly reduced since the 1980’s, the sediments are undergoing natural remediation 
by the continuous deposition of less contaminated sediment.  As a result, Lee (2002) indicates 
that the main inventory of PAHs and other contaminants is being buried at a rate of 0.2 to 
2 cm/year.  In regions closest to Muggah Creek, where sedimentation rates tend to be highest, 
the maximum contaminant inventories are already separated from the sediment surface by 5 to 
15 cm of less contaminated sediments.  Lee (2002) also notes that future authorities 
responsible for remediation activities in the Tar Ponds should understand that future releases of 
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PAHs to Sydney Harbour may contaminate the layer of cleaner surficial sediments that has 
presently “capped” the main inventory of contaminants deposited prior to the 1980’s, a point 
which has been explicitly considered during the present modelling investigation. 
 
For PCBs, Lee (2002) notes that the main source of PCBs is from industrial inputs, due to both 
local sources and long range atmospheric transport.  Use of PCBs increased dramatically 
following World War II, and rose to a maximum during the 1960’s.  Concern about possible 
health and environmental effects of PCBs led to a rapid decline in their manufacture and use 
during the 1970’s and 1980’s, and this appears to be reflected in the sediment geochronology of 
Sydney Harbour.  By the 1990s, sediment deposition of PCBs in Sydney Harbour was back to a 
level similar to that observed during the 1950’s, and PCB concentrations in sediment have 
decreased rapidly in recent years owing to its short residence time in water and the absence of 
significant recent releases from industrial sources.   
 
For metals, Lee (2002) notes an increase in lead concentrations in the early 1900’s, from 
background levels of about 30 mg/kg, increasing through the 1950’s, and then increasing even 
more rapidly during the 1960’s to a broad maximum characterized by lead concentrations in 
excess of 400 mg/kg, extending to the early 1980’s.  The signal then decreases by almost a 
factor of two through the 1990’s to the present day.  Although numerous sources contribute to 
the high lead levels in sediment, Lee (2002) believe that the geochronology is most consistent 
with the history of coke production in the Sydney region.  Their working hypothesis is that lead 
concentrations in Sydney Harbour sediments are primarily associated with releases from the 
coking operations, although discharges from other sources including marine paints, gasoline 
emissions and various activities associated with the steel industry would have contributed to 
sediment inventories as well. 
 
Concentrations of copper and zinc tend to increase at the end of the 19’th century and reach 
maximum values in the 1970’s and 1980’s, slightly later than the maximum for lead.  Similar 
trends have been observed elsewhere.  Copper and zinc are commonly used in marine paints 
and preservatives, but their use has also declined in recent years.  Inputs of copper and zinc to 
Sydney Harbour sediment probably reflect inputs from the steel and coking operations, but may 
also reflect more recent inputs from municipal sources as well (Lee 2002). 
 
The modelling exercises carried out during the present study build on studies carried out by 
JDAC (2002a, b) and do much to corroborate the empirical evidence and interpretations 
provided by Lee (2002) and coworkers.  The model validation exercises for total PAH and PCBs 
in Sydney Harbour help to develop estimates of the total historical inputs of PAHs and PCBs to 
the harbour.  In addition, they provide an indication of the overall trends and rate at which the 
harbour should recover in the absence of significant perturbation.  Lee (2002) has noted a 
halving of total PAH concentrations in surface sediments since the 1980’s, a trend that the 
model validation exercise supports.  In fact, the model simulation shows a peak in total PAH 
concentrations in South Arm sediments during the early 1980’s, with an anticipated halving of 
the concentration between 1995 and 2000, based on the expected PAH inputs from Muggah 
Creek only.  Further decreases in sediment PAH concentrations are expected in future, even 
without any remediation of the Tar Ponds.  The model output suggests that if the total PAH flux 
from Muggah Creek remains at a value of about 777 kg/year in future, the expected mean total 
PAH concentration in South Arm sediments as a result of PAH originating from Muggah Creek 
could approach 10 mg/kg within the 2000 to 2025 window (notwithstanding the likely presence 
of local areas of higher total PAH concentration in the vicinity of the mouth of Muggah Creek, or 
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other local hotspots as a result of PAH releases from sources other than Muggah Creek), and 
total PAH concentrations elsewhere in the harbour could be 1 mg/kg or less. 
 
For PCBs, the model validation exercise resulted in an estimated total PCB input to the South 
Arm of Sydney Harbour of about 1,360 kg between 1950 and 2000, not all of which necessarily 
entered through Muggah Creek.  Based on this input term, which was assumed to peak at an 
annual flux of 50 kg/year between 1980 and 1985, the modelled average PCB concentration in 
South Arm sediments would peak at 0.77 mg/kg in the late 1980’s, and would be about 0.52 
mg/kg in South Arm sediments in the year 2000.  The model-estimated total PCB 
concentrations in sediments in other parts of the harbour in 2000 would be about 0.05 mg/kg or 
less.  This input term, and the resulting estimated PCB concentrations in harbour sediments, 
represent a compromise between the observed total PCB concentrations reported in harbour 
sediments by JWEL-IT (1996), Ernst et al. (1999) and Lee (2002).  In the absence of 
remediation, assuming an ongoing PCB release from Muggah Creek of approximately 10.6 
kg/year, the total PCB concentration in South Arm sediments would be expected to decrease to 
approximately 0.22 mg/kg by 2025, with total PCB concentrations elsewhere in the harbour at 
0.025 mg/kg or less. 
 
The model shows that the harbour has a strong capacity to self-remediate.  This capacity has 
been commented on by others (Lee 2002) based on observed trends.  The model, however, 
helps to elucidate the processes responsible for the trend.  These processes are, in order of 
importance: 
 

• Reduced contaminant input rates from Muggah Creek and other sources in the Sydney 
area; 

• Burial of more contaminated sediments beneath a fresh sediment layer that is less 
contaminated, effectively capping the contaminated sediments and limiting the access 
that biota have to the deeper sediment layer; and 

• Microbial degradation of some organic contaminants, particularly the LPAH fraction, but 
less so for the MPAH, HPAH and PCBs, in the surface sediment layer. 

 
Volatilization of contaminants (i.e., loss from the water surface to the atmosphere), although not 
included in the present model, would be of little importance to the fate of even the LPAH group, 
due to the rapidity of other physical transport processes such as tidal flushing, sorption to 
particulates, and sedimentation. 
 
5.2 IMPORTANCE OF PRESENT CONTAMINANT INPUTS AND REMEDIATION OF 

 MUGGAH CREEK 
 
The results presented in Section 4 of this report show that the predicted aqueous concentrations 
of contaminants of concern are uniformly well below any possible threshold of concern, based 
upon available environmental quality guidelines.  The following sections will therefore focus on 
the estimated present incremental contributions of Muggah Creek contaminant fluxes to 
sediment quality in Sydney Harbour, as well as possible outcomes if the flux during remediation 
increases temporarily by a factor of five, and if the flux following remediation is reduced by a 
factor of 10 relative to fluxes measured by JDAC (2002b).  Outcomes will be evaluated for 
marine aquatic receptors based on available sediment quality guidelines, with other lines of 
evidence introduced as appropriate. 
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5.2.1 PAH Compounds 
 
For the PAH compounds, history and empirical evidence show that Muggah Creek has been the 
predominant source of contamination for the harbour.  The contaminant fate model results for 
present inputs (Sections 4.1, 4.2 and 4.3 of this report) can only account for a fraction of the 
present concentrations in sediment, the remainder being residual contamination from earlier, 
higher inputs during the 1980’s.  The models suggest that present inputs (i.e., as estimated by 
JDAC 2002b) will eventually result in a stabilization of harbour sediment total PAH 
concentrations (i.e., the sum of LPAH, MPAH and HPAH) that average about 7.8 mg/kg, with 
concentrations in other areas of the harbour being roughly an order of magnitude lower. 
 
Assuming as a worst case scenario that remedial activities increase the contaminant flux from 
Muggah Creek, over an one-year period, to peak at a flux that is five times greater than the flux 
measured by JDAC (2002b), the resulting spike in flux will result in an increase in the average 
sediment total PAH concentration of about 4.4 mg/kg.  This scenario is somewhat arbitrary, 
however, it makes little difference whether a five-fold increase is assumed over one year, or 
somewhat smaller increases (such as a doubling) are assumed over a slightly longer period, 
such as three to five years.  The increase in sediment total PAH concentration is modest due to 
the assumed mixing of freshly deposited sediments into the surface 5-cm layer of biologically 
active sediments, which effectively “buffers” the sediment against short-term increases.  If good 
management practices and mitigation during remediation activities achieve a reduction in the 
short-term flux, relative to the assumptions that have been made here, then the effects on 
sediment quality in the harbour will be reduced.  In the longer term, if remediation of Muggah 
Creek reduces the overall contaminant flux to the harbour by 90% relative to the value 
estimated by JDAC (2002b), the long-term expected total PAH concentration in sediment, due 
to releases from Muggah Creek, will be reduced to about 1 mg/kg in South Arm, and 0.1 mg/kg 
in other areas of the harbour.  There will still be local variation in sediment total PAH 
concentrations, but these average concentrations can be expected to meet remediation 
objectives based on a sediment quality guideline (Effect Range Low) of 5.257 mg/kg (Long et al. 
1995, NOAA 1999).  If remedial activities can reduce the flux by more than 90%, then further 
reductions in sediment PAH concentrations in the harbour may be achieved. 
 
5.2.2 PCB Compounds 
 
For the PCB compounds, empirical evidence suggests that Muggah Creek may not have been 
the only, or necessarily the predominant source of contamination for the harbour (Ernst et al. 
1999).  The contaminant fate model results for present inputs from Muggah Creek (Section 4.4 
of this report) does, however, account for a substantial fraction of the present concentrations in 
sediment, the remainder presumably consisting of residual contamination from earlier, higher 
inputs from other sources during the 1980’s.  The model suggests that present inputs (i.e., as 
estimated using the JDAC 2002b model) will eventually result in a stabilization of harbour 
sediment PCB concentrations that average about 0.19 mg/kg, with concentrations in other areas 
of the harbour being roughly an order of magnitude lower. 
 
Assuming as a worst case scenario that remedial activities increase the PCB flux from Muggah 
Creek, over an one-year period, to peak at a flux that is five times greater than the flux as 
estimated using the JDAC (2002b) model, the resulting spike in flux will result in an increase in 
the average sediment PCB concentration of about 0.26 mg/kg.  This scenario is somewhat 
arbitrary, however, it makes little difference whether a five-fold increase is assumed over one 
year, or somewhat smaller increases (such as a doubling) are assumed over a slightly longer 
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period, such as three to five years.    The increase in sediment PCB concentration is modest 
due to the assumed mixing of freshly deposited sediments into the surface 5-cm layer of 
biologically active sediments, which effectively “buffers” the sediment against short-term 
increases.  In the longer term, if remediation of Muggah Creek reduces the overall contaminant 
flux to the harbour by 90% relative to the estimated value, the long-term expected PCB 
concentration in sediment, due to releases from Muggah Creek, will be reduced to about 
0.05 mg/kg in South Arm, and 0.005 mg/kg or less in other areas of the harbour.  There will still 
be local variation in sediment PCB concentrations, but these average concentrations can be 
expected to meet remediation objectives based on a sediment quality guideline (CCME PEL for 
Arochlor 1254) of 0.709 mg/kg (CCME 1999).  If remedial activities can reduce the flux by more 
than 90%, then further reductions in sediment PCB concentrations in the harbour may be 
achieved. 
 
5.2.3 Inorganic Contaminants 
 
Lee (2002) notes that for naturally occurring contaminants, such as heavy metals, the CCME 
ISQG guideline provides a less useful environmental management tool than the CCME PEL 
guideline.  This is because natural concentrations of heavy metals often exceed the ISQG.  Lee 
(2002) concluded that of the metals suite reported by Stewart et al. (2001) from Sydney Harbour 
sediments, only lead and zinc might be expected to show toxicity for more than a few isolated 
samples, and that for lead and zinc, the area of potential metal toxicity is confined to the eastern 
side of the South Arm.  Further discussion on the significance of present, and possible future 
trace element concentrations in the sediments of Sydney Harbour is provided below for arsenic, 
cadmium, copper, lead, mercury and zinc.      
 
Empirical evidence suggests most of the arsenic present in Sydney Harbour sediments is of 
natural origin, and that the South Arm sediments are only modestly contaminated with arsenic.  
The background arsenic concentration in Sydney Harbour sediments appears to be in the range 
of 14 mg/kg, and Loring et al. (1996) suggest a background arsenic concentration for Nova 
Scotia inlets of 20 mg/kg.  In this context, Muggah Creek is only one of many potential natural 
and anthropogenic sources of arsenic to the harbour.  The contaminant fate model results for 
present inputs from Muggah Creek (Section 4.5 of this report) show that the incremental effect 
of arsenic inputs to the harbour, presently estimated to be about 0.51 mg/kg, would peak at 0.69 
mg/kg under a remediation scenario that resulted in a peak five-fold increase in arsenic flux for 
one year.  Following remediation, with a 90% reduction in the present arsenic flux, the 
incremental arsenic concentration attributable to Muggah Creek would be 0.15 mg/kg.  The 
CCME PEL guideline for arsenic in marine sediments is 41.6 mg/kg.  It is concluded that arsenic 
concentrations in South Arm sediments are not presently a significant concern with respect to 
the protection of aquatic life, and that concern about arsenic should be low for the remediation 
scenario.     
 
Empirical evidence suggests most of the cadmium present in Sydney Harbour sediments is of 
natural origin, and that the South Arm sediments are only modestly contaminated with cadmium.  
Loring et al. (1996) suggest a background cadmium concentration for Nova Scotia inlets of 0.3 
mg/kg.  The background cadmium concentration in Sydney Harbour sediments appears to be in 
about the same range, although cadmium concentrations in South Arm sediments are typically 
in the range of 0.4 to 1.33 mg/kg.  In this context, the present incremental effect of the 
measured (JDAC 2002b) cadmium flux from Muggah Creek is fairly small.  The contaminant 
fate model results for present inputs from Muggah Creek (Section 4.6 of this report) show that 
the incremental effect of cadmium inputs to the harbour, presently estimated to be about 0.04 



Sydney Tar Ponds Agency 
Contaminant Fate Modeling of Sydney Harbour: Remediation 
of the Sydney Tar Ponds and Coke Ovens Sites 
Sydney, Nova Scotia 
December 2005 
 

 
Project No.:  TE4109713 Page 65 

mg/kg, would peak at 0.054 mg/kg under a remediation scenario that resulted in a peak five-fold 
increase in cadmium flux for one year.  Following remediation, with a 90% reduction in the 
present cadmium flux, the incremental cadmium concentration attributable to Muggah Creek 
would be 0.011 mg/kg.  The CCME PEL guideline for cadmium in marine sediments is 4.2 
mg/kg.  It is concluded that cadmium concentrations in South Arm sediments are not presently a 
significant concern with respect to the protection of aquatic life, and that concern about 
cadmium should be low for the remediation scenario.    
 
Copper concentrations considered to be representative of “baseline” conditions are less than 
40 mg/kg (Loring et al. 1996).  The background copper concentration in Sydney Harbour 
sediments appears to be slightly lower (25 to 30 mg/kg), although copper concentrations in 
South Arm sediments are typically in the range of 24 to 104 mg/kg.  In this context, the present 
incremental effect of the measured (JDAC 2002b) copper flux from Muggah Creek is 
substantial.  The contaminant fate model results for present inputs from Muggah Creek (Section 
4.7 of this report) show that the incremental effect of copper inputs to the harbour, presently 
estimated to be about 8.28 mg/kg, would peak at 11.13 mg/kg under a remediation scenario that 
resulted in a peak five-fold increase in copper flux for one year.  Following remediation, with a 
90% reduction in the present copper flux, the incremental copper concentration attributable to 
Muggah Creek would be 2.37 mg/kg.  The CCME PEL guideline for copper in marine sediments 
is 108 mg/kg.  Copper concentrations reported by Stewart et al. (2001) exceed the CCME PEL 
guideline at only four stations out of 89 tested, and the majority of the stations have copper 
concentrations well below the guideline.  It is concluded that copper concentrations in South 
Arm sediments are not presently a significant concern with respect to the protection of aquatic 
life, and that concern about copper should be low for the remediation scenario.    
 
Empirical evidence suggests most of the lead present in South Arm sediments is not of natural 
origin.  Loring et al. (1996) suggest a background lead concentration for Nova Scotia inlets of 40 
mg/kg.  The lead concentrations in Sydney Harbour sediments are between 61 and 223 mg/kg 
(South Arm), and between 43 and 219 mg/kg in other areas of the harbour.  Stewart et al. 
(2001) demonstrate a strong enrichment of lead concentrations in the South arm, near to and 
inland from the mouth of Muggah Creek.  In spite of this, the present incremental effect of the 
measured (JDAC 2002b) lead flux from Muggah Creek is surprisingly small.  The contaminant 
fate model results for present inputs from Muggah Creek (Section 4.8 of this report) show that 
the incremental effect of lead inputs to the harbour, presently estimated to be about 1.9 mg/kg, 
would peak at 2.5 mg/kg under a remediation scenario that resulted in a peak five-fold increase 
in lead flux for one year.  Following remediation, with a 90% reduction in the present lead flux, 
the incremental lead concentration attributable to Muggah Creek would be 0.54 mg/kg.  The 
CCME PEL guideline for lead in marine sediments is 112 mg/kg.  Lee (2002) concluded that 
lead concentrations in South Arm sediments are potentially of concern with respect to the 
protection of aquatic life.  While this is true (in the sense that lead concentrations in South Arm 
sediments commonly exceed the CCME PEL guideline by a factor of two), the present lead 
input from Muggah Creek is not considered to be a significant concern with respect to the 
protection of aquatic life, since the incremental concentration in sediments that is likely to arise 
from the present input, or the hypothetical input during remediation, would be undetectable in 
the context of historic deposits.   
 
Mercury concentrations considered to be representative of “baseline” conditions are less than 
0.1 mg/kg (Loring et al. 1996).  The background mercury concentration in Sydney Harbour 
sediments appears to be lower (0.025 to 0.037 mg/kg), and even mercury concentrations in 
South Arm sediments (0.046 to 0.307 mg/kg) are close to the background range.  The present 
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incremental effect of the measured (after JDAC 2002b) mercury flux from Muggah Creek is, 
however, potentially significant.  The contaminant fate model results for present inputs from 
Muggah Creek (Section 4.9 of this report) show that the incremental effect of mercury inputs to 
the harbour, presently estimated to be about 0.015 mg/kg, would peak at 0.02 mg/kg under a 
remediation scenario that resulted in a peak five-fold increase in mercury flux for one year.  
Following remediation, with a 90% reduction in the present mercury flux, the incremental 
mercury concentration attributable to Muggah Creek would be 0.0043 mg/kg.  The CCME PEL 
guideline for mercury in marine sediments is 0.7 mg/kg.  Mercury concentrations reported by 
Stewart et al. (2001) exceed the CCME PEL guideline at only three stations out of 89 tested, 
two of these being located at the mouth of Muggah Creek, and the third being located at an 
industrial area near North Sydney.  The majority of the stations have mercury concentrations 
well below the guideline.  It is concluded that mercury concentrations in South Arm sediments 
are not presently a significant concern with respect to the protection of aquatic life, and that 
concern about mercury should be low for the remediation scenario.    
 
Zinc concentrations considered to be representative of “baseline” conditions are less than 
150 mg/kg (Loring et al. 1996).  The background zinc concentration in Sydney Harbour 
sediments appears to be slightly lower (100 to 130 mg/kg), although zinc concentrations in 
South Arm sediments are typically in the range of 132 to 323 mg/kg.  In this context, the present 
incremental effect of the measured (JDAC 2002b) zinc flux from Muggah Creek is potentially 
significant.  The contaminant fate model results for present inputs from Muggah Creek (Section 
4.10 of this report) show that the incremental effect of zinc inputs to the South Arm sediments, 
presently estimated to be about 11.9 mg/kg, would peak at 15.85 mg/kg under a remediation 
scenario that resulted in a peak five-fold increase in zinc flux for one year.  Following 
remediation, with a 90% reduction in the present zinc flux, the incremental zinc concentration 
attributable to Muggah Creek would be 3.4 mg/kg.  The CCME PEL guideline for zinc in marine 
sediments is 271 mg/kg.  Lee (2002) concluded that zinc concentrations in South Arm 
sediments are potentially of concern with respect to the protection of aquatic life.  While this is 
true (in the sense that zinc concentrations in South Arm sediments commonly exceed the 
CCME PEL guideline), most of the exceedences are relatively small.  The present zinc input 
from Muggah Creek is potentially a concern with respect to the protection of aquatic life, since 
the incremental concentration in sediments that is likely to arise from the present input, or the 
hypothetical input during remediation, could exacerbate zinc concentrations in sediment where 
the existing concentration is already close to a threshold value.  On the other hand, it is highly 
likely that zinc concentrations in the harbour are already declining due to reductions from 
historic inputs.  From this perspective, a small, temporary, and reversible increase in zinc 
concentrations during remediation would have little real impact, and would quickly be 
compensated for by further reductions in future zinc concentrations following remediation of 
Muggah Creek. 
 
As for PAHs and PCBs, the specific assumptions regarding the magnitude and duration of 
contaminant flux spikes during remediation, and contaminant fluxes after remediation, are 
relatively unimportant for metals, and the presence of natural fluxes of these metals further 
reduces the importance and significance of metal inputs specifically from Muggah Creek. 
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6.0 CONCLUSIONS 
 
This report evaluates the recent historical trends in contaminant concentrations in Sydney 
Harbour and uses mathematical models to simulate and extrapolate those trends.  The main 
conclusions are as follows: 
 

• Sydney Harbour has been, and continues to be, severely polluted with PAHs, PCBs, and 
metals, as a result of a variety of industrial and municipal sources, to which the former 
steel making industry appears to have been a dominant contributor. 

 
• Since the closure of the coke ovens in the mid-1980’s, and the steel industry in 

subsequent years, contaminant inputs to Sydney Harbour via Muggah Creek have 
declined substantially.  As a result of several factors, including the reduced inputs, burial 
under more recent, less contaminated sediments, and (for organic contaminants) 
microbial degradation in situ, contaminant concentrations in Sydney Harbour are 
generally declining, and can be expected to continue to decline until a new steady state 
is reached. 

 
• Muggah Creek appears to have been a substantial, but not necessarily the only, source 

of contamination to the harbour sediments for PAHs, PCBs, cadmium, copper, lead, 
mercury and zinc. 

 
• Based on comparison to relevant guidelines, there do not appear to be any significant 

risks to aquatic receptors as a result of the incremental contaminant concentrations in 
marine water that result from the present contaminant flux from Muggah Creek. 

 
• In the absence of remediation at Muggah Creek, continued improvement in water and 

sediment quality can be expected for most contaminants, however, it is not certain that 
the surface sediments in the South Arm of the harbour, particularly in proximity to 
Muggah Creek, will in the short-term (i.e., within 5 to 10 years) meet the CCME or other 
relevant guidelines for PAHs, PCBs, lead or zinc unless further mitigation of the source 
(i.e., the Tar Ponds) is undertaken. 

 
• Risks to aquatic receptors, as a result of exposure to PAHs, PCBs, lead and zinc 

concentrations that commonly exceed CCME or other relevant guidelines in the 
sediments of the South Arm, have been identified in this and previous reports (see Lee 
2002 and Stewart and White (2001).   

 
• Remediating the Tar Ponds, so that the contaminant flux from Muggah Creek is reduced 

by a factor of 10 or more, will accelerate the process of recovery for harbour sediments.  
Based upon the model results it is reasonable to expect that surface sediment quality in 
the South Arm can, for the most part, recover to meet CCME guidelines within a 
relatively short period of time (10 to 20 years).  

 
• A modest increase in the contaminant flux from Muggah Creek associated with the 

remediation activity would have minor and temporary effects on sediment quality, which 
would quickly be offset by gains as a result of the reduced contaminant flux in future. 
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APPENDIX A 
 
CONTAMINANT FATE MODEL EQUATIONS AND DOCUMENTATION 
 
INIT SouthW = 0 
DOCUMENT:  Mass of contaminant in South Arm segment water (kg), initially zero. 
 
Julian = 1+(365*((TIME/365)-(INT(Time/365)))) 
DOCUMENT:  Julian is a function that returns the "day of the year" as values ranging from 1 to 
365, as the time of the simulation advances in total elapsed days from the start of the simulation.  
This allows the Daily Runoff to recycle "year after year", based on a single hydrological year 
stored as a graph in that parameter. 
 
DailyRunoff = GRAPH(Julian) 
(0.00, 4009), (30.4, 1557), (60.8, 3074), (91.3, 3336), (122, 2316), (152, 1231), (183, 136), (213, 
90.4), (243, 70.3), (274, 5174), (304, 12508), (335, 3858), (365, 4009) 
DOCUMENT:  It is assumed that there are 364 days per year.  This is driven by the variable 
"Julian" which provides the day of the year, regardless of the total elapsed time since the start of 
the simulation.  Daily runoff (m3/day) is presented here as a graphical function based on 
expected runoff from 1 km2 of land, based on the measured monthly average discharge of 
McAskill Brook in 2000.  This is adjusted to the runoff expected for watershed areas of South 
Arm, North Arm, and Harbour in later equations. 
 
DailyTide = 1.576735 
DOCUMENT:  The tidal period is 12.4 hours.  There are 24/12.4 = 1.935 tides per day.  Tidal 
range at Sydney from low to high is 0.81 m.  Therefore, 1.935 x 0.81 = 1.57 m of water exchange 
per day caused by tide. 
 
AreaSouth = 11.63E6 
DOCUMENT:  Area of "South Arm" segment, in m2, based on direct measurement from Coast 
Guard map. 
 
VolSouth = AreaSouth*9.83 
DOCUMENT:  Mean depth of South Arm is 9.83 m, based on measurements from Coast Guard 
map; volume is given in m3. 
 
INIT GroinW = 0 
DOCUMENT:  Mass of contaminant in Groin segment water (kg), initially zero. 
 
AreaGroin = 5.77E6 
DOCUMENT:  Area of "Groin" segment, in m2, based on direct measurement from Coast Guard 
map. 
 
VolGroin = AreaGroin*9.75 
DOCUMENT:  Mean Depth of Groin is 9.75 m, based on measurements from Coast Guard map; 
volume is given in m3. 
 
CFlux = GRAPH(TIME) 
(0.00, 0.00), (1825, 4.00), (3650, 10.0), (5475, 20.0), (7300, 30.0), (9125, 40.0), (10950, 50.0), 
(12775, 50.0), (14600, 40.0), (16425, 20.0), (18250, 15.0), (20075, 10.6), (21900, 10.6), (23725, 
10.6), (25550, 10.6), (27375, 10.6) 
DOCUMENT:  Inputs from Tar Ponds to Sydney Harbour are in mass (kg) per year, based on the 
Flux Model Report (JDAC 2002).  This is divided by 365 days per year, to get daily input.  Values 
from the flux model report (kg/year) were as follows: LPAH = 231; MPAH = 248; HPAH = 298; As 
= 26.2; Cd = 2.03; Cu = 42; Pb = 95.6; Hg = 0.77; Zn = 606.  For the CenturyHarbour Model, 



Total PCB input is assumed to be zero in 1950, to peak at about 0.05 tonnes per year (50 
kg/year) from 1970 to 1980, declining to 15 kg/year by 2000, and 10.6 kg/year (based on the 
JDAC model) thereafter.  
 
PondInput = (CFlux/365) 
DOCUMENT:  This delivers a flux of contaminant from the Tar Ponds to Sydney Harbour.  The 
annual flux is divided by 365 to estimate the daily flux (kg/day)   
 
 
SW:GW = (SouthW*((DailyRunoff*274.0)+(DailyTide*AreaSouth))/VolSouth)-
(GroinW*((DailyTide*AreaSouth)/VolGroin)) 
DOCUMENT:  Contaminant exchange between South Arm and Groin, with tide and runoff.  
Watershed Area of South Arm is 274.0 km2. 
 
 
Kd = 7370 
DOCUMENT:  Water-sediment partition coefficient (L/kg), based on values in the Flux Model 
Report (JDAC 2002).  Data for metals are based on Balls (1989) compilation of Kd values for 
metals in European coastal waters.  Values for organics are based on standard equations (EPA 
1999, Schwarzenbach et al. 1993) relating Kd to Kow, and the assumed carbon content of 
suspended sediments.  Values (L/kg) are as follows: LPAH = 578; MPAH = 3680; HPAH = 72700; 
Total PAH (geometric mean) = 5367; PCB = 7370 (from EPA 1999); As = 30; Cd = 30000; Cu = 
100000; Hg = 1000 (from EPA 1999); Pb = 7000000 Zn = 20000. 
 
TSS = 5 
DOCUMENT:  Total Suspended Solids of harbour water, in mg/L or g/m3 
 
Ks = 3.456 
DOCUMENT:  Particle settling velocity in Sydney Harbour, assumed here to be 4E-5 m/second, 
or 3.456 m/day 
 
SW:SSS = (SouthW*((Kd*TSS)/(1+Kd*TSS))*(Ks/(VolSouth/AreaSouth))) 
DOCUMENT:  Contaminant loss from water to surface sediments. 
 
INIT NorthW = 0 
DOCUMENT:  Mass of contaminant in North West Arm segment water (kg), initially zero. 
 
AreaNorth = 11.88E6 
DOCUMENT:  Area of "Northwest Arm" segment, in m2, based on direct measurement from 
Coast Guard map. 
 
VolNorth = AreaNorth*9.13 
DOCUMENT:  Mean depth of North Arm is 9.13 m, based on measurements from Coast Guard 
map; volume is given in m3. 
 
GW:NW = (NorthW*((DailyRunoff*157.5)+(DailyTide*AreaNorth))/VolNorth)-
(GroinW*((DailyTide*AreaNorth)/VolGroin)) 
DOCUMENT:  Contaminant exchange between North Arm and Groin, with tide and runoff.   
Watershed Area of North Arm is 157.5 km2. 
 
NW:NSS = (NorthW*((Kd*TSS)/(1+Kd*TSS))*(Ks/(VolNorth/AreaNorth))) 
DOCUMENT:  Contaminant loss from water to surface sediments. 
 
INIT TrunkW = 0 
DOCUMENT:  Mass of contaminant in the Trunk segment water (kg), initially zero. 
 



AreaTrunk = 17.32E6 
DOCUMENT:  Area of "Trunk" segment, in m2, based on direct measurement from Coast Guard 
map. 
 
VolTrunk = AreaTrunk*9.75 
DOCUMENT:  Mean depth of Trunk is 9.75 m, based on measurements from Coast Guard map; 
volume is given in m3. 
 GW:TW = 
(GroinW*((DailyRunoff*453.5)+(DailyTide*(AreaNorth+AreaSouth+AreaGroin)))/VolGroin)-
(TrunkW*((DailyTide*(AreaNorth+AreaSouth+AreaGroin))/VolTrunk)) 
DOCUMENT:  Contaminant exchange between Groin and Trunk, with tide and runoff.  Watershed 
Area of Groin, including South and North Arms, is 453.5 km2. 
 
GW:GSS = (GroinW*((Kd*TSS)/(1+Kd*TSS))*(Ks/(VolGroin/AreaGroin))) 
DOCUMENT:  Contaminant loss from water to surface sediments. 
 
INIT AtlanticW = 0 
DOCUMENT:  Mass of contaminant in the Atlantic Ocean (kg), initially zero. 
 
VolAtlantic = 1.0E15 
DOCUMENT:  Volume of the Atlantic is arbitrarily set to be very large, in order to function as the 
ultimate "sink" and source of "dilution" water.  A volume of 1.0E15 m3 has been selected. 
 
TW:AW = 
(TrunkW*((DailyRunoff*487.5)+(DailyTide*(AreaGroin+AreaNorth+AreaSouth+AreaTrunk)))/VolTr
unk)-(AtlanticW*((DailyTide*(AreaGroin+AreaNorth+AreaSouth+AreaTrunk))/VolAtlantic)) 
DOCUMENT:  Contaminant exchange between Trunk and Atlantic Ocean, with tide and runoff.  
Watershed Area of Trunk, including Groin, South and North Arms, is 487.5 km2. 
 
TW:TSS = (TrunkW*((Kd*TSS)/(1+Kd*TSS))*(Ks/(VolTrunk/AreaTrunk))) 
DOCUMENT:  Contaminant loss from water to surface sediments. 
 
INIT NorthSS = 0 
DOCUMENT:  Mass of contaminant in the surface sediment compartment of the North Arm, 
initially zero. 
 
burial = 1/3650 
DOCUMENT:  Residence time of materials in the surface sediment layer is ten years (3650 
days).  Therefore, the transfer rate from surface sediment to deep sediment is 1/3650 per day. 
 
NSS:NDS = NorthSS*burial 
DOCUMENT:  Contaminant burial in deep sediments. 
 
decay = 0.01/365 
DOCUMENT:  Degradation rate of contaminants in surface sediment.  For inorganics, this is set 
to zero.  For organics, degradation rate is as follows (rates given as annual rate divided by 365 
days per year): LPAH = 0.25/365 per day; MPAH = 0.1/365 per day; HPAH = 0.05/365 per day; 
total PAH = 0.05/365 per day; PCB = 0.01/365 per day. 
 
NSSdecay = NorthSS*decay 
DOCUMENT:  This represents losses of contaminant from the sediment via decay. 
 
INIT SouthSS = 0 
DOCUMENT:  Mass of contaminant in the surface sediment compartment of the South Arm, 
initially zero. 
 



SSS:SDS = SouthSS*burial 
DOCUMENT:  Contaminant burial in deep sediments. 
 
SSSdecay = SouthSS*decay 
DOCUMENT:  This represents losses of contaminant from the sediment via decay. 
 
INIT GroinSS = 0 
DOCUMENT:  Mass of contaminant in the surface sediment compartment of the Groin, initially 
zero. 
 
GSS:GDS = GroinSS*burial 
DOCUMENT:  Contaminant burial in deep sediments. 
 
GSSdecay = GroinSS*decay 
DOCUMENT:  This represents losses of contaminant from the sediment via decay. 
 
INIT TrunkSS = 0 
DOCUMENT:  Mass of contaminant in the surface sediment compartment of the Trunk, initially 
zero. 
 
TSS:TDS = TrunkSS*burial 
DOCUMENT:  Contaminant burial in deep sediments. 
 
TSSdecay = TrunkSS*decay 
DOCUMENT:  This represents losses of contaminant from the sediment via decay. 
 
INIT NorthDS = 0 
DOCUMENT:  Mass of contaminant (kg) in the deep sediment compartment of the North Arm, 
initially zero. 
 
INIT SouthDS = 0 
DOCUMENT:  Mass of contaminant (kg) in the deep sediment compartment of the South Arm, 
initially zero. 
 
INIT GroinDS = 0 
DOCUMENT:  Mass of contaminant (kg) in the deep sediment compartment of the Groin, initially 
zero. 
 
CWSouth = (SouthW/VolSouth)*1E6 
DOCUMENT:  Concentration of contaminant in South Arm segment water.  Units are kg/m3 
(equivalent to g/L), corrected by a factor of 1E6 to give ug/L.  
 
CWNorth = (NorthW/VolNorth)*1E6 
DOCUMENT:  Concentration of contaminant in North West Arm segment water.  Units are kg/m3 
(equivalent to g/L), corrected by a factor of 1E6 to give ug/L.  
 
CWGroin = (GroinW/VolGroin)*1E6 
DOCUMENT:  Concentration of contaminant in Groin segment water.  Units are kg/m3 
(equivalent to g/L), corrected by a factor of 1E6 to give ug/L.  
 
CSSSouth = (SouthSS/(0.05*AreaSouth*630))*1E6 
DOCUMENT:  Estimated incremental concentration of contaminant in surface sediment due to 
Muggah Creek.  Surface sediment represents a ten-year accumulation at 0.5 cm/year.  Therefore, 
the thickness of this layer is estimated to be 0.05 m.  Multiplying by the area of the South Arm 
segment gives the total volume of surface sediments (m3).  Assuming silty sediments, with a 
water content of 65%, a solids content of 35%, and a dry density in the sediment solids of 1.8, the 



dry mass of sediments in this layer is 630 kg/m3.  The wet mass of sediments would be 1,280 
kg/m3.  The concentration of contaminant in the surface sediment layer is therefore equivalent to 
the mass of contaminant (kg), divided by the mass of sediment (kg), multiplied by a factor of 1E6 
to convert units of kg/kg to mg/kg. 
 
CSSNorth = (NorthSS/(0.05*AreaNorth*630))*1E6 
DOCUMENT:  Estimated incremental concentration of contaminant in surface sediment due to 
Muggah Creek.  Surface sediment represents a ten-year accumulation, at 0.5 cm/year.  
Therefore, the thickness of this layer is estimated to be 0.05 m.  Multiplying by the area of the 
North West Arm segment gives the total volume of surface sediments (m3).  Assuming silty 
sediments, with a water content of 65%, a solids content of 35%, and a dry density in the 
sediment solids of 1.8, the dry mass of sediments in this layer is 630 kg/m3.  The wet mass of 
sediments would be 1,280 kg/m3.  The concentration of contaminant in the surface sediment 
layer is therefore equivalent to the mass of contaminant (kg), divided by the mass of sediment 
(kg), multiplied by a factor of 1E6 to convert units of kg/kg to mg/kg. 
 
CSSGroin = (GroinSS/(0.05*AreaGroin*630))*1E6 
DOCUMENT:  Estimated incremental concentration of contaminant in surface sediment due to 
Muggah Creek.  Surface sediment represents a ten-year accumulation, at 0.5 cm/year.  
Therefore, the thickness of this layer is estimated to be 0.05 m.  Multiplying by the area of the 
Groin segment gives the total volume of surface sediments (m3).  Assuming silty sediments, with 
a water content of 65%, a solids content of 35%, and a dry density in the sediment solids of 1.8, 
the dry mass of sediments in this layer is 630 kg/m3.  The wet mass of sediments would be 1,280 
kg/m3.  The concentration of contaminant in the surface sediment layer is therefore equivalent to 
the mass of contaminant (kg), divided by the mass of sediment (kg), multiplied by a factor of 1E6 
to convert units of kg/kg to mg/kg. 
 
INIT TrunkDS = 0 
DOCUMENT:  Mass of contaminant (kg) in the deep sediment compartment of the Trunk, initially 
zero. 
 
CWTrunk = (TrunkW/VolTrunk)*1E6 
DOCUMENT:  Concentration of contaminant in Trunk segment water.  Units are kg/m3 
(equivalent to g/L), corrected by a factor of 1E6 to give ug/L.  
 
CSSTrunk = (TrunkSS/(0.05*AreaTrunk*630))*1E6 
DOCUMENT:  Estimated incremental concentration of contaminant in surface sediment due to 
Muggah Creek.  Surface sediment represents a ten-year accumulation, at 0.5 cm/year.  
Therefore, the thickness of this layer is estimated to be 0.05 m.  Multiplying by the area of the 
Trunk segment gives the total volume of surface sediments (m3).  Assuming silty sediments, with 
a water content of 65%, a solids content of 35%, and a dry density in the sediment solids of 1.8, 
the dry mass of sediments in this layer is 630 kg/m3.  The wet mass of sediments would be 1,280 
kg/m3.  The concentration of contaminant in the surface sediment layer is therefore equivalent to 
the mass of contaminant (kg), divided by the mass of sediment (kg), multiplied by a factor of 1E6 
to convert units of kg/kg to mg/kg. 
 
INIT Fluxcounter = 0 
DOCUMENT: This compartment simply keeps a running count of the total contaminant input into 
the harbour over time. 
 
Count = PondInput 
DOCUMENT: This valve copies the daily contaminant input into the harbour and transfers it to 
Fluxcounter so that a running count of the total input can be maintained. 


	PREFACE
	SUBMISSION INDEX
	TABLE OF CONTENTS
	1.0 INTRODUCTION
	1.1 STUDY AREA AND EXISTING INFORMATION

	2.0 MODELLING APPROACH
	2.1 MASS BALANCE MODELS

	3.0 CONTAMINANT FLUX MODEL
	3.1 SYDNEY HARBOUR MODEL
	3.2 PARAMETER VALUES
	3.3 MODEL VALIDATION – SALINITY
	3.4 MODEL VALIDATION – COMPARISON WITH HISTORICAL OBSERVATIONS FOR PAH
	3.5 MODEL VALIDATION – COMPARISON WITH HISTORICAL OBSERVATIONS FOR PCB
	3.6 UNCERTAINTY ANALYSIS

	4.0 CONTAMINANT FATE MODEL RESULTS
	4.1 CONTAMINANT FATE MODEL RESULTS FOR LOW MOLECULAR WEIGHT PAH (LPAH)
	4.2 CONTAMINANT FATE MODEL RESULTS FOR MEDIUM MOLECULAR WEIGHT PAH (MAPH)
	4.3 CONTAMINANT FATE MODEL RESULTS FOR HIGH MOLECULAR WEIGHT PAH (HAPH)
	4.4 CONTAMINANT FATE MODEL RESULTS FOR PCB
	4.5 CONTAMINANT FATE MODEL RESULTS FOR ARSENIC
	4.6 CONTAMINANT FATE MODEL RESULTS FOR CADMIUM.
	4.7 CONTAMINANT FATE MODEL RESULTS FOR COPPER
	4.8 CONTAMINANT FATE MODEL RESULTS FOR LEAD
	4.9 CONTAMINANT FATE MODEL RESULTS FOR MERCURY
	4.10 CONTAMINANT FATE MODEL RESULTS FOR ZINC

	5.0 DISCUSSION
	5.1 GENERAL STATUS AND TRENDS IN SYDNEY HARBOUR
	5.2 IMPORTANCE OF PRESENT CONTAMINANT INPUTS AND REMEDIATION OF MUGGAH CREEK

	6.0 CONCLUSIONS
	7.0 REFERENCES
	LIST OF TABLES
	Table 1.1 Classification of PAH Compounds into Low, Medium and High MolecularWeight Compounds (from JDAC, 2002b)
	Table 1.2 Historical Sediment Total PAH Data for Sydney Harbour
	Table 1.3 Historical Sediment PCB Data for Sydney Harbour
	Table 1.4 Historical Sediment Metals Data for Sydney Harbour (from Stewart et al. 2001)
	Table 3.1 Model Parameter Values for Water Compartments.
	Table 3.2 Model Parameter Values for Sediment Compartments
	Table 3.3 Model Parameter Values for Contaminant-Specific Parameters
	Table 3.4 Model Estimated and Observed Salinity Values for Sydney Harbour
	Table 3.5 Calibrated Input and Parameter Values for Total PAH Model Validation Scenario
	Table 3.6 Calibrated Input and Parameter Values for PCB Model Validation Scenario
	Table 4.1 Contaminant Concentrations in Water
	Table 4.2 Contaminant Concentrations in Sediment

	LIST OF FIGURES
	Figure 1.1 General Features of Sydney Harbour
	Figure 3.1 Overview of Stella Model Structure Showing Major Compartments and Linkages
	Figure 3.2 Total PAH Concentrations in Water, Modeled from 1900-2025
	Figure 3.3 Total PAH Concentrations in Sediment, Modeled from 1900-2025
	Figure 3.4 Total PCB Concentrations in Water, Modeled from 1900-2025
	Figure 3.5 Total PCB Concentrations in Sediment, Modeled from 1900-2025
	Figure 4.1 Present and Future Increments for LPAH in Water
	Figure 4.2 Present and Future Increments for LPAH in Sediment 
	Figure 4.3 Present and Future Increments for MPAH in Water
	Figure 4.4 Present and Future Increments for MPAH in Sediment
	Figure 4.5 Present and Future Increments for HPAH in Water
	Figure 4.6 Present and Future Increments for HPAH in Sediment
	Figure 4.7 Present and Future Increments for PCB in Water
	Figure 4.8 Present and Future Increments for PCB in Sediment
	Figure 4.9 Present and Future Increments for Arsenic in Water
	Figure 4.10 Present and Future Increments for Arsenic in Sediment
	Figure 4.11 Present and Future Increments for Cadmium in Water.
	Figure 4.12 Present and Future Increments for Cadmium in Sediment
	Figure 4.13 Present and Future Increments for Copper in Water
	Figure 4.14 Present and Future Increments for Copper in Sediment
	Figure 4.15 Present and Future Increments for Lead in Water
	Figure 4.16 Present and Future Increments for Lead in Sediment
	Figure 4.17 Present and Future Increments for Mercury in Water
	Figure 4.18 Present and Future Increments for Mercury in Sediment
	Figure 4.19 Present and Future Increments for Zinc in Water
	Figure 4.20 Present and Future Increments for Zinc in Sediment

	APPENDICES



