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1. ABSTRACT

This TSRI project involved several oceanographic research expeditions in Sydney Harbour, Nova Scotia -
one of the most hazardous toxic waste sites in Canada.  Samples of sediments, water and biota were
collected in order to determine the concentrations and partitioning of contaminants. The historical record
of contaminant inputs to Sydney Harbour was determined by chemical analysis of dated sediment cores.
Ecologically relevant regulatory biotests and biomarker assays were developed to assess the cumulative
effects of toxic substances and their risk to the ecosystem and human health. Linkages among multiple
assessment indicators (chemical analysis, biological effect data and benthic community structure analysis)
and historical records are used in a weight of evidence approach to grade past and present environmental
conditions. The environmental significance of microbial degradation of organic contaminants (PAHs) was
assessed by radiotracer and gene probe analysis.  Mass balance models formulated with the chemical,
biological and hydrodynamic data from this program will improve our capacity to predict the natural rates
of contaminant transport and habitat recovery, with and without remedial action.
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2. GRAIN SIZE AND CONTAMINANT LEVELS IN SURFACE SEDIMENTS AND WATER

Surficial sediment samples were collected to: (1) assess grain size and contaminant distributions in
Sydney Harbour, (2) investigate contaminant input and deposition in the harbour, (3) provide contaminant
data for samples used in toxicity studies, and (4) provide ground truth data for predictive models.  The
water column sampling provides: (1) assessment of terrestrial contaminant sources and distributions of
contaminants in Sydney Harbour waters and (2) ground truth data for contaminant transport modelling.

Sediments

Of the wide range of organic contaminants in the environment, polycyclic aromatic hydrocarbons (PAHs)
are of concern because of their potential or proven carcinogenicity. The main source of these compounds
is the combustion of organic materials associated with both natural and anthropogenic activities.
Following their release into the environment, PAHs are widely disseminated by fluvial and aeolian
pathways and eventually accumulate in soils and sediments. Urban population centers proximal to
industrial facilities in semi-enclosed coastal embayments are particularly vulnerable to exposure to
industrial pollutants such as PAHs. One such embayment is the Sydney, NS, estuary that has been
receiving coal tar run-off and effluent since the 1890s from a large coking and steel manufacturing facility
(SYSCO; Matheson et al., 1983). The principal source of the coal tar residues is the “tar pond”, an
enlarged portion of a small tidal tributary, Muggah Creek located in the South Arm of Sydney Harbour.
PAH releases from Muggah Creek are transported directly into the harbour.  Since many PAHs are
extremely particle-reactive, a major component of these inputs accumulates in the sediments of the
estuary.

The tar pond that drains into Muggah Creek is estimated to hold 700,000 tonnes of coal tar contaminated
sediment, representing 3500 tonnes of PAH as coal tar, plus heavy metals (Matheson et al., 1983). Since
the tar pond is tidal, coal tar hydrocarbons are regularly flushed into the main estuary. It is estimated that
more than 50 tonnes of PAH-loaded particulate material is discharged into the South Arm of the estuary
during one tidal cycle in a five-year extreme event. The SYSCO source represents the major hydrocarbon
source for the estuary although there is potential contamination from shipping activities in the Northwest
Arm of the harbour. Within the estuary, previous studies reported the highest PAH concentrations for the
South Arm with concentrations decreasing towards the outer harbour (Matheson et al., 1983).  Uthe and
Musial (1986) first reported elevated PAH concentrations in digestive glands of American lobster
(Homarus americanus) taken from the estuary while more recent analyses indicate continued
contamination of lobster digestive glands with PAH (King et al., 1993). Parallel studies of the mixed
function oxidase enzyme system (MFO) in winter flounder (Pseudopleuronectes americanus) from the
estuary (Vandermeulen, J.H, pers. comm.) have shown elevated MFO activities that appear to be
correlated with a PAH gradient in bottom sediments. Five surveys of contaminants in surficial sediments
were conducted as part of this TSRI project.   Examples of results of a field survey for PAHs and PCBs
are illustrated in Figures 2.1a and 2.1b.

Core and Grab Sample Preparation and GC-MS Analyses for Organic Contaminants

Our organic laboratory has received core and grab samples from Sydney Harbour collected in 1999, 2000
and 2001. Over a three-year period, 128 core and 104 grab samples were procured. These samples were
analyzed for alkanes, polycyclic aromatic hydrocarbons (PAHs) and chlorobiphenyl (CBs) analyses.
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The grab samples collected in 1999, 2000 and 2001 were extracted for CBs using a Ball-Mill procedure.
The Ball-Mill and soxhlet methods were compared using the 2001 samples and there was a correlation of
r2= 0.9888. The soxhlet method used was adapted from current established Fisheries and Oceans Canada
and U.S. Environmental Protection Agency protocols. Some modifications were made. This extraction
process facilitated the removal of all contaminants of interest; therefore several methods of extraction are
not necessary. A brief description of the sample preparation and soxhlet method follows.

All samples were sub-sampled in the laboratory. The sub-samples were dried and sieved to 1-mm size.
The dried samples, along with blanks and controls, were spiked with surrogates (preduterated alkanes and
PAHs and 13C CBs) and soxhlet extracted with dichloromethane for 18 hours. After extraction, the
extracts were concentrated down to a few mls using the Turbo-vap II concentrator. The concentrated
extracts were applied to solid-phase extraction columns consisting of silica gel and washed with hexane.
After solid-phase extraction treatment the extracts were concentrated and internal standards were added
prior to GC-MS analyses.

The GC-MS was operated in the selective ion monitoring (SIM) mode. Separate acquisition methods were
used for CBs and alkanes/PAHs. A minimum of 5 standards was used to construct calibration curves for
each analyte. Identification was based on retention time matching and spectral comparison of the
unknowns in the sample extracts to the reference standards. The target or main ion for each compound
was used to quantify the results. Surrogate recoveries were determined for every sample; blanks and
control were validated according to our quality control guidelines.

Organic measurements on the core samples are currently in the final stages. The grab samples have been
completed for CB and alkane/PAH analyses. The concentration of benzo[a]pyrene, a known carcinogen,
is elevated in sediment through the South Arm of Sydney Harbour. Benzo[a]pyrene concentrations are
approximately 5-10% of the summed PAH concentrations. The highest levels are found in the Muggah
Creek area. The PCB follows a similar pattern to that of the PAHs with the highest values near the source.
A correlation plot of CB concentrations vs. PAH concentration gives a r2=0.7643 for the 2001 grab
samples. Further assessment and interpretation of this data is ongoing focusing on the individual
contaminants and their role in evaluating the toxic levels of PAHs by using toxic potencies generate
PAHs.

Grain Size and Metal Concentrations

Following the October 1999 field survey, grain size and trace metal concentrations, the disaggregated
inorganic grain size (DIGS) of sediment samples, was determined with electro-resistance particle sizing
techniques using a Coulter Multisizer IIE for surficial sediments collected from 104 stations in Sydney
Harbour with a 0.1 m2 Eckman grab.  Metal analyses were conducted on acid (HF, HNO3, HCl) digested
samples using a combination of inductively coupled plasma atomic emission spectroscopy (ICP-AES)
and inductively coupled plasma mass spectroscopy (ICP-MS).  Arsenic and mercury were analysed
independently with optimized geochemical methods.

The results of this survey have been published (Stewart et al., 2001).   The DIGS analysis indicates
mainly floc-deposited and single grain sediment with well sorted, high-energy sediments located at the
mouth of the harbour.  Areas of low shear stress correspond to regions dominated by floc deposition.  The
trace metal data show much higher concentrations of Bi, Cd, Cu, Pb, Hg, Mo, Ag and Zn in the South
Arm compared to the Northwest Arm or outer harbour.  Statistical analysis of the data based on principle
component analysis indicates that two factors control the distributions in all areas.  The first factor
represents the accumulation of fine-grained aluminosilicates, and the second factor, the anthropogenic
contamination.
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More limited surveys of contaminant concentrations in sediments (20-40 stations/survey) were conducted
in October 1999, July and October 2000, and May 2001 as a component of studies of sediment toxicity
and biological impacts.  Trace metals, polycyclic aromatic hydrocarbons (PAH), alkanes and total
polychlorobiphenyl (PCB) were measured on samples collected during these surveys. The organic
contaminants were measured by gas chromatography mass spectrometry (GC-MS) after appropriate
work-up of the samples for the different types of contaminants.  Although these samples were collected
primarily to provide supporting contaminant data for the biological effects studies, they contribute to the
overall assessment of contaminant distributions and the understanding of inputs, transport and deposition.

The principle component analysis of the metal data (Stewart et al., 2001) shows that all the ‘pollution’
metals are contained in a single factor and, so, must by and large covary.  Nevertheless, there are
important differences in their distributions that reflect differences in their sources, and may be important
in the assessment of the toxicity results.  The major differences are illustrated by the distributions of Ag
and Pb in the Harbour sediments (Figure 2.2).  High concentrations of Ag are constrained to two
locations, a more extensive area on the south shore of Sydney Harbour just south of Wentworth Creek,
and a smaller 'hot spot' at the mouth of Muggah Creek.  Elevated concentrations of Pb are much more
broadly distributed with the highest concentrations seen off Muggah Creek, the central part of the City of
Sydney and to the south of Sydney, but in this case not as tightly constrained to the eastern shore as was
seen for Ag.  Cu concentrations are most closely associated with those of Ag (r=0.963 for Cu vs. Ag
correlation), while those of Bi (r=0.903), Cd (r=0.833) and Zn (r=0.942) are more closely associated with
Pb.  Naphthalene, a polyaromatic hydrocarbon that is associated predominantly with the industrial
contamination in the tar ponds, shows a distinctly different distribution than either Ag or Pb (Figure 2.2).
In this case, a single rather large concentration maximum is seen off, and slightly to the south of, the
mouth of Muggah Creek.

Elevated concentrations of Ag in harbour sediments have been associated elsewhere with sewage
discharges.  Cu has also been identified as a sewage tracer.  The largest sewage discharges into Sydney
Harbour are the combined flow from a number of sewers that enter the harbour through Muggah Creek,
and a group of sewers at and to the south of Wentworth Creek.  The locations of these two major sewage
inputs align with the peaks in the concentrations of Ag and Cu.  Many other smaller sewers discharge into
the harbour, the two largest of these being at Dobson’s Point on the west side of the South Arm, and at
Sydport.  No effect of these secondary discharges can be seen in the Ag distribution.

Sewage will also be a significant source for Pb, Zn, etc., but the observed distributions in the sediments
would suggest additional sources for these elements. Other industrial discharges from Sydney and
Whitney Pier or discharges from the Sydney Tar Ponds and Muggah Creek must also be contributing to
the distributions of Cd, Pb, Zn, etc. The distributions are unlike that of naphthalene, so the additional
signal is not simply a reflection of the PAH discharge from the Tar Pond site.  Some idea of the relative
importance of the various sources can be determined by contributing parts of the contaminant
distributions to various sources using Li as an indicator of the detrital metal contribution, Ag as an
indicator of the sewage contribution, and naphthalene as an indicator of the contribution from the Sydney
Tar Ponds.  This process will only give a rough indication of sources because the Ag and naphthalene
concentrations observed in the sediments will not solely be derived from their identified unique sources,
and other factors such as dissolved particulate partitioning will affect the transport of the various
contaminants.  Nevertheless, it should give some indication of the relative importance and locations of
sources for elements such as Pb and Zn that appear to have multiple sources.

Calculated contributions from these sources show that detrital minerals contribute similar amounts of the
metals to all areas except the outer harbour where sediments are much coarser.  For Cu, the detrital
contribution is 45% of the total, for Pb, only 17%, and for Zn, 35%.  Sewage contributes most of the
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remaining Cu (47% of the total), with the bulk of the sewage discharge into the estuary and the central
part of the South Arm. Qualitatively, the distribution of sewage Pb and Zn is the same as that of Cu. This
is forced by the calculation where we have assumed, based on limited measurements of metals in Sydney
Harbour sewage (see section of this report on inputs) and our previous experience modelling the impacts
of sewage in Halifax Harbour (Petrie and Yeats, 1990), that Pb concentrations are one third those of Cu
and Zn, double. The relative importance of sewage compared to other sources is smaller for Pb and Zn
(accounting for 6 and 21% of the total concentrations).   The Tar Ponds contribution for Cu is small (8%
of the total) and confined to the area off and to the south of Muggah Creek.  It is much more important for
Pb and Zn (35 and 24% of the totals).   These three sources account for essentially all of the copper
(possibly a small amount of residual Cu for the central part of the South Arm) but leave substantial
amounts of the Pb and Zn unaccounted for.   Locations for the samples with high residual Pb and Zn are
mostly on the east side of the harbour adjacent to the built up areas from Sydney to Whitney Pier.   There
are numerous small discharges through this area and a variety of potential industrial sources of these
metals.  It is likely that some of these sources are contributing Pb and Zn at concentrations greater than
those used in the estimates of sewage discharge based on Ag concentrations.

Describing contaminant concentrations and investigating their sources is the first step in the assessment of
contaminant exposure.  The second aspect of assessing contaminant concentrations and their impact on
biota is to assess whether or not the concentrations are above limits that may cause toxicity.  The
Canadian Council of Ministers of the Environment (CCME) has published two lists of marine sediment
quality guidelines for the protection of aquatic life.  The lower concentration guideline (interim sediment
quality guideline – ISQG) indicates the concentration above which biological effects may possibly occur,
and the higher concentration guideline (probable effects level – PEL) which indicates concentrations
above which effects will probably occur.  For naturally occurring contaminants such as heavy metals, the
PEL provides an indicator of sediments that are likely to cause harm to biota, but the ISQG provides a
less useful environmental management tool because natural concentrations of heavy metals often exceed
the ISQG.  For example, more than 80% of the Cu samples that can be described as uncontaminated based
on normalization against Li (Loring, 1990) have concentrations in excess of the ISQG.  In fact, Li
normalization can be used to assess which samples are above or below normal background
concentrations.  This criterion (above background) appears to provide a better early warning of potential
problems for heavy metals than ISQG.  The situation is quite different for the organic contaminants.
Here, there are no (or vanishingly small compared to the contribution from the Tar Ponds) natural
distributions, so the ISQG becomes a more applicable early warning of potential problems, and
concentrations are a lot higher (with respect to PELs) than are the metals.

The percentage of samples above the various environmental quality guidelines are listed in Table 2.1 and
the potential toxicity picture can be summarized as follows.  The PAHs show potential toxicity (i.e.
>PEL) over the most extensive area, essentially all of the South Arm, much of the Northwest Arm and
even parts of the outer harbour.  The concentrations are also the most in excess of the PELs.  PCBs are
intermediate, both in terms of the areal extent and the concentrations.  Potentially toxic PCB
concentrations are confined to the South Arm with higher concentrations on the east side than the west.
The metals show the least potential toxicity.  Only Pb and Zn show toxicity for more than a few isolated
samples and for these two metals toxicity is confined to the eastern side of the South Arm.  Maximum
concentrations for Zn and Pb are only 2-4 times the PEL compared to approximately 40 times for total
PCB and >70 times for some of the PAHs

The concentrations of heavy metals, PAHs and PCBs were measured in Sydney Harbour sediments by
Environment Canada in 1981, 1986 and 1995 (Ernst et al., 1999).  The data presented here extends this
time series to 1999/2000.  A rigorous comparison between our results and those in Ernst et al. (1999) is
not possible because of differences in techniques and spatial coverage, but some qualitative comparisons
can be made.  A more definitive temporal comparison will be made based on contaminant measurements
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of dated sediment cores that have been conducted in another part of this Sydney Harbour assessment.  A
comparison of the 1995 and 1999/2000 results for PCBs shows a similar spatial distribution with high
concentrations restricted to the South Arm in both cases.  Elevated concentrations in the immediate
vicinity of Syndey/Muggah Creek were in the 1000-21900 ng/g range in 1995 compared to 1000 –7000 in
1999/2000, so perhaps somewhat lower in 1999/2000.  Comparisons for PAHs are more difficult because
of differences in techniques and target compounds.  The results in 1995 and 1999/2000, however, are
generally similar in terms of both spatial distributions and concentrations.

The metal results are even harder to compare because of analytical method differences.  The technique
used by EC was a partial digestion that gave Al concentrations of approximately 1% compared to 5-8%
by our total digestion.  A comparison of the concentrations is thus not possible.   We can confirm,
however, the general conclusion reached by Ernst et al. (1999) that concentrations increase to the south of
Muggah Creek and that sources other than the Tar Ponds are contributing to the observed metal
distributions.

Water

In-situ temperature and salinity measurements were made at all stations of the five surveys described
above using a Seabird 25 CTD.  Water samples for nutrients, suspended particulate matter (SPM),
dissolved and particulate metals, and particulate organic contaminants were collected on the October
1999, July and October, 2000 and May 2001 chemistry/toxicity surveys.  Nutrients were measured
colourometrically by standard autoanalyser techniques, and SPM gravimetrically.  The dissolved metal
(Cd, Cu, Fe, Pb, Mn, Ni and Zn) concentrations were measured by either graphite furnace atomic
absorption spectrophotometry or ICP-MS after separation/concentration using solvent extraction
(extraction into Freon-113 followed by back extraction into HNO3).

Unfiltered water samples collected for "Total" Hg were oxidized with BrCl. Later in the clean lab, Hg
was stripped from the samples with SnCl, preconcentrated onto Au traps and analysed by atomic
fluorescence spectrophotometry.  Dissolved As was analysed by graphite furnace atomic absorption
spectrophotometry after separation/concentration using a Fe-Pd-borohydride reductive coprecipation
followed by resolution in dilute HNO3.  The particulate metals were "bomb" digested with HNO3-HF,
boiled to dryness and redissolved in dilute HNO3. These spm digests were analysed for a large suite of
elements by ICP-MS.  Unfiltered water samples for organic contaminants were collected at several sites
and returned to a shore based mobile laboratory where they were separated from seawater by solvent
extraction. These extracts were analysed at IML for a series of PAHs and alkanes by GC-MS.

Average dissolved concentrations for Cd, Cu, Pb, Ni and Zn in five harbour areas from the 1999 and 2000
surveys are shown in Figure 2.3.  The observed concentrations are all low compared to water quality
guidelines.  Observed temporal variability is mostly associated with changes in freshwater inputs that are
lowest for the July survey.  There are also some interesting spatial trends, for example Cu concentrations
decrease away from the estuary whilst Zn levels peak in the central South Arm, reflecting the relative
importance of inputs from the Sydney River (Cu) vs. sources in the industrialized areas in the central
South Arm (Zn). Relationships between metal concentrations and oceanographic parameters are seen for
several metals.  The Cu vs. salinity plot (Figure 2.4) shows a consistent negative correlation for the first
three surveys with a few outliers that are restricted to the central and outer South Arm.  Concentrations
for particulate metals are generally not excessive and are similar to, or lower than, those found in the
Sydney Harbour sediments.
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Measurement of Total Contaminant Inputs to Sydney Harbour

Efforts to document the source of contaminants to Sydney Harbour have focused on the discharge of
Muggah Creek.  However, the distribution pattern of contaminants in Sydney Harbour sediments suggests
that there are other important sources of PAHs, PCBs and heavy metals to the harbour (Ernst et al. 2001).
This portion of the study attempted to measure the annual total loading of contaminants (PAH, PCBs and
a suite of heavy metals) to Sydney Harbour from streams and sewers, which are believed to be the major
freshwater sources of contaminants.  A portion of the streams and sewers were sampled throughout the
year and the contaminant fluxes from those sampled inputs were extrapolated to the total number of
streams and sewers entering the harbour.

The locations of sampling sites extended from MacLeod Street at South Bar in the South Arm of the
Harbour to the North Side General Hospital, beyond the ferry terminal at North Sydney.  The total
number of sewer outfalls from municipal records in that area (Sydney, Sydney Mines, North Sydney and
Sydney River/Coxheath) was found to be 42 (UMA et al., 1994) of which 11 were sampled.

Six freshwater streams were also sampled: Sydney River, Wentworth Pond, Grantmire Brook, Limestone
Brook, Rear Balls Creek, and Muggah Creek.  Extrapolation was based on the known drainage area of
those streams compared with the known drainage area to the harbour.
At each site, composite whole water samples were collected over a 48 hr period at four times during an
annual cycle (spring, winter, summer and fall).

Aliquot samples were analyzed for individual PAH (18 compounds); PCBs and 24 elements at the
Environment Canada laboratories in Moncton.  Discharge rates were estimated for each of the sampling
periods by either direct flow measurements; previous flow estimates by the municipality or by collector
area extrapolations. Measured concentrations of contaminants were multiplied by discharge volumes to
provide an estimate of seasonal and annual loadings to the harbour.

In terms of sewer inputs, half of the measured parameters exceeded available water quality guidelines on
at least one occasion  (Table 2.2).  Most importantly, the concentrations of mercury exceeded CCME
Canadian Water Quality Guidelines for the Protection of Aquatic Life in 65% of the samples taken, in
some instances by 30 times.  Copper always exceeded the CCME guidelines by up to 80 times and lead
exceeded the CCME Guidelines in 25% of the samples by up to 20 times.  Iron, aluminum, arsenic,
cadmium, manganese, strontium, vanadium, zinc and total PAH also exceeded various other provincial
water quality guidelines in varying frequencies.  It must be recognized, however that the guidelines are
ambient water quality guidelines and are used in this instance for comparative purposes.  PCBs
concentrations were all less than the detection limits of the analysis (120ppt).

In terms of stream inputs, about half of the measured parameters exceeded water quality guidelines for at
least one sampling event (Table 2.3).  The most notable exceedences of toxic elements were: aluminum;
cadmium; copper; strontium and PAH.  Again the guideline values presented in Table 2.3 are for
comparative purposes and should not be interpreted as meaning that environmental effects are likely.

The total quantities of substance flowing to the harbour (Figures 2.5 and 2.6) are the combined sewer and
stream flux values (Table 2.4).  In all cases and by far the greatest quantities of substances are contributed
by freshwater streams entering the harbour (87-99% of individual substances).  Muggah Creek contributes
the largest amounts of substances, accounting for more than 50% of 10 of the 26 substances analyzed;
sodium, antimony, magnesium, potassium, boron, arsenic, PAHs, chromium, vanadium and nickel.  The
PAH loadings to the harbour have also been estimated using models as part of the Tar Ponds risk
assessment being produced by the federal and provincial governments and their estimates of total PAH
loading to the harbour from Muggah Creek (793 kg/yr, JDAC), are about 2.7 times the total quantities
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from this study (289 kg/yr).  An estimate of total PAH loading to Sydney Harbour was also made in 1989
by P. Lane and Associates (767 ±360 kg/yr) which compares favourably with that of the JDAC estimate.

In summary, although sodium is by far the element of greatest flux to the harbour, magnesium, aluminum
strontium, boron and barium are all metals of large flux.  Metals which are known to be toxic at lower
concentrations (mercury, antimony cadmium, arsenic, nickel, lead vanadium chromium, copper and zinc)
have loadings which are much less.  PCBs were not detected in any of the water samples and the
calculated loadings of PAH to the harbour are of the order of 289 kg/yr, most of which comes from
Muggah Creek.  The greatest quantities of substances entering the harbour do so from freshwater streams,
however the concentrations of substances are almost always higher in the sewer discharges.
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Figure 2.1a Concentrations of total polycyclic aromatic hydrocarbons (µµµµg/g): October 1999.
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Figure 2.1b Concentrations of PCBs (µµµµg/g): October 1999.
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Figure 2.2  The distributions of Ag, Pb, and naphthalene  in Sydney Harbour sediments.
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Figure 2.3  Average dissolved concentrations for Cd, Cu, Pb, Ni and Zn in five harbour areas from
the 1999 and 2000 surveys.
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 Table 2.1a  Comparisons to MEQ guidelines (Metals).

Element % above background % above PEL1

Arsenic 29 2
Cadmium 57 0
Chromium 20 0
Copper 51 4
Lead 91  36
Mercury 51 3
Zinc 55  23

1Probable Effects Level
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Table 2.1b Comparisons to MEQ guidelines (Organics).

Compound % above ISQG1 % above PEL2

Naphthalene 100 90
Fluorene  93 77
Phenanthrene  93 87
Anthracene  90 77
Fluoranthene  90 63
Pyrene  90 67
Chrysene  90 67
Benzo[a]pyrene  93 73
Dibenzo[a,h]anthracene  97 77
ΣPCB  73 63

1Interim Sediment Quality Guideline
2Probable Effects Level
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Table 2.2 Maximum concentrations of substances in sewers entering Sydney Harbour compared
with available water quality guidelines.

Sewer Sample Sites
Contaminant 
(ug/L) #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11

Guideline 
ug/L Province

Calcium 77900 15900 35200 40800 30300 8620 21800 30200 65300 39400 24800

Magnesium 12800 3670 5710 6700 4510 2830 3330 5690 44700 45800 3580

Sodium 577000 91400 128000 142000 186000 58700 90200 70600 421000 354000 33300
30-75% 
cations Alberta

Potassium 41900 2320 14200 5760 4090 4150 4230 8280 1020 1320 3920
Iron 1210 360 910 1340 650 490 272 7260 1790 640 1290

 (4/4) (4/4) (4/4) (4/4)  (4/4)  (4/4)  (4/4)  (4/4)  (4/4) (4/4)  (4/4) 0.1*
0.58 0.005 0.0277 0.07 0.0119 0.07 0.0178 0.07 0.0219 0.0272 0.0143

Mercury  (3/4)  (3/4)  (4/4) (4/4)  (3/4)  (4/4)  (1/4)  (1/4) 0.017*
Aluminum 706 227 502 1120 476 118 469 3160 1290 411 273 5.00 (NS)

(4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4)

Antimony 0.21 -0.1 0.11 0.15 0.1 0.2 0.1 -0.1 0.22 6 1.5 7-30
 (Ont. & 
Que)

Arsenic 7.84 0.6 1.4 2.4 0.9 1.2 0.8 4.5 2.2 3.9 5.2 5  NS
(1/4) (1/3)
173 46.6 66.1 77.3 107 320 87.6 333 136 34.9 41.7

Barium (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) 0.001  Alberta

Berliyium -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 5.3  BC
542 22.2 80.6 45.6 36.6 13.7 64.2 57.2 82.6 248 29.7

Boron (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) 0.5 Alberta
0.24 0.23 0.52 0.26 0.19 0.2 0.17 0.22 0.24 3.6

Cadmium  (3/4)  (3/4) (1/4)  (2/4)  (3/4) (1/3) (4/4)  (3/4)  (3/4) (4/4) -0.1 0.017  NS
Chromium 75.3 7.3 11.8 8.3 12.7 5.1 1.6 4 81.6 14.4 4.4 20  fish in BC

(1/3) (1/3)

Colbolt 0.33 0.25 0.5 0.75 0.24 0.3 0.22 3.8 0.7 2.4 0.6 5  Quebec
Copper 278 36.2 58.5 78 80.6 201 94.6 78.5 68.8 77.4 26.3 2-4*

(4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4)
Lead 27.9 2.7 10.8 10.4 3.14 3.52 2.85 13 12.3 137 5.1 1-7*

(1/3) (1/3) (2/4) (1/4) (3/4) (3/4)
Manganese 328 232 114 239 110 19.3 253 534 207 2350 126 50  Alberta

(4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (3/4) (4/4)
Molybdenum 0.5 0.1 0.2 0.2 0.29 -0.1 0.3 0.16 2.1 1843 5.9 73*

(4/4)

Nickel 4.15 2 3.31 2.6 2.14 4.56 2.1 7.7 4.1 10.3 17.8 25-150*
Strontium 1170 53.1 213 287 93.4 42.8 60.5 383 23900 388 206 7  Ontario

(4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4)

Titanium 5.89 4.4 6.1 4.59 5.1 0.7 2.7 13.8 6.77 7.4 8 100  BC
Vadium 15 2.4 3.4 3.34 2.6 1.64 2 5.9 11.7 17.8 5.8 7 Ontario

(2/4) (2/4) (3/4)
Zinc 74.8 28.1 73.1 43.7 24.5 61.3 33 44.6 59 323 47.2 30*

(2/4) (3/4) (3/4) (3/4) (1/4) (4/4) (3/4) (3/4) (2/4)
PAH Total 0.72845 0.19929 1.49436 1.09496 0.39394 0.22719 5.89817 0.2711 4.1216 0.8767 5.31279 0.001 Ontario

(4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4) (4/4)
PCB Total -0.0524 -0.0537 -0.0529 -0.0522 -0.0512 -0.0523 -0.0524 -0.052 -0.0525 -0.0524 -0.0525 0.3 Australia

When a maximum sample concentration surpassed the guideline it is shown bolded in the table.  
Below the bolded numbers is the number of occurrences in which the guideline was surpassed

References:
*CCME Canadian Water Quality Guidelines for the protection of Aquatic Life, 1999
A Compendium of Environmental Quality Benchmarks.  Environment Canada.  1999

With this source the guidelines were given based on provinces.
The province used in indicated outside the table next to the number
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Table 2.3 Maximum concentrations of substances entering Sydney Harbour from streams
compared with available water quality guidelines.

Stream Sample Sites
Contaminant 
ug/L

Limestone 
Brook

Rear Ball's 
Creek

Grantmire 
Brook

Sydney 
River

Wentworth 
Pond Muggah Creek

Guideline 
ug/L Province

Calcium 41800 19400 7890 10800 19300 92700

Magnesium 10800 53070 1900 2060 23600 263000

Sodium 877000 430670 14500 11300 198000 1890000
30-75% 
cations Alberta

Potassium 31500 15420 760 640 7300 60700
190 2820 550 270 151000 4220 0.1*

Iron (1/4) (4/4) (4/4) (4/4) (4/4) (3/4)
0.0027 0.0081 0.0083 0.0028 0.0032 0.07 0.017*

Mercury (2/4)
139 1150 426 129 184 855 5.00 (NS)

Aluminum (4/4) (4/4) (4/4) (4/4) (4/4) (4/4)

Antimony 0.1 0.1 0.1 0.1 0.1 0.3 7-30
 (Ont. & 
Que)

Arsenic 5.9 1.16 5 0.54 2.15 12.9  5.0 for NS NS
(4/4) (4/4) (4/4) (4/4) (4/4) (2/4)

Barium 35.8 49.8 87.2 29.9 29.4 49.5 0.001  Alberta
(4/4) (4/4) (4/4) (4/4) (4/4) (4/4)

Beryllium 0.1 0.1 0.1 0.1 1 -0.1 5.3  BC
Boron 383 12.1 34.5 10.8 77.4 900 0.5 Alberta

(4/4) (4/4) (4/4) (4/4) (4/4) (4/4)
Cadmium 0.19 0.16 7.8 0.1 0.14 0.3 0.017  NS

(4/4) (4/4) (4/4) (4/4) (4/4) (1/4)
Chromium 3.8 2.1 2.6 2.3 8 81.9 20  fish in BC

(1/4)

Cobalt 0.1 1.2 0.18 0.1 0.24 1.2 5  Quebec
Copper 9.2 3.9 4.4 14.5 7.87 25.2 2-4*

(1/4) (1/4) (1/4) (4/4) (4/4)
Lead 0.5 3.6 1.7 1.68 2.54 10.6 1-7*

(1/4)
Manganese 95.9 196 43.2 131 409 408 50  Alberta

(1/4) (3/4) (4/4) (4/4) (4/4)

Molybdenum 47.5 0.2 0.4 1.48 0.38 4.4 73*

Nickel 1.85 1.8 0.36 0.44 1.9 15.6 25-150*
Strontium 671 97.8 95.4 88.2 218 1244 7  Ontario

(4/4) (4/4) (4/4) (4/4) (4/4) (4/4)

Titanium 3.6 20.2 1.76 2.03 3.98 17.5 100  BC
Vanadium 6.47 2.26 1.64 0.6 3.4 32.5 7 Ontario

(3/4)
Zinc 11.3 9.6 10.8 9.2 13.2 55.9 30*

(2/4)
PAH Total 0.17715 1.35879 0.46218 0.05383 0.19957 3.9876 0.001  Ontario

(4/4) (4/4) (4/4) (4/4) (4/4) (4/4)
PCB Total -0.052 -0.0523 -0.0524 -0.0523 -0.0525 -0.0532 0.3  Australia 
* The bolded numbers represent a maximum sample concentration that is higher than the guideline
Below the bolded numbers in brackets are the number of occurrences the sample concentration was higher than the guideline

References:
*CCME Canadian Water Quality Guidelines for the protection of Aquatic Life
A Compendium of Environmental Quality Benchmarks.  Environment Canada.  1999

With this source the guidelines were given based on provinces.
The province used in indicated outside the table next to the number
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Table 2.4  Calculated fluxes from both sewers and streams in kg/yr of all contaminants.  The
combined total fluxes are listed in ascending order.

Contaminant Sewer Total Flux (kg/yr) Stream Total Flux (kg/yr) Combined Total Flux (kg/yr)

Beryllium below detection below detection below detection
PCBs below detection below detection below detection
Mercury 0.09 1.71 1.80
Antimony 0.99 4.64 5.63
Cadmium 0.71 77.68 78.40
Cobalt 2.49 84.27 86.76
Molybdenum 38.16 241.68 279.84
PAHs 4.61 284.15 288.76
Arsenic 6.98 403.21 410.20
Nickel 16.83 493.35 510.18
Lead 25.54 488.62 514.16
Vanadium 15.79 995.91 1011.70
Titanium 15.35 1672.15 1687.50
Chromium 28.38 1919.63 1948.01
Copper 335.77 3143.83 3479.60
Zinc 190.05 4330.49 4520.54
Barium 566.06 15334.23 15900.29
Boron 256.56 22169.69 22426.25
Manganese 867.44 49679.71 50547.15
Strontium 8141.90 58707.92 66849.82
Aluminum 2378.20 106250.79 108628.99
Iron 4608.03 832526.30 837134.33
Potassium 30859.34 1664654.50 1695513.84
Magnesium 43086.23 6390919.00 6434005.23
Calcium 135066.50 6551262.07 6686328.57
Sodium 397917.30 293546364.80 293944282.10
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3. TIME-SERIES INVENTORY OF PAHS FOR SYDNEY HARBOUR TO DETERMINE
CONTAMINANT DEPOSITION/RETENTION RATES

Sediment Geochronology and PAH Inventory

Despite the enormous interest in PAH contamination of Sydney Harbour, there has never been a
comprehensive study of PAH inventories or sediment geochonologies undertaken in this estuary. The
purpose of the present project is to evaluate the distribution of PAHs and other contaminants (PCBs,
metals) in the sediments of Sydney Harbour and to determine the timing of their inputs in sediment cores
dated using the radionuclides, 210Pb and 137Cs.

More than 50 Lehigh gravity and box cores were collected during four oceanographic expeditions in
Sydney Harbour during the period 1999-2001. Core locations for the first expedition in 1999 are
illustrated in Figure 3.1.

Sediment cores were subsampled at 1-2 cm intervals immediately after core collection using an extrusion
device that exposed the upper 1 cm layer of sediment. The samples were homogenized and divided into
three aliquots for radionuclide, metal and organic contaminant analyses. The samples for radionuclide and
metal analyses were stored in plastic containers while the samples for organic contaminants were stored
in acid rinsed, glass containers with teflon lids. All samples were frozen before transportation to the
laboratory.

Sediment samples for radionuclide analyses were divided into several components. One subsample was
digested in acids and analyzed for 210Pb using alpha spectroscopy while 137Cs was measured on dried
sediment samples using gamma spectroscopy as described in Smith et al. (2000) and Smith and Schafer
(1999).  Trace metal analyses were carried out both by C. Gobeil at the Institut Maurice Lamontagne
(IML) and by ALS Chemex (Toronto, Ont.). PAHs were measured both by AXYS (Sidney, BC) and at
BIO (K. Lee) while PCBs were measured at IML (M. Lebeuf).

Core Geochronologies

Sedimentation rates and geochronologies were determined from 210Pb and 137Cs sediment depth
distributions using methods outlined in Smith and Walton, 1980; Smith et al., 1987; and Smith and
Schafer, 1999. 210Pb is a natural radionuclide that is produced in the atmosphere from the decay of radon
gas and enters the sediments at a constant rate by attachment to particles. 137Cs is an artificial radionuclide
first introduced to the environment as the result of atmospheric nuclear weapons tests beginning in the
early 1950s. Geochronologies for each core were determined in a two step process, following the
protocols outlined in Smith (2001).

(1) The 226Ra background supported 210Pb was subtracted from the total 210Pb to give excess 210Pb
(210Pbex). 210Pbex was then plotted as a function of depth (cm) and mass-depth (g/cm2) on a semi log scale
as illustrated in Figure 3.2 for a core from Station 1. The sedimentation rate was then determined from the
slope of a least squares exponential fit to the experimental data (Figure 3.2).  The geochronology was then
estimated from the 210Pb determined sedimentation rate.

(2) The 137Cs was plotted on the geochronological scale determined from the 210Pb sedimentation rate, as
shown in Figure 3.3. The 137Cs threshold must be in approximate agreement with a 210Pb date of



22

approximately 1950. If this is not the case, then the core must be assumed to have undergone mixing by
bioturbation or be otherwise undateable.

Most cores conformed to the above protocols. Several cores from the deeper waters of the outer harbour
appeared to have undergone some mixing as a result of bioturbation. However, the sediments of Sydney
Harbour are enriched in organic matter and the sediments are extremely anoxic, a condition that
discriminates against certain types of benthic infauna that are generally responsible for sediment mixing.
Numerous cores have been impacted by various types of depositional and erosional events associated with
common maritime activities such as the dragging of ships' anchors. These phenomena are distinguished
by textural unconformities and abrupt changes in the radionuclide and contaminant gradients. These
nonconformities were interpreted using simple sedimentation models, such as the “constant flux” model
as originally outlined in Smith and Walton (1980). They usually did not preclude a determination of the
sediment geochronology, providing the 137Cs/210Pb protocols outlined above were satisfied.

Metal Results

Sydney developed as a commercial center during the 19th century and its coal industry expanded rapidly
following its connection to Halifax by a rail link in the early 1890s. Sydney Harbour, like many other
marine inlets, has long been used as a convenient and inexpensive waste disposal area for many types of
material. Contaminant metals are associated with the local discharge of untreated sewage and industrial
waste, in addition to atmospheric transport of contaminants from non-local sources and direct leaching of
solid waste deposits on land adjacent to the harbour. Most of the contaminant metals are associated with
particulates and are buried in the harbour sediments. Although there is some degree of flushing of the
harbour, the fine-grained, organic rich sediments provide an excellent burial site for large inventories of
particle reactive contaminants, thereby ranking Sydney Harbour as one of the most contaminated of
marine harbours.

Contaminant distributions at Station 1 (Figure 3.4) generally reflect metal geochronologies throughout the
harbour, although the actual concentrations tend to decrease markedly as a function of distance from
Muggah Creek. The Pb geochronology exhibits an increase in the early 1900s from background levels of
approximately 30 µg/g. The Pb signal increases through the 1950s and then exhibits a very sharp increase
in the 1960s to a broad maximum characterized by Pb concentrations in excess of 400 µg/g extending to
the early 1980s. The signal then decreases by almost a factor of 2 through the 1990s to the present day.
Although numerous sources have contributed to the high Pb levels in the sediments, this geochronology is
most consistent with the history of coke production in the Sydney region. Coking operations began in the
early 1900s and accelerated markedly in the late 1960s to their maximum capacity during the 1970s and
early 1980s. Coking operations were temporarily shut down in 1983 and then permanently terminated in
1988 (Barlow and May, 2000). An initial hypothesis is that the Pb 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 Zn and Cu tend to increase at the end of the 19th century and attain maxima in the
1970s and 1980s, slightly later than the maximum of Pb. This trend is similar to that observed for the
same metals in Halifax Harbour (Gearing et al., 1990; Buckley et al., 1994). Cu and Zn are commonly
used in marine paints and preservatives, but their proportional use may have declined in recent years as
they have been replaced by other chemical agents. Their inputs to Sydney Harbour sediments probably
reflect inputs from the steel and coking operations, but may also reflect more recent inputs of municipal
wastes as well. Ag exhibits a concentration geochronology that differs from all of the above metals. It
exhibits comparatively higher concentrations in recent years compared to Pb, Cu and Zn. Silver is
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generally associated with the photography industry and its history of environmental inputs tends to
correlate with the magnitude of municipal discharges. Although discharges of contaminants associated
with industrial inputs have clearly decreased in recent years, the relatively high recent levels of Ag simply
reflect stable municipal growth in the Sydney region.

Organic Contaminants

The geochronology for total PAHs is compared in Figure 3.5 to that of Pb for core 1. It can be seen that
PAH distributions exhibit a similar time stratigraphy to that of Pb, suggesting that they are also derived to
a great extent from the coking operations. This is not surprising in view of the fact that large quantities of
PAHs are released during coking operations and that these discharges into the air and water have been
observed for many years in the Sydney region. Many PAHs are particle reactive and are rapidly
transported to the sediments after deposition in the water column. PAHs exhibit a high intra-core
correlation with Pb in most Sydney Harbour cores, generally having a least squares regression coefficient
of r2 > 0.9, which is consistent with their similar source function. However, PAH concentrations and
sediment inventories decrease more rapidly compared to those for Pb with increasing distance from
Muggah Creek, suggesting that the two types of substances have different transport properties in the water
column. PAHs appear to be associated with a coarser-grained particle fraction and tend to settle out closer
to the source.

The present results show that PAH levels were relatively low at the beginning of the 20th century and that
they increased to about 20% of their present levels during the 1920s-1940s. The PAH signal increased
dramatically during the 1950s and especially during the 1960s to maximum values that extended into the
1980s. As noted above for Pb, this history conforms to the history of coking operations in the Sydney
region. It is important to note that PAH levels in Sydney Harbour sediments have decreased by a factor of
2 since the termination of coking activities in the 1980s.  Since the PAH input function to the sediments
has been significantly reduced since the 1980s, the sediments are undergoing natural remediation by the
continuous deposition of less contaminated sediment. As a result, the main inventory of PAHs and other
organic and inorganic contaminants is being buried at a rate of about 0.2-2 cm/y. In the regions closest to
Muggah Creek, where sedimentation rates tend to be the highest, the contaminant inventories are already
separated from the sediment surface by about 5-15 cm of less contaminated sediments and is some cores,
the maximum PAH levels occur at depths of 25-30 cm. These results must be carefully considered in the
context of remediation issues. Any future dredging of harbour sediments must be evaluated in the context
of the magnitude of PAH resuspension that will invariably occur during this type of operation. Further,
authorities responsible for remediation activities in the Tar Ponds should understand that future releases
of PAHs to Sydney Harbour may contaminate the layer of cleaner surgical sediments that has presently
“capped” the main inventory of contaminants deposited during the 1960-1980s.

PAH concentrations in Sydney Harbour are among the highest ever recorded in the marine environment.
Maximum PAH levels (sum of 16 PAHs, including benzo(a)pyrene, anthracene, pyrene, etc.) in excess of
500 µg/g were measured in Muggah Creek and the subsurface sediments immediately adjacent to the
creek. PAH levels in the 1960s-1980s horizons of the sediment cores decrease with increasing distance
from Muggah Creek to levels below 10 µg/g at remote stations located in the North Arm and at the
entrance to Sydney Harbour. These results clearly identify the region around Muggah Creek as the source
of PAH contamination.  These PAH levels are significantly greater than levels of 200 µg/g measured in
subsurface sediments from the Saguenay Fjord, (Smith and Levy, 1990), levels of 169 µg/g and 87 µg/g
measured in Baltimore and Boston Harbours, respectively (Fostor and Wright, 1998; Laflamme and Hites,
1978), levels of 20-27 µg/g measured in Halifax Harbour (Gearing et al, 1991), levels of 12 µg/g in San
Francisco Bay (Chapman et al., 1987b) and levels < 1µg/g measured in the Gulf of Maine (Laflamme and
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Hites, 1978). The higher levels of PAHs in Sydney Harbour reflect the magnitude of the industrial source
compared to the relatively small size of the harbour contrasted to systems such as Baltimore and Boston
Harbours and San Francisco Bay.  It is interesting to note that Chapman et al. (1987) have estimated that
sedimentary concentrations of 4-10  µg/g can cause measurable biological effects.

The PCB time-stratigraphic distribution for core 28 (Figure 3.5), located near the confluence of the two
arms of Sydney Harbour (Figure 3.1) is typical of most PCB distributions. The main source of PCBs is
from industrial inputs, both from local sources and from long range atmospheric transport. The usage of
PCBs increased dramatically following World War II and rose to a maximum during the 1960s. Concerns
with regard to health hazards posed by the use of PCBs led to a rapid decline in their production and
dissemination during the 1970s and 1980s as clearly reflected in their sediment geochronology. By the
1990s, levels of PCBs in Sydney Harbour sediments have generally decreased to levels typical of
sediment deposition during the 1950s. The PCB input function is similar to that of 137Cs, which also
peaked during the 1950s (Figure 3.3). However, the PCB inputs to the sediments have decreased more
rapidly in recent years owing to its much shorter residence time in the water column and the absence of
significant recent releases from industrial sources.

Summary

1.  210Pb and 137Cs measured sedimentation rates in Sydney Harbour are generally in the range of 0.2-2
cm/y. Although numerous unconformities associated with maritime activities such as anchor scours are
evident in the sediments, only a few cores have been significantly impacted by mixing or bioturbation.
Various models were employed to establish contaminant geochronologies in approximately 50 cores from
the harbour.

2. Metal geochronologies tend to exhibit an early increase above background levels in the early 1900s
followed by a more substantial increase beginning in the 1950s. Levels generally exhibit maximum values
during the 1960s – 1980s and have generally declined in recent years. Pb appears to be associated with
inputs from the coking industry, Zn and Cu tend to be associated with both industrial inputs and the use of
marine paints and fungicides and Ag is associated with discharges of municipal wastes.

3. PAH geochronologies are closely correlated with those of Pb and are clearly related to the history of
coke production in the Sydney region. PAH concentrations in sediments near Muggah Creek have values
in excess of 500 µg/g and are among the highest recorded in the marine environment. The decrease in
PAH levels with increasing distance from Muggah Creek clearly labels this as the source of PAH
contamination in Sydney Harbour. PCB geochronologies exhibit a threshold in the 1950s, maximum
values in the 1960s and a sharp decrease in the 1970s-1980s, consistent with the record of industrial
production of PCBs.

4. The recent decline in metal and organic contaminant concentrations in surface sediments means that the
main inventory of contaminants now resides at depths of 10-30 cm in harbour sediments. Further, these
inventories continue to be buried at rates of 0.2-2 cm/y. Any future efforts at remediation of Sydney
Harbour must be considered within the context of the possible resuspension of this material and
recontamination of the Harbour. Similarly, remediation of the Sydney Tar Ponds must also be undertaken
considering the possible environmental damage that may be caused by the recontamination of surficial
sediments in the harbour by discharges from the Tar Ponds.
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Figure 3.1  Locations of sediment cores collected in Sydney Harbour in 1999.
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Figure 3.2  210Pb and 137Cs distributions for sediment core from Station 1 (Figure 3.1).
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Figure 3.3  137Cs threshold conforms to a date of 1950 determined from 210Pb dating, indicating that
sediment mixing is minimal and that the 210Pb geochronology is applicable to other contaminant
distributions.
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Figure 3.4  Geochronologies for various metals at Station 1 illustrate the history of contamination
of Sydney Harbour.
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Figure 3.5  PAH geochronology at Station 1 is similar to that for Pb, indicating that they both have
similar input functions. The PCB geochronology (Station 28) is much different, because this class of
contaminants only began to be produced in the 1940s and was abruptly removed from production
in the 1970s.
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4. LEVELS OF SEDIMENT TOXICITY WITHIN SYDNEY HARBOUR AND ITS
APPROACHES

An objective of the TSRI program was to quantify the ecological risk and bioavailability of contaminants
in sediments from Sydney Harbour.  To provide data for this analysis, grab (0.1 m2 Van Veen) samples
were collected during the oceanographic surveys conducted within Sydney Harbour and its approaches at
selected sample stations biotests and benthic community analysis (macrofauna: >0.5 mm) in addition to
sediment characterization, contaminant analysis.  The resultant biological data will provide a baseline for
the determination of remediation operations planned for the Sydney Tar Ponds.

Identification and Selection of Bioassays

The proposal for TSRI # 93 stated:  “There is an urgent need to develop sensitive methods to monitor the
effects of contaminants in Sydney Harbour sediments, and to assess the effects of remediation on the
consequent habitat recovery within the Harbour”.

Sediments from Sydney Harbour were analyzed for toxicity to the marine amphipod, Amphiporeia
virginiana, the luminescent bacterium, Vibrio fischeri (Microtox Test), and indigenous bacteria (Bacterial
Exoenzyme Test). Sediment porewater was analyzed for inhibition of fertilization to the sea urchin,
Lytechinus pictus.  In addition to bioaccumulation studies, the clam, Macoma baltica, was exposed to the
sediments for observation of chronic enzymatic, immunologic and histopathologic endpoint effects. False
positives in these regulatory toxicity tests were reduced and/or eliminated by monitoring redox potential
(Eh), ammonia and sulfide concentrations in the test sediments and porewaters.

The development and standardization of ecologically relevant and sensitive biotest protocols will enable
regulators and managers to make better environmental decisions and generate environmental regulations
and guidelines for the protection of aquatic ecosystems and human health.  With the completion of data
analysis, the most sensitive and ecologically relevant biotests will be used to identify site specific effects
within Sydney Harbour.  Toxicity test results will be interpreted with sediment chemistry and benthic
community data to monitor and access the effectiveness of natural recovery and planned remediation
activities within the study region.

Year-1 Biotest Activities

Eleven samples were collected from Sydney Harbour for toxicity testing in year 1 (1999).  Several tests
were chosen to evaluate their usefulness with the contaminants found at Sydney, NS.   Most toxicity tests
were whole sediment toxicity tests, except the sea urchin fertilization test on sediment porewater.  Testing
was conducted according to Environment Canada method for infaunal amphipods (EPS 1/RM/35), sea
urchin fertilization (EPS 1/RM/27) and marine bacteria (EPS 1/RM/24).

In terms of results, samples from stations 1, 2, 3, 4, 5, 7 and 13 in South Arm were toxic to the marine
amphipods.   Samples from North West Arm and the Harbour were not toxic.  The amphipod results show
a highly significant correlation  (P = 0.00184) with PAH levels in the sediment.  All samples from South
Arm and North West Arm were toxic to the bacterium in the Microtox test, and only samples beyond
South Bar near the mouth of the Harbour were not toxic.   The Microtox results did not correlate well
with PAH and PCB results.  Despite measured heavy contamination by PAH, PCBs, and some metals, no
samples were toxic to sea urchins fertilization test on sediment porewater.   This test was dropped for year
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2 studies.  The ammonia measurements ranged from 9.50 to 34.2 µg/g NH3-N.  The sulfide measurements
were 6.24 to 131 µg S/g. The redox potentials were observed ranging from -136  to 212 mV.

Year-2 Biotest Activities

Seventeen samples were collected from Sydney Harbour for toxicity testing in year 2 (2000).  Methods
were modified based on the results of year 1 studies All tests in year 2 were whole sediment toxicity tests.
Testing was conducted according to Environment Canada method for infaunal amphipods  (EPS
1/RM/35), and marine bioluminescent bacteria solid-phase toxicity test  (EPS 1/RM/24).

Samples from stations in South Arm were toxic to the marine amphipods. Samples from North West Arm
and the Harbour were not toxic.  All samples from South Arm and North West Arm were toxic to the
bacterium in the Microtox test, and only samples beyond South Bar near the mouth of the Harbour were
not toxic.  The amphipod results show a highly significant correlation with PAH (P = 0.00000197) and
PCB levels (P = 0.00009) in the sediment.  The Microtox results were best correlated with sulfide levels
in the sediment (P = 0.0171).  The ammonia measurements ranged from 8.7 to 69.2 µg/g NH3-N.  The
sulfide measurements were 16.4 to 154 µg S/g. The redox potentials were observed ranging from -112 to -
153 mV.

Development of a Chronic Histopathological Biomarker Assay

The proposal for TSRI # 93 stated “A multi-endpoint biomarker assay will also be developed to overcome
some of the limitations of short-term chronic toxicity tests such as their inability to separate the effects of
confounding factors independent of contaminant exposure and to establish direct cause-and-effect
relationships. The most reliable and cost-effective biomarker endpoints will be selected for screening of
cumulative effects in Sydney Harbour.”

Year-1 Histopathological Biomarker Assay Studies

Eleven samples were collected from Sydney Harbour for toxicity testing in year 1 (1999). Chronic testing
was conducted on the clam Macoma balthica for a 28 day duration, using method guidance in
EPA/600/R-93/183 (US EPA Bedded Sediment Bioaccumulation Test).   Endpoints were a variety of
histochemical and histological changes in digestive and reproductive organs.  Bioaccumulation of
contaminants was not measured in year 1. In the Year 1 studies, histochemical and histological endpoints
were refined for year 2 studies.

Results for the preliminary studies conducted in Year 1 are presented in Tables 4.1 to 4.6.  In summary:

•  Four lesions were identified in the digestive gland of Macoma exposed to Sydney Harbour sediments:
tubular dilation or atrophy (TDA), macrophage aggregates (DMA), tubular cell necrosis (TBN) and
inflammation (DINF).

•  Forty-two percent of digestive gland lesions were observed in the clams exposed to sediments with the
highest concentrations of PAHs, PCBs and heavy metals. TDA was the most frequently observed
digestive gland lesion in the treatment clams.

•  The number of TDA lesion (r = 0.65, p = 0.03) and the sum of all digestive gland lesions (r = 0.75, p =
0.008) were significantly correlated with total sediment PCBs.
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•  Five lesions were identified in the gonads of Macoma exposed to Sydney Harbour sediments:
macrophage aggregates (GMA), supporting cell necrosis (SCN), primary and secondary germ cell
necrosis (GCN), ova cell necrosis (OCN) and male primordial germ cell (MPG).

•  Forty-four percent of gonad lesions were observed in clams exposed to sediment samples
contaminated with the highest concentrations of PAHs, PCBs and heavy metal. GCN was the most
frequently observed female gonad lesion in the treatment clams.

•  The number of OCN had a significant correlation with the sediment concentrations of PCBs (r = 0.69,
p = 0.019).

•  The most interesting finding in the male gonad lesions was the detection of Hermaphroditic (intersex)
Gonad in one of the 15 clams exposed to a sediment sample from Sydney Harbour. Of the 190 clams
used for observation in this study, this is the only clam with "intersex" gonad.

•  The highest number of GCN lesion was observed in a sediment sample that was most toxic to the
Microtox bacteria. The same sediment sample was also the second most toxic sediment in the
exoenzyme test.

•  The lesions observed in this study are cellular alteration showing the effects of sediment contaminants
on tissue and cellular changes in individual organ of the clams. The high number of GCN and OCN
observed in the treatment clams showed that there is a potential that Sydney Harbour sediments can
affect the reproductive organs of the female clams.

•  Preliminary results of the histochemical study showed enhance reaction of acid phosphatase (ACP)
and gama-glutamyl transpeptidase (GGT) in digestive glands and decrease reaction of glycogen
staining (PAS) in gonads of the treatment clams

Year-2 Histopathological Biomarker Assay Studies

Seventeen samples were collected from Sydney Harbour for toxicity testing in year 2 (2000). Chronic
testing was conducted on the clam Macoma balthica for 28 day duration, using method guidance in
EPA/600/R-93/183 (US EPA Bedded Sediment Bioaccumulation Test).   Endpoints were a variety of
histochemical and histological changes chosen based on year 1 studies, and bioaccumulation of
contaminants from sediments was measured to correlate with sublethal toxic effects.  Study results for this
component are being analysed and interpreted.  Results will be published in a future report.

Year-3 Histopathological Biomarker Assay Studies

A study was initiated in the fall of 2001 to examine chronic effects of three Sydney Harbour sediments in
120-day exposures on disseminated neoplasia (leukemia) in clams, in addition to histochemical and
histological changes, and bioaccumulation of contaminants from sediments. Clams were received 19
October and acclimated to 15 Celsius and a salinity of 28 PPT.  Sediments were added to test chambers
23 October.   About 5.5 L sediment per test chamber was added, two replicated chambers per test
sediment.   6 L seawater was added as overlying water.  Gentle aeration was started.  On 23 October the
clams were sieved from their holding chambers.   Large, medium and small animals were divided into 10
groups of 75, with equal numbers of each size class in each group.  These were then double-counted, and
added randomly to the test chambers.  The largest 750 of the Macoma were used.   There were 150 clams
per test sediment. At 24 hours, all animals not burrowed were replaced with live animals that had
burrowed in the previous 24 hours in control sediment.

Results of the third-year study are summarized in Table 4.7.  Despite anticipated heavy contamination in
some of the sediments, burrowing does not appear to have been affected.  Virtually all animals in all
sediments had burrowed by 24 hours.   The results of sediment chemistry for the test samples (heavy
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metals, PCBs, PAHs), tissue chemistry (heavy metals, PCBs, PAHs and lipids), and tissue histochemistry
and histopathology are not yet available.

Determination of Site Specific Effects within Sydney Harbour

The amphipod lethality endpoint was very highly correlated with sediment PAHs (years 1 and 2),
suggesting PAHs may be having widespread harmful effects on sediment dwelling organisms in the
harbour. The amphipod endpoint was highly correlated with sediment PCBs (year 2). The sublethal
toxicity tests helped support the view that adverse ecological effects are likely widespread throughout the
harbour.  Based on the toxicity test results, benthic community and biological productivity in the harbour
are likely impaired, especially in South Arm.

The contaminants present in the Sydney Harbour sediments have been shown to be bioavailable as
evidenced by toxicity to amphipods, marine bacteria, as well as sublethal toxicity and bioaccumulation in
the clam Macoma balthica as determined in a study on the same sediment samples. Risk to predators of
sediment-dwelling organisms would come from consumption of contaminated prey organisms.   There
would likely be risk to human health if these was ingestion of contaminated foods caught in the harbour.
Resource harvesting for human consumption should not be allowed until the harbour has been cleaned up.

Remediation of contaminated sediments in the harbour would benefit the benthic community and
biological productivity in the harbour, and might eventually allow resource harvesting (e.g. for lobster)
for human consumption to resume.   The sediment toxicity tests, especially the marine amphipod
sediment toxicity test and the Macoma bioaccumulation test, would be particularly helpful in monitoring
contaminant declines and recovery of the quality of the harbour sediments.

The results of this project will be used as a baseline to judge the effectiveness of remediation measures
both at the Tar Ponds, and on contaminated harbour sediments.

Evaluation of Impacts on Fish Health by Histopathological Studies on Winter Flounder

Detailed histopathological studies were carried out on liver, spleen and gonadal tissues of 50 winter
flounder from Sydney Harbour.  Liver tissues were examined for non specific necrosis, eosinophilic foci,
basophilic foci, clear cell foci, hepatocellular carcinoma, cholangioma, cholangiofibrosis, macrophage
aggregates, hepatocellular vacuolation, hydropic vacuolation, parasitic infestation, and inflammatory
response.  Spleen tissues were examined for structural differences (red and white pulp), ellipsoidal
necrosis and fibrosis, melanomacrophage centers increase/decrease, melanomacrophage centers melanin,
and haemosiderin content.  Gonadal tissues were assessed microscopically for general structural
alterations and for the presence of female sex elements, a sign of “male feminisation” due to endocrine
disruption by contaminants.

Flounder recovered from Sydney Harbour were reported to have a number of liver lesions including those
associated with chemical contamination such as hydropic vacuolation.  The results of our preliminary
histopathological studies indicate that fish health may be compromised in Sydney Harbour and that more
extensive studies are warranted at the mouth of the Tar Ponds where contaminant levels are higher than
the sites where fish were caught for this investigation.  A detailed data report (Histopathological studies
on winter flounder from Sydney Harbour) on this study component has been prepared for DFO by Oceans
Ltd., St. John’s, Newfoundland.
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Application of Multiple Assessment Indicators to Grade Environmental Conditions

The proposal for TSRI # 93 stated, in part: linkages among these multiple assessment indicators (benthic
community structure, sediment contamination, and various biotest results) will be used in a weight of
evidence approach to grade environmental conditions within the Harbour.

A synthesis of the benthic community structure, sediment contamination, and various biotest results will
not be presented in this document as many of the results are not yet available (see, for example, section
2.2).

Summary

•  The amphipod lethality endpoint was very highly correlated with sediment PAHs (years 1 and 2),
suggesting PAHs may be having widespread harmful effects on sediment dwelling organisms
especially in South Arm.

 
•  The sublethal toxicity tests helped support the view that adverse ecological effects are likely

widespread throughout the harbour.
 
•  Based on the toxicity test results, benthic community and biological productivity in the harbor are

likely impaired, especially in South Arm.
 
•  The contaminants present in the Sydney Harbour sediments have been shown to be bioavailable as

evidenced by toxicity to amphipods, marine bacteria, as well as sublethal toxicity and
bioaccumulation in the clam Macoma balthica as determined in a study on the same sediment
samples.

•  Results showed correlation between histopathologic lesions in Macoma and the endpoints of other
sediment bioassays conducted in this study. The total number of observed lesions (sum of the
digestive gland, male and female gonad lesions) and the total number of female gonad lesions had the
highest correlation co-efficient with the sublethal endpoints, especially those of the Bacterial
Exoenzyme Test).

•  Flounder recovered from Sydney Harbour were observed to have liver lesions typically associated
with chemical contamination.

•  Remediation of contaminated sediments in the harbour would benefit the benthic community and
biological productivity in the harbour.

•  The sediment toxicity tests, especially the marine amphipod sediment toxicity test and the Macoma
bioaccumulation test, would be particularly helpful in monitoring contaminant declines and recovery
of the quality of the harbour sediments.

 
•  The results of this project will be used as a baseline to judge the effectiveness of remediation

measures both at the Tar Ponds, and on contaminated harbour sediments.

•  The techniques developed under this TSRI program have contributed to increased standardization of
methods for laboratory chronic sediment assessment tools using biomarkers.
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Table 4.1  Means of digestive gland lesions (n=15) in unexposed, control, reference and treatment
clams.

Station TDA DMA TBN DINF Total

Unexposed 0.00 0.00 0.00 0.00 0.00
Control 0.07 0.00 0.00 0.00 0.07
Reference 0.47 0.00 0.20 0.00 0.67
1 0.33 0.20 0.20 0.00 0.73
2 0.40 0.07 0.00 0.07 0.54
3 0.93 0.07 0.20 0.13 1.33
4 0.07 0.00 0.00 0.00 0.07
5 0.47 0.00 0.07 0.00 0.54
6 0.14 0.00 0.00 0.00 0.14
7 0.60 0.00 0.27 0.00 0.87
13 0.31 0.00 0.00 0.00 0.31
23 0.40 0.00 0.00 0.00 0.40
26 0.13 0.13 0.07 0.00 0.33

Abbreviations:  TDA, tubular dilation or atrophy; DMA, macrophage aggregates; TBN, tubular
cell necrosis; DINF, inflammation.
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Table 4.2  Particle size, total organic carbon, PAHs and PCBs of the control, reference and
treatment sediment samples.

Station TOC GRA Sand Silt Clay PAHs PCBs
% mg/kg

Control 0.63 0.29 31.65 49.61 8.41 0.11 0.016
Reference 1.69 0.00 84.00 12.00 .00 1.50 0.005
1 7.22 0.00 3.00 76.00 2.00 246.40 1.060
2 11.71 0.61 12.00 66.00 0.00 132.18 1.630
3 10.18 0.21 10.00 68.00 9.00 199.97 3.377
4 5.45 0.00 6.00 67.00 5.00 87.28 0.374
5 4.63 0.05 8.00 65.00 3.00 35.35 0.203
6 4.56 0.00 2.00 39.00 9.00 16.94 0.525
7 3.73 0.21 4.00 69.00 4.00 33.67 0.330
13 12.13 1.11 8.00 72.00 8.00 195.12 0.708
23 3.83 0.00 22.00 61.00 .00 4.77 0.005
26 2.91 0.00 6.00 71.32 2.05 20.98 0.045

Abbreviations: TOC, total organic carbon; GRA, gravel; PAHs, total of 16 EPA priority polynuclear
aromatic hydrocarbons compounds; PCBs, total polychlorinated biphenyls.
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Table 4.3  Heavy metals in the control, reference and treatment sediment samples (mg/Kg).

Station As Hg Cd Cr Cu Pb Mo Ni Ag V Zn

Control 21.60 0.02 0.06 - 16.78 23.79 - - - - 49.00
Reference 16.00 0.01 0.10 29.00 10.00 19.50 0.80 14.00 0.20 47.00 50.00
1 29.00 0.42 1.46 76.00 110.00 408.00 8.20 27.80 1.60 113.00 60.00
2 41.00 0.48 1.54 86.00 99.00 295.00 9.40 35.80 1.95 146.00 474.00
3 29.00 0.30 1.64 72.00 70.00 206.00 7.40 27.40 1.70 113.00 380.00
4 23.00 0.14 0.94 71.00 55.00 132.50 8.40 31.00 1.00 120.00 246.00
5 21.00 0.09 0.70 74.00 51.00 105.50 7.00 35.80 0.90 121.00 182.00
6 22.00 0.10 0.72 68.00 41.00 99.50 6.80 28.60 0.80 122.00 188.00
7 23.00 0.10 0.68 78.00 45.00 111.50 7.60 34.60 0.80 142.00 214.00
13 21.00 0.35 1.56 67.00 90.00 218.00 11.20 23.40 2.00 98.00 304.00
23 16.00 0.04 0.16 47.00 19.00 25.50 2.40 21.30 0.35 75.00 78.00
26 19.00 0.09 0.54 75.00 39.00 101.50 6.40 33.60 0.70 129.00 174.00
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Table 4.4  Means of female gonad lesions (n=15) in unexposed, control, reference and treatment
clams.

Station GCN OCN GMA SCN Total

Unexposed 0.60 0.00 0.00 0.00 0.60
Control 0.00 0.00 0.00 0.00 0.00
Reference 0.50 0.00 0.00 0.00 0.50
1 1.50 0.75 0.75 0.38 3.38
2 1.14 0.14 0.00 0.86 2.14
3 1.50 1.17 0.33 0.00 3.00
4 1.17 0.50 0.17 0.00 1.84
5 1.63 0.25 0.00 0.00 1.88
6 1.83 0.33 0.00 0.80 2.96
7 2.30 0.70 0.00 0.20 3.20
13 1.00 0.00 0.00 0.00 1.00
23 1.27 0.09 0.09 0.00 1.45
26 1.00 0.10 0.50 0.30 1.90

Abbreviations: GCN, primary and secondary germ cell necrosis; OCN: ova cell necrosis; GMA,
macrophage aggregates; SCN,  supporting cell necrosis.
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Table 4.5  Means of male gonad lesions (n=15) in unexposed, control, reference and treatment
clams.

Station GMA GINF GCN SCN MPG Intersex Total

Unexposed 0.22 0.00 0.22 0.11 0.33 0.00 0.88
Control 0.50 0.00 0.38 0.00 0.13 0.00 1.01
Reference 0.18 0.00 0.45 0.00 0.00 0.00 0.63
1 0.43 0.00 0.14 0.00 0.14 0.00 0.71
2 0.50 0.38 0.38 0.00 0.50 0.00 1.76
3 0.33 0.33 0.44 0.00 0.00 0.00 1.10
4 0.22 0.00 0.11 0.00 0.00 0.00 0.33
5 0.29 0.14 0.14 0.14 0.00 0.00 0.71
6 0.13 0.00 0.38 0.00 0.25 0.00 0.76
7 0.20 0.00 0.80 0.00 0.00 0.60 1.60
13 0.25 0.00 0.25 0.00 0.00 0.00 0.50
23 0.00 0.00 0.25 0.00 0.00 0.00 0.25
26 0.00 0.00 0.20 0.20 0.00 0.00 0.40

Abbreviations: GMA, macrophage aggregates; GINF, inflammatory; SCN, supporting cell necrosis;
MPG, male primordial germ cell.
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Table 4.6  Means of enzyme and antibody activities (n=5) in control, reference and treatment clams.

Station ACP GGT ATP PAS P450

Control 0.00 0.00 0.25 0.75 0.00
Reference 0.25 0.25 0.50 0.75 0.00
1 0.75 0.25 0.75 0.75 0.00
2 0.75 0.00 0.75 1.00 0.00
3 1.00 0.75 1.00 1.00 0.25
4 0.25 1.25 1.25 1.00 0.25
5 0.25 1.00 1.00 1.00 0.00
6 -0.25 0.25 0.50 0.00 1.00
7 -0.25 0.00 -0.50 0.50 0.25
13 0.25 0.25 0.75 1.00 0.00
23 0.00 0.50 0.25 1.00 0.00
26 0.25 0.50 1.00 1.50 1.00

Abbreviations: ACP, acid phosphatase; GGT, gamma-glutamyl transpeptidase; ATP, adenosine
triphosphatase; PAS,  glycogen.
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Table 4.7  Summary of results of 4-month exposure of Macoma balthica to Sydney Harbour
sediments.

Sample Clams burrowed
at 1h

Clams burrowed
at 8h

Clams burrowed
at 24h

Survival at end of
4-month exposure

Sydney Reference
site

70 % 90 % 99.3 % 82 %

Sydney (224204)
Station 4, near
mouth of Muggah
Creek

69.3 % 90 % 98 % 54 %

Sydney (224208)
Station 19, near
mouth of South
Arm

75.3 % 85.3 % 100 % 80.7 %

Control, Moose
Cove, NS

68 % 86 % 98 % 44.7 %
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5. CONTAMINANT INDUCED CHANGES IN BENTHIC COMMUNITY STRUCTURE AND
FUNCTION

Benthic Community Analysis

Sydney Harbour has been exposed to industrial and point and non-point sources of contamination arising
from human settlement and development for over a century. Although it has many of the contamination
problems typical of other major industrial ports, including organic loading, metallic and organic
contaminants, and bacterial contamination, Sydney Harbour has been impacted more severely than most
by decades of uncontrolled release of contaminants from the Sydney Steel Plant, and the Sydney Tar
Ponds. The Tar Ponds, and Muggah Creek along which they occur, have been used for industrial disposal
by Sydney Steel and adjacent community, and have been responsible for exchanging large quantities of
contaminants including polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
metals, and other toxic chemicals, with Sydney Harbour.

Suspected contamination of the Ponds, and the status of Sydney Steel as a major industrial site, as well as
the discovery of high concentrations of PAHs in commercial catches of lobster in Sydney Harbour in the
early 1980s, led to a closing of the steel plant. Through the 1980s and 1990s, a number of environmental
studies were carried out which assessed the distribution, concentration, and character of contaminants in
various environmental compartments in Sydney Harbour. Wendland (1979), in a study carried out for
Environment Canada, assessed sediment contaminants and benthic communities at stations throughout
South Arm and at a control station in Northwest Arm. Three subsequent studies by Environment Canada
(Packman et al., unpublished; Matheson et al., 1983; Kieley et al., 1988) examined contamination in
sediments and biota throughout the Harbour. P. Lane and Associates (1988, 1989) carried out
contaminant and biota sampling, and physical oceanographic modelling in connection with assessment of
the impact of effluents from the Tar Ponds. A 1995 resampling of sediment and biota was carried out for
Environment Canada by Jacques Whitford Environment IT Joint Venture (Ernst et al ,1999), and
Environment Canada sampled sediments and biological communities at five stations along a contaminant
gradient from Muggah Creek to the outer harbour in 1997 (including the current reference station) as part
of a study to develop toxicological indicators of sediment contamination (Zajdlik et al., 2000).

Biological communities have been sampled in three earlier studies in connection with the assessment and
monitoring of contamination problems (Wendland 1979; P. Lane and Associates, 1988, 1989; Zajdlik et
al., 2000). Wendland (1979) focused on South Arm, and P. Lane and Associates (1988, 1989), though
covering all of Sydney Harbour, provided largely descriptive results with only cursory analysis and
interpretation. Zajdlik et al. (2000) provided species lists and abundances for the biological community
and several community measures from stations in South Arm and the outer harbour.

Materials and Methods

Seabed animals 0.5 mm and larger (known as benthic macrofauna) were sampled at 64 stations (89
samples including replicates); and sediment characteristics (total organic carbon and grain size
parameters) determined at 80 stations deeper than 8 meters in Sydney Harbour in October 1999 and July
2000. Stations were located to repeat sampling stations from previous studies carried out to assess
biological communities, contaminant distributions and trends, but also included new sites chosen to
identify sinks of contaminants and for sediment coring to determine geochemistry and history of
contamination in the harbour. Patterns of predominant factors influencing distributions of sediment
characteristics were determined by multivariate statistical procedures. Biological communities and their
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distributions were determined by cluster analysis and Canonical Correspondence Analysis. Community
measures included Shannon-Wiener Diversity, Pielou’s Evenness, abundance and biomass.

While not representing all communities and areas in the Sydney Harbour system, the depth range sampled
in the study ensured that most samples were on soft bottom (either soft silt/clay mixtures or sandy to
sandy silt, the predominant type of bottoms in the area) allowing comparison between different parts
(contaminated versus non-contaminated) of the harbour. In particular, bottom composed of organic-rich
silt/clay is the dominant sediment type in South Arm, and is the area most exposed to contamination from
the City of Sydney and Muggah Creek.

Characteristics of the Study Area

Geographical Setting

Sydney Harbour is an embayment on the northeast coast of Cape Breton Island, Nova Scotia, formed
from the drowned valley of the Sydney River (South Arm) and an adjoining valley (Northwest Arm). The
two valleys join midway down the harbour, forming two branches and giving the Harbour its
characteristic "Y"-shape. Both arms are shallow (8-10 meters in the mid-portions at the head) and slope
gradually seaward and towards the centerline from shore, reaching depths of about 15 meters where they
join. Northwest Arm has a shoal (7 meters) and an adjacent channel feature south of it near Point Edward
(depth of 21 m). The head of South Arm seaward of the mouth of Sydney River is incised by a channel
which runs on the west side to Dobson’s Point at depths of 10-12 m. Past this point, the channel broadens
and South Arm deepens to 12-14 m off the Sydney waterfront forming a broad, gradually-deepening
basin, extending past the mouth of Muggah Creek and the Sydney Steel Pier. This outer portion is marked
by a deep narrow channel, roughly along the centerline, in which depths of up to 19 meters occur
(between Liscomb Point and South Bar). The channel shallows to around 15 meters as it extends around
Point Edward, at the junction of Northwest and South Arms. From the junction, the central channel in the
outer harbour, which is deepest in the inner portions, shallows typically to about 11-12 meters further
seaward, and then deepens at the mouth.

Sediment Characteristics

Sampling was confined largely to soft bottoms in Northwest Arm and South Arm, due to the selection of
stations used in other studies and draught limitations on sampling vessels, which prevented sampling
coarser sediments at shallower depths nearshore. Clayey silt, occasionally mixed with small quantities of
sand and coarser material, is the predominant type of bottom in Northwest Arm and South Arm, with
sediments becoming sandier seaward of the junction (between Southeast and Northwest Bar). Sediments
in Northwest Arm are predominantly clayey silt (silt ~70%; clay ~20%), having a moderate water content
in the upper 15 cm (50-60%), and moderate content of Total Organic Carbon (TOC) (2-5%). A shoal at
the mouth of Northwest Arm has sandy to gravelly sediments. South Arm sediments are predominantly
clayey silty (silt 65-70%, highest at the mouth of Sydney River), and having a clay content of 20-30%.
Total organic carbon content of sediments in South Arm varies from moderate (3-5%) at stations in outer
South Arm and at depths less than 12-13 m on the west side of the Arm (extending to Sydport); to high in
areas in the basin off the Sydney waterfront and the mouth of Muggah Creek (more than 10%, reaching
13.7%); and moderate to high (5-10%) in northeast sections of South Arm and inner parts of the harbour
towards Sydney River. The area of highest sediment organic carbon coincides with the greatest levels of
contamination (total polycyclic aromatic hydrocarbons (TPAHs), polychlorinated biphenyls (PCBs), total
aliphatic hydrocarbons and metals), and also to higher bulk water contents (60-70%).
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Sediments in central portions of Sydney Harbour from the junction of South Arm and Northwest Arm and
extending seaward, are predominantly compact silt and very fine sand mixtures (silt, 54-64%; sand 22-
39%), having a moderate to high organic content (3 to 7%) and a low bulk water content of 34%.
Sediments in shallower areas along the margins of the outer harbour at depths of 8-9 meters, and at the
mouth of the harbour at 16 m (the location of the reference station) are predominantly sand or silty sand.

Organic Contaminants

Levels of TOC, TPAHs, and PCBs in sediments throughout the harbour (measured in other study
components) were similar in magnitude and geographic distribution and did not differ statistically
between years. Multiple regression analysis showed statistically significant linear and multiple linear
regression relationships between contaminants and distance from Muggah Creek and other related
parameters, confirming that the City of Sydney and Muggah Creek are probably the most important
sources of these contaminants in South Arm. Significant multiple and linear regressions of biological
parameters such as abundance, biomass, number of species as well as abundance of individual species,
versus distance from Muggah Creek, as well as on TOC, TPAH and PCB content of sediments, provide a
strong indication that the reduction in biological parameters in the area are caused by the sediment
contamination and associated factors such as oxygen depletion there.

Sources of Contaminants

The elevated concentration of TOC and the associated organic contaminants (TPAH and PCB) in
sediments in Central South Arm in the vicinity of the Sydney waterfront and the mouth of Muggah Creek,
was demonstrated to be due to sources in these areas, using multiple regression analysis of contaminant
levels and physical and chemical factors (grainsize parameters, depth), and distance from Muggah Creek.
For TOC, TPAH and PCB content of sediments, the distance from Muggah Creek in most cases was the
most important variable in the regressions. Depth was a minor factor in multiple linear regression
relationships with sediment physical characteristics, organic contaminant levels, and biological
parameters. The analysis showed that concentration of PCBs was less well predicted than TOC and Total
PAH by the regressions with distance from Muggah Creek, suggesting that Muggah Creek is more
significant as a source for TOC and Total PAHs than for PCBs. Some of the biological community
measures and the distributions of dominant invertebrate species in South Arm showed statistically
significant regression relationships with the concentration of Total Organic Carbon (and likely with
TPAH and PCB, because of the high correlation of these parameters with TOC), and also distance from
Muggah Creek, indicating a response to contaminated conditions in Central South Arm.

The pattern of localized elevated TOC with associated contaminants in the vicinity of sewage outfalls
occurs in other heavily populated coastal areas (e.g. Halifax Inlet, Buckley & Hargrave 1989). Muggah
Creek is one of the depositories for raw sewage from Sydney (W. Ernst, Environment Canada, personal
communication) and a major source for South Arm. Although it wasn’t examined in this study
component, trace metal content is frequently elevated in sediments enriched in organic content by sewage
inflows, and is expected to show a similar relationship to at least TOC and Total PAH, which showed the
best relationship with distance from Muggah Creek.
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Results

Distribution of Biological Communities

Distribution of seabed animal communities in Sydney Harbour reflects both a narrow range of bottom
types and the effects of contamination in South Arm. The majority of sites sampled had predominately
soft (silt/clay) bottom having separate communities in different parts of the harbour, but compact silt/clay
bottom, as well as sandy bottom supporting characteristic communities, occurred in the outer harbour. In
general, the communities consisted largely of small individuals of most species and juvenile stages, and
of small species such as the polychaete Mediomastus ambiseta. Consequently biomass of all the
communities was relatively small.

The study showed that several distinct seabed animal communities occur in Sydney Harbour (Figure 5.1).
First, a community on silt/clay bottom having low abundance and numbers of species, which occurred in
the areas showing highest concentrations of organic carbon, PAHs and PCBs in sediments (central and
northeast South Arm), and included the burrowing anemone Cerianthus borealis, the polychaetes Nephtys
incisa and Ninoe nigripes, the nemertean worm Cerebratulus sp, and a phoronid Phoronis architecta with
patches of an opportunistic polychaete species (Capitella capitata) occurred at two stations.  Second, a
community in inner South Arm at the mouth of Sydney River having few organisms but the common
presence of the polychaete worm Nephtys incisa and the burrowing anemone Cerianthus borealis, as well
as occasional whelks (Nassarius trivittatus) and the bubble shell (Acteocina canaliculata).  Third, a
community occurring on silt/clay bottom throughout Northwest Arm, and in South Arm at depths
shallower than 12-13 m, dominated by the capitellid polychaete Mediomastus ambiseta, the polychaetes
Ninoe nigripes, Nephtys incisa and Scolelepis squamatus, the bubble shell Acteocina canaliculata, the
burrowing anemone Cerianthus borealis, and the nemertean Cerebratulus sp.  Fourth, a diverse
community dominated by the polychaete Owenia fusiformis on compact sandy silt bottom in the channel
in outer Sydney Harbour beyond the junction of Northwest Arm and South Arm. The fifth and last
community was a diverse sandy bottom community that occurred on either side of the channel in the outer
harbour and at the reference site at the harbour mouth. The communities were consistent over the period
of time surveyed (October 1999 – July 2000) but may fluctuate significantly as they are dominated by
‘colonist’ species (Mediomastus ambiseta and Owenia fusiformis) and such communities go through
significant changes over time. Based on earlier studies in Sydney Harbour, the community in the most
contaminated areas appears to have occurred in the area for at least two decades. Communities on sandy
bottom in the outer harbour are not dominated by colonist species and may show more consistency in
composition with time.

Within South Arm, most soft bottom areas had a biological community that was reduced in abundance,
biomass and species richness compared to that outside South Arm, and had a low to moderate diversity
expressed by the Shannon-Wiener index. The number of species per sample in those areas in South Arm
may be slightly less than in other areas, although at some locations the numbers are comparable. Patterns
in Shannon-Wiener diversity supported observations that the community that occurred in the most
contaminated parts of South Arm was not dominated by high abundances of typical colonist species.
Species in the community in central and northeast South Arm were also common elements of the Northwest
Arm community. This community, which was identified both by cluster analysis and canonical
correspondence analysis, occurs in the central South Arm off Muggah Creek and the northeast sector of
South Arm, extending into the inner harbour, and had typically 2 - 8 species, including principally the
burrowing anemone Cerianthus borealis, the polychaete Nephtys incisa and the nemertean Cerebratulus
sp, but including occasional occurrences of the polychaetes Mediomastus ambiseta, Capitella capitata,
and Polydora quadrilobata (Figure 5.2). A reduced community occurred in the inner South Arm at the
mouth of Sydney River, which had typically low numbers of species and abundance, reflecting the
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influence of the river (primarily organic loading as the sediments there had high organic content). The
community included the dog whelk Nassarius trivitattus, occasional juveniles of the bivalve Tellina agilis
and the gastropod Acteocina canaliculata.

A second community having high abundance and diversity, and dominated by a small capitellid
polychaete (Mediomastus ambiseta), occurs in Northwest Arm and in South Arm at shallow depths (less
than about 12-13 meters) on the west side from off Dobson’s Point (Inner Harbour) and probably also at
similar depths on the east side of the harbour. The community has high abundance (largely due to the
abundance of Mediomastus), intermediate biomass, and moderate to high numbers of species. A low
diversity of the community as measured by the Shannon-Wiener Diversity index is a significant feature of
this community (Shannon-Wiener Diversity was lower here than even the most contaminated areas of
South Arm, reflecting the dominance of Mediomastus at the site. Abundances of Mediomastus reached
6,400 to 114,000 individuals/m2 in 1999, and 200 – 14,600 individuals/m2 in 2000.  This appears to be the
dominant ‘natural’ community in the Harbour on silt/clay bottoms, including all the main dominant
species, including the polychaetes Mediomastus ambiseta, Ninoe nigripes, Nephtys incisa, Polydora
quadrilobata and Scolelepis squamatus; the bubble shell Acteocina canaliculata; the nemertean
Cerebratulus sp; and the burrowing anemone Cerianthus borealis (Figure 5.3). In Northwest Arm, the
community can occur to depths of 21 m in a deep hole near the mouth.

A community dominated by the polychaete Owenia fusiformis occurs on compact, sandy silt to silty
bottom from the junction of Northwest Arm and South Arm extending seaward. The community occurred
both in 1999 and 2000. The community has high abundance and diversity (abundance of Owenia, 12,560-
34,640 individuals/m2) and included Mediomastus as a co-dominant in 1999, as well as high abundances
of the polychaetes Polydora quadrilobata, P. cornuta, and Ninoe nigripes; the amphipod Photis
reinhardi, the isopod Edotea montosa, and the cumacean Eudorella truncatula and the gastropod
Acteocina canaliculata (Figure 5.4). Zajdlik et al. (2000) who sampled in the general area in the vicinity
of Southeast Bay in 1997, didn’t find Owenia but had high abundances of the polychaete Polydora
quadrilobata.

Sandy to silty sand habitat on either side of the outer harbour at depths of 8-9 meters and at the reference
station at the mouth of Sydney Harbour at 16 meters had sandy bottom, and a separate, more diverse
community making up the moderate to high abundance found there. An Archiannelid (Protodrilidae); the
bivalve Tellina agilis; the New England dog whelk Nassarius trivittatus, and the polychaete Aricidea
catherinae were consistently components of this community. Species richness was high, and the high
biomass in this community, reflected the high proportion of bivalves and sand dollars.

Community Structure

Severely disturbed bottoms frequently have exceptional abundance of a few ‘colonist’ species, which
become abundant in areas opened up by disturbance, when competition from other species is reduced
(Santos and Simon 1980). Colonists in these situations are commonly small polychaete worms (often of
the family Capitellidae). The occurrence of these species leads to a reduced Shannon-Wiener measure of
diversity and low biomass (Gray and Pearson 1982). As the length of time from disturbance increases, the
colonists become less abundant and the community more balanced. This type of disturbance characterizes
oil spills and upheavals such as storm events, which disturb surficial sediments (Sanders 1977; Santos and
Simon 1980). In Sydney Harbour, several species occur which have been classed as typical colonist
species. Mediomastus ambiseta, occurs over much of the Northwest Arm and northwestern South Arm.
The presence of this community could reflect periodic disturbance such as seasonal anoxia in bottom
waters. The community containing Mediomastus, however, also includes several species known to be
capable of existing in contaminated environments, and which make up the community living in the most
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‘contaminated’ areas of the Harbour in South Arm (Inner, Central and northeastern) having highest TOC
in sediments, and highest contaminant levels. This community appears to be relatively stable, having a
low to moderate diversity; small colonist organisms are not predominant certain animals may survive on
the order of a year or more. Many of these species occur in ‘contaminant insensitive communities’
elsewhere (e.g. Chang et al.1992). It appears that prolonged exposure to contaminants, although
constituting a stressed environment, appear to enable stable communities of organisms to development
which are different than, and may even coexist with, ‘colonist’ communities that respond to short-term
disturbance. Determining the relation of these communities to the contamination and to natural cycles of
disturbance was beyond the scope of the current project, and will be an interesting focus of further efforts
to understand the seabed animal communities in Sydney Harbour.

Both Mediomastus and Owenia fusiformis, which dominate the communities in Northwest Arm and Outer
Sydney Harbour, are common to shallow coastal environments in eastern North America. Both species are
colonists, capable of reproducing in large numbers and rapidly populating disturbed environments.
Mediomastus, a species typically found on predominantly silt/clay sediments, can develop high
populations in disturbed areas (e.g. after die-off of fauna due to seasonal anoxia, or storm disturbance)
(Santos and Simon, 1980; Starczak et al., 1992; Hughes, 1996; Chang et al., 1992). Abundances of
Mediomastus observed here, ranging from 6,400 to 114,000 individuals/m2 in 1999, and 200 – 14,600
individuals/m2 in 2000, are not as great as have been reported in other locations—densities of 180,000-
720,000 per square meter were observed in a US harbour (Fuller et al. 1988) and 103 to 106 per square
meter have been reported from a range of estuaries in the eastern coastal US (Starczak et al. 1992).
Owenia fusiformis occurs on sandy silt and more compact bottoms, which occasionally have a significant
organic content. Unlike Mediomastus, Owenia is not typically associated with organically enriched bottoms
and its presence could represent colonization of bottoms disturbed for some other reason (e.g. scour). It is
capable of rapidly populating disturbed areas, and the presence of its tubes stabilizes the sediments, and
serves as a structural framework for the development of an associated bottom community (Fager, 1964). A
third colonist species (Capitella capitata) occurs occasionally in patches in the central South Arm. Some
localized factor in these otherwise highly contaminated sediments, may have made conditions suitable for
localized colonization by Capitella. Polydora quadrilobata, another species often characterized as a colonist,
occurred occasionally in moderate abundance, in association with both Mediomastus and Owenia. P.
quadrilobata was the species accounting for high abundances observed by Zajdlik et al. (2000) both in
northeast South Arm (up to 2300 individuals/m2 ) and near Southeast Bar in the vicinity of the sites where
Owenia dominated in the present study (21,000-29,000 individuals/m2). The latter community, like the
Owenia–dominated one, also had moderate to high diversity (14-22 species per 0.1 m2 sample). This
pattern of occurrence of many different colonist species in the area is unusual and may reflect the
combination of severe contaminant and unique natural conditions in Sydney Harbour.

The biological community in the contaminated parts of South Arm in the present study included several
size classes of individual species, possibly representing different year classes. Some of the Nephtys incisa
captured in South Arm in the present study were at least one year old (established by measuring the width
of the tenth segment and using size categories from Zajac and Whitlatch (1988)). The largest Cerianthus
borealis observed had a body 5-6 cm long exclusive of tentacles, also indicating an advanced age.
Conditions in parts of the South Arm thus are stable enough to support at least some individuals of these
species for prolonged periods.

Long-term Changes in Seabed Biological Communities

Only a limited assessment of changes in biological communities, which could illustrate recovery (or lack
of recovery) after the cessation of coke oven operations in the early 1980s, can be made. For most areas
of Sydney Harbour, method differences between early studies and the present one, could have effected
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differences observed, the present study having higher abundances and numbers of species than earlier
studies by Wendland (1979) and P. Lane and Associates (1988 and 1989), and in parts of the harbour in
Zajdlik et al. (2000), although some values were lower than in the latter study (Figures 5-7). The
difference with Wendland (1979) and P. Lane and Associates (1988 & 1989) is suggested to be due in
part to the exclusion of smaller species (in particular an abundant capitelled polychaete, Mediomastus
ambiseta), which may have been overlooked in the earlier studies in areas outside South Arm, several of
which used coarser sieves in separating the animals. The species occurring in communities observed in
the current study over much of Sydney Harbour outside South Arm, are generally widespread in coastal
areas of Atlantic Canada. The Phoronid (Phoronis architecta) found in Sydney Harbour has rarely been
found in Atlantic Canada, although its absence may more reflect the limited number of benthic studies
carried out in softbottom communities in Atlantic Canada inlets.

The current study showed a comparatively reduced community in most areas of South Arm, dominated by
the polychaete Nephtys incisa and the burrowing anemone Cerianthus borealis 1, a finding most
comparable to Wendland’s study in 1978. In contrast to 1978, a greater diversity of organisms and
dominance by additional species occurred in 1999 (Figures 5-7), although most of the taxa from 1978
continued to be present (e.g. Cerianthus borealis, Nephtys species, Nemertea, Ninoe nigripes,
Cerebratulus sp.) (Table 5.2). The Phoronid Phoronis architecta found in both 1999 and 2000 was not
detected in previous studies. The Zajdlik et al. (2000) survey in 1997 had less data by comparison but a
Nephtys species, probably N. incisa (as noted earlier), was a dominant species and several of the species
from that community also were found in the current study. Although the study did not find Cerianthus
borealis, sampling intensity was probably too low to determine for certain if other members of the
community were present. In addition to dominant species, the overall abundance, biomass and number of
species observed in Wendland (1979) is comparable though lower, than at present, while Shannon-Wiener
diversity, which is a measure of the overall complexity of the biological community, was also
comparable. Communities within South Arm, in particular in inner central and northeast South Arm, thus
appear to have been comparable in the late 1970s and even in the late 1990s to those observed at present.

Impacts of Contamination on Seabed Biological Communities––Proximate Causes

The question of what factors are causing the distribution of communities of South Arm (e.g.
contamination from Muggah Creek, sewage and industrial contamination from the City of Sydney, or
factors relating to natural organic input from Sydney River), can only be partially answered at this time.
Organic loading appears to be a significant factor in South Arm of Sydney Harbour. A variety of factors
related to the enriched organic loading as well as Total PAH and PCB content of sediments could operate
to affect biological communities. Contaminant levels in sediments could be toxic to the organisms; high
oxygen demand of the organic rich sediment is probably an important factor, as well as associated
possible periodic reductions in nearbottom oxygen; and the physical properties of the sediments (e.g.
texture) can physically affect suitability for colonization by animals.

Levels of TOC observed, particularly off Muggah Creek, are much higher than the range reported for
sediments in coastal marine areas in Eastern Canada but comparable to concentrations in Halifax Inlet
(typically less than 10%) (extreme values in Halifax Inlet of 12.5 % in open waters and up to 15.9 % in
the highly contaminated Tufts Cove (Buckley and Hargrave 1989)). Levels of TOC at the head of the
South Arm in Sydney Harbour and in other areas of Sydney Harbour, appear to be comparable to those
which might be expected in uncontaminated inlets in other areas. High organic loading of sediments such
as occurs in parts of Sydney Harbour, can lead to a higher oxygen flux into sediments and periodic anoxia
                                                     
1 The Wendland (1979) study only noted ‘sea anemone’, which has been inferred to be Cerianthus
borealis, the only distinctive burrowing anemone likely to have occurred.
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which may be a contributing factor in accounting for the nature of the biological community which occurs
there.

Contaminant levels, in particular PCB and PAH continue to be high in South Arm (measured in 1995,
Ernst et al. 1999), the latter representing among the highest levels in harbour sediments in the world
(Buckley et al. 1995; Gearing et al. 1991). Measurements in the present study are in agreement with these
earlier levels. Ernst et al. (1999) noted that the PCB and PAH levels in sediments in Sydney Harbour
exceeded ecotoxicological guidelines for health of aquatic communities. The prolonged presence of these
levels could thus be a determining factor in distribution of seabed animal communities. The community
appears, however, to be uniform over large areas of South Arm, despite sharp PAH and PCB gradients.
The similarities in biological communities despite differences in physical/chemical and contaminant
factors, suggests that a single common factor (e.g. periodic low nearbottom oxygen levels in a basin)
might be more important than contaminant concentrations in determining the biological community in the
area.

Oxygen depletion in nearbottom waters through sediment oxygen consumption and other factors such
high BOD effluent is a possible causative factor in the distribution of seabed biological communities in
many coastal areas. A survey in August 1987 (P. Lane and Associates 1988) documented oxygen
depletion in South Arm, showing oxygen levels in nearbottom waters (at least 1 m off bottom) as low as
3.4 mg/L (P. Lane and Associates 1988). With the exception of one station at the mouth of Sydney River,
however, at no time during the current survey did oxygen levels in near bottom waters show reduced
oxygen concentrations. Oxygen depletion measured in 1987 showed significant regressions with present
TOC and distance from Muggah Creek. These variables led to significant regressions with biological
community measures and the abundance of several species in the South Arm community.

Benthic communities in the Sydney Harbour system are likely naturally seasonally stressed due to oxygen
depletion arising from high organic content in sediments, which is typical for shallow inlets in Nova Scotia.
Low oxygen levels in nearbottom waters and sediments, is a common cause of defaunation and levels above
approximately 0.7 mg/L are critical to survival of benthic fauna  (Nilsson and Rosenberg 2000 from
Rosenberg et al. 2001). Some of the species that are part of the community in these areas (e.g. Cerianthus
borealis) have adaptations such as the habit of constructing an impermeable tube and having respiratory
pigments, which allow them to use oxygen at low levels. While some of the species must be able to settle and
live in the contaminated parts of South Arm, other species commonly found are mobile and could have
moved into the defaunated zone from other areas. The pattern of distribution of seabed biological
communities in South Arm is consistent with periodic depletion of oxygen (seasonal or annual), that would
remove organisms and allow species tolerant of low oxygen such as Cerianthus and Phoronis to occur.
Colonist species such as Mediomastus, which characteristically repopulate nearshore environments in high
numbers after disturbance, such as occurrence of anoxic bottom water, do not characterize the contaminated
bottoms of South Arm, but do so around the margins at shallower depths. Oxygen depletion leading to
afaunal conditions occurs periodically in Bedford Basin, Halifax Inlet (Platt et al. 1970) because of
oxygen demand of sediments and deep waters, influenced by sewage pollution, which are not replenished
because of a sill at the entrance to the basin (The Narrows) which isolates them from waters in the outer
inlet. The seabed community in the late 1960s had a low diversity, in the deepest part of the basin
consisting only of two species (the burrowing anemone Edwardsia elegans, and the polychaete
Spiochaetopterus sp. (Platt et al., 1970; Hargrave et al., 1989)).

Summary

Seabed animals 0.5 mm and larger (known as benthic macrofauna) were sampled, and sediment
characteristics (total organic carbon and grainsize parameters) determined for stations deeper than 8
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meters in Sydney Harbour in October 1999 and July 2000. Stations were located to repeat sampling
stations from previous studies carried out to assess biological communities, contaminant distributions and
trends, but also included new sites chosen to identify sinks of contaminants and for sediment coring to
determine geochemistry and history of contamination in the harbour.

Sediments in South Arm, Northwest Arm and the central channel of the outer harbour are clayey silt, with
occasional coarser fractions (sand to gravel). Silty sand to clean sand occurred on the margins of the
channel in the outer harbour and at a reference station at the harbour mouth. In South Arm off the Sydney
waterfront and off Muggah Creek, sediments were clayey silt, high in total organic carbon (TOC) and
water content. Areas of high TOC coincided with high levels of polycyclic aromatic hydrocarbons
(PAHs), polychlorinated biphenyls (PCBs), and total aliphatic hydrocarbons. Levels of TOC, PAHs and
PCBs in silty sediments in other parts of Sydney Harbour were much lower although still detectable, and
PAH and PCB concentrations were negligible to undetectable in sandy sediments in the outer harbour.

Soft bottom (silt/clay) and sandy seabed environments in Sydney Harbour supported several natural
benthic macroinvertebrate communities in the Northwest Arm, Outer Harbour, and parts of South Arm,
and a community severely impacted by high contaminant loadings (organic carbon, TPAH, PCB and
aliphatic hydrocarbons) in South Arm. Seabed animal communities included: 1) a community having low
abundance and numbers of species, which occurred in the areas showing highest concentrations of
organic carbon, PAHs and PCBs in sediments (i.e. in central and northeast South Arm), including the
burrowing anemone Cerianthus borealis, the polychaetes Nephtys incisa and Ninoe nigripes, the
nemertean worm Cerebratulus sp, and a phoronid Phoronis architecta, with occasional patches of an
opportunistic species (the polychaete Capitella capitata); 2) a community in inner South Arm at the
mouth of Sydney River having few organisms but the common presence of the polychaete worm Nephtys
incisa and the burrowing anemone Cerianthus borealis, as well as occasional whelks (Nassarius
trivittatus) and the bubble shell (Acteocina canaliculata); 3) a community occurring throughout
Northwest Arm, and in South Arm at depths shallower than 12-13 m, dominated by the capitellid
polychaete Mediomastus ambiseta, the polychaetes Ninoe nigripes, Nephtys incisa and Scolelepis
squamatus, the bubble shell Acteocina canaliculata, the burrowing anemone Cerianthus borealis, and the
nemertean Cerebratulus sp.;  4) a diverse community dominated by the polychaete Owenia fusiformis but
including high abundance of several other species, occurs on compact sandy silt bottom in the channel in
outer Sydney Harbour beyond the junction of Northwest Arm and South Arm; and 5) a diverse sandy
bottom community which occurred on either side of the channel in the outer harbour and at the reference
site at the harbour mouth, and included an archiannelid, the bivalve Tellina agilis; the New England dog
whelk Nassarius trivittatus, and the polychaete Aricidea catherinae.

The same biological community (in terms of species composition, abundance, diversity and biomass)
occurred in the most contaminated areas of Sydney Harbour as was found in an earlier study that sampled
South Arm in 1978. This finding suggests that conditions affecting biological properties of the system in
the contaminated parts of Sydney Harbour have remained similar to the present over that time period. The
occurrence of several year classes in the most contaminated areas suggests that complete dieoffs, as is the
case in some severely stressed marine environments, may only occasionally occur in the most
contaminated parts Sydney Harbour.

Toxicity both due to chronic oxygen depletion in sediments and near bottom waters, and to high levels of
contaminants in the most contaminated parts of South Arm, likely contribute the reduced benthic
communities found there. Such conditions may be toxic to adult stages and limit colonization of the
sediments by all but the most tolerant organisms.
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Figure 5.1  Distribution of seabed biological communities in Sydney Harbour, Nova Scotia, from
survey in October 1999 and July 2000.
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Figure 5.2  Biological community off Muggah Creek, South Arm, Sydney Harbour, NS (Station 14,
October 1999).
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Figure 5.3  Biological community dominated by the polychaete Mediomastus ambiseta  on the west
side of  South Arm, Sydney Harbour, NS.  Station 5, October 1999.
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Figure 5.4  Biological community dominated by the polychaete Owenia fusiformis in Outer Sydney
Harbour, Sydney Harbour, NS. Station 23, October 1999.
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Figure 5.5 Geometric mean abundance and range (arithmetic) of abundance (Number/m2) and
species richness (number of species per 0.1m2 sample), at stations in Inner South Arm (1978,
Wendland 1979; 1988, P. Lane and Associates 1989; 1997, Zajdlik et al. 2000; 1999 and 2000,
Present Study).



60

Figure 5.6 Geometric mean abundance and range (arithmetic) of abundance (Number/m2) and
species richness (number of species per 0.1m2 sample), at stations in Central and Northeast South
Arm (1978, Wendland 1979; 1988, P. Lane and Associates 1989; 1997, Zajdlik et al. 2000; 1999 and
2000, Present Study).
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Figure 5.7 Geometric mean abundance and range (arithmetic) of abundance (Number/m2) and
species richness (number of species per 0.1m2 sample), at stations in Outer and Northwest South
Arm (1978, Wendland 1979; 1988, P. Lane and Associates 1989; 1997, Zajdlik et al. 2000; 1999 and
2000, Present Study).



62

Table 5.1  Seabed animal communities in Sydney Harbour, Nova Scotia, October 1999 and July
2000.

See Figure 5.1.

Community Area Bottom
Type

Mean of
Abundance
(individuals/m2)
(range in
brackets)

Species
Richness
(range in
brackets)

Main Species

Mediomastus Northwest
Arm, western
side of South
Arm, mid-
Arm off
Dobson’s
Point

Silt/clay,
organic rich

23,020
(290 –
128,440)

15
(7–29)

Mediomastus ambiseta;
Nephtys incisa, Ninoe
nigripes; Polydora
quadrilobata; Scolelepis
squamatus; Acteocina
canaliculata; Cerebratulus;
Cerianthus borealis

Owenia Mid-channel
from junction
of Northwest
and South
Arm to
midway out
harbour

Sandy silt 35,878
(2,190-
66,120)

26
(23–29)

Owenia fusiformis;
Mediomastus; Ninoe nigripes;
Polydora quadrilobata and P.
cornuta; Photis reinhardi;
Edotea montosa; Eudorella
truncatula; Acteocina
canaliculata

Outer Harbour,
Sandy Bottom

Margins of
outer harbour

Sandy to silty
sand

9,780
(20 – 18,
810)

28
(2–35)

Archiannelid (Protodrilidae);
Tellina agilis; Nassarius
trivittatus; Aricidea catherinae

Reduced
Fauna,
Cerianthus,
Nephtys

Central and
Northeast
South Arm

Silt/clay,
highly
organic, high
contaminants

491
(30 - 6,920)

5
(1-10)

Cerianthus borealis; Nephtys
incisa; Ninoe nigripes;
Cerebratulus; Phoronis
architecta

Reduced Fauna,
River Influence

Inner South
Arm, mouth
of Sydney
River

Silt/clay,
highly
organic

53.3
(20 - 80)

2.5
(2– 3)

Nephtys incisa; Cerianthus
borealis; Nassarius trivittatus;
Acteocina canaliculata
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Table 5.2 Dominant species for subdivisions of Sydney Harbour, from Wendland (1979). Inner
Harbour stations are landward of Dobson’s Point.

Inner Sydney Harbour
Number of Stations = 6

Species Abundance %

Sea Anemone 384 42.9
Nephtys picta 255 28.5
Eteone sp.  90 10.0
Nemertea  45  5.0
Ninoe nigripes  45  5.0
Glycera capitata  32  3.6
Nereis virens  26  2.9
Eteone lactea  19  2.1

Northeast and Central Sydney Harbour
Number of Stations = 8

Species Abundance %

Sea Anemone 485 56.1
Ninoe nigripes 160 18.5
Nephtys picta 108 12.5
Nemertea  43  5.0
Nereis virens  38  4.4
Nereis pelagica  19  2.2
Nereis zonata   6  0.7
Arabellidae   6  0.7
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6. SIGNIFICANCE OF MICROBIAL PROCESSES IN CONTROLLING THE
BIODEGRADATION AND BIOTRANSFORMATION OF CONTAMINANTS

Microbiological Analysis

With the advent of new analytic techniques, it has now been demonstrated that bacteria are important in
controlling both the biodegradation and biotransformation of organic contaminants and a primary trophic
level component regulating ecosystem dynamics.  In recognition of this fact, a microbiological
component was integral to the TSRI program.  Thus, sediment grab and core samples on the initial cruise
in October 1999 were analyzed for total viable bacterial population levels, naphthalene and benzo[a]
pyrene mineralization rates, and relative rates of denitrification, nitrification and sulfate reduction.  These
activities are indicative of the relative status of microorganisms in the sediment community structure, and
changes based on activities determined from samples taken at a later date, will be related to the effects of
various stressors, such as pollutants leaching out of the Sydney tar ponds.

In October 1999 and July 2000  sediment samples from selected sites in Sydney Harbour were recovered
for analysis.  To facilitate analysis of resultant data, samples were grouped by location (Figures 1 and 2).
These samples were used for viable microbial population enumeration and for analysis of naphthalene-
degrading (ndoB) and biphenyl/chlorobiphenyl-degrading (bphA) bacteria.  The samples were initially
used to determine the rates of naphthalene mineralization, denitrification and sulfate reduction.  Total
community DNA has been successfully extracted and purified from the sediment samples from both 1999
and 2000, following a preliminary evaluation of different extraction and purification methods.
Representative DNA extracts were amplified by PCR, and 16S rDNA bands were easily visualized by
agarose gel electrophoresis.  The sediments were examined for the presence of catabolic genes involved
in PAH (ndoB and nidA) and biphenyl/chlorobiphenyl (bphA) degradation.  The total community 16S
rDNA fragments were analyzed by denaturing gradient gel electrophoresis, and revealed information
about the spatial and temporal community composition in the sediments.

Mineralization Assay

Microcosms (in 20 ml serum bottles) were prepared containing 2 g of grab material and each received 1
ml of sea water for samples from the 1999 cruise.   Naphthalene and 14 C-naphthalene were added to
each microcosm to give a final concentration of 10 ppm (w/w) and ~50 000 dpm.  The microcosms were
sealed with rubber stoppers and aluminum crimps, and incubated at 10 °C for one month.  14 CO2 was
trapped in 0.5 M KOH, which was recovered routinely and analyzed by liquid scintillation spectrometry.

Microcosms (in 120 ml serum bottles) were prepared containing 20 g of sediment, and each received 25
ml of sea water for the 2000 cruise.  Naphthalene and 14 C- naphthalene were added to each microcosm
to give a final concentration of 10 ppm and ~100 000 dpm.  The microcosms were sealed as the 20 ml
ones, incubated at 10 °C and the 14 CO2 trapped in 0.5 M KOH, was recovered and analyzed by liquid
scintillation spectrometry.

Denitrification Assay

The sediment microcosms (2 g of grab material and 5 ml sea water) were amended with NaNO3for a final
concentration of 5 mM, and were incubated under a nitrogen atmosphere with and without an inhibitor (3
ml acetylene).  Gas samples (0.2 mL) were removed periodically and analyzed by GC for nitrous oxide,
carbon dioxide, oxygen, and acetylene concentrations.
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Nitrification Assay

For the nitrification test, sediment microcosms were aerobically incubated with 2.5 mM of (NH4) 2SO4
in the presence or absence of acetylene (3 ml), an inhibitor of autotrophic nitrifiers.  Water samples were
removed and analyzed for nitrite, nitrate, and ammonium concentrations.  Gas samples were also removed
periodically and analyzed by GC for nitrous oxide, carbon dioxide, oxygen, and acetylene concentrations.
This assay presented some analytical challenge because of the high NaCl concentration in seawater,
which interfered with peak elution of nitrate or ammonium on HPLC.

Dissimilatory Sulfate Reduction Assay

Sediment microcosms were anaerobically incubated, under a nitrogen atmosphere with 2.5 mM (NH4)
2SO4, with and without an inhibitor of biological dissimilatory sulfate reduction, sodium molybdate (5
mM and 20mM).  Water samples were removed to measure sulfate concentration by HPLC.

Gas Chromatographic Analysis

Gases (N2O, CO2, CH4, C2H2) were measured by GC on a SRI8610C gas chromatograph (SRI,
Torrance, CA, USA) with a thermal conductivity detector (TCD), a flame ionization detector (FID), and
an electron capture detector (ECD) in parallel.  The SRI 8610C GC had the following configuration: the
TCD was set at 100 o C, the FID at 150 o C and the ECD at 330 o C; the oven was set at 60 o C, and each
detector was connected to a separate column (2 m x 3.  1 mm stainless steel packed with Porapak Q
(Supelco, Mississauga, ON).  Helium (ultra high purity grade, Prodair, Montreal, QC) was used as carrier
gas with flow rates of 23 mL min -1 for the TCD, 20 mL min -1 for the FID, and 30 mL min -1 for the
ECD.  The detection limits were: N2O, 1 ppmv (ECD) or 200 ppmv (TCD); CH4, 20 ppmv (FID) or 800
ppmv (TCD); and CO2, 300 ppmv (TCD) .  The TCD response was linear for N2O, CH4, CO2 (up to 20
kPa), and the FID response was linear for CH4 up to 1.  5 kPa.  The ECD response was linear for intervals
of 0-50 ppmv, 50-200 ppmv, 200-400 ppmv, and 400-700 ppmv.  Oxygen was measured on a SRI310
(SRI, Torrance, CA, USA) with a TCD set at 100 o C, the oven set at 60 o C, and a Porapak Q column (2
m x 3.  1 mm stainless steel) (Supelco, Mississauga, ON).  The detection limit for O2 was 1000 ppmv and
the detector response was linear up to 20 kPa.

For gas determinations, 0.2 mL of the gas samples were injected into the GC system with simultaneous
integration of peaks using Peak SimpleII software (SRI).  Gas standards were injected at the beginning
and at the end of each day of analysis.  A gas standard, which contained 8033 ppmv of each of the
following gases: CH4, CO2, N2O, and C2H2 were prepared at the beginning of each day of analysis.
Calibrated gas standards (990 ppmv N2O in N2; 1010 ppmv CH4 and 978 ppmv C2H4 in N2) (Prodair)
were also used.  For O2, air was used as standard.

Enumeration of Bacteria

Sediment samples from the 1999 cruise were serially diluted in Bushnell &Haas salts medium containing
28 g/L NaCl, and spread plated onto the same solid medium containing 250 mg/L each of yeast extract,
Bacto-tryptone, and soluble starch (YTS).  Plates were incubated aerobically at 10 °C for 2 weeks.
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Sediment samples from the 2000 cruise were serially diluted in 0.1 %sodium pyrophosphate, and spread
plated onto marine agar (Difco).  Plates were incubated aerobically at 10 °C for 2 weeks.  Colonies that
developed on the plates were enumerated, and transferred onto nylon membranes.

Colony Lifts and Hybridization Analysis

The membranes were incubated for 2.  5 hours at 65 °C in prehybridization solution (1 mM EDTA, 0.5M
NaH 2 PO 4 pH 7.2, 7%SDS).  Membranes were then transferred to fresh prehybridization solution, the
labeled probe (see below) was added, and hybridization was carried out overnight at 65 °C.  The
membranes were washed using the standard Zeta-probe membrane protocol for a total of 4 hours to
remove unbound probe and then exposed to X-ray films (Kodak X-Omat) at -80 °C for 6 days.  After
exposure, the radioactive probe was removed by soaking the membranes in stripping solution (0.1 X SSC,
0.5%SDS) twice for 20 min at 95 °C.  Membranes were re-exposed to X-ray films for 6 days to ensure
that no signal remained before any subsequent hybridization with other probes.

Probe Preparation and Purification

Oligonucleotide primers were designed from the bphA gene encoding the biphenyl dioxygenase from
Pseudomonas pseudoalcaligenes KF707 (Taira et al., 1992) and from the ndoB gene encoding the
naphthalene dioxygenase from Pseudomonas putida ATCC 17484 (Kurkela et al., 1988).  Genomic DNA
was extracted from P. pseudoalcaligenes and P. putida following the method described by Ausubel et al.
(1991).  Amplification of genomic DNA with their respective oligonucleotide primers was carried out for
30 cycles during which DNA was denatured for 1 min at 94 °C, and primers were both annealed and
extended for 1 min at 72 °C.  PCR fragments were purified with the QIAquick PCR Purification Kit
(QIAGEN Inc.  , Mississauga, ON).  Radioactive labeling of the resulting gene probes was performed
using the Amersham Multiprime Kit (Amersham Pharmacia Biotech).  Purified PCR fragment (30 ng)
was labeled with 2 units of Klenow fragment (Amersham Pharmacia Biotech).  One unit of Klenow was
added at the beginning of the reaction, and a second unit was added after 1.5 hours of incubation.  The
total incubation time was 3 hours at 37 °C.  The unincorporated nucleotides were removed with probe
Quant G-50 micro columns (Amersham Pharmacia Biotech) following the instructions of the
manufacturer.

Total Community DNA Extraction

Total community DNA was recovered from the sediments using a three-step protocol.  Sediments were
first washed following a modified version of a purification method described by Watson and Blackwell
(2000).  Sediments (10g) were washed twice with 20 ml of soil buffer (50 mM Tris-Cl pH 8.3, 200 mM
NaCl, 5 mM EDTA, 0.05% Triton X-100) by vortexing for 2 min.  Samples were centrifuged for 3 min
(3000 X g ).  The sediment pellet was then washed with 20 ml of buffer 2 (50 mM Tris-Cl pH 8.3, 200
mM NaCl, 5 mM EDTA), centrifuged as before, then washed with 20 ml of buffer 3 (10 mM Tris-Cl pH
8.3, 0.1 mM EDTA).  Samples were centrifuged as before and the total DNA extracted using a modified
version of a chemical/enzymatic lysis approach (Fortin et al. 1998).  Prior to lysis treatment, 9.0 ml of
distilled water was added to sediment samples.  One milliliter of 250 mM Tris-HCl pH 8.0 containing 100
mg lysozyme was added and samples were incubated 30 min at 30 °C, with agitation (295 rpm), followed
by a 30 min incubation at 37 °C.  Proteinase K was added to a final concentration of 200 µg/ml and
samples were incubated for 1 hour at 37 °C.  The lysis treatment was completed with the addition of 1 ml
20%sodium dodecyl sulfate solution and 30 min incubation at 85 °C.  Samples were mixed by inversion
every 10 min during the 37 °C incubations with enzymes and during the 85 °C treatment with SDS.
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Samples were centrifuged at room temperature, for 15 min (4110 x g ).  Supernatants were treated with
one-half volume of 7.5 M ammonium acetate, incubated on ice 15 min to precipitate proteins and humic
acids, and centrifuged 5 min at 4 °C (16, 000 x g ).  The DNA was precipitated overnight at -20 °C with
one volume of cold 2-propanol.  Samples were centrifuged at 4 °C, for 30 min (17, 500 x g ).  Pellets
were washed with 70%cold ethanol, then with 95%ethanol, and air dried.  The total DNA was
resuspended in 700 µl of TE (10 mM Tris-Cl, 1mM EDTA, pH 8.0).  Traces of humic acids were
removed using polyvinylpolypyrrolidone spin columns as described by Berthelet et al., 1996.

16S rDNA PCR Amplification of Total Community DNA

Primers complementary to conserved regions of 16S rDNA were used to amplify a 418 bp fragment
which corresponds to positions 341 to 758 in the Escherichia colisequence (Muyzer et al., 1993).  The
sequence for the forward primer contained a GC-clamp, to retard complete denaturation of the PCR
amplified products during denaturing gradient gel electrophoresis (DGGE).  The sequence was
5’341CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGGGAGGCAGCAG
-3 ’ ((GC clamp underlined) and the reverse primer 5 ’758CTACCAGGGTATCTAATC-3 ’.  For PCR
amplification, between 1 and 3 µl of Total DNA (1:100 dilution), 25 ñ mol of each oligonucleotide
primer, 2.5 units of Taq DNA polymerase (Amersham Pharmacia Biotech), 5 µl of 10X Taq polymerase
buffer (100 mM Tris-HCl pH 9.0, 500 mM KCl, 15 mM MgCl 2), 5.5 mM MgCl 2, 8 µl of 1.25 mM
deoxynucleoside triphosphates (200 µM [each] dATP,  dGTP, dCTP and dTTP), 0.40 µg/µl bovine serum
albumin (BSA) were combined in a final reaction volume of 50 µl.  Prior to the addition of Taq DNA
polymerase, the samples were denatured for 5 min at 96 °C.  To increase the specificity of the
amplification and reduce the formation of spurious by-products a «touchdown » PCR ((Don et al 1991)
was performed in which the annealing temperature was set to 65 °C and decreased by 1 °C every second
cycle until a touchdown of 55 °C.  Denaturation was carried out at 94 °C for 1 min, the annealing time
was 1 min and primer extension was carried out at 72 °C, for 3 min.  Twenty additional cycles were
carried out at 55 °C.  PCR products were loaded on a 1.4 % agarose gel with several dilutions of a 100 bp
ladder (MBI Fermentas, Amherst, NY).  The PCR products were quantified by ethidium bromide staining
and spot densitometry using a ChemiImager (Alpha Innotech Corporation, San Leandro, CA).

PCR Amplification of Biphenyl/chlorobiphenyl and PAH Degradation Genes

Total community DNA was screened by PCR using oligonucleotide primers derived from various
bacterial catabolic pathways for biphenyl/chlorobiphenyl and polycyclic aromatic hydrocarbon (PAH)
degradation (Table 6.3).  Sediments were examined for the presence of the bphA gene encoding a
dioxygenase for biphenyl/polychlorinated biphenyl degradation (Taira et al., 1992), for the nidA gene
encoding a naphthalene-inducible dioxygenase for pyrene degradation (Khang et al., 2001) and the ndoB
gene encoding a dioxygenase for naphthalene degradation (Kurkela et al., 1988).  For PCR amplification,
5ul of a 1:10 dilution (bphA and ndoB) , or 2 µl (nidA) of clean DNA extract, 50 ñ mol of each
oligonucleotide primer, 2.5 units of Taq DNA polymerase (Amersham Pharmacia Biotech) , 5 µl of 10X
Taq polymerase buffer (100 mM Tris-HCl pH 9.0, 500 mM KCl, 15 mM MgCl 2 ) , 5.5 mM MgCl 2 , 8
µl of 1.25 mM deoxynucleoside triphosphates (200 µM [each ] dATP, dGTP, dCTP and dTTP), and 0.40
µg/µl bovine serum albumin (BSA) were combined in a final reaction volume of 50 µl.  Genomic DNA
from Pseudomonas pseudoalcaligenes KF707, Mycobacterium sp. PYR-1, and Pseudomonas putida
ATCC 17484 was recovered following the method of Ausubel et al. 1990, then used as positive controls
for bphA, nidA, and ndoB, respectively.  Prior to the addition of Taq DNA polymerase, the samples were
denatured for 5 min at 96 °C.  For PCR cycling, denaturation was carried out at 94 °C for 1 min, the
annealing time was 1 min at 64 °C (bphA ) 1 min at 65 °C (nidA ) , and 1 min at 70 °C (ndoB ) and primer
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extension was carried out at 72 °C, for 1 min.  Thirty cycles were carried out as well as a final extension
at 72 °C for 3 min.  PCR products were precipitated with 1/10 volume of 3M sodium acetate pH5.2 and
2.5 volumes of 100%ethanol, then loaded onto 1.2%(nidA ) and 1.4%(bphA and ndoB ) agarose gels with
a 100 bp DNA marker (MBI Fermentas, Amherst, NY) .

Denaturing Gradient Gel Electrophoresis Analysis

Seven hundred and fifty nanograms of PCR products were precipitated with 1/10 volume of 3M sodium
acetate pH5.2 and 2.5 volumes of ethanol at -20C for 1 hour.  The samples were centrifuged at 15,800 x g
for 15 min, the pellets washed with 70%ethanol.  And dried under a vacuum.  Pellets were resuspended in
15 µl of TE (10 mM Tris-Cl, 1 mM EDTA, pH 8.0).  DGGE was performed with the Bio Rad Dcode
Universal Mutation Detection System. To avoid disturbing the gradient during comb insertion, PCR
products were first loaded on a 6%(wt/vol) stacking polyacrylamide gel, then separated on a 8% (wt/vol)
polyacrylamide gels in 1X TAE (40 mM Tris acetate pH 8.0, 1 mM Na 2 EDTA) containing a linear
gradient from 40 to 65% denaturant.  Gels were made with 8% (wt/vol) acrylamide stock solutions
(acrylamide-N, N-methylene-bisacrylamide, (37.5: 1)  containing 0 and 80%denaturant (5.6 M urea and
32% (vol/vol) formamide deionized with AG501-X8 mixed-bed resin (BioRad Laboratories Inc.).  The
gels were run for 16 hours at 80 V.  After electrophoresis, the gels were stained 30 min in 1X TAE
containing 1:10000 dilution of Vistra Green (Amersham Pharmacia Biotech), destained for 30 min then
visualized with a fluorImager system (Molecular Dynamics, Sunnyvale, CA).

Results

Enumeration of Bacteria

As the counts for viable bacteria in the 1999 sediment samples were quite low (a maximum of 104– 105
cfu/g sediment), we assumed that the serial dilutions spread on plates were too high and also that the
Bushnell and Haas /YTS solid medium was not appropriate for growth of the sediment microbial
populations.  So, in the report the results obtained with the 2000 samples are mainly examined.

The total heterotrophic bacterial population density in sediment from the various sampling stations in
Sydney Harbour varied from ca.  10 5 to ~5 x 10 6 colony forming units (cfu) /g sediment (Figures 6.3
and 6.4).  Bacterial population density did not appear to be clearly related to proximity to the tar ponds,
although areas D and E (Table 6.1; Figure 6.1) did possess a number of the samples that had lower
bacterial populations.

Also, no correlations could be made with the available data on metals concentrations.  Only the sample
from station 3, of the July 2000 cruise (Figure 6.4) showing the lowest total viable bacterial counts, could
be related to a quite high concentration of lead (170 – 230 ppm) and arsenic (36 – 40 ppm) in the
sediment.

Colony Hybridization

No colony lifts on nylon membranes were possible for 1999 samples because of the very low number of
colonies observed on plates.

The results of colony hybridization analyses for the 2000 samples are presented in Table 6.4.  Colonies
that were positive for the ndoB gene were rarely detected, and typically at very low frequencies.  Most of
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the analyzed samples had no detectable trace of ndoB -positive colonies.  The bphA gene probe detected
positive colonies in ca. 25%of the analyzed samples (Table 6.4).  The percentage of probe-positive
colonies was typically quite low, and similar to the ndoB results may suggest that these genotypes may be
rare among the culturable bacterial population in the marine environment.  In support of this, it is
interesting that all of the samples that were analyzed by PCR for the nidA gene, which is involved in
pyrene degradation, were positive, indicating that catabolic genes can be successfully amplified from the
extracts.

Naphthalene Mineralization

Naphthalene was mineralized by essentially all the samples (Figures 6.5 and 6.6).  The initial rates and the
extent of mineralization varied considerably between samples.  The 2000 sediment samples (Figure 6.6)
showed a slightly lower mineralization activity compared with the 1999 samples (Figure 6.5) which
reached at least 50 to 60 %.  On the other hand, more variation in the extent of mineralization (20 to 50%)
was observed for the 2000 samples compared to 1999 ones, especially samples from groups D and E,
which were located nearest the regions of highest contamination.  The samples from the reference
stations, 16 in 1999 and 14 in 2000, had similar mineralization activities.

Considering the average viable bacterial population density, there is good indigenous PAH degrading
potential, although no apparent pattern in potential activity versus sediment location could be discerned.

Denitrification Assay

Acetylene inhibits the nitrous oxide reductase of denitrifying bacteria which results in the stoichiometric
accumulation of N2O (Knowles, 1982).  Sediments from Sydney Harbour all demonstrated varying
degrees of denitrification, the rates of which depended on the sample site (Figure 6.7 and 6.8).  A
significant number of sediment samples from area E showed relatively high levels of denitrification,
whereas samples from the areas further from the tar pond source (areas A, B, and G) showed relatively
slower rates and extents of denitrification.  Unlike 14 C-naphthalene mineralization, denitrification
reached higher levels within the sediments collected during the 2000 cruise (Figure 6.8).  Comparison of
the rates of nitrous oxide production between the 1999 and 2000 samples revealed that the rates were
comparable between the two years, and that the highest rates were generally observed in sediments closer
to the tar pond source than in those located further from the source, especially in the 2000 sediment
samples (Figures 6.9).

Nitrification Assay

NO2 - , NO3 - +NO2 - and NH4 + ions were analyzed by colorimetry, on a Bran & Luebbe continuous
flow analyzer at the University of Quebec at Montreal.  The results of the nitrification study for the 1999
samples were not significant (data not shown).

In samples 26 -29, 32, and 34 – 37, which had some nitrification activity, the rates were low and the
process started only after an extremely long lag phase (20 days or more).  The same activity was observed
in the presence, as well as in the absence, of acetylene (inhibitor), suggesting the nitrification activity was
related to the presence of a heterotrophic microbial population and not an autotrophic one.  Considering
the poor results of the 1999 nitrification study, this assay was not repeated with the 2000 samples.
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Sulfate Reduction Assay

Decreases of ca. 50 to 70%in the concentration of SO4 2- ions in the microcosms were observed with all
1999 samples, indicating the presence of an active sulfate-reducing bacterial population.  The same
activity was observed in the microcosms where the sulfate-reduction inhibitor, sodium molybdate, was
added.  There may be several explanations for this; molybdate adsorption or binding to sediment material;
lack of inhibition towards certain sulfate-reducer species due to different gene characteristics, altered
inhibitor binding site, impermeability or an active efflux mechanism from cells.  Consequently, for the
2000 samples the concentration of molybdate was increased to 20 mM but the results were the same.
There were no differences in activity in the presence or the absence of molybdate as inhibitor.

DNA Extraction and Analysis

Sediment samples that were representative of each of the station groupings (Figures 6.1 and 6.2) were
selected for the extraction of total community DNA, as shown in Table 6.5.

The successful extraction of PCR amplifiable DNA from the sediment samples is shown in Figure 6.10.
Different extraction techniques were evaluated in order to obtain the best yields of total community DNA
that were free of PCR inhibitory components.  The results depicted in Figure 6.10 are representative of
these optimization studies.  It can be seen that in some samples, the best amplification results were
obtained following template dilution suggesting that some inhibitory material remains in these samples
but that this effect can be overcome.  These results have enabled us to determine the optimum.

PCR Amplification of Biphenyl/Chlorobiphenyl and PAH Degradation Genes

Genes from different bacterial catabolic pathways for PAH degradation were successfully amplified from
essentially all the DNA extracts.  Sediments collected both in 1999 and 2000 showed the presence of
genes involved in biphenyl/chlorobiphenyl (bphA) (Figure 6.11), pyrene (nidA ) (Figure 6.12) and
naphthalene degradation (ndoB) (Figure 6.13).  The bphA gene was detected in all sediment samples from
both 1999 and 2000, and there was no apparent pattern in its detection by location or by year.  The nidA
gene however, was not present in sediments collected from sampling stations in area D, in October 1999
(Figure 6.12).  Significant differences in the detection of ndoB were observed in both years, among and
between station groupings.  For example very faint bands were detected in samples from stations E and G
in July 2000 compared with other station groupings (Figure 6.13).

Denaturing Gradient Gel Electrophoresis Analysis

A fairly constant banding profile was observed in the bacterial community of the harbour sediments in
both October 1999 and July 2000 (Figure 6.14).  Most differences were observed in the control station
(sample 14 or 16; station G), which typically had more bands, none of which appeared to predominate.
Interestingly, the control sample showed a lot of similarities with a 2000 sample located downstream of
the tar ponds area (sample 23; station D).  Several specific bands found in samples from station grouping
A were not present in other samples (Figure 6.14, arrows in lanes 23 and 17).  In addition, a unique and
very abundant fragment was observed in sample 17, July 2000 (station A).  One of the predominant
fragments in station grouping B, was much less intense in every other station (Figure 6.14; arrow in lanes
26 and 24).  Finally, the presence of several prevailing bands in the harbour, decreased substantially in a
number of samples located closest to the tar ponds (eg. sample 23, station D samples 2 and 4, station E).
A number of bands of interest (predominant bands or present/absent in certain samples) were excised
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from the gels.  The DNA will be re-amplified and sequenced, in an attempt to identify the corresponding
microorganisms.

Summary

The total culturable bacterial counts obtained by plating serial dilutions of the sediment samples, ranged
from 10 5 to 5 x 10 6 colony forming units per gram of sediment.  These population levels suggest that
the culturable indigenous aerobic microbial population in the studied marine sediments is relatively low,
but this does not seem to be directly related to proximity to the tar ponds or to the concentration of PAHs
in the sediments.

The frequency of viable bacteria possessing the ndoB and bphA genotype s was quite low suggesting that
these genotypes may be rare in the culturable marine bacteria.  It is also possible that degradation
pathways other than those that have been previously characterized are operating in the marine
environment, so probes designed from these genotypes may be of little utility in characterizing indigenous
marine microorganisms.

All the analyzed samples showed the capacity to degrade the representative PAH, naphthalene, as
expressed by the quantity of 14 CO2 evolved during substrate mineralization.  The differences observed
between the samples, based on the extent and initial rates of mineralization, could not be directly related
to sediment location, PAH concentration or to the presence of ndoB probe-positive bacteria (eg. sediment
from station 27, July 2000, had the lowest mineralization activity but a relatively high content of ndoB
positive bacteria (0.53%) and the nidA gene was present in the total community DNA).  The results
clearly indicate that there is indigenous PAH degradation capability, and this activity could be quite high,
implying that degradation is occurring under natural conditions.  There may be some impediments to in
situ microbial activity, such as the availability of other essential nutrients, the availability of oxygen, or
the presence of inhibitors (ie. heavy metals, high concentrations of certain organics).

All the sediments demonstrated varying degrees of denitrification activity, which appeared to be
somewhat related to station location.  Higher denitrification activities were observed, in both sampling
years, from sediments closer to the tar ponds (groups D and E).  This suggests that there may be other
components/pollutants entering the harbour in the vicinity of the tar ponds, such as nitrate, which would
stimulate denitrification activity.  This result also indicates that natural microbial processes (element
cycling) are occurring in the harbour sediments.

Direct analysis of the total community DNA using PCR amplification for several catabolic genes involved
in PAH (nidA) and biphenyl/chlorobiphenyl (bphA) degradation showed that essentially all sediment
samples possessed these two catabolic gene targets.  The ndoB gene, involved in the degradation of
naphthalene, was also detected in sediments, but there were also a significant number of additional
amplification products.  These results indicate that although naphthalene degradation is obvious, as
determined by the mineralization studies, there may be microorganisms other than the ndoB – positives
that are responsible for this degradation.  We have also noted that it has been necessary in many cases to
concentrate the PCR material to facilitate detection of the target fragments.  This indicates that there may
still be inhibitory material in the DNA extracts and the PCR is not efficient, or that the target genes are
simply not very abundant in the indigenous microbial population.  Another possibility is that the target
genes being sought, which were originally isolated from terrestrial bacteria may not have closely related
homologues in the marine environment.

Analysis of the total microbial community structure by DG revealed that there was a fairly uniform
bacterial population present in the sediments from different locations and from the two sampling years.
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There were some differences noted between the reference station samples (which had many bands with no
real predominant ones), and those closer to the tar ponds (somewhat fewer bands, some very
predominant), suggesting that certain microorganisms have been enriched for in the contaminated
sediment.

The Sydney Harbour sediment possesses PAH degrading bacteria as evidenced by the PAH
mineralization activity and the presence of genes known to be involved in microbial PAH degradation.  In
addition, bacteria with the genetic potential to degrade PCBs were also detected.  Based on activity
assessments in the sediment (mineralization, denitrification, nitrification and sulfate reduction) and
molecular analysis (DGGE), the microbial populations appear to be quite diverse in nature and are
metabolically active despite the presence of toxic organic and inorganic chemicals.  The extent of in situ
degradation activity was not assessed in this study, but based on the characterization data, there would be
natural in situ degradation of the contaminants present in the harbour sediments.
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Figure 6.1 Groupings of Sydney Harbour Samples for Comparative Analysis (October 1999).
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Figure 6.2.  Groupings of Sydney Harbour Samples for Comparative Analysis (July 2000).
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Figure 6.3  Bacterial enumeration in Sydney Harbour sediment samples.  The values represent
averages for the sample station groupings presented in Figures 6.1 and 6.2.
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Figure 6.4  Total heterotrophic bacterial population in Sydney Harbour sediments for July 2000
samples.  Refer to Figure 6.2 for sampling station locations and sample groupings.
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Figure 6.5 Naphthalene mineralization in Sydney Harbour sediment samples collected during the
1999 cruise.  Sample station numbers are indicated, and Control represents sterile (negative)
mineralization controls.
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Figure 6.6 Naphthalene mineralization in Sydney Harbour sediment samples collected during the
2000 cruise.  Sample station numbers are indicated, and Control represents sterile (negative)
mineralization controls.
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Figure 6.7  Denitrification activity in the sediment samples for the October, 1999 cruise, grouped
according to sample location (see Figure 6.1).  Sample station numbers are indicated, and
denitrification activity in the presence of the inhibitor acetylene is indicated by +a.
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Figure 6.8 Denitrification activity in sediment samples from the July, 2000 cruise, grouped
according to sample locations (see Figure 6.2).  Sample station numbers are indicated, and
denitrification activity in the presence of the inhibitor acetylene is indicated by +a.
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Figure 6.9  Seasonal averages for denitrification in Sydney Harbour sediments by location grouping
(see Figures 6.1 and 6.2) for cruises in 1999 and 2000.



82

Figure 6.10  PCR amplification of 16S rDNA genes from total community DNA extracts from
Sydney Harbour sediments from July 2000, using different sample pre-wash and extraction
techniques, and different template concentrations.  Lanes 2-13 were pre-washed once with buffer
#1, and lanes 14-27 (except lanes 16 and 17) were washed twice with buffers #1 and #3;lanes 2-7 and
14-21 (except lanes 16 and 17) are sample station #14;lanes 8-13 and 22-27 are sample station #20
from the July, 2000 cruise; lanes 2-4, 8-10, 14, 15 and 18, and 22-24 were extracted using a
Fortin/CTAB method; lanes 5-7, 11-13, 19-21 and 25-27 were extracted using the standard Fortin
method; in the latter series of lanes, the template concentrations were 1ul, 1ul of 1:10 dilution, and
1ul of 1:100 dilution of extract, respectively; ane 28 is a TE buffer control; lane 29 is a negative
control and lane 30 is a positive 16S rDNA control.
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Figure 6.11  Analysis of total community DNA extracted from Sydney Harbour sediments for the
presence of the bphA gene encoding a dioxygenase for the degradation of polychlorinated biphenyl.
Sediment samples were recovered from the sample stations identified in Figures 6.1 and 6.2.  The
bphA gene amplicon is a 825bp fragment identified by the arrow.  The 500bp fragment of the
molecular weight marker (M) is indicated by a star.  The positive control (+) was from
Pseudomonas pseudoalcaligenes KF707, the reference strain for the bphA gene, and the negative
control (-) was sterile water.  The technique for the extraction of total community DNA from the
Sydney Harbour sediment samples.
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Figure 6.12  Analysis of total community DNA extracted from Sydney Harbour sediments for the
presence of the nidA gene encoding a naphthalene inducible dioxygenase involved in the
degradation of pyrene.  Sediment samples were recovered from the sample stations identified in
Figures  6.1 and 6.2.  The nidA gene amplicon is a 323bp fragment identified by the arrow.  The
500bp fragment of the molecular weight marker (M) is indicated by a star.  The positive control (+)
was from Mycobacterium sp.  PYR-1, the reference strain for the nidA gene, and the negative
control (-) was sterile water.
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Figure 6.13  Analysis of total community DNA extracted from Sydney Harbour sediments for the
presence of the ndoB gene, encoding naphthalene dioxygenase, involved in the degradation of
PAHs.  Sediment samples were recovered from the sample stations identified in Figure 6.2.  The
ndoB gene amplicon is a 642 bp fragment identified by the arrow.  The 500bp fragment of the
molecular weight marker (M) is indicated by a star.  The positive control (+) was from
Pseudomonas putida ATCC 17484, the reference strain for the ndoB gene, and the negative control
(-) was sterile water.
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Figure 6.14  Denaturing gradient gel electrophoresis (DGGE) analysis of total community 16S
rDNA from Sydney Harbour sediments collected in July 2000.  Arrows indicate bands that are
different or unique.
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 Table 6.1  Inventor of Sydney Harbour sediment samples for October 1999 cruise.

Station Samples Priority
Groupings Received Analyzed Station

A 21, 22, 23 21, 22, 23 23
B 24, 25, 26, 27, 35, 36 24, 25, 26, 27, 35, 36 26
C 6, 7, 28, 37 6, 7, 28, 37 6, 7, 28
D 15, 31, 32 15, 31
E 1, 2, 3, 4, 5, 13, 14, 17, 29, 30 1, 2, 3, 4, 5, 13, 14, 17, 29 1,2,3,4,5
F 18, 19, 34 18, 19, 34
G 16 = reference 16 16
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Table 6.2 Inventory of Sydney Harbour sediment samples July 2000 cruise.

Station Samples Priority
Groupings Received Analyzed Station

A 17, 18 17, 18 17
B 24, 25, 26, 27, 24, 27 27
C 11, 12, 13, 28, 29, 40 11, 12, 13, 28, 29, 40
D 7, 10, 23, 41, 42 7, 10, 23, 41
E 1, 2, 3, 4, 5, 6, 15, 16, 19, 20, 21,

22, 30, 31, 36, 37, 38, 39, 43
1, 2, 3, 4, 5, 6, 15, 16, 19, 21, 22,
31, 37, 38, 39

15, 16,

F 8, 9, 32, 33, 34 8, 9, 32, 33, 34
G 14 = reference 14 14



89

Table 6.3  Oligonucleotide primer sequences for biphenyl/chlorobiphenyl and PAH degradation
genes.

Organism Primer Sequences Fragment
Size (bp)

Reference

Pseudomonas
pseudoalcaligenes
(KF707)

bphA 353 5’-TCACCTGCAGCTATCACGGCTGG-3’
bphA 1183 5’-GGATCTCCACCCAGTTCTCGCCATCGTCCTG-3’

825 Taira et al.
1992

Mycobacterium sp.
PYR-1

nidA 334 5’-ACCGCGCACTTCCAATGCCCGTACCACGG-3’
nidA 655 5’-AATTGTCGGCGGCTGTCTTCCAGTTCGC-3’

323 Khan et al.
2001

Pseudomonas
putida ATCC17484

ndoB 126 5’-CACTCATGATAGCCTGATTCCTGCCCCCGGCG-3’
ndoB 767 5’CCGTCCCACAACACACCCATGCCGCTGCCG-3’

642 Kurkela et al.
1998
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Table 6.4  Total viable bacterial population and percentage of ndoB and bphA probe positive
bacteria for July 2000 Sydney Harbour samples according to station grouping.

Station Grouping Station # % of positives for molecular probesCFU/g of Sediment
ndoB bphA

A 17 2.25e+06 0 1.73
18 1.27e+05 0 0

B 24 2.41e+05 0.11 0.76
27 5.65e+05 0.53 0

C 11 5.6e+05 0 0
12 7.23e+05 0 0
13 1.56e+05 0 1.87
28 2.04e+06 0 1.07
29 7.59e+05 0 0
40 1.87e+06 0 0

D 7 3.84e+05 0 0
10 3.89e+05 0 0
23 1.85e+05 0 0.18
41 1.74e+05 0 0

E 1 1.15e+06 0 0
2 5.01e+05 0 0
3 9.29e+05 0 0
4 1.28e+05 0 0
5 5.31e+05 0 0
6 1.25e+06 0 0.69
15 1.13e+06 0 0.84
16 5.29e+05 0 3.91
19 1.38e+05 0 0
21 1.43e+05 0 0
22 1.42e+05 0 0
37 1.71e+05 0 0
38 2.20e+05 0 0
39 5.41e+06 0 0
31 1.01e+05 0 0
34 1.11e+06 0.106 0.38

F 8 1.95e+05 0 0
9 1.15e+06 0 0
32 4.28e+05 0 0
33 1.99e+06 0 0

G 14 1.25e+06 0 0
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Table 6.5  Samples used for total community DNA extraction and molecular analysis.

Station Grouping Station Location
October1999 July 2000

A 23 17, 18
B 26, 27 24, 27
C 6, 7 12, 13
D 31, 32 7, 23
E 1S, 1D, 2, 3, 5 1, 2, 4, 6
F 19, 34 8, 9
G 16 14
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7. SIGNIFICANCE OF PHYSICAL OCEANOGRAPHIC PROCESSES ON CONTAMINANT
TRANSPORT

Physical Oceanography

Sydney Harbour, situated in eastern Cape Breton, Nova Scotia, opens onto Sydney Bight, the area of
ocean bordered by Cabot Strait, Laurentian Channel and the eastern Scotian Shelf.  The harbour is ‘Y’
shaped with the seaward arm dividing into a northwest and south arm (Figure 7.1). The south arm is about
10 km long, 1 km wide and 10 m deep.  Sydney River empties into the harbour at its head and has a peak
monthly inflow of about 21 m3 s-1 in April and a minimum inflow of about 5 m3 s-1 in July and August
(Gregory et al., 1993).  The south arm of the harbour is the main focus of this report.

Collection and Application of Current Meter Data

A number of physical oceanographic studies of Sydney Harbour were summarized by Petrie et al. (2001).
This report was the first stage of the physical oceanographic component of the TSRI funded study of
Sydney Harbour. Observations gathered in the earlier studies were used to derive circulation patterns in
the harbour from idealized models; current meter data were used to force a sediment transport model.
The overall conclusions reached in the review were:

•  the distribution of salinity was generally consistent with what would be expected for an estuary with a
significant fresh water forced component of the circulation;  some of the hydrographic data did not fit
this pattern indicating other processes at work.  The overall role of the fresh water inflow could be
better determined with in situ temperature-salinity recorders and contemporaneous current meters.
This could overcome the aliasing that can occur from infrequent hydrographic surveys (Figure 7.2).

•  mean flows derived from in situ current meters were consistent with an estuarine-like circulation
pattern, outflow at near-surface depths, inflow deeper and at the bottom (Figure 7.3);

•  current speeds in the harbour were weak in summer and winter; at most times currents are less than
10 cm s-1;

•  high frequency currents at seiche periods can contribute significantly to the flow;  maximum currents
at these periods can be as much as 10 times those caused by the M2 tide, the largest tidal component
in the harbour;

•  low frequency currents driven by storms can lead to the strongest flows seen in the harbour;  the low
frequency events can cause circulation patterns that have near-surface outflow and deeper inflow or
vice versa;

•  sediment transport modelling of the strongest event seen in the current records led to net sediment
displacement towards the head of the model harbour; mean circulation patterns from the existing data
would also support net movement towards the head.  There is some support for this physical result
from existing distributions of pollutants in bottom sediments (Figures 7.4 and 7.5).

These earlier studies consisted of summertime Acoustic Doppler Current Profiler (ADCP) and a single
conventional Aanderaa current meter deployment, and a single current meter moored to the seaward side
of Muggah Creek, towards the mouth of the south arm harbour over the winter.  We thought that higher
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vertical resolution current meter data were required for the winter months when currents could be stronger
and the probability for the resuspension and transport of bottom sediments greater.  These observations
would be used to re-examine the sediment transport question through the use of the bblt (bottom
boundary layer transport) model.  In addition, there were few earlier hydrographic transects in the harbour
and these had been quite limited in their spatial coverage of the harbour.  Over the course of the project in
Sydney Harbour, we managed to survey the hydrography in October 1999, July and October 2000, and
May 2001.

Summary

Water property data (Figure 7.2) from the surveys conducted in the Harbour in 1999-2001 has been
reported in a technical report.  These data can be used to derive circulation properties in the harbour
(Figure 7.6).  In Figure 7.6, we show the upper layer along–harbour salinity and a model result based on
the data shown in Figure 7.2.  The model is driven by freshwater inflow and entrainment into the upper
layer from the lower layer.  The best fit solution gave an entrainment rate of 0.011 m2/s for the inner 3 km
of the harbour and 0.045 m2/s for the outer portion of the harbour.   These solutions are fundamental in
determining the flushing rate of the harbour.  All surveys in the harbour from 1999-2001 will be used in a
similar manner in order to better determine the overall circulation and flushing.

In addition to the hydrographic data, ADCP current observations were collected off Muggah Creek on the
Sydney and Westmount sides.  The mean currents over the mooring period are shown in Figure 7.7 for the
Sydney side of the harbour.  These currents agree with the earlier observations in the harbour and with
circulation derived from hydrographic data.  On average, flow in the deeper layers is towards the head of
the harbour while the very near surface flow is out of the harbour towards Sydney Bight.  Overall the
currents during the winter were no stronger than the one collected by ASA in the summer.  A complete
report on these data is in preparation.  The bblt model was run for the October-May current data and
particular events were modeled in detail.  The percent suspended sediment is shown for the mooring off
Muggah Creek in Figure 7.8.  Only 4 events suspended more than 50% of the sediment in this region of
the harbour.  These events were of short duration and generally resulted in sediment being carried towards
the head of the harbour.  Detailed modelling of the stronger events has been completed and will be
included in a technical report covering the physical oceanographic studies form 1999-2001.
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Figure 7.1  Base map of Sydney Harbour showing the separate arms.
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Figure 7.2  Salinity section October 1999, Sydney Harbour.  The triangles show the CTD station
positions.  The strongest salinity gradients are in the south arm of the Harbour from Sydney River
at 0 km to off the mouth of Muggah Creek.
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Figure 7.4  The bblt simulated time series of suspended material for the April 1988 current event.
Muggah Creek is located at 0 distance in this run.  Particles generally move towards the head of the
harbour (negative distances) except near the surface where the outflow moves particles towards the
mouth.
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Figure 7.5  PAH concentrations (in thousands of parts per billion) in bottom sediment from Sydney
Harbour (Vandermeulen, 1989).  Negative (positive) distances are towards the head (mouth) of the
harbour.
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Figure7.6  Observed and modeled salinity in Sydney Harbour.  The head of the harbour is at 0 km.
The model solution is S = SL(1-R/(R+E(x+x0))), where S is salinity, SL salinity in the lower layer, R
is freshwater runoff, x the distance along the harbour and x0 the point where salinity is 0.
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Figure 7.7  Along-harbour currents off Muggah Creek 2000-2001.  Deep flows are into the harbour,
the shallowest depth shows flow out of the harbour.
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Figure 7.8  The bblt simulated time series of percent suspended sediment based on the current
meter data off Muggah Creek, October 2000 – May 2001.
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8. PREDICTIVE INTERACTIVE MASS BALANCE MODEL FOR PAHS

Development of an Interactive Mass Balance Model for PAHs

A multi-QWASI (Quantitative Water Air Sediment Interaction) model has been developed for use in
Sydney Harbour to track the distribution and transportation of PAHs within the harbour by A. Ethier, a
TSRI funded graduate student under the supervision of Dr. D. Mackay, Trent University.  This model can
now be used as a predictive tool to aid investigators in choosing the best clean-up and remedial action for
the Sydney Tar Ponds and the Harbour itself.  The model has been successfully linked to the ArcView
GIS software program so that output from models can be displayed graphically.  Besides its obvious use
in the validation of the QWASI model against contaminant distribution data collected under the current
program, ArcView is also being used to store all past and present data collected for the harbour in a “user
friendly” interactive maps.  A “mini-manual” for potential users of the QWASI model was completed in
2000.

This QWASI model divides the harbour and Muggah Creek into 11-segments based on natural
boundaries, estuary hydrodynamics and contaminant distribution data for the study region.  All mass
balances for the model have been satisfied (ie. the output from each segment equals the input), so the
model works and can be run through the QBASIC program.  One of the assumptions of the QWASI
model is that the segment (or box) is well-mixed and homogenous. Waters in the outer harbour and
Northwest Arm appear to be well-mixed horizontally and vertically.  However, recent data supports the
presence of a two-layer estuarine circulation within in the South Arm as a consequence of Sydney River
flow.  To address this issue, the QWASI model under this program includes upper and lower segments
within the South Arm of the harbour to distinguish low and high salinity water masses.  Since this model
is based on available data, the final version will be modified as remaining data from the TSRI program
becomes available.

In terms of data collection, a major effort was made to compile updated physical-chemical data for
representative PAH’s.  The model was run in detail for two PAHs: phenantherene and benzo(a)pyrene,
but it can be run for other substances as required.

Assembly and coding of the mass balance model has been completed.  A fugacity-based QWASI model
approach was used in which, for each segment processes of air-water exchange, sediment-water
exchange, reaction in water and sediment, inflow and outflow, and particle-water partitioning were
described and quantified.  Discharges were included where appropriate.  Each segment had a well mixed
“box” of sediment and a corresponding “box” of water with the overlying defined atmosphere.  The water
segments were linked by advective flows, both residual and tidal.  Unfortunately, a numeric attempt to
obtain a steady-state algebraic solution by solving the equations failed due to the high degree of inter-
connectedness.  However, this was not considered a problem because the steady-state solutions can be
obtained by running the dynamic version to steady-state.

The model was applied to the two PAHs for illustrative PAH discharge rates and the mass balances
checked.  Using available data on PAH concentrations in sediment and water as of about 1995, the
discharge rates were adjusted to yield these concentrations under steady-state conditions.  It is of course
impossible to obtain data on historic discharge rates to the harbour since contamination started, thus the
objective of this simulation was only to create a simulation which could be used as an initial condition for
subsequent dynamic simulations.  Such simulations were conducted for the period 1995 to 2002 with
generally satisfactory results.
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The model suggests that the water column will clear of PAHs relatively rapidly, the surface sediment will
clear to a depth of a few cm in a period of a few years, but underlying sediments will remain essentially
undisturbed and contaminated indefinitely.  The fate of deep sub-surface PAHs is not simulated by the
model since the rates of transport to the surface could not be quantified.  It is likely that episodic storm
events, as well as human activity result in exposure of this “deep” PAH from time to time.

A final aspect addressed was the compilation of a food web model containing the relevant marine species.
This was a conventional fugacity model with input of water and sediment concentrations as well as
physiological and dietary preference data for the species.  This model can be run separately from the mass
balance model and is viewed as being suitable for incorporating biological monitoring data into the
overall assessment process.

Summary

Application of dynamic and steady-state multi-QWASI Sydney Harbour models will aid environmental
resource managers who must weight the advantages of remedial activities against natural attenuation (no
treatment).  This task requires an improved to predict the distribution and transport of the PAHs within
the harbour before and after remedial technologies have been implemented.  The model will also provide
an attractive user-friendly interactive system, which can be used to inform the public as to how
contaminants such as PAHs move through the Harbour, and to what extent conditions can be improved in
the future as the result of natural recovery and/or remedial operations.
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9. EXECUTIVE SUMMARY

Several oceanographic expeditions have been successfully conducted within Sydney Harbour, Nova
Scotia - one of the most hazardous toxic waste sites in Canada.  Both organic and inorganic contaminants
from industrial and municipal sources have been detected within the waters and sediment of Sydney
Harbour and its approaches.  Elevated PAH levels in sediments have been identified to be the major
contaminant of concern.  The concentration of benzo[a]pyrene, a known carcinogen, is elevated in
sediment through the South Arm of Sydney Harbour, with the highest levels found in the Muggah Creek
area.  The distribution of PCBs follows a similar pattern to that of the PAHs, again with the highest values
near Muggah Creek.  A plot of PCB concentrations vs. PAH concentration for sediment samples
recovered in 2001 shows a reasonable correlation (r2=0.7643).

Under environmental quality guidelines of the Canadian Council of Ministers of the Environment –
(CCME), PAH values above the probable effects level (PEL) have been observed over an extensive area
that includes all of the South Arm, much of the North West Arm and some parts of the outer harbour.
Potentially toxic PCB concentrations are confined to the South Arm.  Contaminant metals showed the
least potential toxicity.  Only Pb and Zn showed toxicity for more than a few isolated samples, and for
these two metals, toxicity is confined to the eastern side of the South Arm.  Maximum concentrations for
Pb and Zn are only 2-4 times the PEL compared to approximately 40 times for total PCB and >70 times
for some of the PAHs.

Seabed animals 0.5 mm and larger (known as benthic macrofauna) were sampled, and sediment
characteristics (total organic carbon and grain size parameters) were determined for stations deeper than 8
meters in Sydney Harbour.  The soft bottom (silt/clay) and sandy seabed environments in Sydney
Harbour supported several distinct macroinvertebrate benthic communities in the Northwest Arm, Outer
Harbour and parts of South Arm.  One particular community in the South Arm was identified as being
severely impacted by high contaminant loadings (organic carbon, TPAH, PCB and aliphatic
hydrocarbons).  In comparision to the results of previous studies in 1978, the same biological community
(in terms of species composition, abundance, diversity and biomass) resides in the most contaminated
areas of Sydney Harbour.  This finding suggests that conditions affecting the biological properties of the
system in contaminated areas of Sydney Harbour have not changed over that time period.

Toxicity due both to chronic oxygen depletion in sediments and near bottom waters, and to high levels of
contaminants in the most contaminated parts of South Arm, likely contribute to the observed distribution
of benthic organisms.  Environmental conditions at the most contaminated sites may be toxic to adult
stages and limit colonization of the sediments by all but the most tolerant organisms.  Laboratory studies
with sediments recovered from Sydney Harbour have shown that the endpoint for amphipod lethality was
correlated with sediment PAH concentrations.  These preliminary results suggest that PAHs in the South
Arm may be having widespread harmful effects on sediment dwelling organisms. Supportive evidence for
this “PAH sphere of influence” comes from sublethal toxicity tests which indicate that adverse ecological
effects are likely widespread throughout the harbour.  Additional evidence of contaminant bioavailability
was provided by toxicity tests and bioaccumulation studies with marine bacteria and the clam Macoma
balthica.  Biotest results obtained during the TSRI study will be used as a baseline in future surveys to
judge the effectiveness of remediation measures both at the Tar Ponds, and on contaminated harbour
sediments.

The Sydney Harbour sediment possesses PAH degrading bacteria as evidenced by the PAH
mineralization activity and the presence of genes known to be involved in microbial PAH degradation.  In
addition, bacteria with the genetic potential to degrade PCBs were also detected.  Based on activity
assessments in the sediment (mineralization, denitrification, nitrification and sulfate reduction) and
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molecular analysis (DGGE), the microbial populations appear to be quite diverse in nature and are
metabolically active despite the presence of toxic organic and inorganic chemicals.  The extent of in situ
degradation activity was not assessed in this study, but based on the characterization data, natural in situ
degradation of the contaminants present in the harbour sediments would occur.

The historical record of contaminant inputs (PAHs, PCBs and metals) to this site has been determined by
210Pb and 137Cs analysis of sediment cores.  Sedimentation rates in the range 0.2 - 2 cm/y were measured
on a suite of gravity and box cores collected in Sydney Harbour using 210Pb and 137Cs dating techniques.
A wide range of metal and organic contaminant analyses was carried out on dated sediments in order to
evaluate the history of contamination of the region and to predict the rates of natural remediation by
sediment burial.  Metal concentration geochronologies generally exhibit an initial threshold in the early
1900s followed by a much larger increase in concentration in the 1950s.  Maximum metal concentrations
were usually evident in the 1960s - 1980s sections of the cores with concentrations decreasing to lower
levels in more recently deposited sediments.  These results tend to correlate with the industrial
development of the Sydney region with some metals, such as Pb, reflecting the history of coking
operations. PAH geochronologies are very similar to those of Pb in individual cores and also reflect the
history of the steel industry, and specifically that of coking activities.  PAH concentrations are highest in
subsurface sediments proximal to Muggah Creek and decrease with increasing distance seaward from the
Creek, indicating that this is one of the main sources for PAH contamination of Sydney Harbour.  The
main inventory of metal and organic contaminants has been buried to depths of 10 - 30 cm in the
sediments in recent years as material that is less contaminated is being continuously deposited in the
harbour.   It is now evident that remediation efforts in either the Harbour or the Tar Ponds must consider
the possibilities for recontamination of surface sediments, which have effectively capped the main
inventory of contaminants.

Application of a dynamic and steady-state multi-QWASI Sydney Harbour model developed under the
TSRI program will provide environmental resource managers with the information needed to assess the
benefits of various proposed remedial activities against natural attenuation (no treatment).  The model
requires improvement to predict the distribution and transport of the PAHs within the harbour before and
after remedial technologies have been implemented.  The model will also provide an attractive user-
friendly interactive system, which can be used to inform the public as to how contaminants such as PAHs
move through the harbour, and to what extent conditions can be improved in the future as the result of
natural recovery and/or remedial operations.
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