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1. Introduction 

Port Catherine Developments Pty Ltd has prepared a concept plan for the 
development of a large residential and recreational project known as the 
Port Catherine Development. It is located between the old South 
Fremantle Power Station and Coogee Beach (see Figure 1. 1). 

As shown on Figure 1.2, the proposed development includes the 
following: 

conventional residential estate, 

residential canal estate, 

a marina for about 150 to 170 recreational boats, and 

water front commercial development. 

Currently, two options are being considered. The main difference being 
the position of the northern breakwater. The larger option has the 
northern breakwater starting at the Power Station Site and enclosing a 
bathing beach. This larger scheme has been used throughout the 
investigations presented in this report. 

Port Catherine Developments Pty Ltd engaged Bowman Bishaw & 
(Jorham (BBG) to prepare the necessary environmental report and obtain 
the environmental approval for the proposed development. To assist in 
this process, BBG engaged M P Rogers & Associates Pty Ltd (MRA) to 
complete investigations on the coastal engineering aspects of the 
development. This work included assessment of the following items: 

meteorological and oceanographic conditions, 

. water quality in the waterways, and 

coastal stability and harbour siltation. 

The investigations, results and recommendations of this work are 
presented in this report. 
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2. Met-Ocean Conditions 

2.1 Wind Regime 

The seasonal weather patterns at Fremantle are largely controlled by the 
position of the so called Subtropical High Pressure Belt. This is a series 
of discrete anticyclones that encircle the Earth at mid-latitudes (20 to 40 
degrees). Throughout the year, these high pressure cells are continuously 
moving from west to east across the southern portion of the Australian 
continent. A notional line joining the centres of these cells is known as 
the High Pressure Ridge. 

In winter, this ridge lies across Australia typically between 25 to 30 
degrees south and is to the north of Fremantle at 32 degrees 03 seconds 
south. Consequently, the migrating low pressure systems, which exist to 
the south of the High Pressure Ridge, are located sufficiently northward to 
bring a westerly wind regime to the southwest of Western Australia and 
the adjacent waters. Cold fronts associated with these low pressure 
systems frequently pass over the Fremantle region during this season. 
These can bring storm force winds with directions from northwest, 
through west, to southwest. 

During summer, the High Pressure Ridge moves south of Fremantle and 
lies between 35 and 40 degrees south. Under these circumstances, the 
Fremantle region comes under the influence of the high pressure cells of 
the High Pressure Ridge. These cells cause anti-cyclonic winds that rotate 
anti-clockwise in the Southern Hemisphere. At Fremantle, these winds 
arrive from the southeast to east as the high pressure cell approaches from 
the west. The winds then rotate through northeast to north as the high 
pressure cell passes to the Great Australian Bight. 

In addition to these synoptic scale effects, which cause seasonal variations, 
the meso-scale phenomenon of a land / sea-breeze system is commonly 
experienced during summer at Fremantle and adjacent coastal regions. 
This causes variations on a daily time scale. Breezes initially come from 
the land (east and southeast) in the morning but then swing around to be 
blowing from the sea (southwest) in the afternoon. 

The Fremantle Port Authority has recorded the wind speed and direction at 
Fremantle over several decades. The monthly wind roses for the 4 years 
from 1981 to 1983 are shown on Figure 2.1. These wind roses show the 
storm force winds from the northwest to southwest that occur in the winter 
months of July to September. During this period, the wind speed often 
exceeds 15 rn/s (30 knots) due to the passage of the cold fronts associated 
with the winter storms. 
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The wind roses for the months of October to March, show that the 
common wind directions during the spring and summer months are from 
southwest through south to east. The wind speeds are typically between 5 
and 12 m/s (10 to 25 knots). Because of the land / sea-breeze effect, the 
winds commonly come from the east and southeast in the mornings and 
from the southwest to south in the afternoons during spring and summer. 

Occasionally in late summer, dissipating tropical cyclones may pass 
through the region. These have a pronounced, short term effect on the 
regional weather patterns. 

The wind regime influences coastal processes through the generation of 
ocean waves and currents as well as feeding dune systems with wind 
blown beach sand. The action of wind will play an important role in the 
mixing of the enclosed waters of the proposed Port Catherine 
Development. 

2.2 Wave Climate 

Wave measurements and observations taken in the deep water offshore 
from Fremantle indicate that the area experiences reasonably high wave 
energy. The main elements of the offshore wave climate are as follows. 

o Seas generated locally by the passage of cold fronts during winter. The 
wave heights and periods vary markedly from storm to storm. Often 
the wave heights exceed 4 metres and the wave periods reach 6 to 10 
seconds. The direction from which these storm waves approach can 
range from northwest to southwest during the passage of the storm. 

Swell waves from distant storms in the Southern Indian Ocean 
continually reach the offshore area throughout the year. The swell 
waves often exceed 2 metres in height, and typical periods are between 
8 and 16 seconds. The swell waves commonly approach from the 
southwest, and tend to be slightly smaller and more southerly in 
summer compared to winter. 

Seas produced by the sea-breeze. The generation of these waves is 
limited by the duration and the offshore extent of the sea-breeze 
system, with heights typically 0.5 to 1.5 metres high and periods of 3 
to 6 seconds. The direction of these waves is generally from the 
southwest to south. 
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Severe waves caused by dissipating tropical cyclones. These storms are 
infrequent at Fremantle, however, when they do occur they cause 
severe conditions for short periods of time. 

As the offshore waves travel toward the shore, they are greatly affected by 
the nearshore bathymetry and the reefs extending from Garden Island to 
Rottnest Island. The bathymetry of the area, the islands and reefs are 
shown on Figure 2.2. Waves travelling to the shores of Owen Anchorage 
are modified by the following physical processes. 

Reflection off the reef faces, 

Depth limited breaking on the reef tops and in shallow areas, 

Diffraction through the gaps in the reefs, 

Attenuation due to hydraulic turbulence as the waves travel over the 
reefs and other areas of shallow water, and 

Refraction and shoaling. 

These processes act in varying degrees, and significantly modify and 
attenuate the waves as they approach the shores of Owen Anchorage. 

Computer modelling of the nearshore wave conditions has been completed 
for other projects in Owen Anchorage and Cockburn Sound (Rogers & 
Associates, 1995 and Rogers & Associates, 1996). Figure 2.3 shows a 
spatial plot of the wave conditions in the Fremantle area during the initial 
part of a typical winter storm. The contours show the significant wave 
height at 0.5 metre intervals and the arrows indicate the wave direction 
and period. Offshore, the waves are approaching from the west-northwest 
with significant wave heights of about 3 metres and periods in the range of 
6 to 12 seconds. These waves are greatly attenuated by the time they 
reach the eastern shores of Owen Anchorage. At the Port Catherine site, 
the waves during the storm are about 0.5 metres in height and arrive from 
the west-northwest. This would tend to move beach sand along the coast 
towards the south. 

Figure 2.4 shows the wave patterns for a commonly occurring background 
swell event. Offshore, the swell waves are about 3 metres high with 
periods in the order of 10 to 14 seconds, and are approaching from the 
west-southwest. At the Port Catherine site, the swell is less than 0.5 
metres high is arriving from the west. Such conditions would also tend to 
move sediment in a southerly direction along the shore. 
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The wave conditions during a sea-breeze event are shown in Figure 2.5. 
Offshore, the seas are about 1.5 metres high with periods of about 4 to 6 
seconds, and are approaching from the southwest. At the proposed 
development site, the waves are less than 0.5 metres high and coming 
from the southwest. These wave conditions would tend to move sediment 
in a northerly direction along the shore. 

The reefs and nearshore bathymetry provide Owen Anchorage with 
significant protection from the offshore waves. Nevertheless, the resultant 
waves that break on the beach are believed to be the most important 	- 
mechanism in the transport of sand in the littoral zone at the Port 
Catherine site. 

2.3 Water Level Fluctuations 
The astronomical tides at Fremantle are described in the Australian 
National Tide Tables (Department of Defence, 1995). They are 
predominantly diurnal (one tidal cycle each day) and relatively small in 
amplitude. The daily range is typically about 0.5 metres during spring 
tides and less than 0.3 metres during neap tides. The Mean High High 
Water (MHHW) is 0.9 metres above Chart Datum (CD) and 0.2 metres 
above Mean Sea Level (MSL). The Mean Low Low Water (MLLW) is 
0.5 metres above CD and 0.2 metres below MSL. 

Seasonal shifts in the sea level occur due to the Leeuwin Current and 
meteorological effects. Typically, the mean sea level at Fremantle rises 
0. 1 metre during winter and falls 0. 1 metre during summer. 

During storms events (both winter storms and cyclones) barometric and 
wind effects can cause significant storm surges. In rare storms, the surge 
can exceed 1 metre above the astronomical tide level. 

Other than astronomical tidal variations, fluctuations in the mean water 
level can also be caused by the effects of atmospheric pressure systems and 
winds. Water level fluctuations due to atmospheric pressure and winds 
have been observed to be in the order of 1 metre with periods of 3 to 8 
days around the southern parts of Australia. Fluctuations observed at 
Fremantle have been around 0.3 to 0.5 metres with similar periods of 3 to 
8 days (Provis & Radok, 1976). A practical significance of these 
atmospheric water level fluctuations is the role they play in promoting the 
water exchange between the ocean and enclosed bodies of water. 

(',iven the small astronomical tides, the height of the still water level 
would generally have a secondary effect on the sand transport along the 
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beaches, except during storm events when high water levels would enable 
the waves to attack the rear of the sandy beaches. 

The astronomical tidal movements will be important in the exchange of 
water between the enclosed waters of the development and the adjacent 
ocean. Atmospheric effects over a 3 to 8 day time frame will also assist in 
the water exchange process. 

2.4 Currents in Owen Anchorage 

Studies conducted during the Perth Coastal Waters Study found that the 
nearshore currents of the Perth coastal region (which includes Owen 
Anchorage) are predominantly driven by local winds, and the seasonal 
distribution of currents reflect the seasonal changes in the wind field. This 
study found that during the spring and summer months, up to 60% of the 
variance in the current field may be explained by the wind field, and wind 
speeds greater than 3 to 5 m/s are sufficient to dominate the flow 
dynamics in the nearshore waters where the depths are less than 10 metres. 

The direction of current flow during spring and summer in the Owen 
Anchorage area is typically northwards due to the predominance of 
southerly winds. Data recorded by WNI Science Engineering at Success 
Bank in Owen Anchorage during the summer of 1995 shows that typical 
current speeds of around 0.2 to 0.3 m/s could be expected during the sea-
breeze (Rogers & Associates, 1997). 

During the winter months there is a weaker correlation between the wind 
and the currents compared to the summer months in the coastal waters of 
Perth. The weaker correlation during winter is due to the variation in 
wind direction and the currents also being more variable (Lord & Hillman, 
1995). However, current speeds of around 0. 1 to 0.3 m/s during winter 
would not be unusual. 
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3. Water Quality 

3.1 General 

Water Quality is a term used to describe the chemical, physical, and 
microbiological characteristics of a water body. In general, the quality of 
a waterway depends on three external factors: 

the quality of the source water, 

the management of nutrient and pollutant inflow; and 

the mixing and exchange processes. 

In addition to these, the physical, chemical, and biological processes 
occurring within the water body may either enhance or degrade the quality 
of its water. The extent to which such internal processes influence water 
quality depends on the interaction between the aquatic ecosystem and the 
external factors. In general, these internal processes are only significant in 
water bodies characterised by long residence times, such as lakes and 
reservoirs. 

The intended uses of the proposed waterways are: 

direct contact recreation (eg occasional swimming), 

mooring and navigation of boats, 

adjacent residential and commercial development, and 

passive recreation (eg enjoying the scenery). 

Guidelines pertaining to the water quality of fresh and marine water bodies 
in Western Australia have been published in draft form by Environmental 
Protection Authority (EPA, 1993). Under these guidelines, the proposed 
use of the waterway falls in the category titled "Recreational Water 
Quality and Aesthetics - Primary Contact". A copy of the Water Quality 
Guidelmes for Fresh and Marine Waters for Recreational Primary Contact 
is included in Appendix A. The marina and associated waterways will be 
designed and managed to meet these requirements for Recreational 
Primary Contact. 

3.2 Source Water 

In developments of this nature, the ability to achieve a certain level of 
water quality is dependent on the quality of the source water. As such, it 

M P ROGERS & ASSOCIATES 	Port Catherine Oeve/opmerus, Port Cat/oth,e Coasa/ Study 

Report P045 flv 0. Page 7 



is only reasonable to expect that water quality as good as that of the 
existing source water be maintained. 

The source water for the proposed waterway development will be the 
waters of the northern portion of Owen Anchorage. This area of water 
has seen significant improvements in the nutrient-based water quality since 
the 1970's, when the water quality was at its worst. This improvement 
has largely been due to the recent relocation or closure of many nearby 
industrial plants and the use of sewerage by the remaining industries. 
These changes have led to the reduction of direct waste discharges into 
Owen Anchorage, and therefore, the reduction in nutrient loading 
(Department of Environmental Protection, 1996). Nevertheless, this area 
of Owen Anchorage has been used for recreational pursuits including 
Recreational Primary Contact for a number of decades. 

Based on this subjective information, it is taken that the source water is 
suitable for the intended development use of Recreational Primary 
Contact. 

3.3 Mixing & Exchange 

The water in the various waterways will be mixed by the action of tides, 
winds, waves, and boat traffic. All of these mechanisms will ensure that 
the water bodies are regularly and well mixed. 

There are several physical processes that cause water exchange between 
harbours and the adjacent source waters. These include: 

tidal fluctuations, 

density currents, 

inflow of ground water, and 

wind induced currents. 

In small waterways such as those in the proposed development, density 
currents are most likely to be set up from groundwater inflow. Other 
processes which may generate density gradients which drive density 
currents include evaporation, and atmospheric heating or cooling of 
surface waters. In the proposed development though, the surface area of 
the waterway limits the extent of significant longitudinal variations in 
density which can be created by these processes. Therefore, only density 
currents caused by the inflow of groundwater will be considered. 

M P ROGERS & ASSOCIATES 	Poa Catherine Dcvcloprnonts, Port Catherine Coastal Study 

Ruport P045 Rev 0, Page 8 



3.3.1 Density Currents and Ground Water Inflow 

Groundwater, which is less dense than sea water, flowing into an adjacent 
body of water can create current flows. This could be due to both the 
momentum input from the groundwater discharge as well as the density 
difference created by the influx of less dense groundwater. 

When a horizontal gradient in density exists, the difference in gravitational 
potential energy causes the less dense fluid to flow over the top of the 
denser fluid (referred to as "mutual intrusion", see Figure 3.1). In 
general, the two fluids will have the same frontal velocities but be moving 
in opposite directions. In broad terms, this process will cause denser 
water from the ocean to flow into the proposed waterway whilst the less 
dense canal waters flow out into the ocean. This method of water 
exchange can be very effective. 

Measurements in the Hillarys Boat Harbour by Schwartz & Imberger 
(1988) showed that density currents due to freshwater inflow substantially 
increased the rate of flushing in the harbour. It was concluded that with 
the existence of density currents, the flushing time of the harbour was half 
that of the flushing time under tidal action only. 

Turner (1973) describes a method of estimating the frontal velocity, U f, 

resulting from a longitudinal density difference. 

Uf =0.5(
Po 

A p h 
) 

where 	Uf 	= 	frontal velocity, 

g 	= 	acceleration due to gravity, 

Po 	= 	reference density, 

= 	longitudinal density difference, and 

h 	= 	the total depth of water. 

Estimates for the proposed site sugest that the groundwater flow could be 
in the order of 1,000 to 10,000 rn /day (pers. corn. Phil Bayley, Bowman 
Bishaw & Gorham). Schwartz & Imberger (1988) estimated a 
groundwater inflow of around 2,000 rn3 /day for the Hillarys Boat Harbour 
during their experiments. This created a corresponding difference in 
density of around 0.2 kg/rn3 . Using this value, the frontal velocity is 
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estimated to be around 0.06 m/s for the proposed development. For a 
harbour 50 metres wide and 8 metres deep (at mean sea level), a flushing 
rate of around 40,000 m3/hr is estimated. With this flushing rate, the 
entire waterway of the proposed development could be completely turned 
over in 1 to 2 days. 

However, density currents are not expected to flow continuously for this 
period of time. Schwartz & Imberger (1988) found that wind stirring was 
capable of destroying the vertical stratification which then inhibited the 
effectiveness of the flushing by the established gravitational circulation. 
Over the period of their experiments, Schwartz & Imberger (1988) 
estimated that the gravitational flushing mechanism was active about 20% 
of the time. Applying this estimate to the proposed development site 
yields a flushing time of the canals in the order of 6 days. The actual 
flushing time of the waterways may be less than this since the density 
gradient at the proposed site is expected to be much higher than that at 
Hillarys because of the greater inflow of groundwater. 

3.3.2 Tidal Fluctuations 

As outlined in Section 2.3, the astronomical tides at Fremantle are diurnal 
(one cycle per day) with the typical spring and neap ranges being 0.5 and 
0.3 metres respectively. 

The tidal prism ratio (TPR) is defined as the ratio of the volume of tidal 
flow entering the waterway from low to high tide to the total volume of 
water in the waterways. This gives a relative measure of the potential for 
tidal flushing. The total volume of water within the proposed waterway is 
estimated to be about 1,200,000 m3. The corresponding surface area is 
approximately 300,000 m2. Using these values the TPR is calculated to be 
about 12% for a 0.5 metre tidal range (spring tides) and about 7% for a 
0.3 metre tidal range (neap tides). This means that provided the 
waterways are well mixed, the total volume of water contained within the 
waterways can be fully exchanged by tidal action alone in approximately 
10 days. The tidal exchange process will be enhanced by variations in 
water levels due to atmospheric pressure effects and winds. However, the 
effectiveness of tidal exchange is largely dependent on the water column 
being well mixed. 

Falconer (1980) indicates that under some conditions not all of the 
incoming source water will mix with the water in the waterways. The 
geometry can have a significant effect on the efficiency of mixing and 
effective exchange, with the least effective shape being a long and 
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relatively narrow canal. In such a case, the incoming tidal water can bank 
up the canal water at the far end of the canal with little effective mixing. 
Much the same water that flowed in during the flood tide flows out during 
the following ebb tide. The individual water particles are basically moved 
back and forth by the tidal action, and there is little effective exchange of 
water with the source water. 

At the proposed development site, it is expected that the winds are 
sufficient to keep the water column well mixed most of the time. 
Schwartz & Imberger (1988) found that winds of around 3 to 5 m/s were 
sufficient to breakdown the vertical stratification at Hillarys Boat Harbour. 
Examination of the wind records at Fremantle shows that the winds are 
less than 3 m/s approximately 12% of the time. This means that the water 
column is likely to be well mixed the remainder of the time. When the 
water column is well mixed, the action of tides will cause effective 
exchange in the canals. 

3.3.3 Wind Induced Currents 

Winds blowing over closed-end waterways are known to create water 
motions that are important for water mixing and exchange. McKeehan 
(1975) specifically studied the effects of wind on water motion in man-
made waterways. This work included a theoretical approach as well as 
presenting extensive measurements taken in existing residential canal 
estates. This study shows that wind blowing over a closed-end waterway 
causes: 

a slope on the water surface, raising the level at the down-wind end of 
the waterway, and 

surface water movement in the down-wind direction, and an opposite 
motion in the bottom layer. 

These features are shown on Figure 3.2. The expression for the water 
velocity as a function of depth and surface velocity is given as: 

U(z) 	-4
(7 	

Z 

+ 
1) 	

(J] 
where 	U(z) = 	water velocity at depth z, 

= 	water velocity at the surface, 

z 	= 	distance below the surface, and 
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h 	= 	the total depth of water. 

The water flow at the surface is usually taken to be in the range of 2 to 
5% of the wind speed, refer to Wu (1973), Bishop (1979), and McKeehan 
(1975). The above suggests that the water speed decreases rapidly with 
depth and reaches zero at about one-third of the total depth. Underneath 
this level, there is a reverse flow to ensure conservation of mass. 

As outlined in Section 2.1, the land / sea-breeze cycle dominates the wind 
patterns in spring and summer. During spring and summer mornings, 
winds are usually from the east and southeast whilst in the afternoons 
winds are commonly from the southwest and south. Typical wind speeds 
of about 5 to 12 m/s are expected during spring and summer. The east-
west alignment of the residential canals has been selected to enhance water 
exchange between these canals and the main canal in the spring and 
summer mornings. Local topography and the layout of the buildings along 
the residential canals will funnel easterly winds along these waterways and 
cause strong wind induced currents and associated mixing and water 
exchange. In the afternoon, southerly sea-breezes will create strong 
currents in the main waterway. 

During winter, the wind direction is more variable. Wind patterns are 
dominated by storm events and the effect of the land / sea-breeze cycle is 
less pronounced. Typical winter storms are initially accompanied by 
winds from the northwest. Over the duration of the storm event, the wind 
typically swings around to the southwest. The surface wind currents will 
follow the direction of the prevailing wind, and a counter current is 
expected in the lower portions of the water column. Strong storm winds 
are also expected to keep the water column well mixed most of the time. 

The most effective water exchange under wind action will occur when the 
wind direction is aligned with the harbour entrance channel. However, 
due to the predominance of southwest to southerly winds in the region, the 
orientation of the harbour entrance channel is not optimised for wind 
induced water exchange. Despite this, a component of these southerly 
winds along the entrance channel will provide some water exchange. 

Using the methods outlined in McKeehan (1975) it was calculated that a 
southerly wind of 10 m/s will cause the top 1 metre of the water column to 
move at an average rate of about 0. 15 m/s. The harbour entrance of the 
proposed development has a width of around 50 metres and an average 
depth of around 8 metres at mean sea level. Consequently, it is estimated 
that 10 rn/s winds from the south will cause an outflow of around 20,000 
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m3/hr from the harbour entrance into the adjacent ocean. This would be 
accompanied by a return flow at the same volume flux in the bottom 7 
metres of the water column. 

As the waterways for the proposed development have a total water volume 
of about 1,200,000 m3  at mean sea level, it would take about 60 hours for 
these wind induced currents to fully exchange the waterways with new 
ocean water under optimal exchange conditions. It is estimated that these 
southerly winds are likely to blow for around 3 to 4 hours a day for most 
days of spring and summer. This would mean that complete water 
exchange could occur in about 15 days under southerly winds. 
Examination of wind records at Rottnest Island and the FPA tower 
indicates that it is unlikely that 10 m/s winds will blow for 3 to 4 hours a 
day for 15 consecutive days. Therefore the actual time to fully exchange 
the canal waters is likely to be longer than 15 days. 

During winter, the variable wind direction makes it difficult to estimate 
likely flushing times. However, the stronger winds during winter will 
keep the water column well mixed allowing efficient tidal exchange to 
occur. Also, rain and groundwater flows are higher during winter 
increasing the effect of density driven currents. 

3.4 Management of Nutrient and Pollutant Inflow 

The influx of nutrients and pollutants into the waterways will be 
minimised by careful design and management of the water bodies. 

The design elements include the development of a reticulated sewerage 
system, and the collection and piping of all storm water runoff into 

areas and only allow overflow into the waterways from major 
rainfall events. 

The ongoing management of nutrient and pollutant inputs will include the 
following: 

rubbish disposal and effluent discharge into the waterways will be 
banned and policed by the waterways manager, 

the use of plant species that require minimal watering and fertilising 
will be encouraged and required by the waterway manager, and 

the use of tributyl tin oxide antifouling on boats is prohibited under 
Stae Law. 
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3.5 Resultant Water Quality 

It is estimated that under tidal action only, the canals can be completely 
exchanged in around 10 days. Groundwater flow into the waterways 
during periods of light winds is expected to create sufficient density 
gradients to drive density currents. It is estimated it would take around 10 
days to entirely flush the canal waters under this process. Under the 
simultaneous action of these water exchange mechanisms, it is expected 
that total flushing of the waterways could be achieved in around 5 days. 
However, the effectiveness of the tidal flushing will be dependent on the 
water column being quite well mixed. It is believed that the wind regime 
in the Owen Anchorage region is adequate in keeping the canal waters 
well mixed most of the time. Wind induced water exchange however, is 
not expected to play'a major role in the flushing of the canals. 

As outlined in the previous sections, the waterways have been designed 
and will be managed to achieve minimal inflow of nutrients and pollutants. 
Of the possible sources of nutrients and pollutants, the most significant 
will be from the influx of nitrogen, in the form of nitrates, from the large 
market gardens nearby. These market gardens are no longer operating, 
but the heavy use of fertiliser in the past has allowed large amounts of 
nitrogen to leach into the soil. Consequently, significant levels of nitrogen 
are being transported into the adjacent ocean by the groundwater flow. 

Currently, under the effects of significant denitrification in the coastal 
boundary, the influx of nitrate into the ocean is estimated to be about 0.5 
kg/day. However, it is unknown at this time, how thick the denitrifying 
layer is, and whether all of the vital organic anaerobic sediments necessary 
for denitrification, will be removed during construction (pers. corn. Phil 
Bayley, Bowman Bishaw & Gorham). It is also unknown how long it 
takes for these organic sediments to return after they are removed. 

In the absence of denitrification, it has been estimated that the amount of 
nitrate likely to be introduced into the proposed waterways could be 
around 30 kg/day. Using this rate of nitrate influx, it is predicted that 
tidal exchange is sufficient to keep the concentration of nitrate below the 
recommended level of 10 mg/L suggested in the Water Quality Guidelines 
for Primary Contact Recreational Water Quality and Aesthetics. Estimates 
of the likely concentration of nitrates within the waterways of the proposed 
development shows that during neap tides, nitrate levels could be around 
330 tg/L, whilst during spring tides the nitrate concentration could be 
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around 160 .tg/L. These values are well below those recommended in the 
guidelines for Primary Contact Recreation. 

The growth of nuisance plants, such as algae, in the waters of Owen 
Anchorage is nitrogen dependent. As such, any significant increase in the 
concentration of nitrogen in the region is likely to stimulate nuisance plant 
growth. EPA (1993) indicates that nuisance plant growth problems have 
been known to occur when nitrate concentration levels are in or above the 
range of 10 to 100 tg/L. Estimates of the possible average nitrate 
concentration in the waterways are 160 to 330 j.igIL, if the waterways are 
flushed by tides only, and 90 to 130 p.gIL, if the flushing effects of 
density currents are included. However, if substantial denitrification at the 
coastal boundary still occurs after construction, these values are likely to 
be around two orders of magnitude lower and therefore well within the 
suggested concentration levels. 

It is recommended that further investigations be undertaken to determine 
the effect of construction on the denitrification zone. If the denitrification 
zone is totally destroyed by construction it will be necessary to implement 
one or more of the following 

Divert groundwater flow into denitrifying zones within the estate 
peninsulas, 

Replace excavated areas with sufficient organic anaerobic sediments to 
re-establish a denitrifying zone, and I or 

Improve the flushing of the harbour. 

Other possible sources of pollutants are the antifouling treatment on boats 
moored in the development, and accident situations which may release oil 
and fuel. 

It has been estimated that the typical boat moored in the waterways would 
release about 3 to 6 gfday of copper from its antifouling treatment. It is 
planned to have 150 to 170 boat pens and moorings in the recreational 
harbour and possibly 200 private residential moorings when fully 
developed. Assuming an occupancy rate of about 80%, these boats would 
release about 800 to 1,800 glday of copper into the water body. With the 
minimum flushing rates estimated above, it has been calculated that the 
resultant concentration of copper in the waterway would be in the order of 
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5 to 15 .tg/L. This is well within acceptable limits for the proposed 
Primary Contact Recreation usage. 

The waterway manager will establish a comprehensive fuel and oil spill 
response plan to minimise any impacts from any accidental spills in the 
waterway. A key element of this, will be the rapid deployment of floating 
barriers across the waterway entrance channel. This will prevent the spill 
moving out into Owen Anchorage. Skimmers and oil dispersants would 
then be deployed to treat and remove the spilt fuel or oil. 

It is important to bear in mind that the estimates of flushing times 
presented above have all been based on empirical techniques and the 
results are approximate only. If more accurate flushing times are required 
then it is better to model the hydrodynamics using sophisticated computer 
techniques. These models are able to accurately account in detail for the 
combined effects of density gradients, tides and wind action. 
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4. Coastal Stability & Harbour Siltation 

4.1 Sediment Transport Mechanisms 

It is believed that the dominant mechanisms responsible for the transport 
of sediment within the nearshore zone of Owen Anchorage are associated 
with the waves breaking on the beach. Other possible driving forces, such 
as wind and background currents, are likely to only play a minor role in 
sediment transport. Waves can move sediment on a beach in both a cross-
shore and longshore direction. These two processes are outlined below. 

4.1.1 Onshore Transport 

Sediment is typically moved onshore by persistent background swell. 
Long period swell waves are able to penetrate deeper into the water 
column, enabling sediment to be moved at greater depths, in contrast to 
shorter period local sea waves. In addition, the swell waves in Owen 
Anchorage are substantially more consistent in direction and persistent in 
duration than the wind-sea portion of the wave energy. 

Over time, an equilibrium beach profile can be reached under the action of 
the background swell. However, the establishment of such a beach profile 
requires a sufficient off-shore depth such that the oscillatory wave currents 
acting on the sediment is negligible. This off-shore depth depends on the 
sediment characteristics as well as the height and period of the background 
swell. 

Estimations based on the typical swell wave climate reaching the shores of 
Owen Anchorage (significant wave height 	0.5 metre and period 10-15 
seconds) using the methods outlined by Swart (1976) suggest that this 
depth is in the order of 10 metres. In view of this, there is unlikely to be 
significant onshore transport of sand at the proposed development site, as 
the nearshore waters are about 7 to 10 metres deep in this region. 

Onshore transport is most significant in the shallows of Catherine Point 
and Woodman Point where Success and Parmelia Banks meet the shore. 
The onshore feed of sand would then be moved along the coast by 
longshore transport. 

4.1.2 Offshore Transport 

During significant storm events, the strong winds generate high steep 
waves and an increase in water level known as storm surge. These factors 
acting in concert, allow the waves to attack the higher portion of the beach 
that is not normally vulnerable. The initial width of the surf zone can be 
insufficient to dissipate the increased wave energy of the storm waves and 
the residual energy is often spent in eroding the beach, the beach berm and 
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sometimes the dunes. The eroded sand is carried offshore with return 
water flow to deeper water, where it is deposited and can form an offshore 
bar. Such bars can eventually grow large enough to break the incoming 
waves further offshore, causing the wave energy to be spent in a wider 
surf zone. Figure 4.1 was taken from the Shore Protection Manual 
(CERC, 1977) and diagrammatically illustrates storm attack on beaches 
and dunes. 

4.1.3 Longshore Transport 

The transport of sand along the coast is one of the fundamental 
mechanisms in beach dynamics. A simplistic description of this 
mechanism is that in the surf zone of sandy beaches, the breaking waves 
agitate the sand and place it in suspension. If the waves are approaching 
at an angle to the beach, then a longshore current can form and this can 
transport the suspended sand along the beach. This suspended load is 
accompanied by bed-load transport where sand is rolled over the bed by 
the shear of the water motion. 

There can be considerable variation in the magnitude and direction of the 
longshore transport from season to season and from year to year. 
Generally, the mean nearshore wave climate in Owen Anchorage is more 
southerly in summer than during the winter months. This is due to the 
combined effects of a shift in the background swell direction and the onset 
of regular afternoon sea-breezes, driving a northward longshore current in 
summer. The seasonal change in the mean wave direction causes seasonal 
fluctuations in the longshore sediment drift. As a result, the beaches to 
the north of the development site tend to rotate between their summer and 
winter alignments. Shorter beaches, such as those confined between two 
groyne structures, react more quickly to these changes, as a smaller 
volume of longshore transport is required before a stable alignment is 
achieved. 

The southern beaches, Coogee Beach and Quarantine Beach, are more 
protected from the sea-breeze waves by Woodman Point and do not rotate 
significantly from winter to summer. These beaches are dominated by the 
nearshore direction of the persistent background swell. 

4.2 Shoreline Movement Plans 

4.2.1 Shoreline Movement Calculations 

The Department of Marine & Harbours has produced a number of plots 
showing the position of the coastal vegetation line from Fremantle to 
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Woodman Point. These plans were prepared using aerial photographs and 
controlled photogrammetry techniques. The resultant accuracy is expected 
to be about +1- 1 to 2 metres in horizontal plane. Consequently, these 
shoreline movement plans are ideal for examining the trends in erosion 
and accretion occurring over a number of decades. 

The publicly available plans show the position of the summer vegetation 
line taken from aerial photographs dated 1942, 1976, 1980, 1987 and 
1994. 

Using these shoreline movement plans, accretion and erosion rates were 
calculated along the Owen Anchorage coastline for the various periods 
between the photographs to assess the coastal stability (see Table 4. 1). 
The sections of the coast described in Table 4.1 are shown on Figure 4.2. 

Table 4.1 - Accretion and Erosion Rates along the Owen 

Anchorage Coastline 

Coastal 	 I 	Accretion I Erosion Rates (m3lyr) 

Segment 	 1942-76 1976-87 1987-94 1976-94 

Fremantle Harbours 	 - 	 —0 	—0 	—0 

South Beach 	 .4110 	- 	 - 	3,680 

Northern Dog Beach 	 4,850 	. 	 - 	3,440 

Southern Dog Beach 	 13,760 	26,350 	32,260 	28,910 

Proposed Development Site 	-7,120 	7,430 	1,540 	4,880 

Coogee Beach 	 2,770 	670 	-3,680 	-1,210 

Quarantine Beach 	 23,030 	18,450 	-1,140 	9,960 

Woodman Point 	 1,260 	11,690 	11,470 	11,590 

Totals 	 34,4402 	- 	 - 	61,250 

Notes: 	1. Positive values represent accretion, negative values erosion. 

Insufficient data is available to accurately estimate the accretion of sand in 

the area of the Fishing Boat Harbour and Success Harbour prior to 1979. 
Consequently, this figure is an under-estimate of the total accretion. 

This rate of accretion is likely to decrease in the near future due to the 

saturation of the Robb Road Groyne. Consequently, this amount of 

sedinient is expected to move further southward. 

M P ROGERS & ASSOCIATES 	Port Cat/wi-/ne Deve/opniwus, Port Catherine Coastal Study 

1hpo( /2045 Rev 0, Page 19 



4.2.2 Onshore Sediment Feed 

Table 4.1 indicates that sediment was accumulating on the shores of Owen 
Anchorage at a mean rate of approximately 34,500 m3/yr during 1942 to 
1976 (not including accretion in the area of the Fremantle small boat 
harbours) and around 61,000 m3/yr during 1976 and 1994. If it is 
assumed that all of the onshore feed from Success Bank has accreted on 
the shores to the north of Anchorage Butchers, and all of the sediment 
from Parmelia Bank has accumulated on the shores to the south, then the 
mean onshore sediment transport rates from the two banks between 1942 
and 1976 is 11,900 m3/yr (not including accretion in the area of the 
Fremantle small boat harbours) and 22,600 m3/yr respectively, and 40,700 
m3/yr and 20,600 m3fyr respectively for the period 1976-94. 

The most likely reason for the apparent difference in the rate of 
accumulation near Success Bank is related to the construction of Success 
Harbour and Fishing Boat Harbour in the 1970's. The construction of the 
Fishing Boat Harbour and Success Harbour in the 1970's formed an 
arrangement of breakwaters which prevented sediment from being 
transported to the coastline to the north of South Beach. Consequently, it 
is reasonable to conclude that since 1979, the year Success Harbour was 
completed, essentially all of the onshore sediment feed from Success Bank 
has been accreting along the shores to the south of the Success Harbour 
breakwater. In light of this, it is to be expected that the sediment 
accretion rates of South Beach, the Dog Beaches, and the northern portion 
of the Proposed Development Site would be significantly greater in the 
1980's and 1990's compared to their values prior to the 1970's. 

In view of the above discussion, it is clear that the most recent estimate of 
the accretion adjacent to Success Bank, namely 40,700 m3/yr for 1976-94, 
is the best estimate of the total onshore feed received from Success Bank. 
The mean annual onshore sediment feed from Parmelia Bank is likely to 
be in the order of 21,000 m3/yr. Summaries of the estimated sediment 
fluxes for the 1970's-90's and the 1990's onwards are given in Figures 4.3 
and 4.4 respectively. It should be noted that the saturation of the Robb 
Road Groyne (see §4.3. 1) has been taken into account in Figure 4.4. 

4.3 Coastal Stability 

4.3.1 North of the Proposed Development Site 

To the north of the proposed development, the shoreline has generally 
been accreting from 1942 to 1994. The only area to have experienced any 
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erosion is South Beach, which eroded 27 metres from 1942 to 1976. 
Since 1976 though, this entire section of shoreline has been accreting. 

The accretion of the shoreline north of the Port Catherine Development 
over the past half a century is due to the onshore feed of sand from 
Success Bank and the construction of 3 groynes (Catherine Point, Robb 
Road and the old Power Station). The effect of these groynes was to trap 
sediment to their northern side resulting in a rotation of the alignment of 
the enclosed beaches. This new alignment was such that the angle 
between the breaking swell waves and the shore was less, and hence the 
longshore sediment transport to the south was reduced. 

The accumulation of sand to the north of the Catherine Point Groyne has 
been very rapid, resulting in a shoreline progression in the order of 
3 rn/yr. This was undoubtedly due to the onshore sediment feed from 
Success Bank. 

Observations at the southern end of the Dog Beaches shows that the 
groyne to the south of these beaches (Robb Road Groyne) has become 
saturated with sand on its northern side. Because the Power Station 
groyne just south of Robb Road groyne has also become saturated, the 
sediment which would have previously been trapped by these structures is 
now likely to travel further south. Therefore, an increase of around 
28,000 m3/yr of sediment is expected to be transported towards the 
proposed development site. This has an important consequence on 
harbour siltation at the Port Catherine site. 

4.3.2 South of the Proposed Development Site 

The shoreline to the south of the proposed development site has also 
generally been accreting over the past 53 years. Woodman Point, in 
particular, has advanced around 170 metres over this period of time. 
During this period, Coogee Beach was the only area south of the proposed 
development site to have experienced any erosion. This erosion is fairly 
recent, occurring between 1976 and 1994. However, the amount of 
shoreline retreat is small, around 2 metres, and equates to a very small 
annual loss of sediment, around 1,200 rn3/yr. 

The rapid accretion of sediment at Woodman Point is most likely to have 
been caused by the onshore feed of sand from Parmelia Bank as well as 
the construction of the WAPET Groyne in 1967. The construction of the 
WAPET Groyne in 1967 caused sediment to rapidly accumulate on both 
sides of this structure. Initially, this is likely to have been caused by the 
groyne's interception of the onshore sediment feed, arriving with the 
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background swell, from Parmelia Bank. Refraction effects cause swell 
waves to converge on Woodman Point, and, as a result, the WAPET 
Groyne location receives onshore sediment feed from both the northwest 
and southwest. In the absence of the WAPET Groyne, these two fluxes 
interact to form a net eastward onshore feed. The imposition of the 
groyne structure has prevented these two streams from interacting with 
each other. As a result, sediment has accumulated on both the northern 
and southern sides of the groyne. Over time, this accretion has become 
more extensive and significantly modified the seabed topography in the 
vicinity of the structure. It is possible that this has further enhanced the 
refraction of swell waves onto the point, and hence increased the 
proportion of the onshore feed that accumulates at Woodman Point rather 
than moving, in the form of longshore drift, towards Quarantine Beach. 

4.3.3 At the Proposed Development Site 

The shoreline of the proposed development site retreated during the period 
from 1942 to 1976. Since 1976 however, the shoreline in this region has 
been slowly advancing. 

The early erosion was most likely due to the interception of the longshore 
sediment feed from Catherine Point by the construction of the groynes at 
Catherine Point, Robb Road and the old Power Station. As discussed in 
§4.3.1, the Robb Road and Power Station Groynes have in recent years 
become saturated with sand on their northern sides. This has allowed a 
substantial sediment flux to nourish the shoreline of the proposed 
development site. This is likely to be the dominant mechanism responsible 
for the progradation of the shoreline along this stretch of coast over the 
last 20 years or so. 

4.4 Harbour Siltation and Management 

As mentioned in §4.3. 1, an increase in sediment flux towards the proposed 
development site of around 28,000 m3/yr is expected, in the coming years, 
due to the saturation of the Robb Road and Power Station Groyne. This 
would mean that a net sediment flux of around 33,000 m3/yr would be 
expected to be moved towards the proposed development (refer to Figure 
4.4). This is an estimated average annual figure of the net movement. 
There will be significant seasonal and inter-annual fluctuations. 

This sediment will initially be managed by the construction of a spur 
groyne at the northern seaward end of the northern breakwater of the 
proposed development. Initial estimates indicate that this spur groyne 
could trap around 500,000 to 700,000 11,

3  of sediment (see Figure 4.5). 
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Under the anticipated rate of sediment movement, it is estimated that it 
would take around one and a half to two decades before this spur groyne 
became saturated. 

It will be necessary to periodically monitor the effectiveness of the spur 
groyne and assess whether sufficient sediment is being trapped. If the 
spur groyne is allowing too much sediment to pass, it may be necessary to 
augment the sediment trapping by extending Robb Road Groyne. 
Provision should be made in the budget for this monitoring and possibly 
the extension of Robb Road Groyne. 

Further management strategies will need to be implemented wjen the spur 
groyne on the northern breakwater of the development becomes saturated 
with sediment. A range of methods would be possible and some of these 
are listed below in Table 4.2. 

The net sediment movement at Coogee Beach is relatively minor at 
present. However, a net of about 1,000 m3/yr could be made up of 
seasonal fluxes of 5,000 to 10,000 m3  in either direction. This means that 
during the sea-breeze regime in spring and summer, 5,000 to 10,000 m3  of 
sand could be moved northwards from Coogee Beach. At present, during 
the winter regime, a similar quantity could be moved south. 

The southern breakwater of the proposed development is likely to create a 
small wave shadow for storm waves from the northwest. In addition, 
some of the sand trapped by the southern breakwater or entering the trap 
area may be moved offshore by local rip currents near the breakwater. 
Either or both of these features may result in a change in the beach 
dynamics at the northern end of Coogee Beach. Such changes, if they 
occur, could be managed by sand bypassing from the northern trap area or 
the construction of minor structures to limit the zone of influence of the 
southern breakwater. Other management strategies are listed below in 
Table 4.2. 
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Table 4.2 - Harbour Siltation Management Strategies 

Time Frame 	Management Strategy 

Decades 0 to 2 	Implement the following as required 

Trap sediment north of harbour with spur groyne and I 
or extension to Robb Road groyne. 

Bypass sand to the south of the harbour using 
dredges, excavators or draglines. 

Modify the coastal dynamics of the northern portion of 
Coogee Beach with minor coastal structures. 

Decades 2 to 5 Implement one or more of the following 

Allow the sand to bypass spur groyne and deposit 
around northern breakwater of the harbour. 

Bypass sand to the south of harbour using dredges, 
excavators or draglines. 

Remove CaCO3  sands from the site for the 
manufacture of cement or lime. 

Enlarge trap capacity to the north of the harbour using 
coastal structures between Catherine Point and the 
spur groyne on the northern breakwater of the 
development. 
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5. Conclusions & Recommendations 

The coastal and marine engineering aspects of the proposed development 
have been investigated for the purpose of concept planning and assessment 
of the environmental impacts. These investigations have been completed 
for the Port Catherine Developments Pty Ltd concept plan shown in 
Figure 1.2 and have resulted in the following conclusions and 
recommendations. 

Water Quality 

The flushing of the proposed waterways is expected to be very effective. 
It is estimated that under tidal action only, the canals can be completely 
exchanged in around 10 days. Groundwater flow into the waterways is 
expected to create sufficient density gradients to drive density currents. It 
is estimated it would take around 10 days to entirely flush the canal waters 
under this process. Under the influence of both of these water exchange 
mechanisms, it is expected that total flushing of the waterway could be 
achieved in around 5 days. 

The effectiveness of the flushing will be dependent on the water column 
being quite well mixed. It is believed that the wind regime in the Owen 
Anchorage region is adequate in keeping the canal waters well mixed most 
of the time. However, wind induced water exchange is not expected to 
play a major role in the flushing of the waterways. 

It is likely that easterly morning winds will benefit the water exchange in 
the east-west aligned residential canals, while afternoon sea-breezes will 
help the water exchange in the north-south aligned main canal. 

Over the years, the operation of nearby market gardens has caused large 
quantities of nitrate to leach into the groundwater that flows into the 
development site. Currently, under the effects of significant 
denitrification in the coastal boundary, the influx of nitrate into the ocean 
is around 0.5 kg/day. However, it is believed that vital anaerobic 
sediments needed in the denitrifying process could be removed during 
construction. 

In the absence of denitrification, 30 kg/day of nitrate is likely to be 
introduced into the proposed development site. Under the combined 
flushing action of tides and density currents, the concentration of nitrate 
within the waterways is estimated to be around 90 to 130 tg/L. This 
satisfies the EPA's guidelines for the proposed Primary Contact Recreation 
use, but fails to meet the recommended level at which nuisance plant 
growth problems could occur. With denitrification, these values are 
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around two orders of magnitude lower and therefore well below the 
concentration levels for growth of nuisance plants suggested in the Water 
Quality Guidelines. It is recommended that further investigations be 
undertaken to determine the effect of construction on the den itrification 
zone. 

The waterway manager should establish a water quality monitoring 
program to confirm that the desired standards are achieved in the 
completed waterway. 

It is also recommended that the waterway manager establish a 
comprehensive oil spill response plan and ensure that appropriate 
equipment and trained personnel are available for emergency response. 

Harbour Siltation 

Sand movement from the north will initially be managed by the 
construction of a spur groyne at the northern end of the northern 
breakwater. This spur groyne has the ability to trap around 500,000 to 
700,000 m3  of sediment before it is saturated. The net rate of sediment 
movement towards the proposed development site, from the north, is 
estimated to be around 33,000 m3/yr. Under these conditions, the spur 
groyne is likely to reach full capacity in around one and a half to two 
decades. 

It is recommended that the an adequate monitoring program be set up to 
assess the effectiveness of the spur groyne. If the spur groyne is allowing 
too much sediment to pass, it will be necessary to augment the sediment 
trapping by extending Robb Road Groyne. Provision should be made in 
the budget for the extension of Robb Road Groyne. 

Further management strategies will need to be implemented when the spur 
groyne on the northern breakwater of the development becomes saturated 
with sediment. A range of methods have been suggested in §4.4. 

The seasonal fluctuations in sand movement at Coogee Beach could be 
around 5,000 to 10,000 m3  in either direction. Currently, the seasonal 
sand movements are almost in equilibrium. Therefore, Coogee Beach is 
experiencing a relatively minor annual net sediment movement. However, 
the construction of the southern breakwater may change the beach 
dynamics in this region by creating a small wave shadow for northwest 
storm waves as well as local rip currents near the breakwater. A range of 
management strategies have been suggested in §4.4 if these changes occur. 
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Figure 4.5 Estimated Trap Capacity of Spur Groyne 

M P ROGERS & ASSOCIATES 	Port Catherine Developments, Port Catherine Coastal Study 

Report P045 Rev 0, Page 29 



Figure 1 .1 - Location Diagram 
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Figure 2.1 Fremantle Wind Roses (1981-1983) 
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Figure 2.2 Bathymetry of Owen Anchorage 
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Figure 2.3 Wave Conditions — Typical Winter Storm 
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Figure 2.4 Wave Conditions - Typical Swell 
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Figure 2.5 Wave Conditions - Typical Sea-Breeze 
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Figure 3.1 Diagram of Mutual Intrusion 

Source: McKeehan (1975) 
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Figure 3.2 Wind Induced Circulation 
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Fiaure 4.1 Storm Wave Attack 
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Figure 4.2 Locations of Coastal Regions 
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Figure 4.3 Estimated Net Annual Sediment Fluxes 
1 970's-90's 
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Fiqure 4.5 Estimated Trap Capacity of Spur Groyne 
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Appendices 

Appendix A - WaterQüality Guidelines 
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3. RECREATIONAL WATER QUALITY AND 
AESTHETICS 

Water-based recreational activities are highly regarded by Australians. Water quality 
guidelines are therefore necessary to protect these waters for recreational activities, 
such as swimming and boating, and to preserve the waters aesthetic appeal. 

Sporting activities can be divided into two categories: 

sports in which the user comes into frequent direct contact with water, either as 
part of the activity or accidently; for example, swimming or surfing (primary 
contact); 

sports that generally have less-frequent body contact with the water; for 
example, boating or fishing (secondary contact). 

Athird recreational category concerns the passive recreational use of waterbodics, 
mainly as pleasant places to be near or to look at (no body contact). The relevance of 
the different water quality guidelines to the three recreational categories is shown in 
Table 3.1. 	The detailed water quality guidelines for recreational water are 
summarised in Table 3.2. The recommended guidelines rely on the guidelines 
dcveloped by Nl-IMRC (1990), with additional indicators included where 
appropriate. 

Table 3.1: Water quality characteris(ks relevant to recreational use 

Characteristics Primary contact 
(e.g. swimming) 

Secondary contact 

(e.g. boating) 
Visual use 

(no contact) 

Microbiological guidelines x 
?'Juisance organisms (e.g. algae) x 

x 

x 
Physical and chemical guidelines: 

Aesthetics x x 
Clarity x 

x 

Colour 
x 

pH 
x 

x 

x x 

tempera t ure 

Toxic chemicals x 
Oil, debris 

x 

x x x 
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Table 3.2: Summary of water quality guidelines for recreational waters 

Parameter 
	

Guideline 

Microbo logical 

l'rimary contact Ihe median bacterial content in fresh and marine waters taken over the 
bathing season should not exceed 150 faecal coliform organisms/100 ml. 
(minimum of five samples taken at regular intervals not exceeding one 
month, with four out of five samples containing less than 
600 organisins/100 mL); or 

35 enterococci orgariisms/100 ml, (maximum number in any one sample 	60.. 
100 organisms/lOU mL. 

Pathogenic free-living protozoans should be absent from bodies of fresh 
water.' 

Secondary contact The median value in fresh and marine waters should not exceed 1,000 (aecal 
coliforrn organisrns/100 mL (minimum of five samples taken at regular 
intervals not exceeding one month, with four out of five samples containing 
less than 4,000 organtsms/100 mL); 	or 

230 enterococci organisms/lOU mL (maximum number in any one sample 
450-700 organisms/lOU rnL). 

\usanc(,  nrgariisms Macrophytes, phytoplankton scums, filamentous algal mats, sewage fungus, 
leeches etc. should riot be present in excessive amounts. 

Direct contact activities should be discouraged if algal levels of 15.000.- 
20,000 cells/mL are present, depending on the algal species. 

large numbers of nudges and aquatic worms should also be avoided. 

('hyical 	and chemical 

Visual clarity & colour 	To protect the aesthetic quality of a waterbody: 

the natural visual clarity should not be reduced by more than 20%; 

the natural hue of the water should not be changed by more than 
10 points on the Munsell Scale; 

the natural reflectance of the water should not be changed by more than 
50°6. 

To protect the visual clarity of waters used for swimming, the horizontal 
sighting of a 200mm diameter black disc should exceed 1.6 m. 

pH 	 The pH of the water should be within the range 5.0-9.0, assuming that the 
buffering capacity of the water is low near the extremes of the pH limits. 

Temperature 	 For prolonged exposure, temperatures should be in the range of 15-35°C. 

Toxic chemicals 	 Water containing chemicals that are either toxic or irritating to the skin or 
mucous membranes are unsuitable for recreation. Toxic substances should 
not exceed levels given for untreated drinking waters. 

Surface films 	 Oil and petrochemicals should not be noticeable as a visible film on the water 
nor should they be detectable by odour. 

(Ic is rio! r.ecesisry to analyc waler for these pathogens unlrss the temperaiure is greater than 24°C.) 

3.1 	RECREATIONAL CATEGORIES 

3.1.1 PRIMARY CONTACT 

Water used for primary contact activities, such as swimming, bathing and other 
direct water-contact sports, should be sufficiently Iree from faecal contamination, 

pathogenic organisms and other hazards (i.' g poor visibility or toxic chemicals) to 

protect the health and safety of Ihe user. [he general guidelines desirable for aquatic 
scenery are also applicable for water used for primary contact. 
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3.1.2 SECONDARY CONTACT 

Water used for secondary contact activities, such as boating and fishing, should also 
meet the guidelines suggested for aquatic scenery. Since there is less body contact 
with the water, the microbiological guidelines can generally be lower, although not 
in cases when shellfish might be taken from the waterbody. To protect water-skiers 
from injury and boating vessels from damage, the water should be free from floating 
or submerged logs and stumps and excessive growth of algae and other aquatic 
plants. The quality of the water should be maintained so that there is minimal 
alteration of the fish habitat (Chapter 2). 

3.1.3 VISUAL USE 

Surface waters used for visual recreational use (no-contact activity) should not be 
altered in any way that reduces their ability to support aesthetically valuable flora 
and fauna. Such alteration may be physical, such as dredging and dam construction, 
or may be due to addition of wastes to the water. Visual impact of the surface waters 
is important; they should be free from: 

floating debris, oil, grease and other objectionable matter; 

substances that produce undesirable colour, odour, taste or foaming; 

undesirable aquatic life, such as aIgal blooms', or dense growths of attached 
plants or insects. 

All these factors have to be considered in areas used for aquatic scenery. 
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Dear Mike 

PORT CATHERINE WATER QUALITY STUDY - REVISED LAYOUT 

Please find attached our letter report which assesses the likely water quality of the revised 
layout of the proposed Port Catherine Development. The work completed is outlined in our 
facsimiles Ref Nos. 590/98 and 708/98, dated 17 November 1998 and 23 December 1998. 
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queries, please do not hesitate to contact us. 

Yours sincerely 

Donald Pang 
for and on behalf of 
M P Rogers & Associates Pty Ltd 
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1. Introduction 

Port Catherine Developments Pty Ltd is proposing to development a large residential and 
commercial project in Owen Anchorage. The development area is located between the old 
South Fremantle Power Station and Coogee Beach (see Figure 1.1). Three concept plans 
have been developed over a period of 18 months, culminating in the currently preferred 
Port Catherine Development proposal. Concept plans for Options 1, 2 and 3 (preferred 
option) are shown in Figures 1. 1, 1.2 and 1.3 respectively. 

The water quality in the Owen Anchorage area has previously been of a poor standard. 
However, in recent years, the water quality in this area has been slowly improving due the 
reduction in the discharge of contaminants as various industries, have been closed. These 
improvements have been monitored and are documented in Department of Environmental 
Protection (1996) d Lord & Killman (1995)~  

Rogers & Associates (1998) conducted an investigation on the coastal engineering aspects of 
the proposed Option 1 scheme (refer to Figure 1. 1). As part of this investigation an 
empirical analysis of the likely water quality in the waterways of the proposed development 
was examined. This analysis found that the water quality in the waterways of Option 1 was 
likely to be marginal and algal blooms could be expected to occur from time to time. It 
was estimated, using empirical methods, that the possible average nitrate-nitrogen (NO3-N) 
concentration in the waterways of the Option 1 scheme could be in the order of 150 to 350 

p.g/L. These estimates were above the indicative value of 10 to 100 ig/L of NO3-N that 
could lead to nuisance algal growth (Environmental Protection Authority, 1993). 

As part of the feasibility study of the proposed Option 2 scheme (refer to Figure 1.2) 
detailed computer modelling of the water quality was conducted. Section 2 of this report 
summarises the methodology and the results of the 3-dimensional computer modelling of the 
Option 2 scheme. In general, this computer modelling showed that the Iandward ends of 
the canals furthest from the entrance were poorly flushed. In the worst zones, the 
concentration of NO3-N could be in the order of 1,000 .i.g/L. 

The analysis of the water quality in the waterway of the proposed Option 3 scheme (refer to 
Figure 1.3) is the major focus of this report. Section 3 describes the empirical techniques 
used to estimate the likely water quality of the proposed canals of the Option 3 scheme. 
Section 4 examines possible solutions to the water quality problems in the Option 3 scheme. 
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2. Summary of 3-Dimensional Computer Modelling 

2.1 Introduction 

The water quality of the Port Catherine Development Option 2 scheme (refer to Figure 1.2 
for the concept plan) was modelled using a computer package called MIKE-3. MIKE-3 is a 
general 3-dimensional numerical hydrodynamic model package developed by the Danish 
Hydraulic Institute. It simulates unsteady flows taking into account density variations, 
bathymetry and external forcing from phenomena such as discharges, tides and winds. 

The effect of groundwater inflow, both by bringing pollutant into the system and creating 
density gradients (horizontally and vertically) was considered to be an important aspect to 
the overall water quality of the waterways of the development. . Therefore, it was necessary 
to undertake transport-dispersion modelling of the development using a 3-dimensional 
model which included the effects of both horizontal and vertical density gradients. The 
MIKE-3 modelling system can simulate all of these processes. 

2.2 Model Set-up 

2.2.1 Bathymetry 

The model grid covers the area from 500 metres north to 500 metres south of the proposed 
Option 2 development scheme and extends 500 metres seaward of the proposed 
development. The existing nearshore bathymetry was described on a 30 metre by 30 metre 
grid in the horizontal, with a vertical resolution of 0.75 metres. The proposed development 
was described on a 10 metre by 10 metre grid in the horizontal, with a vertical resolution of 
0.75 metres. The post development conditions were modelled by nesting the finer 10 metre 
grid inside the 30 metre grid. 

2.2.2 Wind and Tide Input 

Wind data recorded at the Fremantle Port Authority.. Tower in February 1995 were used as 
input into the model. This data was chosen because it contained a typical summer and 
spring land / sea-breeze cycle, ie morning easterly winds followed by afternoon 
southwesterly sea-breeze winds. This typical land / sea-breeze cycle was extracted from the 
data and was repeated over the duration of the appropriate model runs. Figure 2.1 shows 
the typical land / sea-breeze cycle used in the modelling. 

Real tide data measured in the Fremantle Fishing Boat Harbour in February 1995 were 
specified at the model boundaries. The tidal data are shown in Figure 2.2. 

2.2.3 Groundwater Inflow 

Groundwater inflow rates were determined by specialist hydrogeologists Rockwater Pty Ltd 
(Rockwater). Rockwater estimated that the groundwater inflow during summer in the 
proposed development area before and after development is expected to be around 4,600 
m3/clay and 6,700 m3/day respectively along the 1.6 km shoreline of the Option 2 scheme. 
However, the distribution of the groundwater inflow is quite complex because of both the 
spatial variability of the sand and limestone and the difference between their permeabilities. 
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Groundwater inflow into the development area has been measured up to 40 metres from the 
shore (pers comm Mike Bishaw, Bowman Bishaw Gorham) and there is anecdotal evidence 
of freshwater bubbling up from the seabed about 100 to 200 metres offshore (pers comm 
Phil Wharton, Rockwater). Because of this, the groundwater inflow points into the model 
were distributed evenly along the coast and about 40 metres offshore. The location of the 
inflow points into the model and their respective inflow rates for the existing and developed 
conditions are shown in Figures 2.3 and 2.4. 

The background salinity in Owen Anchorage was assumed to be 35 ppt. Freshwater 
inflows into the model area were assumed to have a salinity of 1 ppt. 

2.2.4 Nitrate-Nitrogen Input 

The NO3-N concentration entering the model area through the groundwater was determined 
by specialist environmental consultants Bowman Bishaw Gorham (BBG). Water quality 
measurements taken by BBG in the proposed development area showed that the 
concentration of NO3-N in the groundwater varied along the coast. Figures 2.3 and 2.4 
shows the estimated concentration of NO3-N along the coast of the model area for the 
existing and developed conditions. These NO3-N concentrations were used as input into the 
model domain at the correspondIng groundwater inflow point. 

A constant NO3-N concentration of 3.8 1g/L was applied at the model boundaries to 
represent the background NO3-N concentration in Owen Anchorage (based on 
measurements taken in summer in Department of Environmental Protection, 1996). 

2.3 Model Runs 

Four different cases were chosen to be modelled to simulate the primary mechanisms which 
are expected to drive the exchange of the water in the development area with the source 
water of Owen Anchorage. These four cases were: 

Spring tide and no wind, 

Spring tide with wind, 

Neap tide and no wind, and 

Neap tide with wind. 

The 4 cases above were modelled for both the existing and the developed conditions, 
making 8 simulations in total. Groundwater inflow was included in all runs. Each 
simulation was run for a total of 6 days (on top of the 14 day warm-up period). 

In order to establish representative initial concentrations of NO3-N and salinity in the model 
area, a 14 day warm-up period was completed. The resultant concentration of NO3-N and 
salinity was averaged over the last 48 hours of this run to produce a 3-dimensional 
representation of the initial concentration field for each of the final model runs listed above. 
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2.4 Model Results 

2.4.1 Existing Conditions 

Results of the computer modelling of the existing case shows that the water within the 
proposed development area is flushed quite rapidly. There is little variation in the 
concentration of NO3-N between the spring and neap tide cases. The typical nearshore peak 
NO3-N concentrations when there is no wind ranges from 100 to 500 tg/L for both spring 
and neap tides (refer to Figure 2.5). When there is wind, the typical peak concentration of 

NO3-N was modelled to be around 10 to 40 g/L (refer to Figure 2.6). In both the spring 
and neap tide cases, the modelling suggested that the concentration of NO3-N in the 
nearshore waters is significantly less when wind is present. 

2.4.2 Post Development Conditions 

Figures 2.7 to 2.10 show the spatial distribution of NO3-N within the development area 
after 6 days of model simulation for the post development cases for the top layer of the 
model grid. Figures 2.7 and 2.8, and Figures 2.9 and 2.10 show that there is not a 
significant difference in the NO3-N  concentration between the with wind cases and the 
without wind cases for both spring and neap tidal cycles. In fact, there is not a significant 
difference in the distribution of NO3-N inside the development area between the spring and 
neap tide cases. It should be noted that the plots for the spring and neap tide cases should 
not be directly compared as the timesteps are at different points in the tidal cycle. 

The concentration of NO3-N in the waterways of the proposed development range from 
around 200 .tg/L at the marina entrance to 1,000 pg/L at the ends of the canals furthest 
from the entrance. Detailed results show that the concentration of NO3-N at the ends of the 
worst canals (the two dog legged shape canals) is as high as 1,200 to 1,300 tg/L. These 
NO3-N concentrations are about 10 times the empirically estimated value in Rogers & 
Associates (1998) under the action of both tides and density currents in the worst canals. 

There are several reasons for these discrepancies. The empirical techniques used in Rogers 
& Associates (1998) assumes that the water column of the entire development would be 
well mixed most of the time from wind action. The modelling showed that this was not the 
case. Also, the empirical techniques provides an average concentration of NO3-N for the 
entire waterway rather than the range of values shown in the modelling. The model results 
showed that in most parts of the development, the water column was not well mixed. Most 
of the NO3-N existed in the top 2 to 3 metres of the water column. Because of this, the 
NO3-N is less diluted in the surface layers and therefore, substantially higher in 
concentration. 

The modelled NO3-N values at the ends of the canals furthest from the entrance in the 
Option 2 scheme is at least 10 times greater than the recommended concentration for 
nuisance algal growth in Environmental Protection Authority (1993). It is predicted that 
these areas are likely to be prone to algal growth and there would be a high risk of blooms 
from time to time. 
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3. Empirical Modelling of the Preferred Option 

3.1 General 

There are several physical processes that cause water exchange between enclosed water 
bodies and the adjacent source waters. These include: 

tidal fluctuations, 

wind induced currents, and 

density currents. 

These factors and their contributions to the mixing and exchange of the proposed Port 
Catherine Development Option 3 scheme (refer to Figure 1.3) are examined in the 
following sections. 

To enable the results from the computer modelling to be applied, the same methods used to 
empirically estimate the likely NO3-N concentration in the development waterways for the 
Option 2 scheme by Rogers & Associates (1998) were used for the Option 3 scheme. The 
results of the empirical calculations for each exchange mechanism will be examined first. 
A discussion of the estimated water quality in the waterways of the proposed development 
using the empirical results and the results from the computer modelling will be examined in 
Section 3.5. 

3.2 Tidal Fluctuations 

The astronomical tides at Fremantle are usually diurnal (one cycle per day) with the typical 
spring and neap ranges being 0.5 and 0.2 metres respectively. 

An estimate of the tidal exchange in enclosed water bodies can be determined using the 
Tidal Prism Ratio (TPR). The TPR is defined as the ratio of the volume of tidal flow 
entering the waterway from low to high tide to the total volume of water in the waterways. 
This gives a relative measure of the potential for tidal flushing. The TPR after development 
is shown in Table 3.1 below. An estimate of the flushing time under the action of tidal 
action alone is also shown in Table 3. 1. 

Table 3.1 - Tidal Prism Ratio 

Parameter Developed Conditions 

Surface Area 

Total Water Volume 

TPR Spring Tides (0.5 m range) 

TPR Neap Tides (0.2 m range) 

Flushing Time 

99,000 m2  

420,000 m3  

11% 

—10 days 

'NOTE: Analysis of tide data at Fremantle shows that during neap tidal cycles the tide becomes 
semi-diurnal. 
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Table 3.1 above, shows that the total volume of water contained within the waterways after 
development can be fully exchanged by tidal action alone in approximately 10 days, 
provided the waterways are well mixed. The tidal exchange process will be enhanced by 
variations in water levels due to atmospheric pressure effects and winds. However, the 
effectiveness of tidal exchange is largely dependent on the water column being well mixed. 

A further complication for effective tidal flushing is the geometry of the water body. 
Falconer (1980) indicates that the geometry can have a significant effect on the efficiency of 
mixing and effective exchange, with the least effective shape being a long and relatively 
narrow canal. In such a case, the incoming tidal water can bark up the canal water at the 
far end of the canal with little effective mixing. Much the same water that flowed in during 
the flood tide flows out during the subsequent ebb tide with little effective exchange of 
water with the source water. Because of this effect, it is unlikely that the canals at the 
northeastern end of the proposed development (refer to Figure 1.3) will be effectively 
flushed under tidal action. The water in these canals will require wind and density effects 
to facilitate mixing and exchange between the canals and the marina entrance. 

3.3 Wind Induced Currents 

Winds blowing over closed-end waterways are known to create water motions that are 
important for water mixing and exchange. McKeehan (1975) specifically studied the effects 
of wind on water motion in man-made waterways. This study shows that wind blowing 
over a closed-end waterway causes: 

. a slope on the water surface, raising the level at the down-wind end of the waterway, and 

surface water movement in the down-wind direction, and an opposite motion in the 
bottom layer. 

These features are shown on Figure 3. la. The expression for the water velocity as a 
function of depth and surface velocity is given as: 

U(z) = U [1 -4 	+  Z

( 	

2)

(h) h) 

where 	U(z) = 	water velocity at depth z, 

U 	= 	water velocity at the surface, 

z 	distance below the surface, and 

Ii 	= 	the total depth of water. 

The water flow at the surface is usually taken to be in the range of 2 to 5% of the wind 
speed, refer to Wu (1973), Bishop (1979), and McKeehan (1975). The above suggests that 
the water speed decreases rapidly with depth and reaches zero at about one-third of the total 
depth. Underneath this level, there is a reverse flow to ensure conservation of mass. 
However, Laboratory experiments and observations in the field suggests that reverse flow 
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begins to occur at a height of about one sixth of the total depth (see Figure 3. ib). These 
observations have been taken into account in the following analysis. 

During spring and summer mornings in Owen Anchorage, winds are usually from the east 
and southeast whilst in the afternoons winds are commonly from the southwest and south. 
Typical wind speeds of about 5 to 12 m/s are expected during spring and summer. In the 
afternoon, southerly sea-breezes will create currents in the residential canals and the 
connecting waterway between the residential canals and the marina. 

During winter, the wind direction is more variable. Typical winter storms are initially 
accompanied by winds from the northwest. Over the duration of the storm event, the wind 
typically swings around to the southwest. The surface wind currents will follow the 
direction of the prevailing wind, and a counter current is expected in the lower portions of 
the water column. Strong storm winds are also expected to help mix the water column. 

The most effective water exchange under wind action will occur when the wind direction is 
aligned with the marina entrance channel. However, due to the predominance of southwest 
to southerly winds in the region, the orientation of the harbour entrance channel is not 
optimised for wind induced water exchange. Despite this, a component of these southerly 
winds along the entrance channel will help provide some water exchange. 

Using the methods outlined in McKeehan (1975) it was calculated that a southerly wind of 
10 m/s will cause the top 1 metre of the water column to move at an average rate of about 
0.15 m/s. The harbour entrance of the proposed development has a width of around 50 
metres and an average depth of around 8 metres at mean sea level, and is orientated about 

30° east of south. Consequently, it is estimated that 10 m/s winds from the south will cause 
a resultant outflow of around 20,000 m3/hr from the harbour entrance into the adjacent 
ocean. This would be accompanied by a return flow at the same volume flux in the bottom 
7 metres of the water column. 

As the waterways for the proposed development have a total water volume of about 420,000 
m3  at mean sea level, it would take about 20 to 25 hours for these wind induced currents to 
fully exchange the waterways with new ocean water under optimal exchange conditions. It 
is estimated that these southerly winds are likely to blow for around 3 to 4 hours a day for 
most days of spring and summer. This would mean that complete water exchange could 

. 

	

	occur in about 6 to 7 days under southerly winds. Examination of wind records at Rottnest 
Island and the FPA tower indicates that winds of around 10 m/s are unlikely to blow for 3 
to 4 hours a day for 6 to 7 consecutive days continuously throughout the year. Therefore, 
there will be times when the flushing time is likely to be longer than 6 to 7 days under the 
action of winds only. 

During winter, the variable wind direction makes it difficult to estimate likely flushing 
times. However, the stronger winds during winter will help the water column well mixed 
which should allow more efficient tidal exchange to occur. Also, rain and groundwater 
flows are higher during winter increasing the effect of density driven currents. 
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3.4 Density Currents 

Groundwater flowing into a body of seawater can create current flows from both the 
momentum input due to the groundwater discharge as well as the density difference created 
by the influx of less dense groundwater. 

When a horizontal gradient in density exists, the difference in gravitational potential energy 
causes the less dense fluid to flow over the top of the denser fluid (referred to as "mutual 
intrusion", see Figure 3.2). In general, the two fluids will have the same frontal velocities 
but be moving in opposite directions. In broad terms, this process will causdrWF' 
from the ocean to flow into the proposed waterway whilst the less dense canal waters flow 
out into the ocean. This method of water exchange can be very effective. 

Measurements in the Hillarys Boat Harbour by Schwartz & Imberger (1988) showed that 
density currents due to freshwater inflow substantially increased the rate of flushing in the 
harbour. It was concluded that with the existence of density currents, the flushing time of 
the harbour was half that of the flushing time under tidal action only. 

Turner (1973) describes a method of estimating the frontal velocity, Uf, resulting from a 
longitudinal density difference. 

Uf  =0.5 
(PO  
--AphJ 

where 	Uf 	frontal velocity, 

g 	= 	acceleration due to gravity, 

Po 	= 	reference density, 

= 	longitudinal density difference, and 

h 	= 	the total depth of water. 

Estimates of the groundwater flow after development by Rockwater suggests that the inflow 
along the 700 metre shoreline of the Option 3 scheme could be around 2,000 to 4,000 
rn3/day. Schwartz & Imberger (1988) estimated a groundwater inflow of around 2,000 
m3/day for the Hillarys Boat Harbour during their experiments. This created a 
corresponding difference in density of around 0.2 kg/rn3. Using this value, the frontal 
velocity is estimated to be around 0.06 m/s for the proposed development. For a harbour 
50 metres wide and 8 metres deep (at mean sea level), a flushing rate of around 40,000 
m3/hr is estimated. With this flushing rate, the entire waterway of the proposed 
development could be completely turned over in 10 to 15 hours. 

However, density currents are not expected to flow continuously for this period of time. 
Schwartz & Imberger (1988) found that wind stirring was capable of destroying the vertical 
stratification which then inhibited the effectiveness of the flushing by the established 
gravitational circulation. Over the period of their experiments, Schwartz & Imberger 
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(1988) estimated that the gravitational flushing mechanism was active about 20% of the 
time. Applying this estimate to the proposed development site yields a flushing time of the 
canals in the order of 2 to 3 days. 

3.5 Resultant Water Quality 

A summary of the empirically estimated flushing times under each of the exchange 
mechanisms is shown below in Table 3.2. 

Table 3.2 - Estimated Flushing Time After Development of Option 3 

Exchange Mechanism 	 - 	 Flushing Time 

Tidal Exchange Only 
	 about 10 days 

Wind Induced Exchange Only 
	

about 6 to 7 days 

Density Currents Only 
	

about 2 to 3 days 

The concentration of NO3-N entering the proposed development area has been updated with 
more recent monitoring results. The monitoring results show that the NO3-N concentration 
entering the proposed development is higher than previous estimates. The revised . 
concentration of NO3-N entering the system is shown in Figure 3.3. 

Revised groundwater inflow estimates for the Option 3 scheme have been completed by 
specialist hydrogeologists, Rockwater. These new estimates are shown in Table 3.3 below 
and are based on a best case scenario where the construction does not alter the hydraulic 
conductivity of thestal sediments and a worst case scenario where the hydraulic 
conductivity is increased after development (Rockwater, 1998). The variation in the 
percentage of flow into the development is shown in Figure 3.3. 

Table 3.3 - Groundwater Inflow Estimates 

Season 	 I 	 Best Case 	 I 	 Worst Case 

Summer 	 2,300 m3/day 	 3,100 m3/day 

Winter 	 2,900 m3lday 	 3,900 m3/day 

Using the revised NO3-N concentrations and the lowest and highest groundwater inflow 
rates from Table 3.3 (2,300 m3/day and 3,900 m3lday), an estimation of the NO3-N 
concentration in the proposed development was made for exchange under tidal action only, 
under the action of both tides and density currents, and under the action of tides and winds. 
The results are shown in Table 3.3 below. Because density currents will operate whenever 
the windisnot blowing, it can be assumed that exchange will occur for most of the time 
under the influence of either tides and winds or tides and density currents. 
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Table 3.4 - Estimated NO3-N Concentration in the Development Waterway 

NO3-N Concentration NO3-N Concentration 
Exchange Mechanism Low Groundwater Flow High Groundwater Flow 

Tides Only 270 igIL 450 ig/L 

Tides and Winds 110 tg/L 180 ig/L 

Tides and Density Currents 50 j2g/L 80 g.tg/L 

The results shown in Tables 3.2 and 3.4 assume that the waterway is well mixed most of 
the time. However, results from the computer modelling of the Option 2 scheme showed 
that this is unlikely. The NO3-N is concentrated mostly in the top 2 to 3 metres of the 
water column. Also, the modelling results showed very little difference in the rate of 
flushing with and without wind. 

In general, the computer modelled NO3-N concentrations in the worst flushed canals results 
were up to 10 times the empirically estimated value of NO3-N by Rogers & Associates 
(1998) under the action of both tides and density currents. Based on these results, the 
concentration that could be expected in the poorly flushed regions of the proposed Option 3 
development scheme were determined and are shown in Table 3.5 below. 

Table 3.5 - Estimated NO3-N Concentration in the Poorly Flushed Regions Based 

on Results of the Computer Modelling 

NO3-N Concentration 	 NO3-N Concentration 
Low Groundwater Flow 	 High Groundwater Flow 

400 to 500 g/L 	
I 	

700 to 800 .tg/L 

With this level of NO3-N, it is likely that algal blooms would occur from time to time. It 
should be noted that these empirical estimates have been factored using the results from the 
computer modelling of Option 2. These results should be a reasonable initial guide to the 
likely performance of the development. 
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4. Possible Solutions for the Water Quality Problem 

The empirical analysis of the water quality of the proposed Option 3 scheme completed in 
Section 3 showed that the concentration of NO3-N in the waterway is likely to be around 4 
to 8 times the value of NO3-N suggested by the Environmental Protection Authority (1993) 
as the level where nuisance plant growth can be expected. These predicted levels of NO3-N 
in the development waterway are likely to cause algal growth and measures to reduce its 
concentration are necessary. 

Two possible solutions to reduce the NO3-N concentration in the Option 3 waterway have 
been suggested by Bowman Bishaw Gorham. These are: 

Seal the northeastern most canal to divert the groundwater flow into the central 
residential canal and create an opening to the ocean at the northern end of the central 
residential canal. 

Create a bore field to reduce the amount of groundwater flowing into the proposed 
development in order to cut-off the input of NO3-N. 

In order to decide whether thesesO1tt 	are feasible or not, it has been assumed that a 

maximum NO3-N concentration of 100 g/L (the upper end of the Environmental 
Protection Authority (1993) limits) in-all parts of the proposed development waterway 
would need to be achieved. 	 ' 	: 

The predicted water quality under these solution options are analysed in the following 
sections. 

4.1 Solution 1 - Use of a Second Entrance 

The creation of a second entrance at the northern end of the development has several 
benefits, which include: 

Improved tidal flushing of the northern residential canals. 

Reduction in the maximum distance to an entrance from the furthest canal. 

Increasing the cross-sectional area available for flow in and out of the development 
waterway. 

It should be noted that the major benefit of generating through-flow under southerly wind 
conditions with the second opening is largely negated by the orientation of the original 
entrance (both entrances generally face to the north). 

Using the empirical techniques as outlined in Section 3, it is estimated that the concentration 

in parts of the development waterway could be in the order of 200 .tg/L if the best case 
scenario for groundwater inflow is used. The concentration of NO3-N in places could be in 

the order of 300 p.g/L under the worst case groundwater inflow. The estimated level of 
NO3-N in the waterway with this solution in place is still above the 100 tg/L target. 
Additional measures, such as the reduction in groundwater inflow, would still need to be 
undertaken. Because of the limited benefit, the high cost involved in sealing the 
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northeastern most residential canal and the extra costs involved in creating a second 
opening, this solution is not recommended. 

4.2 Solution 2 - Groundwater Extraction 

The obvious benefit of reducing the groundwater inflow is the decrease in the mass of 
NO3-N entering into the development waterway. However, by reducing the amount of 
groundwater inflow, the magnitude of the density gradient between the development 
waterway and the ocean will also be reduced. This means that the amount of density driven 
exchange will decrease with the reduction in groundwater inflow. This has been taken into 
account in the calculations. 	 - 

Based on empirically estimated tidal and density driven exchange (as per the methods 
described in Section 3), estimates of the resulting concentration of NO3-N for a reduction in 
groundwater inflow of 25 %, 50%, 75 % and 100% were determined for both the residential 
canals and the marina precinct. Two methods to extract the groundwater were examined: 

Groundwater is pumped out equally along the entire length of the development. 

Groundwater is extracted first from the northern section of the development, where the 
NO3-N input is the highest, and then progressively southwards to the southern boundary 
of the development. It is assumed that no groundwater will flow through the coastline of 
the development in front of the extraction area. 

The examination of these two methods will provide an upper and lower limit for the amount 
of groundwater pumping required to achieve the target NO3-N concentration of 100 tglL. 
Method 1 will provide a possible upper limit whilst Method 2 will provide a lower limit. 
For both methods, estimates were made using the best and worst case groundwater inflow 
rates determined by Rockwater (refer to Section 3, Table 3.2). The results are shown 
below in Tables 4.1 to 4.4 and presented graphically in Figures 4.1 to 4.4. 

Table 4.1 - Residential Canals, Method 1 

Reduction in Groundwater 
Inflow 

NO3-N Concentration 
Low Groundwater Flow 

NO3-N Concentration 
High Groundwater Flow 

0% 440 tg/L 740 .tg/L 

25% 380 igIL 640 tgIL 

50% 310tg/L 520 

75% 190 320 

100% 0 ig/L 0 jiglL 
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Table 4.2 - Marina Precinct, Method 1 

Reduction in Groundwater 
Inflow 

NO3-N Concentration 
Best Case 

NO3-N Concentration 
Worst Case 

0% 140 jtg/L 230 .tg/L 

25% 120.Lg/L 200.igIL 

50% 100tg/L 160ig/L 

75% 60 g.tgIL 100 p.g/L 

100% 0 ig/L 0 tg/L 

Table 4.3 - Residential Canals, Method 2 

Reduction in Groundwater 
Inflow 

NO3-N Concentration 
Best Case 

NO3-N Concentration 
Worst Case 

0% 440 .tgIL 740 .tg/L 

25% 310ig/L 640tg/L 

50%* 0.tg/L 0tg/L 

75%' 0tg/L 0.tg/L 

100%* 0 ig/L 0 	g/L 

*NOTE: Assumes that there is negligible groundwater inflow into the residential canals. 

Table 4.4 - Marina Precinct, Method 2 

Reduction in Groundwater 
Inflow 

NO3-N Concentration 
Best Case 

NO3-N Concentration 
Worst Case 

0% 140 .tg/L 230 xg/L 

25% 100tg/L 170J.Lg/L 

50% 60ig/L 110pig/L 

75% 40 g/L 70 tg/L 

100% 0.tg/L Oj.ig/L 

The results show that between 60% to 90% of the groundwater inflow needs to be extracted 
in order to achieve a NO3-N concentration of 100 LLg/L. The exact amount of groundwater 
pumping required will need to be refined in the detailed design stage of the project. 

M P ROGERS & ASSOCIATES 	 J198/3 Port Catherine Development Water Quality, 

Letter 98078R1.DOC, Page 14 



It should be noted that the processes which determine the water quality in the waterway of 
the development are very complex. The inclusion of groundwater extraction further 
complicates the issue. The results presented here are based on empirical techniques and 
should be considered as preliminary estimates. It is recommended that detailed computer 
modelling be undertaken in the detailed design stage of the project in order to refine the 
results of this work, depending on the chosen contingency management technique. In 
addition, the acceptable level of NO3-N in the waterway of the development needs to be 

more accurately determined. If a higher level of NO3-N (greater than 100 pg/L) can be 
maintained in the devethpment waterway without the possibility of an algal bloom, then the 
required water quality will be easier to achieve. 
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'N 
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Figure 2.1 - Typical Land / Sea-Breeze Data 
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Figure 2.4 - Location of Groundwater Inflow Points 
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Figure 2.5 — Modelling Results — Neap Tide, No Wind 
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Figure 2.6 — Modelling Results — Neap Tide, With Wind 
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Figure 23 - Modelling Results - Spring Tide, No Wind 
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Figure 2.8 - Modelling Results - Neap Tide, No Wind 
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Figure 2.9 — Modelling Results — Spring Tide, With Wind 
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Figure 210 — Modelling Results — Neap Tide, With Wind 
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Figure 3.1 - Wind Induced Circulation 
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Figure 3. la - Theoretical profile of wind induced velocity. 
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Figure 3. lb - Observed profile of wind induced velocity. 
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Figure 3.2 - Diagram of Mutual Intrusion 
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Figure 3.3 - Concentration of Input NO3-N and 
Percentage of Groundwater Inflow 
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Figure 4.2 - Concentration of NO3-N vs Groundwater 
Inflow - Marina Precinct (Method 1) 
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Figure 4.4 - Concentration of NO3-N vs Groundwater 
Inflow - Marina Precinct (Method 2) 
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1.0 	INTRODUCTION AND BACKGROUND 

1.1 Overview 

Technical investigation of Port Catherine Development's (PCD's) proposal commenced 

with a review of the available contamination investigation results, which at that time had 

mainly been conducted on govermnent-owned land. The early contamination 

investigations included an appraisal of groundwater quality which was conducted by 

Groundwater Technology Australia Pty Limited in 1994. Review of the groundwater 

quality data revealed elevated nitrogen concentrations in the order of 5mg NO3-NIL. 

Subsequent review of the technical literature confinned that the Groundwater 

Technology data was consistent with regional information which indicated there were 

"hot spots" of elevated nitrogen concentrations in groundwater in near coastal areas. For 

example, the investigations by Appleyard (1990) and the review of Davidson (1995) 

identified likely areas of elevated groundwater nitrogen concentrations on a regional 

basis. The importance of this input of nitrogen to nearshore coastal waters as a factor in 

macroalgal productivity in Marmion Lagoon was recognised by Johannes and Hearn 

(1985) and as a contributor to eutrophication in Cockburn Sound was discussed in the 

Southern Metropolitan Coastal Waters Study (DEP, 1996). The potential effects of 

nitrogen discharge in groundwater to the future Port Catherine marina development 

became a focus of ongoing investigations with respect to marina water quality prediction 

and assessment of management requirements. 

The investigations of marina water quality involved assessment of onshore groundwater 

quality, offshore groundwater seepage, flushing calculations (empirical estimates and 

three dimensional modelling) and review of comparative data from other marinas and 

harbours in the Perth Metropolitan Region. The data examined in these investigations 

are presented herein in support of the marina water quality assessment and management 

plan presented in the Environmental Review. Prior to presenting the data, a chronology 

of events is listed below to put the investigations in their correct perspective. 
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1.2 	Chronology of Investigations 

The data presented herein were compiled and assessed in the following sequence. 

May 1997 - identified elevated nitrogen concentrations in groundwater and 

conducted further investigations to confirm spatial and vertical extent. 

July 1997 to December 1997 - measured groundwater seepage in offshore 

locations at Port Catherine. 

January 1998 and ongoing - intense algal bloom in Jervoise Bay Northern 

Harbour prompts collection of groundwater seepage from other harbours to allow 

comparison with the Port Catherine site. 

May/June 1998 - DEP requires 3-D modelling of water mixing in the Port 

Catherine marina proposal. 

August 1998 - sampling of sediments to assess degree of organic enrichment in 

various marinas, as required by DEP. 

October to December 1998 - assessment of the revised marina concept, which is 

much smaller than the initial proposal. 

January/February 1999 - evaluation of management options and selection of 

preferred contingency plan. 
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2.0 	GROUNDWATER NITROGEN DATA 

2.1 	Groundwater Quality - Port Catherine Locality 

The groundwater nitrogen concentrations recorded by Groundwater Technology during 

the 1994 contamination investigations on government land are listed in Table I. The 

locations of bores are shown on Figure 1. These bores were only shallow and recorded 

average nitrogen concentrations within the top 4 metres of the aquifer. Ten out of 

fourteen bores recorded nitrate levels in excess of 1 mgNO3-NIL (average of 5.6 mgNO3-

NIL). 

In 1997, additional bores were commissioned by PCD to investigate the spatial and 

vertical distributions of nitrogen within the groundwater aquifer. The data are listed in 

Table 2 and the locations of the bores are shown on Figure 1. This investigation 

confirmed that elevated nitrogen concentrations occurred through the full depth of the 

aquifer and also occurred inland of the Port Catherine site. The potential for high 

loadings of nitrogen to the marina as a result of groundwater inflow is apparent in these 

data. Note that the highest nitrate concentrations (average of 11.5 mgNO3-N/L) were 

recorded at Peace Park, located 3,400 metres inland from the coast. On average, 

groundwater would be expected to move approximately 90-100 metres per year in the 

coastal limestone aquifer, therefore elevated nitrogen discharge to the ocean will 

continue for many years. 

2.2 	Offshore Groundwater Seepage - Port Catherine Locality 

Whilst the elevated nitrogen concentrations in groundwater were of concern, this did not 

mean that all of this nitrogen would be carried into the marina via groundwater 

discharge. It was hypothesised that denitrification may be an important process in 

causing attenuation of the potential nitrogen loading. Denitrification could occur within 

the shallow marine sediments or deeper within the aquifer discharge zone at the saline 

interface, given appropriate conditions. This hypothesis was proposed on the basis of 

key studies as noted below. 

Appleyard (1990) discussed the possibility of conditions favourable for 

denitrification processes in the mixing zone at the saltwater interface. 
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Gerritse (1990) inferred strong denitrification occurring in the Bassendean Sands 

aquifer during investigations under urban areas in the northern metropolitan 

region. 

The Port Phillip Bay (CSIRO, 1997) study concluded that denitrification 

processes in the marine sediments of that embayment were the major mechanism 

for controlling dissolved inorganic nitrogen in the water colunm. 

In order to test this hypothesis, a method was devised by which groundwater seepage 

samples could be collected from the shallow marine sediments in nearshore areas of the 

Port Catherine locality. A small diameter hollow spear was inserted into the sediments 

by a diver and a groundwater sample lifted to the surface via a small hose and hand-held 

pump in a boat stationed above the sample site. In-situ conductivity measurements were 

taken to establish whether or not groundwater seepage was successfully collected. 

Samples were subsequently analysed for dissolved inorganic nitrogen in a NATA 

registered laboratory. 

The initial results from the July 1997 survey seemed to support the denitrification 

theory, as the measured nitrogen levels were very low in comparison to levels in 

groundwater further inland. A subsequent survey, conducted in December 1997, 

indicated that denitrification was not occurring and it was assumed that seasonality was 

being experienced. 	These initial surveys also confirmed that the majority of 

groundwater seepage occurs within the first twenty metre or so of the shoreline. 

The results from this early work are illustrated on Figures 2 and 3 (a, b, c). The 

locations of the sample transects are shown on Figure 1. 

2.3 	Groundwater Nitrogen Inputs to Other Harbours 

In January 1998, the ongoing program of seepage collection in the Port Catherine 

locality was extended to other marinas and harbours along the metropolitan coast. This 

was done for two reasons: 
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as a result of adverse publicity and concerns in government regarding a major 

algal bloom in the Jervoise Bay Northern Harbour during the period December 

1997 to January 1998, and 

in view of the perceived need to examine the contribution of groundwater 

nitrogen loadings to existing marinas as case studies by which to assess the Port 

Catherine proposal. 

The harbours selected were Jervoise Bay, Success Harbour and Hillaiys Marina. Data 

were collected on a number of occasions during 1998. 

The data are summarised on Figures 4, 5 and 6 for Port Catherine, Hillarys Marina and 

Jervoise Bay respectively. Attempts to collect groundwater seepage from within 

Success Harbour were unsuccessful and it is assumed that this harbour has very little 

groundwater input. Its location near to the mouth of the Swan River and the consequent 

more complex groundwater hydrodynamics in this locality are considered to be the 

reason for a lack of groundwater seepage in this instance. 
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3.0 	MIXING AND EXCHANGE (FLUSHING) 

Calculations of mixing and exchange have been conducted by M.P. Rogers and 

Associates from consideration of the driving forces such as tides, winds and density 

induced currents. The results are reported in more detail in Appendix B and pertinent 

aspects are briefly presented herein. 

3.1 	Comparisons of Flushing between Marinas 

In order to complement the groundwater seepage data collected from the existing and 

proposed harbours, empirical estimates of flushing were conducted for comparative 

purposes. Evaluation of the Port Catherine proposal would be assisted by similar 

flushing analysis of the existing case study harbours. 

The physical dimensions and empirical estimates for each harbour are listed in Table 3. 

The estimates of tidal flushing times indicates that the Port Catherine proposal (i.e. the 

initial concept) was more similar to Hillarys than Jervoise Bay. On the basis of the 

average flushing times presented in Table 3, it is reasonable to infer that the Port 

Catherine proposal may be at lower risk from algal blooms in comparison to Jervoise 

Bay. The flushing characteristics would be more similar to Hillarys which has not 

experienced excessive algal bloom problems. 

This preliminary conclusion is also supported from analysis of the groundwater seepage 

data (Figures 4, 5 and 6). That is, whilst the Port Catherine area has higher levels of 

nitrate-nitrogen in groundwater than at Hillarys, Jervoise Bay clearly has an ammonia-

nitrogen problem. It is understood that this occurs from a specific contaminated 

groundwater plume and is additive to the relatively high background levels of nitrate-

nitrogen. 

3.2 	3-D Modelling of Initial Concept Plan 

Technical documentation in support of the initial Port Catherine Concept was submitted 

to DEP during the first half of 1998. At the time, there was considerable concern 

regarding the ability to reliably predict water quality outcomes based upon empirical 
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estimates of flushing, given the recent scenario of excessive algal bloom occurrence at 

Jervoise Bay. 

The DEP requested that a three dimensional (3-D) model was established for the Port 

Catherine proposal to enable more refined estimates of mixing and exchange processes 

for the purpose of water quality prediction. The 3-D modelling was conducted by 

M. P. Rogers and Associates with the assistance of Lawson and Treloar from New South 

Wales. It was conducted for the initial (larger) concept for Port Catherine and the results 

are not reported in detail herein because the Concept Plan has been substantially revised. 

The 3-D model was able to provide predictions of nitrogen concentrations throughout 

the proposed marina in fine scale both laterally and vertically, based on estimated 

groundwater inputs, wind induced mixing, gravity driven density currents and tidal 

exchange. The model output predicted very high nitrogen concentrations in the surface 

layers of the various canal waterways most remote from the main entrance channel. 

Under some modelled conditions, these were in the order of 1.2 - 1.3 mgNO3-N/L. 

(Appendix B: M.P. Rogers and Associates "Port Catherine Water Quality Study - 

Revised Layout"). 

The 3-D modelling results presented refinements to the previous calculations of nitrogen 

concentrations based on empirical techniques and indicated that there was high 

likelihood that algal blooms would occur in some of the canals, provided other 

conditions were suitable. 

3.3 	Review of Flushing - Revised Concept 

The revised Concept Plan for the Port Catherine development includes a significantly 

reduced waterways component. The major changes involved deletion of proposed 

waterways at the southern end of the development area and no waterways to be 

constructed inland of the high tide mark. Overall, the area of waterways was reduced to 

about one-third of the original concept. 

Mixing and exchange within the revised concept were firstly assessed by empirical 

techniques, then subsequently refined on the basis of experience gained from the 

previous 3-D modelling exercise for the earlier concept. 
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Despite the smaller area and volume of waterways, the improvement in nitrogen 

concentrations was not as significant as initially envisaged during superficial appraisal 

of the revised concept. For example, maximum nitrogen concentrations in canal 

waterways remote from the entrance channel are predicted to be in the range of 0.7 - 	- I 

0.8mg NO3-N/L. This is only a 40% reduction in maximum nitrogen concentrations, in  

comparison to the 67% reductions in area and volume of waterways. The principal 

factors attributable to this modest (only) improvement are considered to be: 

higher concentrations of nitrogen in groundwater inputs were applied in the 

revised modelling (additional groundwater seepage samples were collected from 

previously unsampled areas in the northern sector of the proposed development 

which suggested higher average nitrogen inputs via groundwater); 

the alignment of the north-eastern canal (i.e. parallel to the shoreline) acts to 

concentrate groundwater inflow in this sector; and 

the geometry of the northern waterways is not optimum for tidal exchange 

benefits. 

It was concluded that the risk of algal blooms occurring in parts of the waterways was 

still very high, notably at areas most remote from the entrance channel in the northern 

sector of the marina proposal. This required careful consideration of an appropriate 

contingent management response, which is discussed in Section 4.3. 
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4.0 	WATER QUALITY PREDICTION AND MANAGEMENT OPTIONS 

Given the known high levels of groundwater nitrogen inputs at Port Catherine, the most 

difficult aspect to overcome is the high degree of uncertainty in being able to predict 

whether or not excessive algal blooms would occur in the proposed marina. 

Whilst the previous 3-D modelling conducted for the earlier concept was able to 

produc refined estimates of the likely nitrate-nitrogen concentrations throughout the 

proposed waterways, a large element of uncertainty exists in reliably predicting the algal 

growth response. 

Some data from the case studies examined are presented below prior to discussing the 

means by which this uncertainty can be overcome. 

4.1 	Historical Monitoring Data for Other Marinas 

Water quality monitoring data from Success Harbour and Hillarys Marina was examined 

to determine if this information could assist with prediction of water quality for the Port 

Catherine proposal. Data are available for the first few years following construction of 

these marinas, from surveys conducted in accordance with their conditions of approval. 

Unfortunately the data does not distinguish between the various forms of nitrogen in the 

water column, as only total nitrogen concentrations were recorded. 

Some data from Success Harbour are presented in Figure 7 (a, b, c) and Hillarys Marina 

in Figure 8 (a, b, c) for illustrative purposes. Nuisance algal blooms have not occurred 

in these harbours to the extent that any public concern has been expressed (in contrast to 

the recent algal bloom at Jervoise Bay). Salient points from these data are listed below. 

(i) 	Success Harbour (1985 to 1987 data) 

Inside the harbour, total nitrogen concentrations were mostly similar to, but 

sometimes greater than, the concentrations recorded outside of the harbour. 

Chlorophyll—a concentrations (an indicator of phytophlankton growth) were 

mostly significantly greater inside the harbour in comparison to outside. 
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Chlorophyll-a concentrations routinely exceeded the proposed criterion of 

0.8 j.xg/L expressed in the Southern Metropolitan Coastal Waters Study, but 

mostly inside the harbour. 

There is no discernible relationship between total nitrogen and chlorophyll-a 

concentrations. 

(ii) 	Hillarys Marina (1985 to 1989 data) 

Water quality inside the harbour is closely aligned to water quality outside the 

harbour with respect to total nitrogen and chlorophyll-a. 

Chlorophyll-a concentrations sometimes exceeded the proposed 0.8 j.tg/L  

criterion, but to a much lesser extent than Success Harbour. 

There is no discernible relationship between total nitrogen and chlorophyll-a 

concentrations. 

4.2 	Organic Enrichment of Sediments 

At the request of the DEP, consideration was given to the long term water quality effects 

within the semi-enclosed waterways proposed at Port Catherine. The issue of concern is 

whether or not organic enrichment of sediments due to phytoplankton growth, decay and 

sedimentation from the water column, would eventually lead to deoxygenation events 

and nutrient recycling from the sediments. In the absence of a predictive model for local 

waters and harbours, sediment samples were collected at existing harbours in order to 

shed some light on this matter. The data are presented in Table 4. 

As would be expected, there is an increase in organic matter content and nutrients within 

harbour sediments in comparison to sediments outside of the harbours. To our 

knowledge, no complementary data are available to indicate that this organic enrichment 

of sediments is contributing to reduced water quality in the harbours (i.e. whether or not 

deoxygenation events are occurring in the lower layers of the water column due to the 

oxygen demand of decay processes in the sediments). Other factors are also important 

with respect to maintenance of good water quality in harbours. Jervoise Bay is a classic 
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example; it has lower sediment nitrogen concentrations in comparison to Hillarys, 

Success and Fishing Boat Harbours but is the only harbour to have experienced 

excessive algal blooms. 

(- 
4.3 	Management of Uncertainty: Source Control 

The technical investigations conducted to date have confirmed that the proposed Port 

Catherine marina will experience elevated nitrogen concentrations due to groundwater 

nitrogen inputs. It may be concluded with considerable certainty that the proposed 

waterways would be in a high risk category with respect to the potential for algal 

blooms. In contrast, there is considerable uncertainty with respect to the severity or 

intensity of algal growth in the water column and the frequency of 'nuisance' events, if 

they occur. 

In order to provide certainty for decision-makers that the proposed Port Catherine 

marina will have acceptable water quality, provision will be made to easily control 

groundwater inputs as a contingency management response. A borefield will be 

established to enable interception of groundwater throughflow to the marina, with 

subsequent discharge direct to the ocean (by-passing the marina) or re-use elsewhere as 

irrigation water. These options are discussed further in the Environmental Review main 

document. 

Advice has been sought from Rockwater Pty Ltd (Consultant Hydrogeologists) 

regarding the layout of a groundwater recovery borefield (Section 8.0). Modelling was 

also conducted by Rockwater to examine potential drawdown effects from operation of a 

borefield. The results indicate only slight drawdowns (0.01 to 0.05 metres) at inland 

wetlands, which will not result in adverse effects (Section 8.0). 

The required operation of the bores, (i.e. number of bores, duration of pumping, etc) is 

entirely speculative at this stage. This will need to be determined based on water quality 

outcomes within the waterways. Pumping may not be necessary every year or every 

month of the year. The optimum scenario is that groundwater is abstracted for irrigation 

of public open space within the development and that this degree of "re-use" is sufficient 

to control algal blooms in the marina. 

P 	
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TABLE I 

NITROGEN IN SHALLOW GROUNDWATER AT PORT CATHERINE SITE 

(1994 DATA) 

Coastal Bores Bores in Vicinity of 

Ahoy Road 

Bores on Eastern Side 

of Site 

Bore NO3-N Bore NO3-N Bore NO3-N 

MWI 10.2 MW6 1.2 MW9 6.8 

MW2 5.4 MW13 0.75 MW10 0.23 

MW3 5.0 MW12 5.6 MW1I 7.2 

MW4 4.7 WAWA 0.05 

MW5 5.0 MW7 5.0 

MW8 0.11 

Notes: 	Data are n1gNO3-N/1. 

Bores screened over top 4m of aquifer 

Source = Groundwater Technology (1994). 
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TABLE 2 

CONFIRMATION OF LATERAL AND VERTICAL EXTENT OF 

NITROGEN IN GROUNDWATER (1997 DATA) 

BORE 

Deep 1 Deep 2 Deep 3 Deep 4 

(Coastal_North) (Coastal_South) (Inland 1 700m) (Inland_3400m) 
Sample NO, Sample NO, Sample NO, Sample NO, 
Depth (as N) TDS Depth (as N) TDS Depth (as N) TDS Depth (as N) TDS 

4 6.4 1490 9 7.8 810 15 4.1 660 8 10.6 310 

6 6.9 1405 10 7.5 875 18 660 12 11.1 540 

8 2040 12 7.3 1055 20 5.4 460 15 8.6 535 

10 5.6 5875 14 1030 22 460 16 520 

12 9370 16 7.8 1190 24 8.4 540 17 520 

14 21000 17 1185 26 555 18 11.1 525 

16 1.3 28700 18 1220 27 610 19 480 

18 35090 20 7.9 2200 28 11.7 940 21 13.5 475 

20 35470 21 2270 29 1110 22 520 

22 34770 22 0.3 3370 30 7.9 1545 23 530 

24 36760 24 34620 31 1750 24 12.9 545 

30 36250 32 	1  2 	1  2520 	1  27 	1  12.4 	1  555 

Note: 	Sample collection commenced at watertable in each bore. 

All data mg/L. 

Source = RockwaterfBowman Bishaw Gorham. 
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TABLE 3 

COMPARISON OF FLUSHING CHARACTERISTICS 

Characteristics Hillary's Boat 
Harbour 

Jervoise Bay 
Northern Harbour 

Port Catherine - 
Initial Concept 

Estimated Volume (m3) 1.3 x 106 5.21 x 106 1.24 x 106 

Estimated Surface Area (m2) 2.46 x 105  7.08 x 105  3.04 x 105  

Mean Depth (m) 5.3 7.4 4.1 

Tidal flushing time (Spring)' —10 days —14.7 days —8 days 

Tidal flushing time (Neap)2  —18 days —24.5 days —14 days 

Estimated e-folding time 5 days3  4-6 days4  4-5 days5  

Notes: 	1. 	Based on spring tidal range of 0.5 metres using Tidal Prism methods. 
Based on a neap tidal range of 0.3 metres using Tidal Prism methods. 
Estimated from measured data (from Schwartz & Imberger, 1988). 
Tidal exchange and wind mixing only (from Department of Commerce & Trade, 1997). 
Under the action of tides and density currents. 

- 
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TABLE 4 

NUTRIENTS AND ORGANIC CONTENT OF SEDIMENTS 

FROM INSIDE AND OUTSIDE MARINAS IN THE 

PERTH METROPOLITAN AREA (JULY 1998) 

TN TP TOC 
Site (mg/kg) (mg/kg) (% ignition loss) 

HILLARYS 

Outside 440 380 3 

Inside 1500 440 4 

V 	 JERVOISE BAY 

Outside 450 450 2 

Inside 980 520 4 

FREMANTLE HARB OURS 

Outside 31 210 1 

Inside - Success Harbour 1400 370 3 

Inside - Rous Head 570 520 4 

Inside - Fishing Boat Harbour 2300 690 7 

PORT CATHERThE 

Inside proposed harbour 

(background levels) 250 280 2 

NB: Analyses conducted on composite samples from five separate locations 
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Figure 7(a) 
Success Boat Harbour 
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Figure 7 (b) 
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Figure 7 (c) 
Success Boat Harbour Site F, Inside 
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Figure 8 (a) 
Hillarys Boat Harbour 
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Figure 8(b) 
Hillarys Boat Harbour 
Chlorophyll a Vs Time 
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Figure 8 (c) 
Hillary's Boat Harbour Site 8, Inside 
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8.0 	ADVICE ON GROUNDWATER 
RECOVERY BORES 
(Rockwater Pty Ltd) 



Ref: 014/221.2 

8 February 1999 

Mr M Bishaw 
Bowman Bishaw Gorham 
1298 Hay Street 
WEST PERTH WA 6005 

Rockwater 
PROPRIETARY LIIV1ITED 

76 JERSEY STREET, JOLIMONT, WESTERN AUSTRALIA, 6014 
P0 BOX 201, JOLIMONT, WESTERN AUSTRALIA, 6913 
TELEPI-IONE: (08) 9284 0222 A.C.N. 008 804 653 
INTERNATIONAL: 618 9284 0222 
FACSIMILE: (08) 9284 1755 
EMAIL: rockwatetpgi.com.au  

\ .-'.- 

Dear Mr Bishaw 

Re: Groundwater Recovery Bores, Port Catherine 

As requested, we have used the numerical groundwater model and analytical techniques to 
assess the feasibility of using recovery bores to intercept nitrate-rich groundwater. 

It was assumed that one bore would pump continuously during summer to provide 450 m3/d 
for irrigation of public open space etc., and that additional bores would be pumped over a 
critical two-month period in summer to prevent most or all of the groundwater flow to the 
maiina and canals. 

Two cases were modelled to test the end points of the likely range of aquifer permeability 
beneath and immediately east of the development: 30 mId and 670 mId. 

The modelling results indicate that with the one irrigation bore pumçing, there would still be 
about 1,100— 1,400 rn3/d flowing to the canals and 1,300— 1,800 in /d flowing to the marina 
(flows depending on aquifer permeability). With eight bores each pumping 550 m3/d: four 
east of the marina and four east of the canals (including the irrigation bore described above), 
most of the groundwater flow could be intercepted (eg. figure 3). Pumping from eight bores 
would reduce flows to the canals to about 300 m3/d after 12 days and 200 m3/d after 60 days; 
and to the marina to about 300 —400 m3/d after 12 days and 190 - 260 m3/d after 60 days. 

Much of the residual flow would be via the area between the canals and the marina: it could 
be further reduced by decreasing the gap between the two sets of bores. 

The thickness of fresh water generally increases with distance from the coast, but it is 
variable. At one location there is 12 in of fresh water at a distance of 7 in inland of mean sea 
level, whereas at another place there is only 7 m of fresh water 23 m inland. In general the 
bores should be located about 60 in inland of the present coastline where there might be 15 m 
thickness of fresh groundwater, and spaced at least 50 m apart. The bores would be about 
8 in deep with screens extending from the water table to about 5 m below it. 

CONSULTANT HYDROGEOLOGISTS 
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Calculations using the equation of Schmorak and Mercado (1969) indicate that upconing 
saltwater should not reach the bores, although this is uncertain. It will be necessary to test-
pump the bores to determine whether fresh groundwater will be produced. 

One or two nests of two saltwater interface bores should be installed between each set of four 
bores and the coast, for monitoring groundwater levels and the movement of the saltwater 
interface during extraction. 

Preliminary cost estimates have been provided by Western Irrigation for constructing and 
equipping the bores, and are enclosed. 

Also enclosed are figures which show model-calculated water levels and drawdowns for the 
low and high permeability cases: 

Figure No. 	I Title 

Model-Predicted end of summer water levels (m AHD) with no bores 
pumping: Low permeability in canals and marina. 

2 	Model-Predicted water level drawdowns (m) after 3 months with 1 bore 
pumping 450 m3/d: Low permeability in canals and marina 

3 	Model-Predicted water level drawdowns (m) after 2 months with 8 bores 
pumping 4,400 rn3/d: Low permeability in canals and marina 

4 	Model-Predicted water levels (m AHD) after 2 months with 8 bores 
pumping 4,400 m3/d: Low permeability in canals and marina 

5 	Model-Predicted end of summer water levels (m AHD) with no bores 
pumping: High permeability in canals and marina. 

6 	Model-Predicted water level drawdowns (m) after 3 months with 1 bore 
pumping 450 m3/d: High permeability in canals and marina 

7 	Model-Predicted water levels (m AHD) after 2 months with 8 bores 
pumping 4,400 m3/d: High permeability in canals and marina. 

8 	Model-Predicted water level drawdowns (m) after 2 months with 8 bores 
pumping 4,400 m3/d: High permeability in canals and marina 

These figures show that there would be only small drawdowns around a single bore pumping 
at 450 m3/d, but that drawdowns of 0.01 to 0.05 in could extend to the Market Garden 
Swamps and Manning Lake with the eight bores pumping a total of 4,400 m3/d. 

Please contact me if you have any queries regarding the above, or need additional 
information. 

Yours sincerely 
ROCK WATER PTY LTD 

P H WHARTON 
Principal Hydrogeologist 
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MODEL-PREDICTED WATER LEVEL DRAWDOWNS (m) 

AFTER 2 MONTHS WITH 8 BORES PUMPING 4,400 m3/d: 

HIGH PERMEABILITY IN CANALS AND MARINA 

(0.02 m CONTOUR INTERVAL) 

Rociwater Pty Ltd 
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Project: Port Catherine 
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