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Executive summary 

The South West Development Commission is the proponent for the Koombana Bay Marine Structures (KBMS) 

proposal. The Western Australia Environmental Protection Authority has determined it to be assessed as a 

Strategic Proposal (SPER). The KBMS strategic proposal is located within the City of Bunbury, about 174 

kilometres south of Perth, Western Australia. The KBMS strategic proposal is comprised of three (3) future 

proposals of the following marine structures within Koombana Bay that will be construct and operated 

independently: 

1. Casuarina Boat Harbour. 

2. Koombana Bay Sailing Club (KBSC). 

3. Dolphin Discovery Centre (DDC) finger jetty. 

The purpose of this report is to evaluate potential impacts on marine environmental quality and to inform the 

potential impacts on benthic communities and habitats from the construction and operations of two (2) of the three 

(3) future KBMS SPER proposals (the DDC finger jetty does not have any material impact on marine 

environmental quality, so it was not evaluated), and to inform the preparation of the construction and operational 

management plans. 

The impact assessment in this investigation is primarily based on the following three (3) types of models: 

ï A three-dimensional (3D) hydrodynamic model was established to simulate currents to identify the key 

physical processes of the Koombana Bay system. The model was run with temporal and spatially variable 

winds and air pressure over the surface, and water levels and currents along the open boundaries. 

Additional model inputs included superficial groundwater discharges into Leschenault Inlet, Casuarina 

Boat Harbour and the proposed KBSC marina), and discharge from the two (2) major regional rivers. Good 

model performance was achieved in reproducing measurements of currents and water levels with industry-

standard model parameters. The 3D simulations were used to evaluate changes to water currents and 

circulation patterns, and also to serve as inputs to a particle model (see below). 

ï A two-dimensional (2D) wave model was established to simulate the wave climate. Good model 

performance was achieved in reproducing measurements of significant wave heights, peak wave periods 

and mean wave directions with industry-standard model parameters. The 2D simulations served as inputs 

to a particle model (see below). 

ï A 3D particle model used both the 3D hydrodynamic and 2D wave simulations as inputs. The particle 

model was configured to evaluate flushing of existing (Casuarina Boat Harbour, Leschenault Inlet, Inner 

Harbor) and proposed (KBSC marina) semi-enclosed water bodies adjacent to Koombana Bay. The 3D 

particle model was also used to characterise changes in the proportion of groundwater that comprises 

these water bodies due to the KBMS proposal. Additionally, the particle model was used to predict total 

suspends solids (TSS) and net sedimentation above background levels from construction-related 

activities. Modelling of the background TSS was not carried out because of its complex spatial variability 

that is driven by a range of processes. The high effort to adequately simulate the background TSS climate 

is not aligned with the relatively modest construction impacts. Hence, TSS and net sedimentation above 

background from construction-related activities were simulated here, which is common industry practice. 

The 3D particle model was also used as one of three approaches to estimate the effect of dredging-related 

activities on the nutrient climate. 

Operational impacts 

Currents and circulation 

The tidal jet emanating from the Cut during ebb tides forms a natural northern boundary of Koombana Bay, as it 

effectively is a barrier to continuous transport of construction-related turbid plumes from Koombana Bay. Two 

gyres often form in the bay with a predominantly clockwise gyre in the western half and an anticlockwise gyre in 

the eastern half. A boundary current frequently forms in the nearshore waters along Koombana Beach, Jetty Road 

causeway and Casuarina Point. This gyre and boundary current are important drivers of the spatial extent of the 

zone of moderate impact (ZoMI) of TSS above background levels during simulated construction of the proposed 

structures.  
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The regular (daily) high current velocity jet from Leschenault Estuary through the Cut during ebb tides provides a 

natural mechanism to limit the northerly spatial extent of the ZoMI. It acts effectively as a barrier to the continuous 

northward transport of construction-related turbid plumes. 

Changes to current speeds from the KBMS proposal are predicted to shift the existing boundary current along the 

western shoreline of Koombana Bay towards the interior of the bay. This shift is predicted to result in reduced 

flushing efficiency of the waters to the north of the Plug with a concomitant increase to the median e-folding 

flushing time of Leschenault Inlet (see below). 

Flushing 

The proposed northern breakwater is predicted to increase the median flushing time of the Casuarina Boat 

Harbour from 2.2 days to 5.8 days. Removal of the rock groyne from the end of the Jetty Road causeway is 

predicted to decrease the median flushing time of the redeveloped harbour to 4.8 days. 

The proposed KBSC marina has a predicted median flushing time of 5.2 days, similar to Casuarina Boat Harbour 

after redevelopment (5.8 days).  

The future presence of the KBSC marina will likely decrease the flushing efficiency of the waters immediately north 

of the Plug due to the shift of the nearshore boundary current along western Koombana Beach to the north (see 

above), which increases the predicated median flushing time of Leschenault Inlet from 7.9 days to 9.5 days.  

The existing Inner Harbour is not materially affected in terms of flushing by the KBMS proposal. Additionally, an 

indicative large expansion of a future Inner Harbour is predicted to not have any material cumulative impacts on 

the flushing of Casuarina Boat Harbour, KBSC marina or Leschenault Inlet. 

Groundwater 

The predicted effects of groundwater fluxes on the future water quality of Casuarina Boat Harbour, KBSC marina 

and Leschenault Inlet are minimal because of the low discharge estimates into the harbour (~10-150 m3/day) and 

marina (~2-25 m3/day), and for the larger inlet discharge (~75-1,200 m3/day) the groundwater proportion and 

nutrient levels are not predicted to materially change relative to the baseline. However, elevated Zn levels in the 

groundwater have been identified as a large source to these water bodies, particularly to Leschenault Inlet, which 

may limit observed algal levels via toxicity. 

Bunbury Drainage Network 

The bulk of the Bunbury drainage (stormwater) network that discharges into Koombana Bay is primarily into 

Leschenault Inlet with no outlets to Casuarina Boat Harbour or the proposed KBSC marina. No data of the 

discharge or water quality of the drainage network is available. 

Water Quality 

Summer and autumn gradients of NHX and chl-a (i.e. higher to lower levels from the east to the west) are likely 

driven by variations in flushing times within Leschenault Inlet. 

The greatest risk to water quality from the KBMS proposal is increased nutrient levels and chlorophyll-a (i.e. levels 

of algae) from decreased flushing of Casuarina Boat Harbour and Leschenault Inlet. Recent and past water quality 

data does not support that increased chl-a will occur in these water bodies from decreased flushing. The inlet with 

a higher median flushing time (7.8 days) than the harbour (2.2 days) has similar chl-a levels (median and 80th 

percentile of 3 and 3.7 ug/L, respectively) as the harbour (median and 80th percentile of 3 and 4 ug/L, 

respectively), which are only ~30-50% greater than Koombana Bay (median and 80th percentile of 2 and 2.8 ug/L, 

respectively). This indicates that other mechanisms have greater effect on the chl-a climate of Koombana Bay and 

its adjacent semi-enclosed water bodies than variations in flushing and nutrient climate per se. One possible 

toxicity mechanism that limits productivity are elevated Zn levels in groundwater inputs that are estimated to 

account for ~80% of the measured Zn levels in the inlet. To further understand the key mechanism that drive 

spatial variability in nutrient and chl-a levels within Koombana Bay and its adjacent semi-enclosed water bodies, 

ecological modelling was undertaken in a separate study with a nutrient-phytoplankton-zooplankton (NPZ) 

simulation approach. 
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Construction Impacts 

Scenarios 

Construction of the KBMS proposal has many elements (i.e. construction of three (3) breakwaters, three (3) 

separate dredging campaigns with up to three (3) different types of dredge plant, two (2) onshore spoil disposal 

and reclamation campaigns, two (2) offshore disposal campaigns) with a number of potential permutations in the 

order (sequence) in which the construction occurs. Three (3) scenarios were defined in terms of the sequence of 

these various construction elements, namely: 

ï 'Probableô scenario 1 was a serial construction sequence comprised of: 

¶ Trailer suction hopper dredging (TSHD) with overflow and offshore disposal of the sediment beneath the 

northern breakwater footprint (~1 month, ~110,000 m3). 

¶ Northern breakwater construction (~9 months). 

¶ Eastern breakwater construction (~3 months). 

¶ Western breakwater construction (~ 2 months). 

¶ KBSC marina backhoe dredging (BHD) with onshore disposal and decant to the marina (~1.5 months, 

~26,000 m3). 

ï óSerialô scenario 2 was a serial construction sequence comprised of: 

¶ Eastern breakwater then western breakwater construction. 

¶ KBSC marina cutter suction dredging (CSD) with onshore disposal and reclamation decant (~2 months). 

¶ TSHD with overflow and offshore disposal and then northern breakwater construction. 

ï óParallelô scenario 3 was comprised of simultaneous construction of some of the KBMS proposal elements 

with a sequence of: 

¶ First half of eastern breakwater construction (~1.5 months). 

¶ Simultaneous construction of the second half of eastern breakwater and TSHD dredging (~1.5 months). 

¶ Simultaneous construction of the first half of the northern breakwater and the entire western breakwater 

(~2.5 months). 

¶ Simultaneous construction of the first half of the northern breakwater, and KBSC marina BHD with 

onshore disposal and reclamation decant (~1.5 months). 

¶ Second half of northern breakwater construction (~5 months). 

A second phase of BHD dredging within Casuarina Boat Harbour will occur following at least one (1) year after the 

construction of elements defined in the previous scenarios. It is comprised of: 

ï BHD of initial ~10,000 m3 with onshore disposal and reclamation decant (~8 days).  

ï BHD of remaining ~95,000 m3 with offshore disposal. 

Two simulations were run for each scenario where start dates are based on the TSHD construction element 

always beginning on the autumn and spring dates of 1 May and October 16, respectively. Fixing of the timing of 

the construction scenarios on these TSHD construction elements is based on the  availability of the likely dredging 

plant immediately after Southern Ports Authority maintenance dredging activities that occurs twice yearly. TSS 

above background and net sedimentation impact thresholds were defined as: 

ï TSS above background: 

¶ Zone of influence (ZoI) defined as any instance of TSS above background >2 mg/L. 

¶ Zone of moderate impact (ZoMI) defined as 18 continuous days of TSS above background >2 mg/L. 

¶ Zone of high impact (ZoHI) defined as 90 continuous days of TSS above background >2 mg/L. 

ï Net sedimentation above background: 

¶ ZoI defined as >0.4 cm and <2 cm. 

¶ ZoMI defined as >2 cm and <3 cm. 

¶ ZoHI defined as >3 cm. 
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As per EPA (2021) uncertainty in the model predictions were accounted by predicting the lower (ólikely bestô case) 

and upper (ólikely worstô case) range of excess TSS and sedimentation impacts from construction activities. 

TSS 

The zones of influence (ZoI, occurrence of at least one exceedance of 2 mg/L TSS above background), moderate 

impact (ZoMI. 18 continuous days of >2 mg/L TSS) and high impact (ZoHI, 90 continuous days of >2 mg/L TSS) 

had similar spatial extents for the óprobableô, óserialô and óparallelô construction sequence scenarios where: 

ï The ZoHI was predicted for one of the óserialô construction scenarios within the KBSC marina from 

breakwater construction and dredging for both the ólikely worstô and ólikely bestô cases. 

ï For both the ólikely worstô and ólikely bestô cases the ZoMI was limited primarily to the western and southern 

margins of Koombana Bay and in the adjacent semi-enclosed water bodies (Casuarina Boat Harbour, 

KBSC marina, Inner Harbour, Leschenault Inlet) in proximity to the construction activities and along typical 

current patterns (e.g. the nearshore boundary current along Koombana Bay, Jetty Road causeway and 

Casuarina Point). The maximum spatial extent of the ZoMI was driven by TSHD (in particular overflow) of 

the northern breakwater footprint. 

ï For both the ólikely worstô and ólikely bestô cases the ZoI extended into the Leschenault Estuary, the coastal 

inshore waters to the north and south of Koombana Bay, and in the vicinity of the offshore disposal 

ground. TSHD with much higher fines (clay, silt) source fluxes than any of the other construction elements 

established the outer boundaries of this zone. 

Net sedimentation 

For both the ólikely worstô and ólikely bestô cases net sedimentation of dredging-related fines material was predicted 

to not approach the ZoI threshold of 0.4 cm beyond several hundreds of meters of the phase 1 TSHD dredging of 

Casuarina Boat Harbour, and within the KBSC marina and Casuarina Boat Harbour. ZoMI and ZoHI for net 

sedimentation were predicted to be constrained to within 100 m of the phase 1 TSHD dredging footprint.. 

Benthic light climate 

Simulated TSS above background levels, background light attenuation coefficients of 0.02 1/m during summer and 

autumn and 0.4 1/m during winter from baseline monitoring, and a specific attenuation coefficient of 0.015 

(1/m)/(mg TSS/L) can be used to evaluate potential impacts to benthic communities and habitats impacts during 

construction activities from light reduction at the seabed.  

Water Quality 

Elutriate testing of Casuarina Boat Harbour sediments have identified NHX as the bioavailable nutrient with the 

highest risk to increase productivity in this semi-enclosed water body (note elutriate testing was not carried out for 

the proposed KBSC marina sediments). Three (3) approaches used to estimate potential impacts from the 

temporary loading of bioavailable nutrients during dredging predict minimal impacts. 

This report is subject to, and must be read in conjunction with, the limitations, assumptions and qualifications 

contained throughout the Report. 
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1. Introduction 

1.1 Proposal 
The South West Development Commission (SWDC) is the proponent for the Koombana Bay Marine Structures 

(KBMS) proposal. In March 2015 the SWDC referred the KBMS proposal to the Western Australia Environmental 

Protection Authority (EPA), which determined the KBMS proposal to be assessed at the level of ñStrategic 

Proposalò (Public Environment Review or SPER). The EPA approved an Environmental Scoping Document (ESD) 

for the KBMS SPER (Assessment Number 2049) on 26 June 2015. 

The KBMS proposal (or the strategic proposal) is located within the City of Bunbury, about 174 kilometres (km) 

south of Perth, Western Australia. The marine structures subject to the KBMS strategic proposal are situated 

within Koombana Bay which neighbours the Bunbury Central Business District and the Marlston North residential 

and waterfront developments. Figure 1.1 illustrates the indicative KBMS proposal. 

The KBMS strategic proposal aims to construct and operate the following marine structures within Koombana Bay: 

1. Casuarina Boat Harbour. 

2. Koombana Bay Sailing Club (KBSC) marina. 

3. Dolphin Discovery Centre (DDC) finger jetty.  

Collectively, the three (3) individual marine structures (Casuarina Boat Harbour, KBSC marina and the DDC finger 

jetty) are referred to as the KBMS strategic proposal. Individually, and because they will be constructed over 

different timescales, the three (3) individual marine structures are referred to as ñfuture proposalsò. This is 

consistent with the EPAôs assessment process and terminology under the Environmental Protection Ac, 1986. 

1.1.1 General description of KBMS strategic proposal 
A general description of the KBMS strategic proposal is provided in Table 1.1. 

Table 1.1 General strategic proposal description 

Strategic proposal title Koombana Bay Marine Structures  

Strategic proponent  
name 

South West Development Commission  

Short description The strategic proposal is to develop areas in Koombana Bay for small craft marine infrastructure 
(Figure 1.1). The proposed marine infrastructure includes jetties, boat ramps and boat pens.   

The identified future proposals under the strategic proposal are for the construction and operation of: 

ï Casuarina Boat Harbour 

ï Koombana Bay Sailing Club Marina 

ï Dolphin Discovery Centre Finger Jetty 

The construction of future proposals will be undertaken in stages. The marine infrastructure is located 
adjacent to, or in close proximity to existing infrastructure in Koombana Bay, Bunbury. 

1.1.2 Identified future proposal description and elements 
A description and elements of the KBMS future proposals are provided in Table 1.2. 
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Table 1.2 Identified future proposal description and elements 

Casuarina boat harbour 

This future proposal includes a dredging and dredge spoil disposal, piling activities, land reclamation and construction of a breakwater and 
revetment walls. The marine infrastructure includes the construction and operation of floating jetties, boat ramps and boat pens. 

Proposal element 
Location / 

Description 
Maximum Extent, Capacity or Range 

Physical elements 

Development Envelope Figure 1.1 Up to 40 ha 

(Indicative) Casuarina Boat Harbour 
(CBH) disturbance footprint 

Figure 1.1 Up to 32 ha within CBH disturbance footprint 

Breakwater  Figure 1.1 Up to 3.5 ha within CBH disturbance footprint 

Reclamation Figure 1.1 Up to 3.5 ha within CBH disturbance footprint 

Marine infrastructure Within CBH Floating jetties, boat ramps and boat pens within CBH disturbance footprint. 

Koombana Bay Sailing Club marina 

This future proposal includes a dredging component, a piling component, land reclamation (including onshore dredge spoil disposal) and 
construction of breakwaters. The marine infrastructure includes the construction and operation of floating jetties, boat ramps and boat pens. 

Proposal element 
Location / 

Description 
Maximum Extent, Capacity or Range 

Physical elements 

Development Envelope Figure 1.1 Up to 16 ha 

(Indicative) Koombana Bay Sailing 
Club (KBSC) marina disturbance 
footprint 

Figure 1.1 Up to 10 ha within KBSC disturbance footprint 

Breakwaters Figure 1.1 Up to 2.5 ha within KBSC disturbance footprint 

Reclamation Figure 1.1 Up to 2 ha within KBSC disturbance footprint 

Marine infrastructure Within 
KBSC 

Floating jetties, boat ramps and boat pens within KBSC disturbance footprint 

Dolphin Discovery Centre finger jetty 

This future proposal includes a finger jetty, a piling component and a temporary onshore construction laydown area. 

Proposal element 
Location / 

Description 
Maximum Extent, Capacity or Range 

Physical elements 

Development Envelope Figure 1.1 Up to 0.5 ha 

(Indicative) Dolphin Discovery Centre 
(DDC) jetty disturbance footprint 

Figure 1.1 Up to 0.15 ha within DDC disturbance footprint 

Marine infrastructure Figure 1.1 Jetty up to 110 metres long 
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Figure 1.1 Development envelope, indicative disturbance footprint and marine elements 
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1.2 Purpose of this report 
Four (4) key environmental factors (KEFs) were identified in the ESD, namely: 
 

1. Marine Environmental Quality (MEQ) with the EPA objective óto maintain the quality of water, 

sediment and biota so that the environmental values (both ecological and social) are protectedô. 

2. Benthic Habitats with the EPA objective óto protect benthic communities and habitats so that 

biological diversity and ecology integrity are maintainedô. 

3. Marine Fauna with the EPA objective óto protect marine fauna so that biological diversity and 

ecological integrity are maintainedô. 

4. Coastal Processes with the EPA objective óto maintain the geophysical processes that shape 

coastal morphology so that the environmental values of the coast are protectedô. 

The ESD sets out the information that the EPA will require to allow evaluation of the impacts of the 

strategic proposal on the basis of these KEFs.  

This Marine Environmental Quality (MEQ) modelling report addresses the ESD 2049 requirements for 

the KEF MEQ as outlined in Table 1.3 for the Casuarina Boat Harbour redevelopment and KBSC 

marina. Construction and operation of the DDC will not have a material effect on MEQ, with the 

exception of potential vessel-related spills during operations.1  

This report has been prepared in accordance with the EPA technical guidance for Marine 

Environmental Quality (EPA 2016a) and Marine Dredging Proposals (EPA 2016b). 

Table 1.3 ESD requirements and overview of manner addressed. 

ESD 2049 
KEF MEQ 

Item No. 
ESD 2049 KEF MEQ Item Description Manner Addressed 

Report 
Section 

5 Develop an accurate and validated three dimensional 
model which considers circulation in the existing boat 
harbour and the surrounding hydrodynamics to 
understand dispersion, deposition and accumulation 

of sediments and contaminants from marine-based 
construction and maintenance activities and outflow 
from the marina and harbour water bodies. 

Hydrodynamic and particle transport modelling should 
take into account factors such as tides, 
meteorological and seasonal ocean conditions and 

ground and surface water inputs (as above). It should 
also be linked to ecological modelling as necessary to 
predict the ecological responses where specific 

proposal elements may affect marine environmental 
quality (as identified above). The modelling is to 
consider the staging of the future proposals and 

include the Leschenault Inlet and Estuary in order to 
determine the potential effects of the proposal 
singularly and in combination. 

Development of hydrodynamic 
model. 

3 

Calibration and validation of 
hydrodynamic model. 

5 

Development of particle model. 3 

Tides, meteorology, river and 
groundwater inputs. 

4.3-4.5 

Operational impacts addressed 
with changes to currents and 

flushing of full implementation of 
the KBMS proposal and the 
cumulative effect of an indicative 

future expanded Inner Harbour. 

3.4 

Construction impacts addressed 
with particle modelling that 

considers a range of construction 
sequences. 

3.5 

6 Predict the residual impacts from each of the future proposals, both direct and indirect, after outlining any 
avoidance and mitigation options that will be applied. Impact predictions are to consider the staging of the 
future proposals and include, but not be limited to: 

6a The likely extent, severity and duration of direct and 
indirect marine based construction impacts on marine 
environmental quality and EVs.2 

Predicted total suspended solids 
(TSS) and sedimentation impacts 
from construction activities. 

7 

6b The likely extent, severity and duration of direct and 
indirect operational impacts. 

Predicted operational effects from 
proposed structures to flushing 
and associated groundwater 
inputs into the Casuarina Boat 

Harbour and KBSC marina water 
bodies. 

6 

 
1 Hydrocarbon or other contaminant spills are not addressed in this report, but rather are to be part of the marine management 
plan(s). 
2 Environmental Values. 
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6e Predictions of impacts to marine environmental quality 
for both construction and operation are to include the 
most likely scenario and the best and worst case 

scenarios that are most likely to occur. They are to 
also consider and assess the cumulative effects of 
each of the future proposals both singularly and in 

combination to the effects of other adjacent approved 
proposals and proposals currently being assessed by 
the EPA. These other proposals include stormwater 

drains, other approved marine infrastructure and the 
Southern Ports Authority Inner Harbour Structure 
Plan proposal. 

Operational impacts are evaluated 
after construction of both the 
Casuarina Boat Harbour and 

KBSC marina developments. The 
effect of a potential future Inner 
Harbour expansion is also 

considered. However, stormwater 
drains are not evaluated as no 
outlets occur into the either the 

proposed Casuarina Boat Harbour 
or KBSC marina water bodies. 
Likely, worst and best cases are 

not applicable as there is only one 
(1) design for the Casuarina Boat 
Harbour and KBSC marina 

developments, respectively. 

3.4 

6 

4.7 and 8.1.4 

for stormwater 
drains 

Predicted impacts from 
construction are predicted for 
likely, worst and best cases. 

3.5 

7 

1.3 Limitations 
This report: has been prepared by GHD for South West Development Commission and may only be 

used and relied on by South West Development Commission for the purpose agreed between GHD 

and South West Development Commission as set out in this report. 

GHD otherwise disclaims responsibility to any person other than South West Development 

Commission arising in connection with this report. GHD also excludes implied warranties and 

conditions, to the extent legally permissible. 

The services undertaken by GHD in connection with preparing this report were limited to those 

specifically detailed in the report and are subject to the scope limitations set out in the report.  

The opinions, conclusions and any recommendations in this report are based on conditions 

encountered and information reviewed at the date of preparation of the report. GHD has no 

responsibility or obligation to update this report to account for events or changes occurring subsequent 

to the date that the report was prepared. 

The opinions, conclusions and any recommendations in this report are based on assumptions made 

by GHD described in this report. GHD disclaims liability arising from any of the assumptions being 

incorrect. 
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2. Marine environmental quality 

2.1 Existing conditions 
Koombana Bay is a large coastal embayment ~180 km south of Perth that is partially enclosed by the 

Bunbury Peninsula and Point Casuarina to the west. The bay is sheltered from prevailing winds and 

waves from the south and south-west, and partly sheltered from north-westerly winter storms. Natural 

depths in Koombana Bay range up to 10 m with a deep (~15 m) Shipping Channel that runs through 

its centre to the Inner Harbour at the southeast corner of the bay. Casuarina Boat Harbour is situated 

along the western side of Koombana Bay. The Cut at the eastern margin of the bay is the opening to 

the Leschenault Estuary which contains the confluences of the two major regional rivers (Collie River, 

Preston River). The Plug, in the southwestern portion of the bay, connects Koombana Bay with 

Leschenault Inlet. 

2.1.1 Metocean and hydrodynamics 
GHD (2023a) review past metocean and hydrodynamics investigations where: 

ï Seasonal wind patterns are southeasterly to southwesterly during the spring-summer (October-

March), westerly with elevated winds during storm fronts over winter (June- September), and 

seasonally low winds during the autumn months of April-May. 

ï Wave heights in the coastal inshore waters just outside of the bay (Beacon 3) are generally 

greater in winter than summer (Met Ocean Solutions 2008) with the largest waves typically locally 

generated from the northwest. 

ï Because of the small range in tidal level variations (<1 m), winds have a strong influence on the 

currents in the bay (Hearn 1983, Hearn et al 1987, Hunter 1983, Hollingsworth 2006, Wave 

Solutions 2012a) with a weak clockwise topographic gyre in western Koombana Bay inferred by 

measurements and simulated with a two-dimensional (2D) modelling.  

ï E-folding flushing times of Casuarina Boat Harbour are ~1.5-2.5 days on the basis of modelling 

(WorleyParsons 2017) and a dye study (MP Rogers 2016). 

2.1.2 Physico-chemical and water quality 
GHD (2023a) review past and recent physico-chemical and metals-metalloids measurements where: 

ï Generally, the water column is vertically well mixed in Koombana Bay and the connected semi-

enclosed water bodies of Leschenault Inlet, Casuarina Boat Harbour, Inner Harbour and 

Leschenault Estuary. Salinity stratification occurs in response to high river inflows into southern 

Leshenault Estuary where low salinity waters are transported through the Cut into the bay. Weak 

temperature stratification can occur during calm periods. Dissolved oxygen is generally at 

saturation and pH is ~8 (GHD 2023b). Daily median turbidity is generally low (>5 NTU 

[nephelometric turbidity unit]), though river inflow events can lead to persistent elevated turbidity 

in the bottom waters of the bay during winter into early spring (GHD 2023b). The light attenuation 

coefficient (LAC) (base 10) is typically ~0.2 m-1 in summer and increases to >0.4 m-1 in response 

to elevated TSS from high river inflows (GHD 2023b). 

ï Past surveys have observed elevated dissolved zinc (Zn), copper (Cu) and to a lesser degree 

cadmium (Cd) in eastern Koombana Bay waters that were influenced by the Inner Harbour (SKM 

2009, 2010, 2011a, 2011b), but were below relevant ANZG (2018) or ANZECC (2000) guideline 

criteria. Baseline monitoring of Koombana Bay and Casuarina boat harbour from September 

2016 to September 2017 found that many dissolved metals and metalloids (aluminium [Al], 

chromium [Cr], manganese [Mn], iron [Fe], nickel [Ni], Cd and mercury [Hg]) were predominately 

at (or near) the laboratory limit or reporting, and well below relevant ANZG (2018) or ANZECC 

(2000) guideline criteria (GHD 2023b). Cu, Zn, arsenic (As) and lead (Pb) had at least several 

measurements during the 2016-2017 baseline monitoring above the relevant ANZG (2018) or 

ANZECC (2000) guideline criteria (GHD 2023b). Generally, the 2016-2017 levels of dissolved 

metals and metalloids were similar to those of Wave Solutions (2012b) from February-October 



 

GHD | South West Development Commission | 6134786 | Marine Environmental Quality Modelling | 7 

2012. Zn and Fe were the only metals-metalloids during the 2020 baseline monitoring of 

Leschenault Inlet that were above relevant ANZG (2018) or ANZECC (2000) guideline criteria 

(O2 Marine 2021), though Cu regularly exceeded the ANZG (2018) default guideline value at two 

(2) shallow shoreline sites of the northeastern inlet from 2014-2017 (GHD 2018). 

Nutrients have been measured quarterly in Leschenault Inlet from 1976-1985, biennially in Koombana 

Bay between 1998-2006 (SKM 1998, 2002, 2004, 2007a), quarterly from July 2007 to April 2008 

(Oceanica 2008a), every 6-8 weeks from February-October 2012 for chl-a only (Wave Solutions 

2012b), triannually (3 times a year) at five (5) nearshore reference sites for of the Bunbury Ocean 

Outfall Monitoring program (BOOM) (10-15 km to the south of Koombana Bay), monthly to bi-monthly 

over the 2016-2017 baseline monitoring of Koombana Bay and Casuarina Boat Harbour (GHD 

2023b), and monthly over the baseline monitoring of Leschenault Inlet from January-August 2020 (O2 

Marine 2021). The key patterns from these past surveys include (GHD 2023a): 

ï Nutrients and chl-a at the BOOM reference sites (proximal exposed inshore coastal waters to the 

south) are lower than Koombana Bay and its adjacent water bodies (i.e. Leschenault Inlet, 

Casuarina Boat Harbour and Outer Harbour, Inner Harbor), and meet relevant ANZG (2018) and 

ANZECC (2000) guideline criteria. 

ï Generally, the waters of Casuarina Boat Harbour, Koombana Bay and the Inner Harbour are 

below the total nitrogen (TN) ANZECC (2000) guideline criterion of 230 µg/L, but often exceeded 

ANZECC (2000) guideline criterion for reduced inorganic nitrogen (NHX) of 5 µg/L and the 

seasonally varying ANZG (2018) guideline criteria in the range of 2.6-6.2 µg/L for oxidised 

inorganic nitrogen (NOX). This data indicates greater bioavailability of nitrogen in the bay and its 

adjacent waters than the BOOM coastal inshore reference sites. 

ï Generally, Casuarina Boat Harbour, Koombana Bay, Leshenault Inlet and the Inner Harbour 

exceeded the total phosphorus (TP) ANZECC (2000) guideline criterion of 20 µg/L, and less 

frequently, the seasonally varying filterable reactive phosphorus (FRP) ANZG (2018) guideline 

criteria in the range of 4.7-6.2 µg/L.  

ï In part because of the higher levels of bioavailable nutrients (NOX, NHX, FRP) in Casuarina Boat 

Harbour, Koombana Bay, Leschenault Inlet and the Inner Harbour, the range of chl-a (0.5-5.5 

µg/L) generally exceeded the seasonally varying ANZG (2018) guideline criteria (0.27-0.71 µg/L), 

as well as the exposed BOOM coastal inshore reference sites (0.1-1.4 µg/L). 

ï Comparison of relatively recent nutrient levels from the 2016-2017 Koombana Bay and Casuarina 

Boat Harbour baseline monitoring (GHD 2023b) and 2020 Leschenault Inlet baseline monitoring 

(O2 Marine 2021) to pre-2014 measurements indicates a similar nutrient climate over the past 

~20 years (Koombana Bay, Casuarina Boat Harbour) to ~40 years (Leschenault Inlet) (GHD 

2023a). 

However, chl-a levels in Koombana Bay, Leschenault Inlet, Casuarina Boat Harbour and the Inner 

Harbour are similar (GHD 2023a) even though there is a large range of flushing times across the four 

(4) water bodies (Section 6.2). 

2.1.3 Sediment quality 
Recent (GHD 2023b, O2 Marine 2021, Cardno 2021, RPS 2017a, MARFL 2015) and past (SKM 2007, 

Oceanica 2008b, SKM 2008, SKM 2009, SKM 2010, Oceanica 2011, SKM 2011a, SKM 2011b, Wave 

Solutions 2012c) sediment quality surveys indicate that potential contaminants of concern in 

Casuarina Boat Harbour and Koombana Bay are antimony (Sb), As, silver (Ag) and tributyltin (TBT) 

(GHD 2023a). However, exceedances that are above the ANZG (2018) guideline criteria are well 

below the óhighô guideline criteria. 

Past sediment monitoring Koombana Bay of total polycyclic aromatic hydrocarbons (PAHs) (Oceanica 

2008, SKM 2011a, SKM 2011b, Wave Solutions 2012c, MAFRL 2015, RPS 201,), total petroleum 

hydrocarbons (TPH) and total recoverable hydrocarbons (TRH) (SKM 2011a, SKM 2011b, Wave 

Solutions 2012c, MAFRL 2015, RPS 2017a), organochlorine pesticides (Oceanica 2008b, Wave 

Solutions 2012c, MAFRL 2015, RPS 2017a, O2 Marine 2021) and organophosphate pesticides 

(Oceanica 2008b, Wave Solutions 2012c, RPS 2017a, O2 Marine 2021) were below ANZG guideline 

criteria. 
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Casuarina Boat Harbour sediments are suitable for reclamation and meet NAGD (2009) requirements 

for offshore disposal except for TBT (RPS 2017a). KBSC marina sediments are suitable for onshore 

reclamation (Cardno 2021). 

2.1.4 Benthic community habitats 
A description of the benthic community habitats in the Koombana Bay is provided by RPS (2022).  

A nepheloid layer of highly turbid water near the seabed has been identified previously in Koombana 

Bay that likely persists during summer and is hypothesised to be important in structuring benthic 

communities (Wave Solutions 2012d). This persistent nepheloid turbid layer was also measured 

during the GHD (2023b) 2016-2017 baseline monitoring of the nearshore (~4 m) waters of southern 

Koombana Bay, which indicates this mechanism likely limits primary production of benthic community 

habitats, particularly during winter and spring periods high river inflows. 

2.2 Marine environmental quality management 
plan 

The proposed Koombana Bay Marine Environmental Quality Management Plan (MEQMP, GHD 

[2023c]) sets the following two (2) levels of ecological protection (LEP) for Koombana Bay and it 

adjacent water bodies: 

ï Moderate LEP Area (Moderate Ecological Protection Area or MEPA): Allowance for moderate 

changes in the quality of water, sediment and biota (e.g. moderate changes in contaminant 

concentrations that cause small changes beyond natural variation in ecosystem processes and 

abundance/biomass of marine life, but no detectable changes from the natural diversity of 

species and biological communities). A MEPA classification is set for the Leschenault Inlet, Inner 

Harbour, Casuarina Boat Harbour, KBSC marina and the embayment between Casuarina Boat 

Harbour and KBSC marina, recognising that existing and future operational activities may reduce 

MEQ on a local scale. The MEPA covers the entirety of these semi-enclosed water bodies to their 

confluences with Koombana Bay. 

ï High LEP Area (High Ecological Protection Area or HEPA): Allowance for small changes in 

the quality of water, sediment or biota (e.g. small changes in contaminant concentrations with no 

resultant detectable changes beyond natural variation in the diversity of species and biological 

communities, ecosystem processes and abundance/biomass of marine life). The HEPA covers 

Koombana Bay excluding the adjacent semi-enclosed MEPA water bodies. 

Figure 2.1 illustrates the spatial configuration of the MEPAs. All other areas of Koombana Bay and the 

adjacent exposed inshore coastal waters are classified as HEPA.  
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Figure 2.1 Spatial representation of the Environmental Quality Plan with HEPA and MEPA defined areas denoted 
(GHD 2023c). 
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3. Methodology 

3.1 Modelling strategy 
The potential operational and construction impacts of the KBMS proposal on MEQ were in part 

evaluated with the following Danish Hydraulic Institute (DHI) models: 

ï The three-dimensional (3D) MIKE3 FM (flexible mesh) hydrodynamic model was used to simulate 

currents in response to winds and tides, and to evaluate changes in transport patterns from the 

KBMS proposal. The simulated currents serve as inputs into the particle model to evaluate TSS 

and sedimentation above background levels from construction activities, and to ascertain 

changes to flushing of the semi-enclosed water bodies from implementation of the KBMS 

proposal. 

ï The two-dimensional (2D) MIKE flexible SW (spectral wave) wave model was used to simulate 

the wave climate. The model simulates the growth, transformation and decay of wind-generated 

waves and swells in offshore and coastal waters. The model runs a fully spectral formulation 

based on the wave action conservation equation where the directional-frequency is resolved on 

either Cartesian or polar coordinates The modelled wave radiation stresses served as inputs into 

the particle model (described next) to simulate bed shear stresses and the degree of resultant 

sedimentation and resuspension of construction-related fines (clay, silt) material. 

ï The MIKE MT (mud transport) particle model was configured to simulate the fines component of 

TSS and net sedimentation above background from construction activities and to track 

conservative tracers to characterise flushing times of the semi-enclosed water bodies adjacent to 

Koombana Bay. For each of the TSS sources from dredging operations (i.e. dredge head, 

overflow and disposal) there are three (3) zones and sources referred to in the literature (Sun et 

al 2000), which are: 

¶ The true source is the amount of solids introduced to the water column by the action of the 

dredging equipment. The dredging zone in the immediate vicinity of the dredging operation is 

highly turbulent and may contain large lumps of soil or rock and sediment-water mixtures of 

high sediment concentration. 

¶ Sediment that moves out of the dredging zone reaches the near-field zone. The rate of 

sediment reaching the near-field is called the practical source, which is the sediment initially 

released to the water column, excluding the large lumps that have settled immediately. High 

volume and concentration sediment-water mixtures are discharged when hopper overflow 

occurs from a Trailer Suction Hopper Dredge (TSHD) during hydraulic loading of dredged 

sediments, which have the potential to descend rapidly through the water column (i.e. much 

faster than the settling of individual particles) because of the negative buoyancy of these 

mixtures relative to seawater. This negatively buoyant jet-in-crossflow that forms is often 

referred to as a dynamic plume. The dynamic plume may have temporal and spatial scales 

of up to tens of minutes and hundreds of metres and where the dynamic plume is present is 

called the near-field zone. 

¶ After the dynamic overflow plume weakens, the remaining fine suspended sediments are 

mixed through the water column and carried into the far-field zone. This fine sediment flux, 

referred to as the far-field source, is generally smaller than the practical source, because 

some dredge plume sediment has already been deposited to the seabed in the near-field. At 

its far-field stage of development, the dredge plume is called a passive plume, because of its 

low concentration and the plume (sediment-water mixture) has negligible density difference 

with ambient seawater. Passive plume dispersion is governed by the ambient 

hydrodynamics of the area and the gravitational settling of the remaining fine suspended 

sediment. Passive plumes may be transported over temporal and spatial scales of hours to 

days, and up to tens of kilometres, respectively. For this reason, the term far-field is 

commonly used in the context of investigating the spatial extent, duration and intensity of 

passive dredge plumes. This information is required by ecologists to perform a broad scale 

risk assessment of plume-related impacts on sensitive marine biological receptors, and it is 

the passive plume impacts that are predicted via modelling in this investigation. 
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A mix of local and global datasets of tides, winds, river discharge, and groundwater flux estimates 

were used to define the model inputs (Section 3.5.3). Further, model verification utilised local 

metocean measurements (Section 4.3).  

3.1.1 Justification for not modelling background TSS 
The modelling approach for this investigation does not model background (ambient TSS) on the 

following basis: 

ï Background (ambient) TSS was not modelled because of its complex spatial variability that is 

driven by range of mechanisms and processes that occur near and in the Koombana Bay 

system, including but not limited to: 

¶ Large variations in sediment composition (e.g. particle size distribution [PSD], organic 

content and density) in a wide range of water body types (e.g. coastal nearshore, semi-

protected bay, high organic content Shipping Channel, semi-enclosed water bodies). 

Complex configurations of the sediment resuspension and settling algorithms, and mapping 

of sediment properties would be required to simulate the contribution of resuspension to the 

TSS climate. 

¶ Characterisation of the particle properties from Collie River and Preston River high inflow 

events is required, along with the fate and transport of this material within southern 

Leschenault Inlet. 

¶ The wide range of water body types likely have high variability in the composition of the 

background turbidity climate. 

¶ The influence of Leshenault Estuary on the TSS climate of Koombana Bay is likely 

substantive as a large jet penetrates into the northern extent of Koombana Bay during ebb 

tides. 

ï Given that construction activity is limited to the southwestern margin of Koombana Bay, the 

effort to adequately simulate the background TSS climate is not aligned with the relatively 

modest impacts of the KBMS proposal. Hence, only the fines component of TSS above 

background (ambient) levels from construction-related sources is simulated here, which is 

common industry practice. 

3.2 Model verification 
Verification of the hydrodynamic model was carried out through comparisons of simulations and 

measurements at four (4) sites (Figure 4.8) including: 

ï Water levels near the Casuarina Boat Harbour entrance (AWAC2) and within the Inner Harbour 

(BNV). 

ï Near surface, mid-depth and seabed currents, as well as depth-averaged currents at AWAC2 and 

Beacon 3 (located adjacent to exposed inshore coastal waters of Koombana Bay). 

ï Waves at Beacon 3 and Beacon 10 (located immediately outside the Inner Harbour on the 

northern edge of the Shipping Channel). 

Model verification was carried out over typical winter and summer periods (Sections 3.3, 5.1.1, 5.1.2). 

Additionally, MP Rogers (2016a) carried out a dye flushing study of Casuarina Boat Harbour during 

March 2016 that was also used to validate the hydrodynamic model (Section 5.1.3). 

Demonstration of model verification utilised the following quantitative indices to compare simulations to 

measurements: 

ï The mean absolute error (MAE) is a quantitative measurement of the differences between the 

simulation and measurements at a particular location. Specifically, it represents the average of 

the absolute differences between the simulated predictions and the measured observations. As 

such, lower values of MAE represent better model performance. Since this metric utilises the 

absolute difference, the value will always be positive. Wilmott (1982) proposes this metric as an 

easily interpretable and more natural measure than the commonly used root-mean-squared error, 

as it is less influenced by extreme values (i.e. outliers or ónoiseô in the measured data).  
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The MAE is calculated as follows: 

╜═╔
В ȿὖ  ὕȿ

ὲ
 

where: 

¶ ὖ = Predicted value at comparison time Ὥ; 

¶ ὕ = Observed value at comparison time Ὥ; and 

¶ ὲ = Number of comparison measurements. 

ï The index of agreement (IOA) (Wilmott 1982) is a measure of the average differences between 

predicted and observed values relative to the range of values in the observation data. It is 

bounded between the values of 0 and 1, with values close to 0 describing large relative 

differences (i.e. poor calibration) and values close to 1 describing small relative differences (i.e. 

good calibration). Willmot et al. (1985) suggests that IOA values meaningfully >0.5 represent 

good model calibrations, with values approaching 1 representing excellent calibration. Here IOA 

values greater than 0.6 represent good model agreement, between 0.4-0.6 represent a moderate 

degree of agreement, and less than 0.4 represent poor degree of agreement on a one to one 

temporal comparative basis. The IOA is calculated as: 

╘╞═ρ
В ὖ ὕ

В ȿὖ  ὕȿ  ȿὕ  ὕȿ
 

where, further to the definitions for MAE: 

¶ ὕ = Mean of the observations during the comparison period. 

Current directions are excluded from the MAE and IOA calculations as directions in the polar 

coordinate system (where 0° and 360° both represent north) are not applicable to these MAE and IOA 

equations. Rather MAE and IOA values of the U- (eastward) and V- (northward) velocity components 

are provided to assess model skill in the simulation of current magnitude and direction. 

3.3 Simulation periods 
Winter and summer periods were selected for the purpose of hydrodynamic and wave model 

verification of ~1-2 months duration (Table 3.1) that spanned a range of seasonal conditions. 

Simulations of ~1 year duration from June 2015 to May 2016 were used to predict operational impacts 

of the Casuarina Boat Harbour redevelopment and KBSC marina. Construction impacts associated 

with these two (2) future proposals were also evaluated with simulations of ~1 year duration. 

Table 3.1 Simulation periods. 

Purpose Simulation Start End Justification and Purpose 

Verification Winter 2015 1 July 2015 for 
hydrodynamics 

1 August 2015 

for waves3 

1 September 
2015 

Typical winter conditions 

Validation with available data of inshore 
coastal (Beacon 3), eastern bay (Beacon 10) 

and sheltered western bay (AWAC2) sites 

Verification Summer 2015-
2016 

1 December 
2015 

1 February 
2016 

Typical summer conditions 

Verification Autumn 2016 9 March 2016 18 March 2016 Validation with Casuarina Boat Harbour dye 
flushing study during March 2016  

Operational and 
Construction 
Scenarios  

2015-2016 1 June 2015 31 May 2016 Characterise operational and construction 
impacts  

3.4 Operational impact assessment 
The operational impact assessment was based on the following: 

 
3 No wave measurements at Beacon 3 during July 2015. 
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ï The Casuarina Boat Harbour redevelopment and KBSC marina are the two future KBMS 

proposals that may have a material effect on MEQ from operational impacts. The DDC finger jetty 

is not explicitly modelled owing to its modest size and negligible effect on Koombana Bay MEQ. 

ï The approved Marlston North development just to the east of the Jetty Road Causeway 

connection with the shoreline is included in this assessment of potential operational impacts.  

ï The Southern Port Authority (SPA) Inner Harbour Structure Plan proposal was under 

consideration by the EPA several years ago and cumulative impacts from an Inner Harbour 

expansion is part of the KBMS proposalôs ESD, which is addressed as follows:  

¶ One option that was considered in the past for an Inner Harbour expansion was to redirect 

the Preston River into the Inner Harbour. This option was adopted here as it represents both 

a large change to the Inner Harbour tidal prism volume that may influence currents, as well 

as potential changes to the salinity climate of Koombana Bay with Preston River discharge 

directly into the southeastern portion of the bay, rather than less directly through the Cut. 

The purpose of the simulation with an indicative Inner Harbour expansion is to predict if any 

cumulative operational impacts may occur from such a project. 

¶ Any major port expansion of the scale of the Inner Harbour Structure Plan (>10 years) will 

occur well after the completion of the proposed KBMS developments (<5 years), so 

cumulative construction impacts are not considered. 

3.4.1 Currents and circulation patterns 
Predicted changes to water currents and circulation patterns of Koombana Bay were evaluated 

through: 

ï Spatial plots of the instantaneous currents at a single model time step to illustrate 

representative baseline circulation patterns and modifications that are predicted with 

implementation of the KBMS proposal. 

ï Differences in the 10th, 50th and 90th percentile spatial distributions between implementation of 

the KBMS proposal (KBSC marina and Casuarina Boat Harbour redevelopment) and the 

existing baseline. 

ï Time series plots of simulated currents at key location(s). 

3.4.2 Flushing 
Changes to the flushing of Koombana Bay and its adjacent water bodies, Casuarina Boat Harbour, 

Inner Harbour and Leschenault Inlet from the KBMS proposal were evaluated through comparisons of 

simulated e-folding flushing times. The flushing times of the proposed KBSC marina were also 

predicted. The e-folding flushing time is the duration for ~63% of a water bodyôs volume to exchange 

with adjacent ambient waters until ~37% (1/e) of the original volume remains. Numerically, this is 

estimated by fitting an exponential curve of the form Ct=C0 e-kt to a conservative tracer concentration 

(Ct) over time (t) where C0 is the initial concentration of tracer (i.e. set to 1.0 throughout each water 

body). The inverse of the fitted exponent (1/k) is the e-folding flushing time scale.  

Two (2) types of flushing time scales were calculated for each water body, namely: 

ï A óbulkô volumetric e-folding flushing time for ~63% of the volume to exchange with adjacent 

waters. 

ï Spatial e-folding flushing times by fitting an exponential curve (Ct=e-kt) to the depth-averaged 

conservative tracer concentration (Ct) over time (t) for each horizontal model grid location. It may 

take days (or weeks) for adjacent waters outside of a particular semi-enclosed water body to 

penetrate (via exchange) to a particular location during simulations (e.g. southern extent of the 

Inner Harbour and the eastern extent of the Leschenault Inlet) when an entire water bodyôs 

volume is initialised with a tracer concentration of 100%. Hence, the calculated time of the spatial 

e-folding flushing time at a particular location was started after the tracer concentration began to 

decrease below 100%. Thereafter, an exponential curve was fitted to the remainder of the 

conservative tracer time series at the horizontal location to estimate the e-folding flushing time. 
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An example of calculation of the bulk volumetric e-folding time is shown graphically in Figure 3.1 for 

the Inner Harbour. 

 

Figure 3.1 Example calculation of bulk e-folding flushing time of the Inner Harbour. 

Simulated time series of conservative tracer concentrations at key locations in Koombana Bay and 

Leschenault Inlet (Figure 3.2) were used to illustrate the effect of the KBMS proposal on the predicted 

changes to baseline flushing. 

 

Figure 3.2 Time series locations (Bay ï centre of Koombana Bay, Embayment ï embayment between future 

KBSC marina and Jetty Road causeway, Middle Inlet ï middle of inlet, South East Inlet ï southeastern 
embayment of the inlet, North East Inlet ï southeastern embayment of the inlet) of simulated 
conservative numerical tracers. 

Recent (GHD 2023b, O2 Marine 2021) and past water quality data (GHD 2023a) of Koombana Bay 

and its adjacent semi-enclosed water bodies (Casuarina Boat Harbour, Leschenault Inlet) were used 

to estimate the ambient water quality climate and the operational effects from implementation of the 

future proposals on water quality. 
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3.4.3 Groundwater 
A conservative tracer concentration of 1.0 was applied to groundwater inputs that enter Casuarina 

Boat Harbour and Leschenault Inlet, and along KBSC beach to track the proportion of groundwater 

that comprises the marine waters in each of these water bodies.  

3.5 Construction impact assessment 
The construction impact assessment is based on predicted increases to the fines component of TSS 

and net sedimentation above background levels from dredging, offshore spoil disposal, reclamation 

and breakwater creation activities.  

Water quality impacts from dredging are predicted on the basis of elutriate analyses of the sediments 

to be dredged (Section 4.8.5) during phase 2 dredging of Casuarina Boat Harbour (RPS 2017a) as 

this dredging footprint had available elutriate testing data. 

3.5.1 Overview of construction activities 
The construction activities with potential to impart marine impacts include: 

ï Phase 1 dredging of the Casuarina Boat Harbour northern breakwater footprint and offshore 

disposal by DoT. 

ï Construction of the Casuarina Boat Harbour northern breakwater by DoT. 

ï Extension of the eastern KBSC marina breakwater by DoT. 

ï Construction of the western KBSC marina breakwater by KBSC. 

ï Dredging and onshore reclamation of the KBSC marina by KBSC. 

ï Phase 2 dredging of Casuarina Boat Harbour with primarily offshore disposal and some onshore 

disposal and reclamation by DoT. 

An overview of the construction methodology, duration and size (volumes of breakwater and dredging 

material) of each simulated construction element is summarised in Table 3.2. 

Table 3.2 Overview of methodology, volumes and durations for each of the simulated construction elements. 

Proponent Construction Element Construction Methodology 
Dredge or 

Breakwater 
Volume (m3) 

Duration 
(days) 

DoT Phase 1 Casuarina Boat 
Harbour redevelopment 
dredging 

Trailer suction hopper dredge (TSHD) with 
offshore disposal 

111,748 28 

Phase 2 Casuarina Boat 
Harbour redevelopment 
dredging 

Backhoe dredge (BHD) with offshore disposal 105,605 85 

BHD with onshore disposal and reclamation 
decant 

10,000 8 

Casuarina Boat Harbour 
redevelopment northern 
breakwater creation 

Progressive construction of breakwater core 167,788 278 

KBSC marina eastern 
breakwater extension 

Progressive construction of breakwater core 40,006 84 

KBSC KBSC marina western 
breakwater creation 

Progressive construction of breakwater core 32,600 68 

KBSC marina dredging OPTION 1: BHD with onshore disposal and 
reclamation decant 

25,920 42 

OPTION 2: Cutter suction dredge (CSD) with 
onshore disposal and reclamation decant 

25,920 64 
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3.5.2 Construction scenarios and construction element 
sequencing 

Illustrations of the three (3) scenarios of construction element sequencing, namely the óprobableô, 

óserialô and óparallelô scenarios, are provided in Figure 3.3, Figure 3.4 and Figure 3.5, respectively. The 

following construction elements in these figures were not modelled as they do not materially generate 

TSS and/or sedimentation impacts: 

ï Installation of revetment walls, jetty structures and boat ramps for the phase 1 Casuarina Boat 

Harbour redevelopment. 

ï Installation of jetties and boat pens for the KBSC marina. 

ï Installation of the revetment wall for the KBSC marina. 

ï Construction of the KBSC marina facility and installation of the boat ramp. 

ï Installation of revetment wall for the phase 2 Casuarina Boat Harbour redevelopment. 

ï Installation of the internal jetties and boat pens for the phase 2 Casuarina Boat Harbour 

redevelopment. 

The construction element sequencing of the simulated óprobableô, óserialô and óparallelô construction 

scenarios are provided in Table 3.3.  Simulated construction sequences for three (3) of the four (4) 

scenarios were evaluated with six (6) differing start dates These start dates were set to correspond 

with the occurrence of TSHD dredging of the northern breakwater footprint always beginning on the 

autumn and spring dates of 1 May and October 16, respectively. SPA maintenance TSHD typically 

occurs for ~4 weeks prior to these dates as DoT will most likely utilise this dredge plant immediately 

afterwards. These three (3) construction sequences that define the probable, serial and parallel 

scenarios have numerical identifiers of 1, 2 and 3, respectively, and also the identifier A and S for 

autumn and spring, respectively (e.g. 1S is scenario 1 [probable] with TSHD dredging occurring in 

spring with a start date of 15 October). An overview of the probable, serial and parallel scenarios 

include: 

ï The óprobableô scenarios assume construction is carried out serially over ~16-17 months as 

follows (scenarios 1A and 1S, Figure 3.3): 

¶ Phase 1 TSHD dredging of the northern breakwater footprint. 

¶ Construction of the northern breakwater. 

¶ Construction of the eastern and then western breakwaters. 

¶ BHD dredging of the KBSC marina. 

ï The óserialô scenarios assume construction is carried out serially over ~18-19 months as follows 

(scenarios 2A and 2S, Figure 3.4): 

¶ Construction of the eastern and then western breakwaters. 

¶ CSD dredging of the KBSC marina. CSD dredging occurs over a longer duration with a 

smaller fines source flux than simulated BHD dredging (Section 4.8.2). 

¶ Phase 1 TSHD dredging of the northern breakwater footprint. 

¶ Construction of the northern breakwater. 

ï The óparallelô scenarios assume that some construction elements are carried out in parallel over a 

total duration of ~12 months as follows (scenarios 3A and 3S, Figure 3.5): 

¶ Construction eastern breakwater of the KBSC marina. 

¶ Simultaneous construction of the latter half of the eastern breakwater and phase 1 TSHD 

dredging of the northern breakwater footprint. 

¶ Simultaneous construction of the western breakwater and the first half of the northern 

breakwater. 

¶ Simultaneous construction of the first half of the northern breakwater and BHD dredging of 

the KBSC marina. 

¶ Construction of the second half of the northern breakwater. 
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The phase 2 BHD dredging of Casuarina Boat Harbour will have a large gap (>1 year) after the 

completion of the construction elements defined in the scenarios, therefore it was modelled as a 

separate construction scenario assuming the proximal marine environment has recovered from any 

previous reversible impacts from prior KBMS proposal construction activities. The Casuarina Boat 

Harbour BHD scenario was comprised of the following (also see Table 3.2): 

ï The initial dredging volume of 10,000 m3 was disposed of onshore disposal with a small 

decant into the harbour over 8 days due to elevated TBT (RPS 2017a).  

ï The remaining dredged volume was dredged via BHD and stored on spit hopper barges (SHB) 

and subsequent disposal to the nominated offshore spoil ground. 
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Figure 3.3 óProbableô scenario sequencing of construction elements. 
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Figure 3.4 óSerialô scenario sequencing of construction elements. 
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Figure 3.5 óParallelô scenario sequencing of construction elements. 
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Table 3.3 Construction element sequences for the óprobableô, óserialô and óparallelô case scenarios 
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Scenario 1A ( Probable) - Autumn Start (1 May)

Scenario 1S (Probable) - Spring Start (16 Oct)

Scenario 2A (Serial) - Autumn Start (6 Mar)

Scenario 2S (Serial) - Winter Start (21 Aug)

Construction Element Identifier

CHNBW

TSH

KBH

KCS

EBW

WBW

CBH

CBH

CBH

EBW WBW TSH

Bi-Weekly Construction Schedule

TSH CHNB EBW WBW CBH

TSH CHNB EBW WBW CBH

KBH

KBH

G
a

p

G
a

p

Scenario 3A (Parallel) - Autumn Start (6 Mar)
TSH CHNB CBH

EBW WBW

Scenario 3S (Parallel) - Winter Start (21 Aug)
TSH

CHNB

EBW WBW TSH CHNBKCS

KCS

KBH

KBH

CHNB

EBW WBW

CBH

Construction Element Description

Core construction of northern breakwater of Casuarina Boat Harbour redevelopment

Phase 1 TSHD dredging of Casuarina Boat Harbour redevelopment

Option 1 BHD dredging of KBSC marina

Option 2 CSD dredging of KBSC marina

Core construction of KBSC eastern breakwater

Core construction of KBSC western breakwater

Phase 2 BHD dredging of Casuarina Boat Harbour redevelopment



 

GHD | South West Development Commission | 6134786 | Marine Environmental Quality Modelling | 22 

3.5.3 Impact assessment on TSS and net sedimentation 
Predicted construction-related increases of the fines component of TSS above background (ambient) 

levels and net sedimentation were evaluated on the basis of: 

ï Spatial plots of the 50th, 95th and 99th percentiles of the TSS simulated through the water 

column of each horizontal mesh element to characterise the predicted spatial extent of 

individual construction elements (e.g. first half of Casuarina Boat Harbour northern breakwater 

construction). 

ï Spatial extent of simulated net sedimentation at each horizontal grid mesh element at the end 

of each construction sequence. 

ï Time series of TSS and net sedimentation at several representative locations in Koombana 

Bay and its adjacent semi-enclosed water bodies (Figure 3.6). 

ï Spatial representations of the zone of influence (ZoI), zone of moderate impact (ZoMI) and 

zone of high impact (ZoHI) on the basis of RPS (2022) criteria as summarised in Table 3.4 for 

the two (2) simulations with differing start dates of the óprobableô, óserialô and óparallelô 

construction sequencing scenarios, and the phase 2 Casuarina Boat Harbour BHD. The ZoI, 

ZoMI and ZoHI are reported for ólikely worstô and ólikely bestô cases of the fines mass flux 

estimates from construction activities (Section 4.8.2). 

 

Figure 3.6 Construction time series locations (NKB ï north Koombana Bay, NEKB ï northeast Koombana Bay, 
KB ï Koombana Beach, JRC ï Jetty Road causeway, LIE ï Leschenault Inlet entrance). 
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Table 3.4 Impact zone thresholds for excess TSS and net sedimentation (RPS 2022) 

Impact 
Zone 

Definition 

(as defined by EPA 2016c) 
TSS threshold 

Net 
sedimentation 

threshold 

ZoI The area within which changes in environmental quality 
associated with dredge plumes are predicted and anticipated 
during the dredging operations, but where these changes 
would not result in a detectible impact on benthic biota. 

Ó2 mg/L above 
background conditions 
for at least one (1) time 
step during a scenario. 

Ó0.4 cm and 
<2 cm 

ZoMI The area within which predicted impacts on benthic organisms 
are recoverable within a period of five years following 
completion of the dredging activities. This zone abuts, and lies 
immediately outside of, the zone of high impact. 

Ó2 mg/L over 18 
continuous days.  

Ó2 cm and <3 
cm 

ZoHI  The area where impacts on benthic communities or habitats are 
predicted to be irreversible. The term irreversible means 
ólacking a capacity to return or recover to a state resembling 
that prior to being impacted within a timeframe of five years or 
lessô. Areas within and immediately adjacent to proposed 
dredge and disposal sites are typically within zones of high 
impact. 

Loss of perennial 
seagrasses: Ó2 mg/L 
for continuous 90 
days.4 

Ó3 cm 

3.5.4 Impact assessment on nutrient climate 
Increases to the nutrient climate from breakwater construction are not a risk as most of the material for 

these structures have very low nutrient content. 

Dissolved inorganic nitrogen (DIN) poses the greatest eutrophication risk on the basis of elutriate 

testing of the sediments within the footprint of the phase 2 dredging of Casuarina Boat Harbour (see 

Section 4.8.5). Dredging -related increases to the nutrient climate above background levels were 

estimated with three approaches as described in Section 7.4. Two approaches are based on scaling 

estimates, whereas the third approach was to simulate (with the 3D modelling framework) the DIN 

release rates from dredging and to assume conservative substance behaviour (i.e. no allowance for 

fate transformations of DIN such as phytoplankton uptake or excretion, only transport and dispersion 

considered). Spatial plots of the 50th, 95th and 99th percentiles of the numerical tracers representing 

ólikely worst' and 'likely bestô cases of DIN levels released during dredging activities were evaluated. 

 

 
4 Additional non simulation analysis threshold: Boundary of the dredge and disposal areas + halo effects (~2 m ) for 

consideration by RPS (2022). 
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4. Modelling and impact assessment data 

4.1 Bathymetry 

4.1.1 Hydrodynamic Model 
The horizontal grid resolution of the hydrodynamic model ranges from ~1.2 km at the offshore model 

boundaries to ~15 m within the KBMS proposal footprint. The existing baseline bathymetry was 

developed from: 

ï Nautical chart (AUS 115, 30 January 1998) inclusive of the Inner Harbour and Casuarina Boat 

Harbour, the Shipping Channel from the coastal waters to the Inner Harbour, Koombana Bay and 

the adjacent coastal waters of the Indian Ocean. 

ï Department of Planning and Infrastructure (DPI) soundings from May 2005 of the Leschenault 

Estuary, tidal portions of the Preston River and Collie River, and the Leschenault Inlet. 

ï October 2013 hydrographic survey of the Cut. 

ï DoT multi-beam survey data for Koombana Bay from May 2014 and February 2016. 

ï Fugro LiDAR bathymetry survey between Two Rocks and Cape Naturaliste from April-May 2009. 

ï DHIôs MIKE C-Map nautical chart information where no other data was available. 

All model bathymetry files were referenced to mean sea level (MSL) which is 0.1 m and 0.7 m above 

the Australian height datum (AHD) and chart datum (CD), respectively. 

The horizontal mesh and bathymetry of the hydrodynamic model domain and a zoom to the 

Koombana Bay region are shown in Figure 4.1.  

The Casuarina Boat Harbour redevelopment and KBSC marina future proposals were incorporated 

into the bathymetry to evaluate the various operational (i.e. baseline, proposal, proposal with Inner 

Harbour expansion) and construction (i.e. scenarios 1A, 1S, 2A, 2S, 3A, 3S) scenarios. Figure 4.2 

illustrates the baseline bathymetry and marine structures of southwestern Koombana Bay. Figure 4.3 

illustrates the bathymetry after the completion of the phase 1 Casuarina Boat Harbour redevelopment 

and KBSC marina future proposals. Figure 4.4 illustrates the final bathymetry after completion of the 

phase 2 dredging of the Casuarina Boat Harbour redevelopment. 

The potential for cumulative impacts from a potential future large expansion of the Inner Harbour were 

also evaluated where Figure 4.5 and Figure 4.6 illustrate the simulated bathymetry of the existing and 

an indicative future Inner Harbour expansion, respectively. 

Table 4.1 summarises the model bathymetry grids that were used in this assessment. 

Table 4.1 Bathymetry files used in this investigation. 

Identifier Description Operational Simulation Use Construction Simulation Use 

Existing 
Baseline 

Existing baseline 
structures and 
bathymetry. 

Baseline simulation for 
operational impacts analysis. 

First simulated bathymetry file of first half of first 
breakwater construction element. 

Used in wave modelling to simulate radiation stresses 
that serve as inputs to particle model for algorithms of 
resuspension of dredge material. 

KBMS 
Proposal 

Completion of the KBMS 
proposal with new 
breakwater structures, 

modest dredging within 
Casuarina Boat Harbour 
adjacent to the northern 

breakwater, and KBSC 
marina reclamation and 
dredging completed. 

Determine operational 
impacts. 

Final bathymetry file for simulation of second half of 
phase 2 BHD dredging of the Casuarina Boat Harbour 
redevelopment. 

Used in wave modelling to simulate radiation stresses 
that serve as inputs to particle model for algorithms of 

resuspension of dredge material. 

KBMS 
Proposal 

KBMS proposal with the 
completion of a 

Determine operational 
cumulative impacts from a 

Not used. 
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Identifier Description Operational Simulation Use Construction Simulation Use 

+ Jetty 
Road 
Rock 

Groyne 
Removal 
+ 

Expanded 
Inner 
Harbour 

órepresentativeô large 
Inner Harbour expansion, 
removal of the rock 

groyne at the end of the 
Jetty Road causeway and 
completion of phase 2 

Casuarina Boat Harbour 
dredging. 

potential large future 
expansion of the Inner 
Harbour. 

Evaluate improvement to 

flushing of Casuarina Boat 
Harbour from the removal of 
the rock groyne at the end of 

the Jetty Road causeway. 

NBW Completion of the 
northern breakwater 

Not used. Bathymetry file for second half of the northern 
breakwater construction and the first half of the eastern 
breakwater construction for the ólikelyô case scenarios.  

NBW + 
EBW 

Completion of the 
northern and eastern 

breakwaters 

Not used. Bathymetry file for second half of the eastern 
breakwater construction and the first half of the 

western breakwater construction for the ólikelyô case 
scenarios.  

NBW + 
EBW + 
WBW 

Completion of the 
northern, eastern and 
western breakwaters 

Not used. Bathymetry file for second half of the western 
breakwater construction for the ólikelyô case scenarios. 

Bathymetry for the second half of the northern 

breakwater construction for the óbestô and óworstô case 
scenarios. 

EBW Completion of the eastern 
breakwater 

Not used. Bathymetry file for second half of the eastern 
breakwater construction and the first half of the 
western breakwater construction for the óbestô and 

óworstô case scenarios.  

EBW + 
WBW 

Completion of the eastern 
and western breakwaters 

Not used. Bathymetry file for second half of the western 
breakwater construction and the first half of the 

northern breakwater construction for the óbestô and 
óworstô case scenarios.  

The horizontal model mesh (i.e. triangular and rectangular model elements) for the existing baseline 

and KBMS proposal are exactly the same. The construction of breakwaters and reclamation areas of 

the future proposals simply entailed changing a mesh element from a water to land classification or in 

the case of dredging applying the design dredge depth. This allowed for direct comparison of the 

water column each of each horizontal cell location to evaluate simulated differences (e.g. current 

speed differences). 

 

Figure 4.1 Model bathymetry of the hydrodynamic and local wave models. 
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Figure 4.2 Model bathymetry and existing coastal infrastructure of south-western Koombana Bay. 

 

Figure 4.3 Model bathymetry with proposed coastal infrastructure of south-west Koombana Bay. 
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Figure 4.4 As Figure 4.3 after phase 2 dredging of the Casuarina Boat Harbour redevelopment. 

 

Figure 4.5 Model bathymetry of the existing Inner Harbour region. 

 

Figure 4.6 Model bathymetry of a representative Inner Harbour expansion. 

The vertical layers were configured as a combination of dynamic sigma layers in the surface and fixed 

z-level layers thereafter as follows: 

ï Three sigma layers in the surface to 7 m MSL that apportioned as 20%, 60% and 20%. 

ï Six (6) z-level layers below the sigma layers of thickness 2, 2, 3, 4, 6 and 12 m. 

4.1.2 Wave Model 
Two model domains were utilised for wave modelling (Figure 4.7), namely: 
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ï A large orthogonal curvilinear mesh to simulate the regional wave climate and extends 

westerly into waters > 200 m depth. The regional wave simulation served as inputs (i.e. 

transfer the offshore wave climate) at the boundaries of the local wave model. 

ï The unstructured triangular mesh to simulate the local wave climate corresponds to spatial 

extent of the hydrodynamic model (Section 4.1.1). A minimum grid size of ~50 m was 

established within Koombana Bay and its adjacent semi-enclosed water bodies, which does 

not overly compromise accuracy but greatly reduces computational demands relative to the 

hydrodynamic minimum grid size of ~15 m in the vicinity of the proposed KBMS structures. 

 

Figure 4.7 Regional (left) and local (right) wave model meshes and bathymetry 

4.2 Model parameters 

4.2.1 3D hydrodynamic and wave models 
Industry-standard DHI default parameter values were used for the 3D hydrodynamic (see Section 5.1 

and wave (see Section 5.2) modelling. As such, model calibration was not carried out, rather solely 

model verification (Section 5). 

4.2.2 Particle model 
For operational simulations the particle model was used as a conservative tracer by setting the settling 

velocity to zero. 

For construction simulations to predict the effects/impacts of fines on the in-water particle climate and 

net sedimentation above background levels (see Section 3.1.1) from construction activities, the 

following was configured: 

ï For particle properties and particle fluxes associated with construction activities refer to 

Section 4.8. 

ï For deposition and resuspension of construction-related fines critical shear stresses of 0.1 

N/m2 and 0.2 N/m2, respectively. 
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4.3 Metocean 
A range of meteorological and oceanographic (metocean) data served as model inputs or for model 

verification. Figure 4.8 illustrates the locations of local metocean measurement sites including: 

ï SPA measurements of waves, winds and currents at Beacon 3 adjacent to the Shipping Channel 

to the north of Casuarina Point. 

ï SPA measurements of waves and currents at Beacon 10 adjacent to the Shipping Channel prior 

to the Inner Harbour. 

ï DoT measurements of water levels at BNV in the Inner Harbour. 

ï DoT measurements of currents at AWAC2 to the northeast of the terminus of the Jetty Road 

causeway. 

 

Figure 4.8 Locations of metocean measurement sites (SPA sites ï Beacon 3 & Beacon 10, DoT sites ï BNV & 

AWAC2). 

These local measurements served primarily for verification of model inputs (e.g. winds), or simulated 

waves, currents and water levels. The 3D hydrodynamic and 2D wave modelling used spatially varying 

wind inputs over the surface. Additionally, the 3D hydrodynamic model used spatially varying air 

pressure over the surface, and water levels and vertically varying currents along the open ocean 

boundaries. The 2D wave model used spatially varying wave inputs along the open ocean boundaries. 

4.3.1 Winds 
Data over the model extent from the second version of the National Centers for Environmental 

Prediction (NCEP) Climate Forecast System version 2 (CFSv2) (Suranjana et al. 2014) served as 

model inputs. CFSv2 is an operational climate model that includes nearly all up-to-date forecasting 

and data assimilating techniques. Hourly simulation data was used at a spatial resolution of ~0.2 

degrees (~15 km). CFSv2 has sufficient temporal and spatial resolution to simulate land-sea effects 

and the oscillation of wind direction in the coastal zone through thermal convection. Figure 4.9 

illustrates a comparison of the CFSv2 and Beacon 3 winds. CFSv2 compares well with the local winds 

in terms of wind speeds and directions, albeit at ~20-30% higher speeds than the local measurements. 

The differences may be attributed to: 
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ï Beacon 3 wind measurements not recorded at 10 m height. 

ï The local nearshore wind field was influenced by land that may have not been adequately 

resolved by CFSv2. 

ï Uncertainty in the Beacon 3 accuracy of wind measurements. 

 

Figure 4.9 Comparison of CFSv2 and Beacon 3 wind speeds and directions during June-July 2015 (top panels) 

and February 2016 (bottom panels). 
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4.3.2 Water levels 

4.3.2.1 Model inputs 

Water levels along open ocean boundaries of the 3D hydrodynamic model were prepared from the 

DHI Boundary Conditions Generator, which combines the tidal signal from the DTU10 global tidal 

model (Chen and Anderson 2010) and the non-tidal signal from the Hybrid Coordinate Ocean Model 

(HYCOM) (Chassignet et al 2007). Representative water levels along the middle of the western 

offshore open ocean boundary of the 3D hydrodynamic model are illustrated in Figure 4.10. 

 

Figure 4.10 Representative water level model inputs at the mid-point of the western open ocean boundary of the 

3D hydrodynamic model. 

4.3.2.2 Model verification 

DoT water level measurements at station BNV in the Inner Harbour served a 3D model verification 

data of the simulated water levels. 

4.3.3 Temperature and salinity 
Vertical thermal stratification is non-existent to very weak in Koombana Bay, its adjacent semi-

enclosed water bodies, and the proximal inshore coastal waters (GHD 2023b, O2 Marine 2021, Wave 

Solutions 2012b, Oceanica 2008a), hence water temperatures were not simulated with the 3D 

hydrodynamic model. Rather, water temperatures were set to a constant value of 20°C during all the 

simulations, which is the midpoint of the typical annual range of 15-25°C (GHD 2023a). 

However, high river discharge events can lead to marked horizontal and vertical salinity gradients in 

the bay (GHD 2023b). Hence, salinity was simulated in the 3D hydrodynamic model in the following 

manner: 

ï The initial salinity at the start of a simulation was set to 35.7 psu throughout the model 

domain. 

ï The salinity at the open ocean boundary conditions was set to 35.7 psu. 

ï The salinity of river inputs was set to 0 psu. 

ï The salinity of groundwater inputs was set 0 psu. 

4.3.4 Waves 

4.3.4.1 Model inputs 

Outputs from the US National Ocean and Atmospheric Administration (NOAA) Wave Watch 3 (WW3) 

global wave model (Tolman 2009) served as inputs to the open ocean boundaries of the 2D regional 

wave model. Representative wave inputs along the middle of the western offshore open ocean 

boundary of the 2D regional wave model are illustrated in Figure 4.11. 
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Figure 4.11 Representative wave model inputs of wave height (top), period (middle) and direction (bottom) at the 
mid-point of the western open ocean boundary of the 2D regional wave model. 

4.3.4.2 Model verification 

SPA directional and non-directional wave measurements at Beacon 3 and Beacon 10, respectively, in 

Koombana Bay served as model verification data of the simulated 2D wave climate. 

4.3.5 Currents 

4.3.5.1 Model inputs 

Currents along open ocean boundaries of the 3D hydrodynamic model were prepared with the DHI 

Boundary Conditions Generator, which combines the tidally induced currents from the DTU10 global 

tidal model (Chen and Anderson 2010) and the non-tidal currents from the Hybrid Coordinate Ocean 

Model (HYCOM) (Chassignet et al 2007). Representative east-west (U-) and north-south (V-) current 

components along the middle of the western offshore open ocean boundary of the 3D hydrodynamic 

model are illustrated in Figure 4.12. 
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Figure 4.12 Representative U- (east-west, top) and V- (north-south, bottom) currents through the water column at 

the mid-point of the western open ocean boundary of the 3D hydrodynamic model. 

4.3.5.2 Model verification 

SPA current measurements at Beacon 3 served as model verification data of the simulated wave 

climate by the local 2D wave model. 

4.4 River discharge 
Department of Water and Environmental Regulation (DWER) daily discharge measurements of the 

Preston River and Collie River served as inputs into the 3D hydrodynamic model. These daily 

measurements were from the following DWER gauging stations: 

ï Ferguson River at South West Highway (Station No. 611007) and the Preston River at Boyanup 

Bridge (Station No. 611004) measurements were combined to approximate the Preston River 

discharge. 

ï Brunswick River at Cross Farm (Station No. 612032) and Collie River at Rose Road (Station No. 

612043) measurements were combined to approximate the Collie River discharge. 

These daily discharge model inputs to the 3D hydrodynamic model of the Preston River and Collie 

River are shown in Figure 4.13 over the simulation period from June 2015 to May 2016. 
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Figure 4.13 Daily Preston River and Collie River discharge from June 2015 to May 2016. 

4.5 Groundwater 

4.5.1 Discharge 
Monthly groundwater discharge was configured into the model along the shorelines illustrated in 

Figure 4.14.  

Groundwater discharge into Casuarina Boat Harbour along Casuarina Point and Casuarina Boat 

Harbour beach, and the from the KBSC beach shoreline into the proposed KBSC marina were 

estimated by RPS (2017b) (Figure 4.14). RPS (2020) provided low, likely and high estimates the 

groundwater discharge into Leschenault Inlet of which the high estimate was used in this investigation 

(Figure 4.15). 

 

Figure 4.14 Modelled shorelines with superficial groundwater inputs. 
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Figure 4.15 Daily groundwater discharge rates into Casuarina Boat Harbour from Casuarina Point and Boat 
Harbour beach, and from the KBSC beach (RPS 2017b). 

 

Figure 4.16 Daily groundwater discharge rates into Leschenault Inlet (RPS 2020).  

4.5.2 Nutrients and zinc 
Estimates of nutrient concentrations in the groundwater discharge are reported in RPS (2017b) and 

RPS (2020), which are summarised in Table 4.2 along with relevant marine guideline values. These 

data suggest that groundwater fluxes of bioavailable DIN represent the greatest potential impact on 

receiving waters on the basis of ANZG (2018) and ANZECC (2000) criteria. Further, elevated Zn 

levels (RPS 2017b) well above the ANZG (2018) default guideline value for toxicants in marine waters 

may be a source of toxicity. 

Table 4.2 Estimates of groundwater nutrient and Zn concentrations and inshore marine guideline values. 

Analyte Average Minimum Maximum Inshore Marine Guideline  

TN (mg/L) 0.43 0.2 0.9 ANZECC (2000) 0.23 mg/L 

Dissolved Inorganic 
Nitrogen (NOX+ NHX) 

0.19 0.04 0.63 Seasonal ANZG (2018) for NOX 0.0026-0.0075 
mg/L 

ANZECC (2000) NHX 0.005 mg/L 

Adopted DIN 0.0076-0.0125 mg/L 

TP (mg/L) 0.15 0.07 0.29 ANZECC (2000) 0.02 mg/L 

FRP (mg/L) 0.0255 0.0255 0.05 Seasonal ANZG (2018) 0.0047-0.0062 mg/L 

Zn (mg/L) 0.21 0.016 0.85 ANZG (2018) default guideline value for 
toxicants in marine waters 0.008 mg/L 

 
5 Set to half LoR of <0.05 mg/L. 
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4.6 Background water quality 
Table 4.3 provides a summary of the medians and 80th percentiles of past water quality measurements 

of the coastal inshore waters, Koombana Bay, Casuarina Boat Harbour-Outer Harbour and 

Leschenault Inlet from data reported in GHD (2023a), which show that: 

ï There is generally a spatial gradient in NHX, TN, FRP, TP and TSS from with the open inshore 

coastal waters (low), Koombana Bay and Casuarina Boat Harbour (intermediate), and 

Leschenault Inlet (high) for both the median and 80th percentile values. 

ï Though chl-a levels are markedly lower in the open inshore coastal waters, Leschenault Inlet 

and Casuarina Boat Harbour have similar levels and are only moderately greater than 

Koombana Bay even though NHX, NOX, TN and TP are substantially greater in Leschenault 

Inlet than Casuarina Boat Harbour and Koombana Bay. 

ï There was a weak gradient in TSS of lower to higher levels between the open coastal waters, 

bay, and the inlet and harbour. 

ï Zn was the only metal/metalloid that exceeded the ANZG (2018) guideline value for metal and 

metalloid toxicants. 

These simple statistics are used to evaluate implications from changes in flushing on potential water 

quality changes in Section 6.4. 

Table 4.3 Medians and 80th percentiles of water quality data reported in GHD (2023a) for nutrients (and chl-a and 

TSS) and GHD (2023b) for metals and metalloids where yellow and pink shading indicate 80th 
percentile and median greater than default guideline value, respectively. 

Parameter 

Median 80th Percentile Guideline Value 
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NHX (ug/L) 1.5 3.6 8 30 1.8 10.2 20 63 ANZECC (2000) 5 ug/L 

NOX (ug/L) 3 1.3 4 15 4 13.9 15 27 
ANZG (2018) 3.1 (sum), 6.1 (aut), 7.5 (win) & 
2.6 (spr) ug/L 

TN (ug/L) 125 169 188 267 160 211 261 300 ANZECC (2000) 230 ug/L 

FRP (ug/L) 1 3 4 5 3.2 3.4 5 10 
ANZG (2018) 5.5 (sum), 5.3 (aut), 6.2 (win) & 
4.7 (spr) ug/L 

TP (ug/L) 10.5 20.1 25 50 12 21.4 34 65 ANZECC (2000) 20 ug/L 

Chl-a (ug/L) 0.3 2 3 2.5 0.5 2.8 4 3.7 
ANZG (2018) 0.27 (sum), 0.55 (aut), 0.71 
(win) & 0.36 (spr) ug/L 

TSS (mg/L) - 5.6 8 6.2 - 8.7 14 11  

Cr (ug/L) - 0.1 0.1 0.5 - 0.1 0.1 0.5 
ANZG (2018) 95th percentile species 
protection level 1.3 ug/L 

Ni (ug/L) - 0.2 0.2 0.5 - 0.3 0.3 0.5 
ANZG (2018) 95th percentile species 
protection level 7 ug/L 

Cu (ug/L) - 0.5 0.9 0.5 - 0.6 1 1 
ANZG (2018) 95th percentile species 
protection level 1.3 ug/L 

Zn (ug/L) - 2 2 8 - 3 3 49 
ANZG (2018) 95th percentile species 
protection level 1.3 ug/L 

As (ug/L) - 1.8 1.8 2 - 2 2 2 
ANZG (2018) Low Reliability Value for AsIII 
2.3 ug/L 

Cd (ug/L) - 0.5 0.5 0.5 - 0.5 0.5 0.5 
ANZG (2018) 99th percentile species 
protection level 0.7 ug/L 

Pb (ug/L) - 0.2 0.1 0.5 - 0.6 0.3 0.5 
ANZG (2018) 95th percentile species 
protection level 4.4 ug/L 

Hg (ug/L) - 0.05 0.05 0.05 - 0.05 0.05 0.05 
ANZG (2018) 99th percentile species 
protection level 0.1 ug/L 
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4.7 Bunbury drainage network 
A number of outlets of the Bunbury drainage (stormwater) network empty into Leschenault Inlet 

(outlets 3 to 22) with one outlet into the Plug (outlet 2) and another into Koombana Bay just to the 

northwest of the Plug (outlet 1) (Figure 4.17). No drainage (stormwater) outlets empty into Casuarina 

Boat Harbour of the proposed KBSC marina, so stormwater drains are not anticipated to have any 

direct impacts to water quality in these water bodies. There are no available measurements or 

estimates of drainage (stormwater) discharge or water quality of the drainage network into the 

Leschenault Inlet, so it has not been simulated in this investigation.  

4.8 Construction 

4.8.1 PSD of sediments, breakwater core material and 
reclamation decant 

As described in Section 3, modelling was used to predict impacts of the fines component (clay and silt) 

of TSS above background levels from both dredging and breakwater core construction activities. A 

summary of the measured fines content of proposed sediments of the three (3) dredging elements 

(phases 1 and 2 Casuarina Boat Harbour, KBSC marina), and estimated fines content of breakwater 

core material and reclamation decants are summarised in Table 4.4 noting: 

ï Measurements of sediments to be dredged include: 

¶ Phase 1 Casuarina Boat Harbour northern breakwater by O2 Marine (2020). 

¶ Phase 2 Casuarina Boat Harbour by RPS (2017a). 

¶ KBSC marina by Cardno (2021). 

ï The reclamation decant from the onshore disposal of KBSC marina dredge material, and 

potentially a portion of the dredged material from phase 1 TSHD dredging of the Casuarina Boat 

Harbour northern breakwater footprint, assumes that coarse silt is retained in the reclamation 

pond with increasing proportions of medium silt to clay that are discharged into the harbour. 

ï The breakwater core material was assumed to be comprised of 1.5% coarse silt (similar to RPS 

APASA [2016]), and it was assumed that all fines were liberated into the water column during 

construction. 

Table 4.4 Simulated PSD properties of suspended fines of sediment to be dredged, reclamation decant and 
breakwater core material. 

Wentworth 
Classification 

Median 
Diameter 

(µm) 

Settling 
Velocity 

(m/d) 

PSD Composition (%) 

Phase 1 
Casuarina 

Boat 

Harbour 
Dredge 

(O2 

Marine 
2020)6 

Phase 2 
Casuarina 

Boat 
Harbour 
Dredge 

(RPS 
2017a) 

KBSC 
Marina 
Dredge 
(Cardno 

2021) 

Reclamation 
Decant 

(Estimate) 

Breakwater 
Core 

Construction 
(Estimate) 

Clay (0-4 ɛm) 2 0.29 6% 12.2% 1.4% 40% 0.25% 

Very Fine Silt (4-8 ɛm) 6 2.6 6.9% 2.8% 1.2% 30% 0.25% 

Fine Silt (8-16 ɛm) 12 10.3 12.7% 3.6% 2.2% 20% 0.25% 

Medium Silt (16-31 ɛm) 23.5 39.3 19.2% 3.8% 3.6% 10% 0.25 

Coarse Silt (31-63 ɛm) 47 157 23.3% 4.8% 5.2% 0 0.5% 

% Fines (Clay and Silt) - - 68.1% 27.2% 13.7% 100% 1.5% 

 

 
6 Cardno (2022) completed after modelling investigation. 
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Figure 4.17 Bunbury drainage (stormwater) network along the southern Koombana Bay shoreline (provided by the City of Bunbury). 
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4.8.2 Dredging 
Far-field source estimates of dredging-related fines (see Section 3 for far-field source description) 

were made with the Becker et al (2015) method as described in Sun et al (2020) for each of the 

dredging-related construction elements (see Section 3.5.1). As per EPA (2021) uncertainty in the 

model predictions were accounted for by estimating the lower (ólikely bestô case) and upper (ólikely 

worstô case) range of excess TSS and sedimentation impacts from construction activities. Far-field 

source flux estimates of fines for the ólikely bestô and ólikely worstô cases from dredging and disposal 

activities were made on the basis of guidance in Sun et al (2020), which is summarised in Table 4.5. 

The passive plume source flux estimates indicate that the phase 1 TSHD dredging of the Casuarina 

Boat Harbour northern breakwater footprint is much greater than any of the other construction 

elements. 

Table 4.5 Far-field source flux estimates of fines material (kg/s) of the ólikely worstô and ólikely bestô (in 
parentheses) cases of proposed dredging activities. 

Dredging Activity Dredge Head Overflow Disposal Decant 

Phase 1 Casuarina Boat 
Harbour redevelopment 
dredging with TSHD 

1.8 (1.2) 16.5 (15.3) 37.4 (30.4) 
- 

KBSC marina with CSD 
option 

0.11 (0.09) - - 
0.0013 

KBSC marina with BHD 
option 

0.14 (0.12) - - 
0.007 

Phase 2 Casuarina Boat 
Harbour redevelopment 
dredging with BHD 

0.28 (0.24) - 4.6 (4.0) 
0.0025 

Simulations were run with the ólikely worstô case estimates of the mass flux rates for dredging activities 

in Table 4.5. The ólikely bestô case predictions of sedimentation and excess TSS were made by scaling 

a reduction of the ólikely worstô case simulations by -20%, which is approximately the percentage 

change in these flux estimates in Table 4.5. A decrease of 20% was also applied to the ólikely worstô 

case of the fines mass flux estimates from the dredging reclamation decants (Section 4.8.3) and the 

creation of breakwaters (Section 4.8.4) for the ólikely bestô case. 

Other pertinent information in regards to the configuration of the simulated dredging scenarios 

includes: 

ï Phase 1 TSHD dredging was based on 24 hour operations with a 3 hour cycling time of six (6) 

TSHD dredging runs of which overflow occurs for the last four (4) runs (1 hour of the 1.5 hour 

of active dredging over the 3 hour cycle time). Disposal offshore occurs over a 10 minute 

window. 

ï KBSC marina and phase 2 BHD dredging is assumed to occur during days between 0600 and 

1800. 

4.8.3 Reclamation decant 
The reclamation decant from onshore disposal of dredged material during KBSC marina and phase 2 

Casuarina Boat Harbour redevelopment was simulated with the TSS concentration set to 150 mg/L for 

the ómost likelyô case. Reclamation decant discharge of 0.008, 0.05 and 0.02 m3/s were estimated for 

the KBSC BHD option, KBSC CSD option and phase 2 BHD dredging activities, respectively, which 

yield fines mass fluxes of 0.0013, 0.007 and 0.0025 kg/s, respectively, for the óworst likelyô case. 

These fluxes are considerably lower than fines source from other dredging elements (i.e. dredge head, 

overflow, disposal), but were simulated nonetheless. 

4.8.4 Breakwater construction 
The fines passive plume source flux from breakwater construction for the óworst likelyô case was 

estimated as 0.5 kg/s and 0.4 kg/s for the Casuarina Boat Harbour northern breakwater and the KBSC 



 

GHD | South West Development Commission | 6134786 | Marine Environmental Quality Modelling | 40 

marina breakwaters, respectively. The higher northern breakwater fines source flux was estimated on 

the basis of 25% greater rate of core construction than that of the two (2) KBSC marina breakwaters. 

Breakwater construction was simulated to occur during daylight hours for 12 hours per day (0700-

1900) for six (6) days a week (1 day of no construction activity). 

4.8.5 Elutriate nutrient levels 
Averages of organic content and nutrients in the sediments to be dredged in phase 2 of Casuarina 

Boat Harbour (RPS 2017) and within KBSC marina (Cardno 2021) are summarised in Table 4.6. The 

averages of measured elutriate analyses of nutrients of the Casuarina Boat Harbour sediments (RPS 

2017) are provided in Table 4.7 (no elutriate analysis by Cardno (2021) for KBSC marina footprint 

sediments). Estimates of increased nutrient concentrations in the waters due to mixing of pore waters 

during dredging are estimated in Section 8.2.4 on the basis of these elutriate measurements.  

Table 4.6 Sediment nutrient properties. 

Analyte Casuarina Boat Harbour (RPS 2017) KBSC Marina (Cardno 2021) 

TN 1,418 mg/kg - 

TKN 1,418 mg/ kg - 

NHX 41 mg/ kg <20 mg/kg 

NOX 0.1 mg/ kg - 

TP 353 mg/ kg - 

FRP 0 mg/ kg  - 

TOC 1.43% 0.45% 

Table 4.7 Elutriate testing of sediments measured in phase 2 Casuarina Boat Harbour sediments. 

Analyte 
Casuarina Boat 

Harbour (RPS 2017) 
ANZG (2018) or ANZECC (2000) 

TN 2.3 mg/L 10x greater than ANZECC (2000) 0.23 mg/L 

TKN 2.3 mg/L  

NHX 1.83 mg/L ~350x greater than ANZECC (2000) 0.005 mg/L 

NOX 0.01 mg/L Up to 4x greater than seasonal ANZG (2018) for NOX 
0.0026-0.0075 mg/L 

TP 0.12 mg/L ~5x greater than ANZECC (2000) 0.02 mg/L 

FRP 0.084 mg/L ~15-20x greater than seasonal ANZG (2018) 0.0047-
0.0062 mg/L 
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5. Verification of models 

5.1 Hydrodynamic model verification 
As described previously in Sections 3.2 and 3.3, the hydrodynamic model was verified with data over 

the 2015 winter (1 July to 1 September 2015) and 2015-2016 summer (1 December 2015 to 1 

February 2016) periods through comparisons with measurements of currents and water levels, and 

estimate of the Casuarina Boat Harbour flushing time from a dye study over 9-19 March 2016 (MP 

Rogers 2016). For the 2015 winter and 2015-2016 summer periods both the measurements and 

simulation output were filtered with a 2 hour moving average to remove the high frequency component 

of the measurements. All model parameters were set to default DHI values with the following values 

provided for key parameters:  

ï Smagorinksy formulation for horizontal eddy viscosity with a constant of 0.28.  

ï Log law formulation for the vertical eddy viscosity bounded in the range of 1.8x10-6 and 0.4 

m2/s.  

ï Bed resistance roughness height of 0.05 m.  

ï Wind friction coefficient of 0.002.  

5.1.1 2015 winter 
The IOA and MAE values over this 2015 winter period are summarised in Table 5.1, which indicate: 

ï Good agreement between simulated and measured water levels (IOA of 0.93). 

ï IOA values were greater than 0.6 for simulated surface currents at both sites and the depth-

averaged currents at Beacon 3.  

ï Generally, IOA values were higher (greater accuracy) at Beacon 3 in the relatively open coastal 

inshore waters than at the AWAC2 site of relatively sheltered waters near the entrance to 

Casuarina Boat Harbour. 

ï MAE for current speeds and velocities at both sites ranged between 0.03-0.07 m/s. 

Table 5.1 Quantitative indices of model skill (IOA, MAE) of the 2015 winter verification period.7 

Water Column 
Location 

Parameter 
AWAC2 Beacon 3 BNV 

IOA MAE (m/s) IOA MAE (m/s) IOA MAE (m) 

Surface 

Water Level 0.92 0.09 - - 0.94 0.08 

U velocity (E-W) 0.64 0.05 0.64 0.07 - - 

V velocity (N-S) 0.71 0.06 0.73 0.04 - - 

Seafloor 
U velocity (E-W) 0.40 0.03 0.75 0.04 - - 

V velocity (N-S) 0.47 0.05 0.47 0.03 - - 

Depth-Averaged 
U velocity (E-W) 0.57 0.04 0.85 0.04 - - 

V velocity (N-S) 0.64 0.05 0.73 0.03 - - 

The 2015 winter verification simulation reproduced: 

ï The approximate temporal patterns of the near-surface and near-seabed U- (east-west) and V- 

(north-south) components of the current velocity reasonably well at the AWAC2 site (Figure 5.1).  

ï The depth-averaged V-velocities (absolute range of ~0.2 m/s) at the AWAC2 site, which are the 

dominant current direction component over the U-velocities (absolute range of ~0.1 m/s) 

(Figure 5.2). 

ï Reasonably well the temporal patterns of the near-surface and near-seabed U- and V- current 

velocity components at Beacon 3 (Figure 5.3). 

 
7 Green and yellow shading represents good model performance. 
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ï Reasonably well the measure depth-averaged currents at Beacon 3 (Figure 5.4). 

ï The water levels measurements at both sites well (Figure 5.2, Figure 5.4).  

Generally, the measured U- and V- current velocity components, and water levels, were simulated well 

over the 2015 winter. IOA was Ó0.6 (good model performance) for 10 of the 14 values in Table 5.1. 

Moderate model performance (IOA between 0.4-0.6) was achieved for four (4) of the 14 values in 

Table 5.1, and poor model performance (IOA<0.4) was not simulated for water levels, or U- and V- 

velocity components. 
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Figure 5.1 Measured and simulated near-surface U- (east-west, top panel) and V- (north-south, 2nd panel) and near-seabed U- (3rd panel) and V- (bottom panel) velocities at AWAC2 during 
the 2015 winter period. 



 

GHD | South West Development Commission | 6134786 | Marine Environmental Quality Modelling | 44 

 

 

 

Figure 5.2 Measured and simulated depth-averaged U- (top panel) and V- (middle panel) velocities and water level (bottom panel) at AWAC2 during 2015 winter period. 
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Figure 5.3 As Figure 5.1 at Beacon 3. 
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Figure 5.4 As Figure 5.2 at Beacon 3 except for water levels at BNV. 
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5.1.2 2015-2016 summer 
A second model verification period over the 2015-2016 summer period with measured currents at sites 

Beacon 3 and AWAC2, and measured water levels at sites AWAC2 and BNV are illustrated in Figure 

5.5to Figure 5.8). A summary of the quantitative verification indices is provided in Table 5.2, which 

indicate: 

ï Measured water levels were simulated very well as indicated by the high IOA (Ó0.9) similar to the 

2015 winter period. 

ï IOA values were generally greater than 0.6 for simulated surface currents at both sites.  

ï Generally, IOA values were higher (greater accuracy) at Beacon 3 in the relatively open coastal 

inshore waters than at AWAC2 site of relatively sheltered waters near the entrance to Casuarina 

Boat Harbour. 

ï MAE for current speeds and velocities at both sites ranged between 0.02-0.07 m/s. 

Table 5.2 As Table 5.1 of the 2015-2016 summer period. 

Water Column 
Location 

Parameter 

AWAC2 Beacon 3 BNV 

IOA 
MAE 
(m/s) 

IOA 
MAE 
(m/s) 

IOA MAE (m) 

Surface 

Water Level 0.92 0.09 - - 0.91 0.09 

U velocity (E-W) 0.66 0.03 0.80 0.04 - - 

V velocity (N-S) 0.53 0.07 0.64 0.03 - - 

Seafloor 
U velocity (E-W) 0.44 0.02 0.67 0.04 - - 

V velocity (N-S) 0.54 0.06 0.53 0.03 - - 

Depth-Averaged 
U velocity (E-W) 0.42 0.03 0.80 0.04 - - 

V velocity (N-S) 0.67 0.05 0.56 0.04 - - 

The 2015-2016 summer verification simulation reproduced: 

ï The approximate temporal patterns of the near-surface and near-seabed U- (east-west) and V- 

(north-south) components of the current velocity reasonably well at the AWAC2 site (Figure 5.5).  

ï The dominant measured depth-averaged V- velocities (absolute range of ~0.3 m/s) at the AWAC2 

site well, noting that the range of simulated U- velocities was much smaller than measurements 

(Figure 5.6). 

ï Reasonably well the temporal patterns of the near-surface and near-seabed U- and V- current 

velocity components (Figure 5.8) at Beacon 3. 

ï The measured depth-averaged currents at Beacon 3 well (Figure 5.8). 

ï The water levels measurements at both sites well (Figure 5.6, Figure 5.8).  

Generally, the model captured the measure U- and V- current velocity components and water levels 

well over the 2015-2016 summer period. IOA values were Ó0.6 (good model performance) for 8 of the 

14 values in Table 5.1. Moderate model performance (IOA between 0.4-0.6) was achieved for 6 of the 

14 values in Table 5.1, and poor model performance (IOA<0.4) was not simulated for water levels or 

U- or V- velocity components. 
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Figure 5.5 As Figure 5.1 during the 2015-2016 summer period. 
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Figure 5.6 As Figure 5.2 during 2015-2016 summer period. 
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Figure 5.7 As Figure 5.1 at Beacon 3 during the 2015-2016 summer period. 
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Figure 5.8 As Figure 5.2 at Beacon 3 except for water levels at BNV during the 2015-2016 summer period. 
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5.1.3 March 2016 Casuarina Boat Harbour flushing time 
MP Rogers (2016) conducted a dye flushing study of Casuarina Boat Harbour that was initiated on 8 

March 2016. A re-analysis of this data set to estimate spatial and bulk e-folding flushing times was 

carried out with morning survey (07:30 or 08:30), which coincided with flood tides over the study 

duration. This subset of data yields nearly a 1:1 correlation between surface and bottom 

measurements and explains >98% of the measurement variability (Figure 5.9). 

 

Figure 5.9 Relation between all surface and bottom measurements (left) and only those samples collected during 

the mornings (right).8 

Figure 5.10 illustrates the fitted exponential equation to the normalised morning survey data of each 

Casuarina Boat Harbour survey site, which explains most of the variability (94-99%) of the normalised 

dye concentrations. Figure 5.11 presents the simulated e-folding flushing times throughout Casuarina 

Boat Harbour 9-19 March 2016. Table 5.3 provides a comparative summary of estimates from 

measurements and simulated e-folding flushing times at each of the survey sites (Figure 5.11). The re-

analysis estimates and simulated spatial flushing times are in reasonable agreement (Table 5.3). 

Table 5.3 Re-analysis of MP Rogers (2016a) spatial e-folding flushing times for morning surveys only. 

Station 
Exponential Coefficient 

(1/day) 
R2 Survey E-Folding Time 

(days) 
Model E-Folding 

Time 

2 -0.499 0.97 2.0 2 

3 -0.393 0.94 2.5 2.2 

4 -0.460 0.99 2.2 2.6 

5 -0.442 0.98 2.3 2.4 

6 -0.347 0.96 2.9 2.6 

7 -0.433 0.98 2.3 2.6-2.8 

8 -0.443 0.96 2.3 2.4-2.6 

9 -0.365 0.99 2.7 2.4-2.6 

10 -0.396 0.99 2.5 2.4-2.6 

Figure 5.12 illustrates the exponential fits of the average normalised dye concentrations across 

stations 2 to 10 and 3 to 10 in the harbour. Exponential coefficients of -0.415 1/day (stations 2 to 10) 

and -0.410 1/day (stations 3 to 10) explain 99% of the yielding a harbour volumetric (bulk) flushing 

time scale of ~2.4 days. 

 

 
8 No site 1 data shown. 
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Figure 5.10 Normalised data from morning surveys of MP Rogers (2016) dye concentrations at survey locations and exponential regressions. 
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Figure 5.11 Simulated spatial flushing times in Casuarina Boat Harbour and locations of MP Rogers (2016a) dye 
survey measurement sites. 

 

Figure 5.12 Normalised harbour-wide average morning dye concentrations and exponential regressions. 
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The simulated control volume e-folding flushing time of Casuarina Boat Harbour is shown in 

Figure 5.13. The simulated flushing time of ~2.3 days is in very good agreement with ~2.4 days 

estimated from measurements. 

 

Figure 5.13 Simulated conservative tracer mass in the existing Casuarina Boat Harbour instantaneously released 
on the morning (0730) of 9 March 2016 with a fitted exponential regression and calculation of the e-
fold flushing time. 

5.2 Wave model verification 
The wave model was configured as follows for both the large scale model domain and the smaller 

local model domain that corresponds to the spatial extent of the 3D hydrodynamic model: 

ï Fully spectral wave formulation based on the wave action conservation equation as described 

in Komen et al. (1994) and Young (1999). 

ï 360° spectral discretisation of waves into 30° bins. 

ï Open boundary inputs from WW3 for large spatial scale regional mesh. Simulations with the 

local grid use the simulated regional wave climate at the open boundary conditions. 

ï CFSv2 wind forcing at 10 m varying in time and horizontally over the model domain. 

ï White capping included in the simulation. 

ï Wave breaking as per Ruessink et al. (2003) functional form. 

ï Bottom friction with Nikuradse roughness of 0.1 m that is constant over model domain. 

GHD (2023d) addresses impacts to the wave climate and associated coastal processes. Wave model 

verification is shown here as the local wave domain (same as hydrodynamic model domain) is larger 

and CFSv2 wind forcing was applied to both the regional and local model domains whereas in GHD 

(2023d) local wind measurements were applied over the local domain. 

5.2.1 2015 winter 
The August 2015 simulation period had several energetic wave climate events (Figure 5.14). The 

model reproduced the measured Beacon 3 significant wave height, peak wave period and mean wave 

direction well. Due to spectral discretisation binning, the wave model does not reproduce the small 

high frequency wave direction variations. 

The measured significant wave height (HS) measurements at the low wave energy climate at Beacon 

10 were reproduced reasonably well, but the peak periods were reproduced less reliably than at 

Beacon 3 (Figure 5.15). Beacon 10 instrumentation does not measure wave direction, so no 

comparison with simulated values was possible.  

Overall, the wave model simulations indicate that the wave climate is reproduced well in the coastal 

waters in proximity to Koombana Bay (Beacon 3) and are attenuated upon arrival to the eastern 

margin of the bay (Beacon 10) during winter conditions. Hence, the simulated wave stresses during 

energetic wave events that serve as inputs to simulate resuspension of construction-related material 

with the particle model are considered reliable. 
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Figure 5.14 August 2015 simulated and measured wave climate at Beacon 3. 
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Figure 5.15 As Figure 5.14 at Beacon 10. 

5.2.2 2015-2016 summer 
The December 2015 to January 2016 simulation period, which was primarily comprised of seas versus 

swell, was much less energetic than the 2015 winter wave climate (Figure 5.16). The model 

reproduced the measured Beacon 3 significant wave heights, peak wave periods and mean wave 

directions well. As with the 2015 winter period, the wave model does not reproduce the small high 

frequency wave direction variations. 

The HS measurements at Beacon 10 were underestimated and the peak periods were reproduced less 

reliably than at Beacon 3 (Figure 5.16). Beacon 10 instrumentation does not measure wave direction 

so no comparison with simulated values was possible. However, both measurements and simulated 

HS are very low at Beacon 10, so discrepancies between simulated and measured values will not have 

a material impact on resuspension dynamics.  

Overall, the wave model simulations indicate that the wave climate is reproduced satisfactorily for 

simulated wave radiation stresses to serve as inputs for resuspension dynamics during summer 

conditions. 
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Figure 5.16 As Figure 5.14 for December 2015 to January 2016 simulation period. 
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Figure 5.17 As Figure 5.14 for December 2015 to January 2016 simulation period at Beacon 10. 
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6. Operational impacts 

6.1 Hydrodynamics: currents and circulation 

6.1.1 Existing patterns 

6.1.1.1 Large scale circulation patterns 

Prior to evaluation of the impacts to currents and circulation patterns from the KBMS proposal, an 

overview of the general circulation patterns is described.  

A snapshot during the early morning (0600) of 11 December 2015 of simulated currents in the 

Koombana Bay region is shown in Figure 6.1, which illustrates that a jet extends from the Cut to 

Casuarina Point that is comprised of waters exiting Leschenault Inlet. The simulated length scale of 

the jet is greater than the 1-2 km penetration distance estimated by Luketina and Imberger (1987) 

during high winter river discharge conditions, and clearly occurs regularly at all times of year. This jet 

also contributes to the formation and maintenance of a counter-clockwise gyre in the eastern half of 

Koombana Bay. This clockwise gyre has been inferred by past measurements (Hearn 1983, Hearn et 

al 1987) and modelling (Hunter 1983, Hearn et al. 1987), and is further supported with the simulations 

here. Generally, the waters in the Shipping Channel flow from north to south under these conditions. 

This southern flow of Shipping Channel waters also establishes and maintains a clockwise gyre in the 

western half of Koombana Bay with a marked boundary current along Koombana Beach, Jetty Road 

causeway and Casuarina Point. Beyond Casuarina Point a portion of this western boundary current is 

transported westerly by the jet, while the remainder is recirculated to the south along the Shipping 

Channel. Hence, the establishment of these gyres provides conditions for recirculation and 

maintenance of longer flushing times within Koombana Bay and limits exchange with the coastal 

waters. 

 

Figure 6.1 Spatial snapshot of simulated currents in the Koombana Bay region on 11 December 2015 0600 during 
ebb tide. 

A snapshot of the simulated currents at midnight (0000) on 16 March 2016 during a period of 

moderately strong southwesterly winds and currents illustrates their effect on deflecting the jet from 

the Cut during ebb tides to the north to become a northerly boundary current along the open coastal 

beach to the west of Leschenault Estuary (Figure 6.2). Clockwise and anti-clockwise gyres in western 

and eastern Koombana Bay are maintained under these conditions. 
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Figure 6.2 Spatial snapshot of simulated currents in the Koombana Bay region on 16 March 2016 0000 during 

ebb tide. 

A snapshot of the simulated currents in the evening (2100) on 24 October 2015 during a period 

moderate southerly currents and winds is depicted in Figure 6.3. Clockwise and anti-clockwise gyres 

in western and eastern Koombana Bay are maintained under these conditions as well. 

 

Figure 6.3 Spatial snapshot of simulated currents in the Koombana Bay region on 24 October 2015 2100 during 
flood tide. 

For several key locations of the western gyre of the bay over the entire 1 year simulation the average 

current speeds are westerly at ~2 cm/s at Koombana Beach and ~3 cm/s to the north-northeast along 

Jetty Road Causeway. 

6.1.1.2 Boundary currents along Koombana Beach and Jetty Road causeway 

Figure 6.4 shows daily moving averages of the U- and V- components of the simulated current 

velocities at sites to the north of western Koombana Beach (site KB, see Section 3.5.3) and to the east 

of Jetty Road causeway (site JRC, see Section 3.5.3), which illustrate that: 

ï Simulated U- velocity at Koombana Beach is predominantly to the west (negative U-) from 

November-May and though still predominantly to the west also quite often to the east over the 

remainder of the year. 
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ï A similar pattern occurs at the site just east of Jetty Road causeway where from November-

April currents are predominantly northerly (positive V-), but are more variable at other times of 

year. 

These time series of daily average simulated current speeds show that the boundary current in the 

western gyre of Koombana Bay consistently rotates clockwise from the late spring to early autumn, but 

oscillates between clockwise and counter-clockwise rotations at other times of year. This has 

implications during turbidity-generation construction activities of the KBMS proposal whereby freshly 

released dredge sediment or breakwater material into the water column will be transported directly to 

Koombana Beach more frequently from May to October. In contrast, these construction-related fine 

particles are likely to be transported away from Koombana Beach by the western gyre of the bay from 

November to April. 

 

Figure 6.4 Daily moving averages of simulated U- and V- velocity at sites along Koombana Beach (KB) and Jetty 
Road causeway (JRC). 

6.1.2 Impacts: differences in instantaneous snapshots 
Instantaneous snapshots for the same dates as described in Section 6.1.1 are illustrated in Figure 6.5 

to Figure 6.7 for the existing baseline, KBMS proposal and the differences between the baseline and 

proposal. The circulation patterns have been described for the existing baseline in Section 6.1.1, 

however Figure 6.6 illustrates that during ebb tides there is at time connectivity of the small jet from 

the exiting Leschenault Inlet waters through the Plug that merge into the western boundary current 

along Jetty Road causeway that is then efficiently transported to the north. 

The spatial snapshots show that the following effects of the KBMS proposal on circulation patterns: 

ï The Koombana Bay Western Breakwater deflects the western extent of the westerly boundary 

current along Koombana Beach to the north. This can influence the connectivity of 

Leschenault Inlet waters exiting the Plug during ebb tides as the northerly boundary current 

along Jetty Road causeway is predicted to shift to the north. 
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ï The Casuarina Boat Harbour northern breakwater at times causes an eastern shift of the 

northern half of the western boundary current away from Casuarina Point relative to the 

existing baseline. 

Differences in current speeds between the proposal and baseline indicate that most of the impacts to 

current speeds and circulation patterns are limited primarily to the immediate regions of the proposed 

structures. Specifically, the southern and western boundary current of the western bay gyre are shifted 

to the north of Koombana Beach and east of the Jetty Road causeway, respectively. 

6.1.3 Impacts: spatial percentiles 
Differences in the 10th, 50th and 90th percentiles of depth-average current speeds between the KBMS 

proposal and the existing baseline are illustrated in Figure 6.8. The 10th percentile of differences in 

depth-averaged current speeds between the KBMS proposal and existing baseline predicts decreased 

current speeds of 5-10 cm/s along Jetty Road causeway, to the north of the proposed Casuarina Boat 

Harbour northern breakwater along Casuarina Point, and within KBSC marina. The 50th percentile 

differences also predicted decreased currents in the marina, increases along the northern extent of the 

Koombana Bay Eastern Breakwater, a decrease along Jetty Road causeway of ~2-4 cm/s, and slight 

increases to the north of the marina and west of the causeway from the shift to the interior of the 

boundary current of the western Koombana Bay gyre. The 90th percentile differences predict increased 

currents by ~2 cm/s to the north of the proposed KBSC marina because of the deflection of the 

topographic bay gyre by the new structures. 

In summary, the proposed KBSC marina is predicted to cause a northward shift of the westerly 

boundary current along western Koombana Beach. The Casuarina Boat Harbour northern breakwater 

is predicted to generally deflect the northerly boundary current along Jetty Road causeway to the 

northeast further into the bay, whereas the baseline pattern was more westerly and often an attached 

boundary current along the northern extent of Casuarina Point. 
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Figure 6.5 Snapshots of instantaneous spatial patterns of average currents through the water column in Koombana Bay for the existing baseline (left) and KBMS proposal (middle), and the difference in current speeds from proposal implementation at 11 December 2015 06:00. 

 

Figure 6.6 As Figure 6.5 for snapshot on 16 March 2016 00:00. 
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Figure 6.7 As Figure 6.5 for snapshot on 24 October 2015 21:00. 

 

Figure 6.8 10th (left), 50th (middle) and 90th (right) percentiles of differences in averages of current speeds through the water column at each model time step between the KBMS proposal and the existing baseline over the 2015-2016 simulation period. 
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6.2 Flushing 
Simulated flushing times were estimated spatially and over the entire volume of the semi-enclosed 

water bodies of Casuarina Boat Harbour, the proposed KBSC marina, Leschenault Inlet and the Inner 

Harbour for the existing baseline and the KBMS proposal (refer to Section 3.4.2). 

6.2.1 Existing baseline example 
Examples of typical spatial and bulk flushing times are illustrated in Figure 6.9 and Figure 6.10, 

respectively, of the four (4) baseline water bodies of interest (i.e. Koombana Bay and its adjacent 

semi-enclosed water bodies, Casuarina Boat Harbour, Leschenault Inlet and the Inner Harbour) with a 

numerical dye tracer initialised on 27 December 2015. Though variations occur depending on the start 

date and time of a flushing simulation, the general spatial patterns in these four (4) water bodies are 

similar to those shown in Figure 6.9. For example, similar patterns of spatial flushing times in 

Casuarina Boat Harbour were simulated for the 27 December 2015 (Figure 6.9) and 9 March 2016 

(see Figure 5.11 in Section 5.1.3) start dates though the bulk flushing times slightly differ at ~2.0 and 

~2.3 days, respectively. 

Clearly, spatial flushing times at a particular location are greater with distance from a water bodyôs 

confluence with Koombana Bay for the three (3) semi-enclosed water bodies, or from the Indian 

Ocean for the control volume of Koombana Bay and its adjacent semi-enclosed water bodies, 

because it takes longer for these waters to be exchanged than at locations in closer proximity to these 

confluences. For example, the simulated bulk flushing times of Leschenault Inlet and the Inner 

Harbour for the 27 December 2015 simulation start date are ~6.1 and ~11.8 days, respectively (Figure 

6.10). However, flushing times of >8 days and >15 days are predicted at the furthest extents of these 

water bodies from their boundaries with Koombana Bay for the Leschenault Inlet and the Inner 

Harbour, respectively (Figure 6.9). This is further exemplified by the spatial flushing estimates for the 

control volume of Koombana Bay and its adjacent semi-enclosed water bodies where most of the bay 

is flushed in <2 days, but there is a several day increase in the flushing time of the inlet (~4-14 days) 

relative to the smaller inlet control volume (~0-10 days) because of the time lag for Indian Ocean 

waters to influence flushing of this water body (Figure 6.9). 
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Figure 6.9 Simulated spatial e-folding flushing times of Koombana Bay and its adjacent semi-enclosed water bodies (upper left), Casuarina Boat Harbour (upper right), Inner Harbour 
(lower left) and Leschenault Inlet (lower right) with instantaneous tracer initialisation on 27 December 2015 for the existing baseline. 
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Figure 6.10 Simulated bulk volumetric e-folding flushing times of Koombana Bay and its adjacent semi-enclosed 

water bodies (top), Casuarina Boat Harbour (upper middle), Leschenault Inlet (lower middle) and Inner 
Harbour (bottom) with instantaneous tracer initialisation on 27 December 2016 for the existing 
baseline. 



 

GHD | South West Development Commission | 6134786 | Marine Environmental Quality Modelling | 69 

6.2.2 KBMS proposal example 
Typical spatial flushing times of the proposed KBSC marina are illustrated in Figure 6.11, and the four 

(4) existing water bodies of interest in Figure 6.12 for tracer initialisations on 27 December 2017. 

Simulated bulk flushing times of these five (5) water bodies are illustrated in Figure 6.13. Differences 

in the simulated flushing times between the KBMS proposal and the existing baseline for this tracer 

initialisation date include: 

ï There is a substantial increase in the bulk flushing time of Casuarina Boat Harbour from ~1.7 

days to ~4.9 days as the Casuarina Boat Harbour northern breakwater restricts the exchange 

pathway to a much smaller opening. Flushing of the northern half of the harbour is more rapid 

than southern half due to its proximity to the entrance. Further, the rock groyne at the northern 

extent of Jetty Road causeway promotes a circulation gyre in the southern half of the harbour 

that increases the flushing time in this portion of the water body. 

ï The predicted bulk flushing time of the KBSC marina is ~5.1 days and spatial variations in 

flushing times are relatively homogeneous. The small marina promotes rapid transport and 

dispersal of exchanged Koombana Bay waters throughout its volume. 

ï There are no substantive changes to the bulk flushing time of the Inner Harbour between the 

existing baseline and the KBMS proposal of ~8.3 days and ~8.5 days, respectively. Further, 

the spatial pattern of flushing of the existing baseline and KBMS proposal within the Inner 

Harbour are nearly identical. 

An increased bulk flushing time of Leschenault Inlet was predicted from ~7.4 days for the existing 

baseline to ~9.5 days for the KBMS proposal. The reduced flushing is likely from changes to the 

circulation patterns of southwestern Koombana Bay (i.e. the shift of the boundary current to the interior 

of the bay [see Section 6.1]). This change to the circulation patterns reduces the northward transport 

of inlet waters that are discharged from the Plug, whereby a greater proportion of the outgoing inlet 

waters will re-enter through the Plug during flood tides due to the creation of the embayment between 

the future KBMS marina and the existing Jetty Road causeway. Though the volumetric flux through the 

Plug does not change, the flushing of the inlet increases due to greater recirculation of discharged 

inlet waters from ebb tides during subsequent flood tides. This is exemplified in a comparison of the 

increased flushing times of the southwestern embayment of Koombana Bay between the proposed 

KBSC marina and the Jetty Road causeway that increases from ~3-4 days for the existing baseline 

(Figure 6.9) to ~5-6 days for the KBMS proposal (Figure 6.12). 

The flushing of the open waters of Koombana Bay (exclusive of the adjacent semi-enclosed water 

bodies including the aforementioned southwestern embayment) is not predicted to materially change 

due to the KBMS proposal. 

Hence, potential operational impacts to the water quality of Casuarina Boat Harbour (from reduced 

flushing caused by the creation of the Casuarina Boat Harbour northern breakwater) and Leschenault 

Inlet (from reduced flushing cause by the creation of an embayment between the KBSC marina and 

Jetty Road Causeway) are predicted to occur due to the KBMS proposal. Similarly, the creation of a 

new semi-enclosed KBSC marina with a flushing time of ~5 days may also pose water quality risks. 

However, the KBMS proposal has no material effect on the flushing of the Inner Harbour and most of 

the open waters of Koombana Bay. 
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Figure 6.11 Simulated spatial e-folding flushing times of KBSC marina with instantaneous tracer initialisation on 
27 December 2017 for the KBMS proposal. 
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Figure 6.12 As Figure 6.9 for the KBMS proposal. 
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Figure 6.13 As Figure 6.10 for the KBMS proposal as well as for the KBSC marina. 



 

GHD | South West Development Commission | 6134786 | Marine Environmental Quality Modelling | 73 

6.2.3 KBMS proposal with indicative Inner Harbour expansion 
and removal of causeway rock groyne example 

The spatial flushing times of the baseline, KBMS proposal, and KBMS proposal with an indicative Inner 

Harbour expansion and removal of the Jetty Road causeway rock groyne are illustrated in Figure 6.14 and 

Figure 6.15 for the Casuarina Boat Harbour and Inner Harbour, respectively, with tracer initialisation on 12 

February 2016. Simulated decreases in the initialised tracers and the bulk flushing times of these water 

bodies for these same three scenarios are illustrated in Figure 6.16. Neither Leschenault Inlet or the proposed 

KBSC marina are shown as simulated differences in flushing were immaterial across these three scenarios. 

Differences in the simulated flushing times relative to the KBMS proposal (Section 6.2.2) include: 

ï Decreased bulk flushing time of Casuarina Boat Harbour from ~4.9 days to ~4.3 days was 

predicted with the removal of the rock groyne from the end of the causeway. The removal of 

the rock groyne allowed greater transport efficiency of southern harbour waters to the bay 

during ebb tides thereby materially increasing flushing. 

ï The predicted bulk flushing time of the KBSC marina (~5.2 days) is nearly equivalent to the 

KBMS proposal (~5.1 days) (not shown). Neither the rock groyne removal with increased 

flushing of Casuarina Boat Harbour nor the expanded Inner Harbour were predicted to 

materially affect the flushing of the marina. 

ï The expanded Inner Harbour is predicted to substantially increase its bulk flushing time to 

~13.9 days relative to the ~8.3 days for the existing baseline and ~8.5 days for the KBMS 

proposal. 

ï There is virtually no change to the bulk flushing time of Leschenault Inlet of ~9.6 days (not 

shown). As with the KBSC marina, neither the removal of the rock groyne nor the expanded 

Inner Harbour are predicted to materially affect flushing of the inlet. 

In summary, increased flushing of Casuarina Boat Harbour could be achieved with removal of the rock 

groyne as a future mitigation measure to improve water quality if needed. Further, the very small 

changes to the flushing times of the KBSC marina and Leschenault Inlet indicate that cumulative 

operational impacts from a potential future Inner Harbour expansion are very unlikely. 
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Figure 6.14 Spatial pattern of flushing times in Casuarina Boat Harbour for the existing baseline (left), KBMS proposal (middle) and proposal with causeway rock groyne removal and 
expanded Inner Harbour (right) for simulations initialised on 12 February 2016. 

 

Figure 6.15 As Figure 6.14 for the Inner Harbour. 
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Figure 6.16 Bulk flushing times for Casuarina Boat Harbour and Inner Harbour of the three scenarios for 
simulation initialised on 12 February 2016. 
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6.2.4 Bulk flushing times over a typical year 
Initially, twenty-two (22) estimates of bulk flushing times were made for each of the four (4) semi-

enclosed water bodies (i.e. Casuarina Boat Harbour, Leschenault Inlet, proposed KBSC marina, Inner 

Harbour) from simulations of numerical conservative tracers with start dates spaced at 13-21 days 

intervals over one (1) year from June 2015 to May 2016 for three (3) scenarios (i.e. existing baseline, 

KBMS proposal, and KBMS proposal with rock groyne removal and Inner Harbour expansion, refer to 

Table 4.1 in Section 4.1.1). These bulk flushing times were estimated from simulations of 30 days 

duration and were used to characterise changes between the three (3) scenarios over a large number 

(22) of replicate simulations over 1 year (June 2015-May 2016). DWER requested an additional twelve 

(12) estimates for each of the four (4) semi-enclosed water bodies (i.e. Casuarina Boat Harbour, 

Leschenault Inlet, proposed KBSC marina, Inner Harbour) and an additional control volume 

comprising the entirety of Koombana Bay and its adjacent semi-enclosed water bodies over periods of 

low winds, low water level variations (i.e. neap tides) and/or low currents (low), all of which may 

increase flushing times. These additional twelve (12) flushing estimates were made for two (2) of the 

three (3) scenarios (i.e. existing baseline and KBMS proposal, but not KBMS proposal with rock 

groyne removal and Inner Harbour expansion). 

Figure 6.17 shows that the metocean conditions over the one (1) year simulation period exhibited a 

wide range of wind, tidal and water current conditions. 

Figure 6.18 and Figure 6.19 illustrate time series and percentiles (5th to 95th percentiles) of the bulk 

flushing times for each water body, respectively, with the following noted: 

ï For the existing baseline scenario, the bulk flushing times of Casuarina Boat Harbour ranges from 

1.8-3.4 days (5thï95th percentiles) with a median of 2.3 days (n9=34), where the subset of 

simulations with potential low flushing conditions (n=12) does not materially differ (5thï95th 

percentiles 1.9-3.1 days, median 2.4 days). The KBMS proposal is predicted to increase harbour 

flushing times substantially to a range of 4.8-7.1 days (5th ï 95th percentiles) and a median of 5.8 

days (n=34) where the subset simulations with potential low flushing conditions (n=12) does not 

materially differ (5thï95th percentiles 4.9-7.1 days, median 5.9 days). The increased flushing time 

is primarily from lower exchange rates through the narrower harbour entrance relative to the 

existing baseline. The removal of the rock groyne from the end of the Jetty Road causeway is 

predicted to cause a substantive reduction in the range of flushing times to 4.3-5.2 days (5th ï 95th 

percentiles) and the median to 4.8 days (n=22) (note there are no simulations of potential low 

flushing conditions for this scenario). In short, the median flushing time of Casuarina Boat 

Harbour is predicted to increase from 2.3 days to 5.8 days from implementation of the KBMS 

proposal. If water quality impacts are unacceptable, then removal of the rock groyne is a potential 

mitigation measure that could increase the harbourôs flushing. 

ï The simulated range (5thï95th percentiles) and median of flushing times of the proposed KBSC 

marina is 4.0-7.0 days and 5.2 days, respectively (n=34), where the subset of simulations with 

potential low flushing conditions (n=12) had a small increase in the lower range and median (5thï

95th percentiles 4.5-7.0 days, median 5.7 days). These flushing estimates are similar to the range 

(5thï95th percentiles) and median 4.0-6.6 days and 5.2 days, respectively for the KBMS proposal 

scenario with the Inner Harbour expansion and rock groyne removal (n=22) (note no simulations 

of potential low flushing conditions for this scenario). Hence, no cumulative effect on flushing of 

the future KBSC marina is predicted from a potential future Inner Harbour expansion. 

ï For the existing baseline scenario, the bulk flushing times of Leschenault Inlet range from 5.8-9.6 

days (5thï95th percentiles) with median of 7.9 days, where the subset of simulations with potential 

low flushing conditions (n=12) does not materially differ (5thï95th percentiles 5.8-9.8 days, median 

8.2 days). The KBMS proposal is predicted to increase flushing times by ~20-30% in terms of the 

range (5thï95th percentiles) of 7.4-11.7 days and median of 9.5 days, where the subset 

simulations with potential low flushing conditions (n=12) does not materially differ in terms of 

range (5thï95th percentiles 7.8-11.6 days) but does have a higher median by ~1 day of 10.7 days. 

There is no material difference in the range (5thï95th percentiles 7.4-11.6 days) and median (9.3 

days) of flushing times from the KBMS proposal with the Inner Harbour expansion (n=22) (note 

no simulations of potential low flushing conditions for this scenario). The predicted increase in the 

 
9 Number of simulations replicates with different start dates for this combination of water body and scenario. 
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median flushing time of  ~1.5 days by the KBMS proposal is from the change in the circulation 

patterns of southwestern Koombana Bay that decreases the flushing and transport of waters 

within the embayment between Jetty Road causeway and the Koombana Bay western 

breakwater (see Section 6.2.2). Hence, though there is no change to the volumetric flux though 

the Plug, the flushing time increases because of greater recirculation of previously discharged 

inlet waters in the embayment during flood tides (see Section 6.2.2). This is further demonstrated 

by simulated time series of conservative numerical tracers in Section 6.2.5. 

ï There is minimal effect on the predicted flushing times of the existing Inner Harbour (5thï95th 

percentiles 8.2-13.5 days, median 11.3 days, n=34) from implementation of the KBMS proposal  

(5thï95th percentiles 8.2-13.5 days, median 11.5 days, n=34) where both bulk flushing time 

estimates are nearly identical to these values over the subset of potential low flushing conditions 

(n=12). Clearly, a potential future Inner Harbour expansion would have a large effect on the 

flushing time of the Inner Harbour. 

ï There is a predicted increase in the bulk flushing times of the control volume of Koombana Bay 

and its adjacent semi-enclosed water bodies between the existing baseline (5thï95th percentiles 

4.3-6.7 days, median 5.7 days, n=12) and the KBMS proposal (5thï95th percentiles 4.6-6.9 days, 

median 6.4 days, n=12). This small increase is largely attributable to increased flushing times 

within Casuarina Boat Harbour (due to the Casuarina Boat Harbour northern breakwater), the 

proposed KBSC marina (creation of new semi-enclosed water body), and the embayment 

between KBSC marina and Jetty Road causeway (with the concomitant increase on the flushing 

times of Leschenault Inlet). 
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Figure 6.17 Time series of wind speeds (top), water levels (middle) and current speeds (bottom) over the 1 year duration hydrodynamic simulations with vertical dashed lines representing 
the start date and time of each of the initial twenty-two (22) flushing simulations and the green shading representing the initial 7-10 days of the additional twelve (12) DWER 

requested simulations of potential low flushing conditions. 
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Figure 6.18 Time series of simulated flushing times of the five (5) water bodies across the three (3) scenarios with 
start dates of potential low flushing conditions denoted. 

 



 

GHD | South West Development Commission | 6134786 | Marine Environmental Quality Modelling | 80 

 

Figure 6.19 Percentiles of simulated flushing times of the five (5) water bodies across all thirty-four (34) 
simulations and the twelve (12) simulations of potential low flushing conditions of the three (3) 
scenarios. 

6.2.5 Comparisons of time series of numerical conservative 
tracers 

Time series and percentiles of the maximum, median and minimum of each 30 minute value of the 

numerical conservative tracers across all simulations for the existing baseline and KBMS proposal 

scenarios at the center of Koombana Bay for the bay tracer, and at three locations in Leschenault Inlet 

(middle inlet, southeast and northeast embayments) and the embayment (between Jetty Road 

Causeway and future KBSC marina) for the inlet tracer are illustrated in Figure 6.20, which show that 

relative to the existing baseline the KBMS proposal is predicted to: 

ï Retain (i.e. less flushing) a greater proportion of inlet waters in the embayment that cause of 

increased bulk of and spatial flushing times within Leschenault Inlet. 

ï Increase the inlet tracer values in all three locations in the inlet because of the reduced 

flushing in the embayment. 

ï No material change in flushing the center of Koombana Bay. 
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Figure 6.20 Time series (left) and percentiles (right) of maximum (max), median (med) and minimum (min) of each 
30 minute value of the numerical conservative tracers across all simulations of the existing baseline (base) and KBMS 

proposal (prop) scenarios at the center of the Bay with the Koombana Bay (and its adjacent semi-enclosed water 
bodies) tracer, and at three locations in the Leschenault Inlet (middle of inlet, southeast and northeast inlet 
embayments) and the embayment between Jetty Road Causeway and the (future) KBSC marina for the Leschenault 

Inlet tracer. 
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6.3 Groundwater 
Predicted changes in the proportion of superficial groundwater (refer to Section 4.5) within Casuarina 

Boat Harbour, the proposed KBSC marina and Leschenault Inlet are evaluated between the existing 

baseline and KBMS proposal scenarios over 1 June 2015 to 31 May 2016. Additionally, characteristic 

water quality concentrations of the groundwater (Section 4.5.2) within these water bodies (Section 4.6) 

were used to estimate potential increases in nutrients (Section 6.2). 

6.3.1 Spatial patterns 
Simulated spatial patterns of the percentage groundwater composition within Casuarina Boat Harbour, 

the proposed KBSC marina and Leschenault Inlet are illustrated spatially as the 10th, 50th and 90th 

percentiles of the depth averaged groundwater tracer at each element of the model horizontal mesh. 

These percentiles approximately correspond to representative groundwater proportions during 

summer (low groundwater inputs), autumn and spring (moderate groundwater inputs), and winter (high 

groundwater inputs), respectively.  

6.3.1.1 Casuarina Boat Harbour 

The simulated percentage groundwater composition within Casuarina Boat Harbour for the existing 

baseline and KBMS proposal scenarios are illustrated in Figure 6.21, which shows that: 

ï Higher percentages occur where the groundwater enters along the southern beach and to a 

lesser degree along Casuarina Point shoreline (see Figure 4.14 for locations of simulated 

groundwater discharge zones), which creates a gradient in percentage groundwater 

composition from the south to the north in the harbour. 

ï There are large variations in the groundwater composition within the harbour for the baseline 

condition between low summer (10th percentile, <0.02%), moderate autumn and summer (50th 

percentile, 0.02-0.04%), and high winter (90th percentile, 0.06-0.1%) groundwater discharge 

conditions. 

ï The increase in the harbourôs flushing time for the KBMS proposal (median of 5.8 days) 

relative to the existing baseline (median of 2.2 days) is predicted to substantively increase in 

the groundwater composition for representative summer (10th percentile, <0.02-0.02%), spring 

and autumn (50th percentile, 0.04-0.06%) and winter (90th percentile, 0.1-0.2%) spatial 

distributions.  

6.3.1.2 KBSC marina 

The predicted spatial patterns of the proportion of groundwater within KBSC marina for the KBMS 

proposal scenario on a percentile basis is illustrated in Figure 6.22, which shows that: 

ï Elevated levels occur where the groundwater enters along the southern beach (see 

Figure 4.14 for locations of simulated groundwater discharge zone), which is exhibited by the 

90th percentile that is representative of seasonally high groundwater discharge conditions, 

which creates a weak gradient in the groundwater proportion from the south to the north in the 

marina.  

ï As with Casuarina Boat Harbour there are large variations in percentage groundwater 

composition within the harbour between low summer (10th percentile, <0.01%), moderate 

autumn and spring (50th percentile, 0.01-0.03%), and high winter (90th percentile, <0.05-

0.07%) groundwater discharge conditions. 

ï Generally, the groundwater composition within the marina with a median flushing time of 5.0 

days is approximately half of Casuarina Boat Harbour with a similar median flushing time of 

5.8 days. A combination of lower groundwater discharge (~20% of the harbour) and smaller 

volume relative to the harbour yields similar seasonal groundwater proportions within both of 

these water bodies. 
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6.3.1.3 Leschenault Inlet 

The predicted spatial patterns of the proportion of groundwater within Leschenault Inlet for the existing 

baseline and KBMS proposal scenarios on a percentile basis are illustrated in Figure 6.23, which 

shows that: 

ï The spatial distribution of groundwater composition is driven primarily by spatial variations in 

flushing times (Section 6.2) rather than the location that groundwater enters along the 

northern shoreline (see Figure 4.14 for locations of simulated groundwater discharge zone). 

Because of the longer flushing times with distance from the Plug, there is a gradient of higher 

to lower groundwater composition from the east to the west in the inlet. 

ï As with Casuarina Boat Harbour there are large variations in the percentage groundwater 

composition within the inlet between low summer (10th percentile, <0.2%-0.2%), moderate 

autumn and spring (50th percentile, 0.2-0.8%), and high winter (90th percentile, 0.8-2.2%) 

groundwater discharge conditions. 

ï The approximate increase of ~1.5 days in the harbourôs flushing time for the KBMS proposal 

(median of 9.3 days) relative to the existing baseline (median of 7.8 days) yields small 

simulated increase of ~0.2% in percentage groundwater composition, primarily in the eastern 

third of the inlet. 
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Figure 6.21 10th (left), 50th (middle) and 90th (right) percentiles of groundwater proportion (%) in Casuarina Boat Harbour for the existing baseline (top) and KBMS proposal (bottom). 
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Figure 6.22 10th (left), 50th (middle) and 90th (right) percentiles of groundwater proportion (%) in KBSC marina for the KBMS proposal. 
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Figure 6.23 10th (top), 50th (middle) and 90th (bottom) percentiles of groundwater proportion (%) in Leschenaulat Inlet for the existing baseline (left) KBMS proposal (right) scenarios. 
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6.3.2 Temporal patterns 
Figure 6.24 shows time series of groundwater composition at approximately the centre of Casuarina 

Boat Harbour and the proposed KBSC marina, and at representative western, middle and eastern 

sites in Leschenault Inlet for the existing baseline and KBMS proposal scenarios. The simulated 

groundwater composition in these three (3) semi-enclosed water bodies have the following temporal 

patterns: 

ï Generally, the predicted seasonal range in the groundwater composition is approximately 10-

fold between the minimum and maximum in the three (3) water bodies for both the existing 

baseline and KBMS proposal scenarios. This corresponds approximately with the 10-fold 

seasonal range in the summer minimum and winter maximum groundwater discharge (see 

Section 4.5.1).  

ï In Casuarina Boat Harbour an approximate two-fold increase in the groundwater composition 

in winter and spring is simulated for the KBMS proposal relative to the existing baseline. This 

increase is partially due to the reduced flushing in the harbour for the proposal scenario. 

During the summer the groundwater fluxes are sufficiently small that the effect of changes to 

the hydrodynamics (i.e. circulation patterns) within the harbour have a greater effect on 

groundwater composition. 

ï There is consistently a lower groundwater composition for the existing baseline scenario in a 

physically unconstrained nearshore environment than the KBSC marina of the KBMS 

proposal. 

ï For Leschenault Inlet the temporal changes to groundwater composition had the following 

patterns: 

¶ Groundwater composition increased for the KBMS proposal to a greater degree (~20-40%) 

at the eastern extent. This is consistent with the larger increase in spatial flushing times of 

the eastern inlet region relative to the middle and western areas that are closer to the Plug 

(Section 6.2).  

¶ In contrast, the increase in groundwater composition was lower in the middle and western 

regions (~10-20%) aligned with the smaller predicted changes in the spatial flushing at these 

locations (Section 6.2). 

6.3.3 Impact on water quality 
The groundwater composition during winter is substantially greater in Leschenault Inlet (peaks of 2-3% 

for both scenarios) than in Casuarina Boat Harbour (peaks of 0.1% and 0.2% for existing baseline and 

KBMS proposal, respectively). The low groundwater composition of waters in Casuarina Boat Harbour 

(<0.2%) and the proposed KBSC marina (<0.1%) effectively discounts any material impacts on the 

nutrient climate from reduced flushing. The percentage groundwater composition in Leschenault Inlet 

does not materially change between the existing baseline and KBMS proposal, so limited changes to 

the nutrient climate owing to longer retention of groundwater inputs is not predicted to occur.  

In Section 4.5.2 dissolved inorganic nitrogen (DIN = NHX + NOX) (average of 0.19 mg/L) and Zn 

(average of 0.21 mg/L) levels in groundwater were identified as the greatest potential to stimulate and 

limit productivity in receiving waters, respectively. Median background levels of DIN in Casuarina Boat 

Harbour, Leschenault Inlet and Koombana Bay are 0.012, 0.040 and 0.005 mg/L, respectively, and 

those of Zn are 0.002, 0.008 mg/L and 0.002mg/L, respectively. As a first-order estimate of the effect 

of groundwater inputs on the DIN and Zn climate of these water bodies by the KBMS proposal, the 

groundwater contribution of these analytes (AGW) was estimated as: AGW = PGW CGW where PGW is the 

simulated proportion of groundwater in the water body and CGW is the average groundwater 

concentration estimate. 

For Casuarina Boat Harbour the peak groundwater proportions (PGW) are 0.1% and 0.2% for the 

existing baseline and KBMS proposal scenarios, respectively. Applying an average CGW of 0.19 mg/L 

yields a DINGW of 0.0002 mg/L and 0.0004 mg/L for the existing baseline and KBMS proposal 

scenarios, respectively, which equates to ~1.5% and ~3% of the median background level of 0.012 

mg/L, respectively. The increase in DIN by the KBMS proposal over the existing baseline is estimated 



 

GHD | South West Development Commission | 6134786 | Marine Environmental Quality Modelling | 88 

as 0.0002 mg/L or ~1.5% of the median background level. Similarly for Zn, applying a CGW of 0.21 

mg/L yields a ZnGW of 0.0002 mg/L and 0.0004 mg/L for the existing baseline and KBMS proposal 

scenarios, respectively, which equates to ~10.5% and ~21% of the median background level of 0.002 

mg/L, respectively. The increase in Zn by the KBMS proposal over the existing baseline is estimated 

as 0.0002 mg/L or ~10% of the median background level. 

 

Figure 6.24 Time series of percentage groundwater composition in central Casuarina Boat Harbour (top), central 
KBSC marina (upper middle), and western (middle), middle (lower middle) and eastern (bottom) 
Leschenault Inlet (bottom) for the existing baseline and KBMS proposal scenarios. 
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For the proposed KBSC marina the peak groundwater proportion (PGW) is 0.1% for the KBMS proposal 

scenario. Applying an average DIN concentration of 0.19 mg/L (CGW) yields a DINGW of 0.0002 mg/L in 

the KBSC marina for the KBMS proposal scenario. This equates to ~1.5% of the median background 

level of 0.012 mg/L assuming the median value of 0.012 mg/L for Casuarina Boat Harbour. Similarly 

for Zn, applying a CGW of 0.21 mg/L yields a ZnGW of 0.0002 mg/L for the KBMS proposal scenario, 

which equates to ~10.5% of the median background level of 0.002 mg/L for Casuarina Boat Harbour.  

For Leschenault Inlet the peak groundwater proportions are 3.08% and 3.21% (PGW) at the eastern 

region representative site for the existing baseline and KBMS proposal scenarios, respectively. 

Applying an average DIN concentration of 0.19 mg/L (CGW) yields a DINGW of 0.0059 mg/L and 0.0061 

mg/L for the existing baseline and KBMS proposal scenarios, respectively, which equates to ~14.6% 

and 15.2% of the median background level of 0.04 mg/L. The increase in DIN by the KBMS proposal 

over the existing baseline is therefore estimated as 0.0002 mg/L, which is 0.6% of the median. 

Similarly for Zn, applying a CGW of 0.21 mg/L yields a ZnGW of 0.0065 mg/L and 0.0067 mg/L for the 

existing baseline and KBMS proposal scenarios, respectively, which equates to ~81% and ~85% of 

the median background level of 0.008 mg/L, respectively. The increase in Zn by the KBMS proposal 

over the existing baseline is estimated as 0.0002 mg/L or ~3% of the median background level. 

In conclusion, the effect of changes to flushing by the KBMS proposal on Casuarina Boat Harbour and 

Leschenault Inlet are not predicted to have any material impact on the groundwater contribution to the 

DIN levels of these water bodies. However, decreased flushing is predicted to increase Zn levels in 

Casuarina Boat Harbour by a factor of 2, though still well below the ANZG (2018) default guideline 

value for toxicity of marine waters. In contrast, groundwater fluxes are likely the dominant source of 

observed elevated levels in Leschenault Inlet that are estimated to exceed the ANZG (2018) default 

guideline values for toxicity in marine waters for approximately 50% of the time, though the KBMS 

proposal is not anticipated to materially change the baseline condition. Further, groundwater nutrient 

fluxes into the proposed KBSC marina are not predicted to materially affect the DIN and Zn levels of 

this water body. 

6.4 Water Quality 
GHD (2023b) identified sizeable spatial gradients in both NHX and chl-a during the summer and 

autumn in the O2 Marine (2021) baseline data of Leschenaualt Inlet (Figure 6.25). The sizeable spatial 

variations in the flushing times within Leschenault Inlet (Section 6.2.1) are the likely key physical 

mechanism that drive these observed spatial gradients in NHX and chl-a of higher levels in the east 

(greater flushing time) to lower concentrations (reduced flushing time) in the west of this water body. 

 

Figure 6.25 Laboratory measurements of vertically integrated water samples of the 2020 Leschenault Inlet water 
quality (GHD 2023b). 

The primary water quality risk from the KBMS proposal is reduced flushing in Casuarina Boat Harbour 

and Leschenault Inlet, and the creation of the KBSC marina in southwestern Koombana Bay. The 
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median flushing times for these water bodies from the existing baseline and KBMS proposal scenarios 

(Section 6.2) are: 

ï 5.0 days for the proposed KBSC marina. 

ï 2.2 days for the existing Casuarina Boat Harbour that is predicted to increase to 5.8 days for 

the proposal.  

ï 7.8 days for the existing Leschenault Inlet that is predicted to increase to 9.3 days for the 

proposal. 

Increases to the nutrient climate from groundwater fluxes due to reduced flushing are not material 

(Section 6.3.3).  

There are no drainage outlets directly into either the proposed KBSC marina or Casuarina Boat 

Harbour (Section 4.7), so no direct and sizeable surface water nutrient fluxes into these water bodies 

occur. Though a sizeable drainage network conveys surface waters into Leschenault Inlet (Section 

4.7), no data is available regarding the discharge or nutrient climate from this infrastructure, so it could 

not be evaluated. Drainage network inputs are likely to be substantive primarily during the winter, 

which corresponds with seasonally low productivity in the inlet.  

Recent data of Koombana Bay, Casuarina Boat Harbour-Outer Harbour and Leschenault Inlet indicate 

that chl-a levels are similar between these water bodies with medians and 80th percentiles in the range 

of 2-3 ug/L and 2.8-4 ug/L, respectively (Section 4.6, GHD 2023b). This similarity in chl-a levels occurs 

despite the following differences between these water bodies: 

ï The large range in flushing times between the water bodies with medians ranging from 2.2 

days (harbour) to 7.8 days (inlet). 

ï The differences in the nutrient climate whereby NHX, NOX, TN and TP in the inlet are greater 

by at least a factor of 2 than the bay and harbour (Section 4.6). 

ï NOX and NHX are greater in the harbour than the bay by approximately a factor of 2 (Section 

4.6). 

This contrasts with Oceanica (2016) observations between flushing times and chl-a levels in a range 

of Western Australian harbours where for: 

ï Hillaryôs Boat Harbour with a flushing time of ~4 days, the average chl-a was ~3.3-fold greater 

than outside the harbour. 

ï Success Harbour with a flushing time of ~1 day, the average chl-a was ~2.0-fold greater than 

outside the harbour. 

ï Jervoise Bay Northern Harbour with a flushing time of ~10-11 days, the average chl-a was 

~6.5-fold greater than outside the harbour. 

However, for the adjacent semi-enclosed water bodies of Koombana Bay the evidence suggests that 

increased flushing times are more weakly correlated with increased chl-a than the Oceanica (2016) 

observations of other Western Australia harbours. In part, this may be an artefact of the selected 

Oceanica (2016) harbours which are adjacent to relatively pristine coastal waters. In contrast, chl-a 

levels in Koombana Bay are substantially greater than those of the proximal inshore coastal waters 

(Section 4.6, GHD 2023a). Hence, the relatively large increase in chl-a within the harbours investigate 

by Oceanica (2016) is partially an artefact of the low levels of chl-a in the adjacent coastal waters.  

A summary of the medians and 80th percentiles of past water quality measurements of the coastal 

inshore waters, Koombana Bay, Casuarina Boat Harbour-Outer Harbour and Leschenault Inlet is 

provided in Section 4.6. Though nutrients progressively increase along the gradient of coastal waters, 

Koombana Bay, to Casuarina Boat Harbour and Leschenault Inlet; chl-a levels amongst the bay, 

harbour and inlet are similar albeit much lower than the coastal inshore waters. Though there are 

considerably greater bioavailable macronutrients within the inlet, the data indicates that another 

process is limiting water column productivity so that algal standing stocks (i.e. chl-a levels) are similar 

to those found in more highly flushed Casuarina Boat Harbour and Koombana Bay. Similarly, 

background TSS levels are similar in the harbour, inlet and bay (Section 4.6), so that variations in 

background light limitation are not anticipated to be the key mechanism that limits in-water (pelagic) 

primary productivity.   
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7. Construction Impacts 

7.1 Spatial patterns of TSS and net sedimentation  

7.1.1 TSS 

7.1.1.1 Example #1: phase 1 TSHD dredging 

The construction element with the largest area of effect on TSS levels above background is the phase 

1 TSHD dredging (Figure 7.1, Figure 7.2), which is due to several factors including: 

ï High fines percent of dredged material for this construction element (~60%, Section 4.8.1). 

ï The large far-field fines fluxes (Section 4.8.2) from overflow (16.5 kg/s for the ólikely worstô 

case) and offshore disposal (37.4 kg/s for the ólikely worstô case) are substantially greater than 

from the dredge head (1.8 kg/s for the ólikely worstô case) (Section 4.8.2) and the fluxes from 

other construction elements (see below). In particular, the magnitude and duration of the 

TSHD overflow largely drives the large spatial extent of TSS above background levels up and 

down the coastline, and within the Koombana Bay locale. 

ï Offshore disposal occurs on a ~3 hour cycle with a dumping duration of 10 minutes, so even 

though the far-field fines source flux is large, the particles are dispersed relatively rapidly in 

the intervening 3 hours between spoil dumping events. Hence there is no 50th percentile 

contour in the vicinity of the offshore spoil ground. The 95th and 99th percentile contours exhibit 

the predicted spatial extent that offshore dumping may have, albeit for short periods. 

ï TSHD dredging is of short duration (~28 days), but much greater magnitude than breakwater 

construction (0.4-0.5 kg/s for the ólikely worstô case for 12 hours during 6 of 7 days a week for 

months, Section 4.8.4), phase 2 dredging of Casuarina Boat Harbour (0.28 kg/s at dredge 

head and 4.6 kg/s for disposal for the ólikely worstô case, 12 hour operations for ~3 months, 

disposal every 3 hours for 10 minutes), KBSC marina dredging (0.11-0.14 kg/s at dredge head 

for the ólikely worstô case, 12 hour operations for ~3 months, disposal every 3 hours for 10 

minutes) and reclamation decants (0.0013-0.007 kg/s for the ólikely worstô case, Section 4.8.3). 

Transport and dispersion conditions during TSHD dredging have a large effect on the spatial extent 

and patterns of TSS levels above background. For example, a substantially greater spatial extent of 

effect was simulated for TSHD dredging during autumn (Figure 7.1) than spring (Figure 7.2). As the 

cumulative duration of this construction element is only 4 weeks, the 50th, 95th and 99th percentiles in 

Figure 7.1 and Figure 7.2 are equivalent to 2 weeks, ~1.5 days and ~6 hours, respectively. In short, 

phase 1 Casuarina Boat Harbour dredging represents the greatest spatial impacts of all the 

construction elements albeit for a short duration of effect. 

7.1.1.2 Example #2: Casuarina Boat Harbour northern breakwater  

Because of the smaller fines source fluxes from breakwater construction, the spatial extent of TSS 

effect is considerably less than phase 1 TSHD dredging. A representative example is the first half of 

the northern breakwater creation when carried out primarily during winter (Figure 7.3) and summer 

(Figure 7.4). The relatively low source flux (0.5 kg/s for the ólikely worstô case) is attributable to low 

estimates of fines in the breakwater material (~1.5%, Section 4.8.1). Additionally, simulated 

breakwater construction occurs over 12 hours of daylight with a 1 day per week break, whereas TSHD 

dredging occurs continuously for four (4) weeks (Section 4.8.2). Both the lower fines flux and daytime 

construction limit the spatial extent of elevated TSS as shown with 50th percentile plots (i.e. half the 

time there is no source flux). The 95th percentile spatial plots for both simulations extend over most of 

western Koombana Bay. The 99th percentile spatial extent demonstrates that infrequently 

hydrodynamic conditions can transport fine particles over a large area of effect (influence). The 

cumulative duration of this construction element is ~20 weeks so the 50th, 95th and 99th percentiles in 

Figure 7.3 and Figure 7.4 are equivalent to 10 weeks, ~1 week and ~1.5 days, respectively. In short, 

breakwater core construction is predicted to have TSS impacts within Koombana Bay primarily to the 

south of the Shipping Channel. 
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Figure 7.1 50th (left), 95th (middle) and 99th (right) percentiles of excess TSS (mg/L) over phase 1 TSHD dredging during autumn (1-28 May 2016, 1st element of scenario 1A) for the ólikely 
worstô case.  
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Figure 7.2 As Figure 7.1 for phase 1 TSHD dredging during spring (16 October-13 November 2015, 1st element of scenario 1S). 
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Figure 7.3 50th (left), 95th (middle) and 99th (right) percentiles of TSS (mg/L) over 1st half of northern breakwater construction with (3 June-19 October 2015) of the 2nd element of scenario 
1A for the ólikely worstô case. 

 

Figure 7.4 As Figure 7.3 of the second element of scenario 1S (13 November 2015-30 March 2016). 
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7.1.2 Net sedimentation of examples #1 and #2 
Net sedimentation of construction-derived fine particles over the period of the phase 1 TSHD dredging 

(construction element example #1 of Section 7.1.1.1) and 1st half of the northern breakwater core 

creation (construction element example #2 of Section 7.1.1.2) for the ólikely worstô case are illustrated 

in Figure 7.5 and Figure 7.6, respectively. The simulated net sedimentation rates are very low where 

simulated values of 1, 10, 100 and 1,000 g/m2 are approximately thicknesses of 2 um, 20 um, 0.2 mm 

and 2 mm, respectively. Hence, elevated sedimentation impacts of >0.4 cm only occur in the 

immediate vicinity of dredging, overflow and disposal activities, and breakwater construction. 

 

Figure 7.5 Net sedimentation (g/m2) of construction-derived fine particles at the end of the phase 1 TSHD 
dredging from 1-28 May 2016 (left, 1st element of scenario 1A) and 16 October ï 13 November 2015 

(right, 1st element of scenario 1S) for the ólikely worstô case. 

 

Figure 7.6 As Figure 7.5 at the end of the 1st half of northern breakwater construction from 3 June ï 19 October 
2015 (left, 2nd element of scenario 1A) and 13 November 2015 ï 30 March 2016 (right, 2nd element of 

scenario 1S) for the ô likely worstô case. 
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7.2 Time series of TSS and net sedimentation 

7.2.1 TSS 
Figure 7.7 presents the simulated time series of excess TSS above background levels at five (5) 

locations around the perimeter of Koombana Bay (see Figure 3.6 in Section 3.5.3) of óprobableô 

scenario 1A (see Section 3.5.2) for the ólikely worstô case. Because of its closer proximity to the 

construction activities, higher TSS levels above background were predicted at the three (3) locations in 

southern and southwestern Koombana Bay (Koombana Beach, Leschenault Inlet entrance, east of 

Jetty Road causeway) than the other two (2) in northern Koombana Bay.  

The phase 1 TSHD dredging of the northern breakwater simulated continuous elevated levels above 

the TSS impact threshold of 2 mg/L (see Section 3.5.3) for over a fortnight at the inlet entrance and 

along causeway (18 days continuous duration of >2 mg/L defined as ZoMI duration threshold, see 

Section 3.5.3), and nearly so at the beach and northeastern bay sites for this construction element. As 

noted beforehand, TSHD dredging has a large overflow fines flux that causes much higher TSS above 

background levels in the bay than any other construction element. The northern Koombana Bay 

location also was predicted to be consistently greater than 2 mg/L (instantaneous concentration 

greater than 2 mg/L defined as ZoI, see Section 3.5.3).  

Over the lengthy period of northern breakwater core construction, the three (3) locations in south-

southwestern Koombana Bay frequently exceed the 2 mg/L impact threshold during the first half of 

construction when the fines source flux was simulated as a release at the shoreline of Casuarina 

Point. During the second half of construction when the fines source flux was simulated at the end of 

the northern breakwater, exceedances of 2 mg/L reduced substantially at the beach and inlet entrance 

sites. There were only several exceedances above 2 mg/L for this construction element at the 

northeastern bay site and no exceedances at the northern bay site. This indicates that the presence of 

the northern breakwater structure generally reduces the ótrappingô efficiency of fines in the western bay 

gyres (see Section 6) 

The construction of the Koombana Bay eastern and western breakwaters caused elevated TSS above 

background at the inlet entrance in the range between 1-10 mg/L with frequent exceedances of 1 mg/L 

at the beach and causeway sites. The northeastern and northern bay sites had ~10 and 1 

exceedances of the 2 mg/L threshold, respectively, over the period of construction the KBSC 

breakwaters. As noted previously, predicted flushing of the waters to the north of the Plug decreases 

with the creation of the KBSC breakwaters, so that increased recirculation of fines discharged from the 

inlet during the previous ebb tide was simulated. 

BHD dredging of KBSC marina has a low fines source flux (0.11 kg/s for the ólikely worstô case, 

Section 4.8.2) and as a result there was no exceedance of the 2 mg/L threshold at any of the five (5) 

sites over the last construction element of this scenario 1A sequence. 
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Figure 7.7 Time series of excess TSS (kg/m3) of óprobableô construction scenario 1A for the ólikely worstô case 
from 6 May 2015 to 17 September 2016 at five (5) locations around the perimeter of Koombana Bay 
with the five (5) generic construction elements denoted in the top plot (TSHD ï phase 1 trailer suction 

hopper dredging, NBW ï northern breakwater, EBW ï eastern breakwater, WBW ï western breakwater, 
BHD ï KBSC marina backhoe dredge) along with the 2 mg/L Excess TSS threshold denoted on each 
plot. 
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7.2.2 Sedimentation 
Figure 7.8 illustrates the time series of net sedimentation of fines at the same five (5) time series 

locations around the perimeter of Koombana Bay as described beforehand for TSS (Section 7.2.1). 

Net sedimentation was greatest at Jetty Road causeway due to its proximity to the Casuarina Boat 

Harbour northern breakwater. The Leschenault Inlet entrance and Koombana Beach sites had greater 

predicted net sedimentation than the two northern bay sites because of their closer proximity to the 

construction activities. The highest sedimentation rate occurred over the 4 weeks of the phase 1 

TSHD dredging, primarily due to the large overflow fines source flux. None of the five (5) time series 

locations exceeded the ZoI threshold of 0.4 cm (0.004 m) (see Section 3.5.3). 

 

Figure 7.8 As Figure 7.7 for net sedimentation (m) along with the 0.004 m threshold denoted on each plot. 
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7.3 ZoI, ZoMI and ZoHI of the three construction 
sequence scenarios for the likely worst and 
likely best cases 

7.3.1 TSS 
In this section spatial representations of the predicted Zone of Influence (ZoI), Zone of Moderate 

Impact (ZoMI) and Zone of High Impact (ZoHI) of excess TSS above background levels for the ólikely 

worstô and ólikely bestô cases are presented, which are based on the following duration thresholds 

above the impact threshold of 2 mg/L (see Section 3.5.3): 

ï ZoI: At least one (1) 30 minute model time step (i.e. instantaneous duration threshold). 

ï ZoMI: Continually for 18 days in at least one model grid cell within each horizontal mesh 

element. 

ï ZoHI: Continually for 90 days in at least one model grid cell within each horizontal mesh 

element. 

Figure 7.9, Figure 7.10, Figure 7.11 and Figure 7.12 illustrate the ZoI, ZoMI and ZoHI of scenarios 1A 

and 1S, 2A and 2S, 3A and 3S, and autumn and spring phase 2 BHD dredging, respectively, for the 

ólikely worstô case. The ZoI of the multi-element construction element sequences (i.e. scenarios 1A, 

2A, 3A and 1S, 2S, 3S) are similar in terms of the spatial extent of the ZoI at the offshore spoil 

grounds, the northern and southern extent along the nearshore coastal waters, and penetration into 

Leschenault Estuary. The ZoI is considerably larger for scenarios 1A, 2A and 3A because several 

metocean events lead to greater transport of the dredge plumes to the south and north over these 

periods relative to scenarios 1B, 2B and 3B. 

The construction sequence of the structures and dredging does not greatly affect the spatial extent of 

the ZoI in the coastal waters, rather the timing of the phase 1 TSHD dredging does. As described in 

Section 7, because of the high dredging-related fines source fluxes, the plumes generated from TSHD 

overflow primarily establishes the spatial extent of the ZoI in the nearshore coastal waters to the south 

and north of Koombana Bay. The ZoI of the coastal inshore waters was simulated to be substantially 

larger when TSHD dredging occurs during the autumn (scenarios 1A, 2A and 3A) relative to spring 

(scenarios 1B, 2B and 3B). This contrasts with the phase 2 BHD dredging scenarios with much 

smaller nearshore ZoI from the BHD loading of the split hopper barge (SHB) (no overflow) with 

dredging solely in the semi-enclosed Casuarina Boat Harbour (i.e. greater time for particle to settle in 

this constrained water body).  

To further characterise the potential spatial extent of the ZoI in the coastal waters due to the timing of 

the phase 1 TSHD dredging, an additional ten (10) simulations for this construction element were 

carried out for the ólikely worstô case. The simulated ZoI, ZoMI and ZoHI of all twelve (12) TSHD 

simulations are illustrated in Figure 7.13 for the ólikely worstô case and the scaled estimates for the 

ólikely bestô case (as per methodology described in Section 4.8.2) are shown in Figure 7.14, with the 

following predictions for the ZoI: 

ï For the ólikely worstô cases: 

¶ The spatial extent of the ZoI of offshore disposal is limited to the immediate locale of the 

spoil disposal grounds. 

¶ The ZoI penetrates approximately a quarter to a third into the Leschenault Estuary for all 

twelve (12) simulations. 

¶ In the coastal waters the ZoI from TSHD overflows is predicted to be within ~1-3 km of the 

coast and extend up to ~5-15 km to the north and south depending on the simulated 

metocean conditions. 

ï For the ólikely bestô cases: 

¶ The spatial extent of the ZoI of offshore disposal is limited to the immediate locale of the 

spoil disposal grounds. 
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¶ The ZoI penetrates approximately a fifth to a quarter into the Leschenault Estuary for all 

twelve (12) simulations. 

¶ In the coastal waters the ZoI from TSHD overflows is predicted to be within ~0.5-2 km of the 

coast and extend up to ~3-15 km to the north and south depending on the simulated 

metocean conditions. 

For the ólikely worstô cases the ZoMI is limited to Koombana Bay and its adjacent semi-enclosed water 

bodies as illustrated in Figure 7.15 for construction sequence scenarios 1A and 1S (probabaly 

sequence), 2A and 2S (serial sequence), 3A and 3S (parallel sequence), and autumn and spring 

phase 2 Casuarina Boat Harbour dredging. The ZoMI is predicted to primarily occur in Casuarina Boat 

Harbour, Leschenault Inlet, KBSC marina, the nearshore waters along Koombana Beach and within 

the Inner Harbour. Though variations occur between construction sequences, the spatial extent of the 

ZoMI is predicted to be similar regardless of the construction element sequence. This is in large part 

driven by the bay-wide circulation patterns (Section 6) that are predicted to only be modified by the 

KBMS proposal within the southwestern corner of Koombana Bay where the boundary current along 

Koombana Beach and Jetty Road causeway are preferential transport pathways that maintain 

elevated TSS above background levels. ZoMI in the semi-enclosed water bodies (inlet, harbours, 

marina) during phase 1 TSHD dredging (duration 28 days) is caused in part by low sedimentation 

rates that maintain levels above the impact threshold of 2 mg/L for at least 18 continuous days. The 

ólikely worstô case ZoMI of the phase 2 BHD dredging is limited wholly within Casuarina Boat Harbour. 

Only one simulation (Scenario 2A) predicted a ólikely worstô case ZoHI region, which was wholly 

contained within the KBSC marina. 

Figure 7.16 illustrates the predicted ZoMI and ZoHI of the three (3) construction sequence scenarios 

1A and 1S (probable sequence), 2A and 2S (serial sequence), and 3A and 3S (parallel sequence); 

and the phase 2 Casuarina Boat Harbour BHD dredging of the ólikely bestô cases. Across the three (3) 

construction sequence scenarios there is a substantive reduction in the ZoMI over southwestern 

Koombana Bay relative to the ólikely worstô case. Further, as with the ólikely worstô case, a ZoHI in 

KBSC marina is predicted for scenario 2A.  

In short, TSHD dredging is the primary construction element that establishes the ZoI and the ZoMI 

within Koombana Bay, whereas breakwater construction and dredging within the Casuarina Boat 

Harbour and KBSC marina generally establish the ZoMI and ZoHI within the semi-enclosed water 

bodies. The ZoI is predicted to penetrate up to a third of the lower Leschenault Estuary for the ólikely 

worstô case. The ZoI is predicted to extend up (north) and down (south) the coast from Koombana Bay 

as a narrow nearshore plume. The offshore ZoI from phase 1 TSHD and phase 2 BHD spoil disposal 

are predicted to be confined to the offshore waters and spatially separated from those of the 

nearshore coastal waters and bay. The predicted ZoMI are predicted to primarily occur in southern 

Koombana Bay and the adjacent semi-enclosed water bodies with smaller areas in Koombana Bay for 

the ólikely bestô case relative to the ólikely worstô case. Predicted ZoHI are only predicted to occur in 

KBSC marina for scenario 2A. 
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Figure 7.9 Spatial predictions of the ZoI, ZoMI and ZoHI of excess TSS of óprobableô scenarios 1A (left) and 1S (right) for ólikely worstô case of autumn and spring of phase 1 TSHD 
dredging, respectively. 
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Figure 7.10 As Figure 7.9 for óserialô scenarios 2A (left) and 2S (right). 
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Figure 7.11 As Figure 7.9 for óparallelô scenarios 3A (left) and 3S (right). 
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Figure 7.12 As Figure 7.9 for phase 2 BHD dredging of Casuarina Boat Harbour scenarios during autumn (left) and spring (right). 
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Figure 7.13 ZoI for ólikely worstô case solely from phase 1 TSHD dredging starting on 4 June 2015 (1st upper), 8 July 2015 (2nd upper), 11 August 2015 (3rd upper), 14 September 2015 (4th 
upper), 16 October 2015 (5th upper), 13 November 2015 (6th upper), 26 December 2015 (1st lower), 23 January 2016 (2nd lower), 20 February 2016 (3rd lower), 19 March 2016 (4th 
lower), 16 April 2016 (5th lower) and 1 May 2016 (6th lower). 
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Figure 7.14 As Figure 7.13 for ólikely bestô case. 
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Figure 7.15 Spatial predictions of the ZoI, ZoMI and ZoHI of excess TSS of ólikely worstô case for construction sequence scenarios 1 (left, óprobableô), 2, (left middle, óserialô), 3 (right 
middle, óparallelô) and phase 2 Casuarina Boat Harbour BHD dredging (right) that begin in the autumn (top) and spring (bottom) zoomed to the Koombana Bay locale. 
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Figure 7.16 As Figure 7.15 for ólikely bestô case. 
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7.3.2 Sedimentation 
Spatial representations of the predicted ZoI, ZoMI and ZoHI for net fines sedimentation are based on 

thicknesses of 0.4-2 cm, 2-3 cm and greater than 3 cm (see Section 3.5.3) at the end of the 

simulation, respectively, which are described in this section.  

The ZoI for the ólikely worstô case is predicted to occur primarily within northern Casuarina Boat 

Harbour, just to the north of the northern breakwater, just to the west of the harbour entrance, and 

within KBSC marina as illustrated in Figure 7.17 for scenarios 1A and 1S, 2A and 2S, 3A and 3S, and 

autumn and spring phase 2 BHD dredging. These regions have relatively low currents (minimal 

resuspension), elevated flushing times (allows for greater settling), and/or are in very close proximity 

to the construction activities. The predicted ólikely worstô case ZoMI and ZoHI are proximal to locations 

adjacent to fines source fluxes. 

The predicted ZoI, ZoMI and ZoHI for the ólikely bestô case (Figure 7.18) does not materially differ from 

those of the ólikely worstô case. 

In short, sedimentation impacts from fine particles are predicted to be limited in proximity to Casuarina 

Boat Harbour, and the proposed KBSC marina. 
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Figure 7.17 Spatial predictions of the ZoI, ZoMI and ZoHI of net sedimentation of ólikely worstô case for construction sequence scenarios 1 (left), 2, (left middle), 3 (right middle) and phase 
2 Casuarina Boat Harbour BHD dredging (right) that begin in the autumn (top) and spring (bottom) zoomed to the Koombana Bay locale. 
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Figure 7.18 As Figure 7.17 of ólikely bestô case. 
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7.4 Increased nutrients from dredging 
Three (3) approaches to estimate potential impacts from the temporary loading of bioavailable 

nutrients during dredging are described in this section. 

Elutriate testing of the sediments within the proposed phase 2 BHD dredging footprint are described in 

Section 4.8.5. The average elutriate NHX concentration from these harbour sediments was 1.83 mg/L 

with very low NOX levels. NHX and NOX background levels in Casuarina Boat Harbour are 0.008 mg/L 

and 0.004 mg/L, respectively, or a total DIN of 0.012 mg/L (Section 4.6), which are substantially lower 

than the measured elutriate concentration of the Casuarina Boat Harbour sediments. The standard 

elutriate test is conducted volumetrically on 4 parts seawater to 1 part sediment that is measured after 

~30 minutes of stirring and ~1 hour of settling time. Hence, the measured value of 1.83 mg/L was 

scaled up by a factor 4 to ~7.83 mg/L as the characteristic elutriate concentration for equal volumetric 

parts of water and sediment. 

The first and simplest approach assumes that the maximum DIN of 7.83 mg/L would occur in water 

that is saturated with dredged material, nominally an excess TSS concentration that is 1:1 with water 

by volume. Dredging-related TSS fines concentrations of approximately 100, 10 and 1 mg TSS/L 

characterise levels at immediate, moderate and large distances from the construction activities, 

respectively, which are approximately 0.4%, 0.04% and 0.004% by volume of water, respectively. 

These typical levels of excess TSS fines yield excess DIN concentrations above ambient levels of 

0.03, 0.003 and 0.0003 mg N/L at immediate, moderate and large distances from the dredging 

activities, respectively. Though a 0.03 mg N/L increase in the immediate locale of dredging activities is 

substantive, the spatial extent of TSS levels of 100 mg/L is limited to within 10ôs of meters of the 

dredging source fluxes. 

The second approach uses a control volume methodology with the key inputs of the DIN mass flux 

and a flushing time scale to estimate the DIN concentrations in the various water bodies that are 

proposed to undergo dredging (Table 7.1). This approach predicts that dredging activity in both of the 

semi-enclosed water bodies (Casuarina Boat Harbour and the future KBSC marina) as well as over 

the phase 1 TSHD dredging footprint yields average excess DIN above ambient levels of 0.003-0.008 

mg/L within the control volumes. 

Table 7.1 Estimates of dredging-related increases in DIN with a control volume approach 

Parameter TSHD BHD ï CBH BHD ï 
KSCM 

CSD ï 
KSCM 

A ï Maximum Elutriate DIN (mg/L, g/m3) 7.32 7.32 7.32 7.32 

B ï Dredging Production Rate (m3/day) 4,091 1,243 622 404 

C - % Fines (remain suspended for >1 hour and 
contributing to maximum elutriate DIN) 

68% 27% 14% 14% 

D ï Total DIN Release Rate (g/d) (=A x B x C) 20,363 2,457 637 414 

E ï Flushing Time Scale (days) (typical as per 
Section 6.2) 

1 6 5 5 

Water Body Length Scale (m) 1000 800 250 250 

Water Body Width Scale (m) 500 250 200 200 

Water Body Depth Scale (m) 5 4 3 3 

F ï Water Body Volume Scale (m3) 2,500,000 800,000 150,000 150,000 

Excess DIN Concentration Estimate (mg/L) (=D x 
E / F * 0.37, where 0.37 is a factor representing 
that 37% of the DIN flux remains in the water 
body over the flushing time scale) 

0.003 0.007 0.008 0.005 

The third and final approach, as described in Section 3.5.4, was to simulate the DIN release flux from 

dredging activities via a numerical conservative tracer with the 3D modelling framework. The DIN 

mass flux that is released into the water column was carried out in a similar manner as the TSS fines 

flux releases for the dredging scenarios except with the following differences: 
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ï There is no settling of DIN. 

ï The source flux of DIN was scaled to that of the fines dredging TSS mass flux by a factor of 

4.4x10-6 kg DIN/kg fines TSS, which is the ratio of maximum elutriate DIN (7.32 mg N/L) to the 

in situ density of dredge sediments (~1,700 kg/m3). 

ï Simulations were carried out for the ólikely worstô case dredging scenarios with the ólikely 

worstô case fines mass flux estimates from dredging activities. 

The ólikely worstô and ólikely bestô cases were simulated as: 

ï The ólikely bestô case assumes that the released DIN flux scales with the percentage of fines 

that are released into the far-field zone during dredging.  

ï The ólikely worstô case assumes that the released DIN flux is twice the ólikely bestô case. 

Simulated DIN was carried out for the dredging and spoil disposal simulations of the ólikely worstô case 

in terms of excess TSS and net sedimentation that are reported in Sections 7.1 to 7.3, which are 

illustrated in Figure 7.19 to Figure 7.24 with isopleths ranging from 0.01->3 ug/L (0.00001->0.003 

mg/L). Recall that the ambient DIN levels are ~10 µg/L (0.012 mg/L) so the predicted increase in DIN 

levels are a small proportion of the ambient levels. For the purposes of describing the potential spatial 

effect of dredging (and spoil disposal) on nutrient levels, an increase of 1 µg/L (~10% of ambient 

levels) is summarised for each dredging construction element as follows: 

ï The phase 1 TSHD dredging is predicted to have the largest spatial effect on the nutrient 

climate (Figure 7.19, Figure 7.20) of the three proposed dredging construction elements of the 

KBMS proposal. However, because of the short duration of this construction activity (~28 

days) the 50th, 95th and 99th percentile simulated contours are exceeded for ~14, ~1.5 and 

~0.25 days, respectively. DIN above the 1 µg/L excess DIN (above ambient) isopleth is not 

predicted to occur for the 50th percentile for either the ólikely worstô or ólikely bestô cases, 

however it is predicted that >1 µg/L excess DIN occurs for: 

¶ ~1.5 days (95th percentile) in the immediate vicinity of the TSHD dredging overflows for the 

ólikely worstô case as well as the ólikely bestô case. 

¶ ~0.25 days (99th percentile) extending several hundred meters of the immediate vicinity of 

the TSHD dredging overflows for the ólikely worstô case. 

ï The phase 2 Casuarina Boat Harbour BHD dredging is predicted to have a modest spatial 

effect on the nutrient climate with no exceedance of 1 µg/L excess DIN (above ambient) 

except at several locations for the 99th percentile of the ólikely worstô case within the 

southeastern region of Casuarina Boat Harbour (Figure 7.21, Figure 7.22). 

ï Because of the low fines content of the sediments and low excavation rates to be dredged in 

the KBSC marina, no exceedances of the 1 µg/L excess DIN (above ambient) are predicted 

for any percentiles for either simulated season (Figure 7.23, Figure 7.24). 

In short, nutrient-related effects from dredging and spoil disposal (the primary construction-related 

elements that may affect nutrients) are predicted via three approaches to be relatively minor and 

limited to the immediate locale of the dredging activities. 
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Figure 7.19 50th (left), 95th (centre) and 99th (right) spatial percentile plots of phase 1 Casuarina Boat Harbour 

autumn (1-28 May) TSHD dredging for ólikely bestô (top) and ólikely worstô (bottom) cases. 

 

 

Figure 7.20 As Figure 7.19 for phase 1 Casuarina Boat Harbour spring (15 October-12 November) TSHD dredging. 
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Figure 7.21 50th (left), 95th (centre) and 99th (right) spatial percentile plots of phase 2 Casuarina Boat Harbour 
summer-autumn (5 March-23 April) BHD dredging for ólikely bestô (top) and ólikely worstô (bottom) cases 

 

 

Figure 7.22 As Figure 7.21 for phase 2 Casuarina Boat Harbour spring-summer (30-September-24 December) BHD 
dredging. 
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Figure 7.23 50th (left), 95th (centre) and 99th (right) spatial percentile plots of KBSC marina autumn (10 August-21-
September 2015) BHD dredging for ólikely bestô (top) and ólikely worstô (bottom) cases. 

 

 

Figure 7.24 As Figure 7.23 for phase 2 Casuarina Boat Harbour spring- (19 January-21 March 2016) dredging. 

 












