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EXECUTIVE SUMMARY 

Project Sea Dragon is a proposed large scale, integrated, land based prawn aquaculture venture 
operating across northern Australia. At full production the proponent, Seafarms Group Limited 
(Seafarms), intends to provide 100,000 tonnes of prawns to the Australian and Asian markets annually.  

This document relates to the Stage 1 Grow-out facility located at Legune Station, Northern Territory. 
Stage 1 will produce nominally 14,000 tonnes of prawns per annum and will include development of 
around 3,861ha of Legune Station between the Keep River and the Victoria River. The facility will 
consist of intake pipes drawing seawater from Forsyth Creek, intake settling ponds, production ponds, 
effluent discharge settling ponds and the discharge of effluent into Alligator Creek. All weather access, 
infrastructure, and facilities will also be constructed across the floodplain. 

Water Technology Pty Ltd has been commissioned by CO2 Australia, a subsidiary of Seafarms, to 
undertake an assessment of the existing physical coastal processes, environmental values of the 
coastal environment and the impact upon these processes and environment of the proposed Stage 1 
Grow-out facility of Project Sea Dragon. 

Specifically, this report provides information relating to the following sections of the NT EPA Terms of 
Reference for the project: 

 Section 2.5 Alternatives 

 Section 3.1 Existing Environment – Physical and biological 

 Section 4.4 Risk Assessment – Water 

Existing Coastal Environment 

The existing coastal environment assessment has included the following major tasks:  

 An extensive literature review and evaluation of existing coastal data sets relevant to the 
waterways around Legune Station  

 Site inspections and field data collection programs to augment existing coastal data sets  

 Development and calibration of hydrodynamic and water quality models to assist in the 
existing coastal environment assessment  

 Characterisation of the existing physical coastal environment with respect to the coastal 
geomorphology, tides, currents, waves and sediment transport processes in the vicinity of 
Legune Station 

The summary of the existing coastal environment assessment is presented below: 

Coastal Geomorphology 

The geomorphology of the study area was examined at a range of scales, including; the regional 
context of the Joseph Bonaparte Gulf, the tide dominated Keep and Victoria estuary and river systems, 
through to the tidal creeks such as Alligator, Forsyth and Bob’s Creeks, and the intertidal floodplains 
of the Legune Station site. Each component has its own characteristics which are linked via their 
physical conditions, hydrology, sediment transport and water quality dynamics. 

The geomorphology of the Joseph Bonaparte Gulf region is complex and consists of rises, depressions, 
banks, terraces and channels.  These landforms have developed through the interplay of the 
underlying geology and the oceanographic conditions described above.  In the southern region, 
towards the mouths of the Keep and Victoria Rivers, the main geomorphic features comprise the 
shallow continental shelf, and a series of deep channels and bars aligned predominantly with the 
entrances of the estuary systems. 

The project site is located on the coastal plain at the southern boundary of Joseph Bonaparte Gulf 
between the estuary systems of the Keep and Victoria Rivers. The geomorphology of the Keep River 
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and Victoria River estuary systems is determined by the relative influence of wave, tide and river flows.  
Both systems are classified as tidally-dominated estuaries; comprising an outer landward-tapering 
funnel shaped entrance, transitioning to a narrower inner estuary, and bounded by various intertidal 
plain environments. 

The Keep River estuary is generally broader and shallower than the Victoria River, with a more 
extensive low tide channel network and low tidal flats. This is reflected in the relatively lower tidal 
currents in the Keep River estuary and more extensive sand banks across the mouth.  The Victoria 
River estuary morphology is similar to the Ord River estuary (Coleman & Wright, 1978) with stable 
linear tidal shoals.  

The estuarine intertidal environment is classified as “coastal plain” and extends from the low tide 
elevations to the floodplain above the highest tide level.  It consists of a series of distinct zones, 
according to their tidal inundation regime and vegetation communities: 

 Low tide flats – range from -5.3 m to -1.0 m AHD. The surfaces of these flats are inundated 
twice daily by tidal waters.  This includes areas within the Keep River and Victoria River main 
channel and those that border the exposed shorelines.  

 Mid-tidal-level flats – range from -1.0 to 3.75 m AHD.  These are inundated by a high 
percentage of the tides.  The mid tidal zone is characterised by a cover of mangroves or other 
halophytes although its landward side may contain bare mud patches. 

 High-tidal flats – range from 3.75 m AHD to 4.3 m AHD.  This surface is transgressed only by 
high spring tides and is subject to subaerial exposure between inundations.  These bare flats 
may be sub-horizontal or contain a depression in the centre. Salt crystallises on the mud-
cracked surface forming thin-discontinuous crusts during the dry season.  Shallow gullies 
extend from the mid-tidal flats onto the high-tidal flats. During the wet season the regular 
short but intense storms inundate the high-tidal flats and result in standing water until the 
next high tide inundates the area. Increased drainage channels across the high tidal flats can 
be observed across some areas. 

 Supratidal flats – which have elevations above 4.3m AHD.  These flats are subject to 
inundation only during abnormally high tides, commonly referred to as “King tides”.  
Halophytes occupy much of their hummocky surface. Fine grained sediments deflated from 
the lower elevation tidal flats accumulate in the supra-tidal zone. 

Tidal creeks, ranging in scale from a few metres wide to 1500 m wide at the mouth of Alligator Creek, 
cut across the intertidal flats.  They are dominated by tidal flows rather than freshwater inflows. This 
category includes the Alligator Creek, Forsyth Creek and Bob’s Creek systems. Some of the larger tidal 
creeks have terrestrial catchments which provide freshwater inflows during the wet season. 

The geomorphology of tidal creeks is comprised of a straight, sinuous or dendritic (branched) tidal 
channel(s), tapering and shoaling to landward (Wolanski, Mazda, & Ridd, 1992). The adjacent intertidal 
flats exhibit a similar morphology to the main estuarine intertidal environment, although the actual 
elevation of the high tidal flats varies for the larger of these channels (e.g. along Alligator Creek and 
Forsyth Creek) due to changes in the tidal plane elevations along these waterways. 

Bathymetry 

The scale of the rivers and tidal creeks in and around Legune Station is significant.  The mouth of the 
Keep and Victoria Rivers are over 15km and 10km in width respectively, and their tidal limits extend 
over 70km and 200km upstream respectively. Forsyth Creek extends over 25km from its mouth to the 
road weir which effectively comprises the tidal limit, whilst Alligator Creek extends over 15km from 
its junction with the Keep River to the road weir which is the limit of the tidal flows.  

Surveyed channel depths through the entrance of the Keep River were in the order of 15-20m below 
mean sea level whilst navigation charts indicate the channel within the Victoria River is of a similar 
magnitude. Within the estuarine section around Legune Station, the Keep River estuary is shallower 
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than the Victoria River and sand bars reduce the low tide capacity of the waterway significantly within 
20km of the entrance. Conversely, the longer and narrower Victoria River maintains a relatively wide 
low tide channel to the terrestrial escarpment located 40km from the mouth. From here, the Victoria 
River channel is constrained by the cliffs of the escarpment and continues upstream. 

Bathymetric survey of Forsyth Creek has indicated a well formed, wide and deep, channel at the 
entrance which continues to a braided channel section adjacent to the proposed intake facility. 
Outside of the entrance, large intertidal banks extend for some distance offshore and low tide flow is 
restricted to a narrow and deep channel. 

The mouth of Alligator Creek is located upstream of the transition in the Keep River from deep 
channels to extensive sand bars. As such, Alligator Creek also has extensive intertidal bars and low tide 
flows through the creek are restricted by the shallow water at the mouth and along the Keep River. 
The tidal channels within Alligator Creek are transient and were observed to shift significantly in 
periods of less than 6 weeks.  

Climate Conditions 

The general patterns in the climatology at the Legune Station site occur over several temporal and 
spatial scales.  

Inter-annual conditions are driven by the El Niño-Southern Oscillation index which causes variations 
from the “normal” range of climate conditions. In general, El Niño causes drier wet seasons and cooler 
air temperatures, whilst La Niña causes increased rainfall, more frequent and severe cyclones and 
higher temperatures. Seasonal variation in climate is significant in the project area, with hot and dry 
months between May and September leading to a monsoonal wet season between November and 
March. Cyclones occur on average in the region every 2-3 years.  

Average maximum air temperatures vary from between 38-40oC during the day time during the build-
up to the wet season, to an average overnight minimum around 15oC during the dry season. Daily 
temperature variations during the dry season can be significant with temperatures varying by over 
15oC. 

Rainfall is generally limited to the wet season between November and April.  The highest recorded 
daily rainfall at the Legune Station homestead is over 300mm, with 70% of the average 1,200mm of 
rainfall falling between January and April. Between June and September, little, if any, rainfall occurs 
across Legune Station. 

Prior to the beginning of the wet, and parallel with the peak of the maximum air temperatures, the 
evaporation in the region peaks in October and November, with a daily long term average of 9.8mm. 
Maximum evaporation rates can be up to 12mm/day, driven by the hot conditions in October and 
November. 

Wind conditions are similarly seasonal across the region.  Stronger south east trade winds dominate 
the dry season with average daily wind speeds across the coastal region of around 20km/h. Wet 
season wind conditions are driven by the monsoonal fronts from South East Asia with west and north 
westerly winds dominating. Periods between monsoons are generally calm and average daily wind 
speeds at the coast are in the order of 10km/h. Measured winds also indicated a strong daily variation 
with calm morning conditions building to strong afternoon onshore breezes during the wet season 
whilst dry season conditions see offshore winds dominating in the morning before becoming calmer 
in the afternoon. 

Oceanographic Conditions 

 Coastal Water Levels: The project site is located in a macro-tidal environment with tidal waves 
rotating around an amphidromic (nodal) point on the northwest coast of Joseph Bonaparte 
Gulf. The spring tidal range based on official tidal stations within the Gulf range from 5-6m 
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and data collected for the project indicates that the spring tidal range at Legune Station is in 
the order of 7-8m. The calculated offshore mean high water spring tide is in the order of 3.7m 
AHD (+/-0.2m).  

Water levels within the local waterways are impacted by the narrowing of the channel and 
shallow bed with the Keep River and Alligator Creek in particular, presenting a typical 
estuarine tidal signal with water levels dropping slowly across the ebb tide and continuing to 
flow seaward until the incoming tide reverses flow and water levels rapidly rise. Minimum 
tidal water levels across the site are limited by the increasingly shallow bed in the upstream 
direction with the tidal range decreasing with the reduction in low tide levels. 

Variations in sea levels at the project site are also driven by more regional processes such as 
storm surges which push water into Joseph Bonaparte Gulf and can increase water levels by 
0.2-0.3m under non-cyclonic conditions. The wet and dry season conditions can result in a 
similar magnitude of water level changes as the air pressure, temperature and dominant wind 
conditions drive water circulation around the Top End. Over a longer timescale, ENSO 
conditions can result in a change in regional water levels by 0.1-0.2m. 

 Temperature: Water temperatures are also impacted by regional and seasonal conditions, 
with average dry season temperatures 4-9oC cooler than during the wet season. Temperatures 
are driven by regional currents and the latent air temperature and as such, conditions inshore 
are more variable, with average temperatures during the dry season as low as 23oC and as 
high as 32oC during the wet season. 

Water temperatures measured around Legune Station follow this pattern and also highlight 
the daily variation which occurs in the shallow and at times, pooled water. Daily temperature 
ranges within Alligator Creek of 10 degrees are common. Within Forsyth Creek, the measured 
daily temperature range was in the order of 1-2oC. Temperature-depth profiles collected 
across the site indicate the temperature at the bed was similar to that at the surface with little 
vertical stratification during the dry and wet season or during different tidal phases. 

 Currents: Regional currents in the area are weak, with some evidence of a post wet season 
current which drains the elevated water levels from the top end out to the Indian Ocean. The 
Indonesian Throughflow, an important global climate driver, is channelled through the Timor 
Trench north of Joseph Bonaparte Gulf, but has little impact on conditions within the Gulf. 
The seasonal change in wind patterns results in some change in weak currents, dry season 
southeast trade winds drive currents north and west whilst wet season monsoonal fronts 
result in weak currents north and east. The magnitude of these currents is low and the macro-
tidal driven currents dominate within the Gulf, particularly inshore as the water level rises and 
falls. 

Currents modelled around the site indicate speeds of 1.5 – 2.0m/s can occur within the Keep 
and Victoria Rivers during the spring tide. Higher currents are common across the tidal banks 
within the waterways as flow is restricted in area and/or depth. Currents within the Victoria 
and Keep Rivers are largely bi-directional in line with the flood and ebb tides. 

Currents within Forsyth Creek are generally less than 1.5m/s, although peak spring tide 
currents of 2-3m/s were simulated in the main eroding channel near the intake location. 
Unusually for an estuary, currents during the ebb tide were higher than the flood tide in 
Forsyth Creek, contrasting the more typical pattern of high current speeds on the flood tide 
and low current speed on the ebb tide observed in Alligator Creek. The low tidal currents 
during the ebb tide are a result of the elevated bed in Alligator Creek where water levels are 
restricted from dropping below around -2m AHD. As a result, the ebb tide continues for 9-10 
hours whilst the flood tide increases water levels to the high water in less than 4 hours. Peak 
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current speeds of 1.5 – 2.0m/s were simulated within the channel adjacent to the proposed 
discharge location.  

These high currents and macro-tides, combined with the sinuous nature of the tidal channels, 
limit the fetch length and duration for waves at the site. Offshore, non-cyclonic waves are 
generally low with an average annual significant wave height offshore of less than 0.5m. 
Measured waves at the site indicate a peak significant wave height of 0.8m during dry season 
conditions and more energetic wave conditions measured during the wet season with 
northerly conditions resulting in a significant wave height over 1.0m. At key locations within 
the waterways, measured waves were less than 0.5m and modelled conditions indicate wave 
heights at the discharge location are generally less than 0.1m. 

 Climate Change: Whilst our understanding of climate change is improving, there still exists 
uncertainty in the magnitude of the predicted impacts of climate change on the conditions 
across northern Australia. In general, it is accepted that air temperature and the number of 
hot days will increase in the north, resulting in increasing levels of evaporation during the 
build up to the wet season. The temperature increase is expected to be up 1.3oC by 2030, 
however beyond this timeframe the predicted increase varies from 1.3oC to over 5oC. 

The variability in rainfall due to climate change is less certain and the inter-annual variation 
caused by ENSO could result in shorter period changes which dampen any long term total 
average impacts on a short term basis. In general, however, there is consensus that rainfall 
will occur in more intense storms and maximum daily totals will increase, although the change 
in frequency of storms is unknown. 

Changes to wind conditions due to climate changes are similarly not well understood with the 
exception of some small increases in wind speeds and increase variability during the 
transitional periods between the dry and wet seasons. 

Increases in mean sea level are a tangible measure of climate change and continued sea level 
rise at the existing rate of 6mm/year will result in an increase in tidal planes by around 0.3m 
by the year 2060. This increment of sea level rise assumes a constant rate of change, and does 
not consider the impact of warming air temperature on water temperature which are 
projected to rise by up to a degree by 2030. The increase in tidal plane elevation will also 
impact the local currents and wave conditions. 

Tropical Cyclones 

The project is located north of the Tropic of Capricorn and thus within the region affected by cyclones. 
On average, cyclones impact the area once every 2-3 years with varying severity. The frequency of 
severe tropical cyclones is heavily impacted by the ENSO, with more frequent cyclones occurring 
during La Niña periods.  

The impact of cyclones on the project site is a factor of the wind speed, cyclone radius, track and 
speed. A Category 2 cyclone passed directly over Legune Station in 2014, however very little damage 
was noted at the cattle station. It is not known what impact the cyclone had on the coastal 
environment.  

Storm surge modelling was completed for the project by SEA.  This modelling predicted 100 year 
return period storm tides of 4.9 – 5.4m AHD offshore under existing water level conditions, increasing 
to 5.4 – 5.8m AHD under projected 2060 sea level rises. Storm tide influence across the site varies with 
increasing water levels along the coast as water is funnelled further into the Gulf. Localised numerical 
modelling indicated that storm tides could increase further into the Keep and Victoria Rivers with 
water levels 0.2 to 0.5m higher than offshore levels. 

A Category 5 cyclone was simulated as passing across the project site. The results indicated an offshore 
wave height in excess of 5.0m AHD which could cause significant damage along the open coast. The 
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coincident timing of any cyclone event with tidal conditions will affect the likely wave heights and 
associated damage around the Legune Station. 

Sediment Transport 

Sediments in the offshore zone are typically a combination of muds, sands and gravels, while closer 
to shore the bed material comprises predominantly very fine sands and muds with shell and gravel 
chenier ridges along the coast. The banks of the tidal waterways around Legune Station are the source 
of much of the mud material. Tidal shoals within the waterways were observed to have a higher sand 
content than the banks, the larger and heavier particles of sand are more likely to settle than the fine 
clay and mud which remains in suspension. 

The banks and beds of the waterways around the project site are in a constant state of flux with 
channel migration and bank erosion observed at a number of locations. Accretion of the tidal banks 
was also observed in some locations with juvenile mangroves extending seaward in places and thereby 
consolidating progressive bank migration. Tidal currents are considered to be the key driver of the bed 
and bank erosion, although the macro tides provide opportunity for localised wave induced erosion 
on the banks.  

Water Quality 

A water quality sampling program commenced in mid-2015 to establish baseline data in the project 
waterways. The results and data associated with this study are reported in the Estuarine Receiving 
Environment Report, which is contained in Volume 5, Appendix 9 of this EIS. A brief overview of water 
quality conditions relevant to the coastal environment is provided here: 

 Salinity: Broad-scale modelling of northern Australia by the CSIRO has indicated that whilst 
offshore salinity is relatively consistent on a seasonal basis, longer term variations of 2-3PSU 
can occur on a decadal scale. Closer to shore, salinity is influenced by freshwater inflows and 
salinity within the lower half of Joseph Bonaparte Gulf can drop to less than 32 PSU during the 
wet season. Salinity within the local waterways is more notably impacted by freshwater flows 
and salinity loggers within the Keep River and Alligator Creek recorded significant changes in 
salinity following a monsoonal front during the recent wet season. Offshore salinity east of 
the mouth of the Keep River also shows the effects of freshwater inflows.  

Salinity-depth profiles collected for the project indicate that there is little vertical stratification 
of salinity during the different seasons or different tidal states. Of note however was a 2-3PSU 
drop in salinity between the areas offshore from the Victoria River as compared with the Keep 
River during wet season conditions.  The Victoria River has a larger upstream catchment than 
the Keep River and generates a correspondingly larger freshwater inflow to the coastal zone.  

 Turbidity: Regional turbidity data is sparse, however, studies indicate that a turbidity 
boundary layer exists around the 60m contour, 150km from the shoreline. Measured turbidity 
in this region indicates generally low (1-2NTU) levels of turbidity with isolated peaks 
associated with spring tides and freshwater flows. The data collection program undertaken as 
part of this project has collected local turbidity-depth profiles across the site since June 2015. 
Turbidity levels vary between less than 10 NTU to greater than 1000 NTU. Turbidity is generally 
lower during the dry season however significant variation occurs at all sites. Turbidity 
collected at a single site across a tidal cycle indicates some suspended material may fall to the 
bed during the slack high tide. Turbidity is low as the water level falls during the ebb tide 
before increasing as the shallowing of the water causes increasing currents near the bed. 
Turbidity levels appeared to peak around low tide and during the beginning of the flood tide.  

 Nutrients: Baseline data for nitrogen, phosphorus and chlorophyll a were established through 
the water quality sampling program. Description of the existing water quality parameters can 
be found further in Volume 5, Appendix 9 of this EIS. 
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Impacts and Mitigation Options on the Coastal Environment 

The impact of the project on the coastal environment and water quality was assessed using the 
outcomes of the existing conditions review along with additional detailed analysis using the numerical 
models established by this study. 

The project is currently at feasibility design stage, and as such many features of the design have not 
been finalised. This provides the opportunity to ensure that subsequent detailed design activities are 
carried out with proposed mitigation and control strategies in mind. 

Development Footprint 

The development footprint of the Stage 1 grow-out ponds on the northern section of the site above 
the influence of tidal conditions is in excess of 1,500 hectares. The development footprint adjacent to 
coastal areas, or below the 4.5m AHD contour is less than 100 hectares; comprising the intake 
structure at Forsyth Creek, and the outlet structure across a section of intertidal floodplain 
approximately 100m long on the banks of Alligator Creek. The area of impact on the coastal 
environment is thus relatively small.  

 Forsyth Creek: The impact of coastal infrastructure on the intertidal banks is difficult to 
quantify given the high level of natural variability.  Sections of the banks along Forsyth Creek 
are currently eroding at a rate of 9-15m per year. The intake structure design will have 
localised impacts on the tidal currents, and therefore may locally alter the erosion conditions 
at the adjacent bank. However, the magnitude of these changes will be limited and will be of 
lower magnitude than those resulting from the existing bank and bed level changes which are 
occurring along Forsyth Creek. 

Monitoring of the coastline in the vicinity of the intake is recommended, along with the 
provision of a sufficient setback distance to ensure that the facility is not at risk to the 
retreating shoreline. The design of the piles should include the potential for additional bank 
scour both at piles within the waterway and for those piles across the (present day) floodplain. 

 Alligator Creek: The outlet from the development comprises a 100m weir which controls the 
effluent discharge rate into Alligator Creek.  This weir structure will be setback nominally 30m 
from the bank of the creek to allow for the existing bank erosion rates at that location (in the 
order of 2-4m per year). Downstream of the outlet, the effluent will be conveyed to the creek 
across a rock blanket.  This rock blanket limits erosion of the floodplain surface.  

Monitoring of the intertidal banks and floodplain in the vicinity of the outlet is recommended, 
which along with the provision of sufficient setback distance, will ensure that the weir is not 
at risk from bank erosion. The rock blanket should be inspected and maintained to prevent 
failure through rock movement or undermining.  

Isolated sections of the development footprint may impact small tidal channels across the site. 
Realignment of the tidal channels and erosion along the floodplain adjacent to the project footprint 
may occur. However, the tidal channels are relatively mobile naturally and modifying their upper 
extent is unlikely to have significant impact. 

Any structure built on the floodplain, or across a tidal channel, should be designed to ensure bed 
erosion adjacent to the structure does not cause failure or damage to the facility. 

Oceanographic Conditions 

The volume of water extracted from Forsyth Creek and subsequently discharged into Alligator Creek 
represents a small percentage of the tidal prism.   The extraction or discharge of water will be unlikely 
to impact water levels or current speed within the waterways. 
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The temperature of the effluent may be elevated above the natural levels in Alligator Creek due to 
retention times in the system. As the volume of water compared to the tidal prism is minimal and as 
this discharge will be rapidly mixed into the receiving waters, no adverse consequence of this 
temperature differential are expected. 

Water Quality 

Numerical modelling has been used to quantify the impact of effluent discharged into Alligator Creek 
on the creek and the wider coastal environment. The numerical model has been calibrated using 
hydrodynamic data collected as part of the project and a range of sensitivity tests were undertaken to 
ensure it was able to accurately replicate a range of conditions across the project area. 

For the assessment two effluent discharge rates were considered; a constant discharge rate, and a 
variable discharge rate.  A conservative model tracer was used to track the concentration and location 
of any effluent in the waterways and intertidal areas across the project.  

Initial mixing of the effluent was assessed using CORMIX, a specialised near-field mixing zone program 
designed for outfall impact assessments. The CORMIX modelling showed that there were high rates 
of initial dilution of the effluent which correlated with the detailed 2d modelling and expectations of 
how the effluent would behave. 

Far-field modelling was carried out using DHI Software’s MIKE modelling suite. Sensitivity testing of 
two (2D) and three (3D) dimensional modelling schemes found that the long term flushing behaviour 
of the well mixed and generally un-stratified waters across the project site could be adequately 
represented in 2D. The intertidal floodplains were included within the modelling domain, with the 
focus of the assessment and calibration of the model being on the tidal waterways.   

The far-field modelling results were used to inform the determination of a mixing zone for the effluent 
within Alligator Creek.  The effluent mixing zone is defined as the area where the median background 
concentration of a given parameter (nitrogen, phosphorus, or chlorophyll a) plus the median modelled 
concentration of that parameter exceeds the interim site specific water quality trigger value. 

Constant Discharge Rate 

The results of the constant discharge rate modelling indicated that the effluent was rapidly mixed in 
the large waterbodies around Legune Station and very low levels of effluent are expected to be 
present outside Alligator Creek.  The effluent concentrations quickly reached steady state levels within 
Alligator Creek and a pattern of increasing and decreasing concentrations within the creek was 
observed with the spring-neap tidal cycle progression. The peak concentrations occur at the outfall 
site and the effluent accumulates upstream of the outfall before reaching equilibrium conditions in 
the upper reaches of the creek system. Downstream of the outfall, the effluent rapidly dilutes. 

To provide an indication of the impact of the effluent concentrations associated with the constant 
discharge rate on particular water quality parameters, the percentage concentration was factored by 
the levels of nitrogen, phosphorus and chlorophyll-a expected to be present in the effluent. It was 
assumed that there is no reduction in these parameters with passage through the environmental 
protection zone (EPZ), which conveys the wastewater from the farms to the outfall. The modelling 
results showed that: 

 Additional nitrogen concentrations in Alligator Creek resulting from a constant discharge rate 
are between 0.05 and 0.25mg/L. The interim site specific water quality trigger values based 
on measured data is 0.31mg/L TN and thus little buffer is available for natural variation in 
nitrogen before this level is exceeded. The combination of median values of additional 
nitrogen and ambient background conditions results in a mixing zone within Alligator Creek 
extending approximately 1km downstream from the outlet and upstream to the tidal limit.  

 The level of phosphorus within the effluent is low and levels of additional phosphorus 
predicted to occur within the receiving waters are also low. The additional concentrations of 
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phosphorus within Alligator Creek under the constant discharge scenario are in the range of 
0.01 to 0.04mg/L, well below the interim site specific water quality trigger value of 0.20mg/L. 
Therefore, no mixing zone applies to this parameter. 

 The level of chlorophyll-a in the effluent when compared with background conditions is high 
and the modelling predicts that under the constant discharge scenario a concentration of 
chlorophyll-a over 2μg/L will occur relatively frequently within Alligator Creek.  The 
combination of median values of additional chlorophyll-a and ambient background 
conditions result in exceedance of the interim site specific water quality trigger value of 
3.2μg/L for the same mixing zone extent as for nitrogen. 

Variable Discharge Rate 

The purpose of the variable discharge rate conditions for the effluent is to maximise the potential 
dilution of the effluent as a result of flow conditions in Alligator Creek.  Sensitivity testing identified 
that discharging the effluent across the ebb tide only, as opposed to a constant rate significantly 
improved mixing conditions and reduced concentrations within the waterways.  For result being that 
the effluent mixing zone, defined as the zone within which the interim site specific water quality 
trigger values are exceeded, is significantly reduced within Alligator Creek.  The variable discharge rate 
condition is therefore  an appropriate mitigation option for managing elevated nutrient 
concentrations in Alligator Creek as a result of the prawn farm discharge.  

The ebb tide discharge modelling results showed the following outcomes: 

 Additional nitrogen concentrations in Alligator Creek as a result of the ebb tide discharge 
regime are below 0.1mg/L.  The combined concentration of the effluent and the ambient 
conditions is 0.3 mg/L and therefore the interim site specific water quality trigger value of 
0.31mg/L is not exceeded. No mixing zone therefore applies to nitrogen. 

 The level of phosphorus within the effluent is low and levels of additional phosphorus 
predicted to occur within the receiving waters are also low. The additional concentrations of 
phosphorus within Alligator Creek under the ebb tide discharge scenario are less than 
0.01mg/L, well below the interim site specific water quality trigger value of 0.20mg/L. 
Therefore, no mixing zone applies to this parameter. 

 The level of chlorophyll-a in the effluent when compared with background conditions is high.  
However, the modelling predicts that under the ebb tide discharge scenario a concentration 
of chlorophyll-a over 2μg/L will only occur within 200m of the outfall.  The combination of 
this median value of additional chlorophyll-a and the ambient background condition results 
in exceedance of the interim site specific water quality trigger value of 3.2μg/L for an area 
approximately 200m upstream and downstream of the outfall. This is therefore the mixing 
zone. 

Discharging effluent only under ebb tide conditions was found to successfully mitigate issues related 
to elevated nutrients and chlorophyll a in Alligator Creek as a result of the effluent discharge.  The 
concentration of nutrients outside of Alligator Creek were not increased as a result of only discharging 
under ebb tide conditions. 

In addition to the nutrients associated with the effluent, changes in salinity may occur as the farm 
grow-out ponds will be maintained at an optimum salinity level for production and hence the 
discharge will have a different salinity to background levels in Alligator Creek. The salinity in the 
effluent may be as high as 70 PSU during the build-up to the wet season when evaporation is 
significant. Numerical modelling was used to understand the mixing and dispersion of the higher 
salinity effluent with the coastal waters. As with the nutrient assessment, the rapid mixing that occurs 
within Alligator Creek means changes in salinity were limited to less than 1 PSU for waterways outside 
of Alligator Creek.  
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Climate Change 

The implications of climate change in the form of sea level rise and the increase in tropical cyclone 
intensity are considered to be the key threats to the project. 

Increased mean sea levels will result in more frequent inundation of upper portion of the tidal channel 
banks and intertidal floodplains. The vegetation type and density within the tidal channel networks 
and across the intertidal floodplain may change due to increased inundation frequency and extent. 
The width and length of these channels may also change as the tidal prism increases.  Within the 
channels themselves, there may be changes to the sediment transport regime as a result of greater 
water depths which may later the configuration of the tidal shoals.  

With a higher mean sea level, the peak water level associated with high storm tides and cyclonic 
activity will be increased. The present day 100 year ARI cyclone storm tide level offshore from Forsyth 
Creek is in the order of 5.2m AHD. Without considering any change in cyclone frequency, this water 
level will be equivalent to a 20 year ARI storm tide by 2060.  The peak 100 year ARI storm tide elevation 
at 2060 will be over 5.7m AHD. Similarly, higher storm tides during cyclones will also increase the 
extent of inundation, and the areas exposed to high energy wave conditions. 

The impact of these changing conditions on the project is uncertain. Monitoring of erosion rates over 
time will enable the identification of any changes in existing erosion processes and mitigation 
measures can be established as patterns and potential impacts become apparent. 

Increases in mean sea level and hence the tidal prism within the waterways will likely to result in an 
increase in the mixing and further dilution of the effluent. However, there may also be an increase in 
the frequency of inter-tidal area inundation, such that the effluent may be transported onto the 
intertidal floodplain areas more frequently. 

Alternative Outfall Options    

To establish the appropriateness of the outfall location at Alligator Creek, an alternative outfall 
location on Bob’s Creek, to the north of the farm area, was identified by Seafarms.  An assessment of 
the impacts on the coastal environment and water quality as a result of effluent discharges from this 
alternative location has been completed. 

The assessment concluded that the main issues associated with the alternative outfall location were 
primarily related to the lower assimilative capacity of the waterway and the lower elevation of the 
intertidal floodplain adjacent to Bob’s Creek.  

The tidal prism of Bob’s Creek was roughly 25% of that of Alligator Creek, and as such the discharge of 
effluent into the creek had increased potential to impact water levels, tidal prism and currents within 
Bob’s Creek. Increases in current speeds could also lead to increased bed scour and channel 
morphology. 

The smaller tidal prism also resulted in much higher concentrations of effluent within Bob’s Creek as 
dilution and dispersion was lower. The mixing zone extended a number of kilometres along the 
channel. In addition to higher effluent concentrations within the channel, the lower intertidal 
topography and hence intertidal inundation frequency results in increased effluent concentrations 
across these areas. 

Alligator Creek was therefore identified as the preferred option for the outfall location. 

Cumulative Impacts 

The cumulative impacts of Stage 1 of Project Sea Dragon were considered by reviewing existing and 
potential future developments within the wider study area. The expansion of the Ord River Irrigation 
Area (ORIA) was identified as the key development which may impact water quality in the waterways 
near the Legune Station.  
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Due to the intensification of irrigation in the Keep River catchment, the ORIA Stage 2 and 3 
development may result in change in base flow and flood flows in the Keep River and Sandy Creek.   
This reduction of flow and sediment inputs to the upper section of the estuary could result in a changes 
in the channel morphology and sediment processes within the estuary.  

Modelling was also undertaken to assess the potential impacts of increased nutrient loads from waters 
discharged from ORIA Stage 2 and 3.  The results indicated that only a very low proportion of any 
material discharged into the upper Keep River or Sandy Creek can be transported into Alligator Creek 
due to the general tidal movements and flushing conditions within the estuary.   

Impacts associated with Stage 1 of Project Sea Dragon are considered to be limited to the area around 
the outlet and intake facilities on Alligator Creek and Forsyth Creek.  Elevated nutrient concentrations 
associated with effluent discharged into Alligator Creek have been shown to occur predominantly 
around the outlet and only very low effluent concentrations were detectable in the Keep River.  As 
such, the combined effects of both projects is not considered to represent an overall increase in 
impacts on the coastal environment of the Keep River estuary and therefore the cumulative impact is 
negligible.  

Conclusions 

The existing coastal environment at Legune Station is highly dynamic, both spatially and temporally.  
This study has determined that development of the Stage 1 grow-out facility at Legune Station is not 
likely to significantly impact these dynamic processes. Any changes to the existing coastal 
environment as a result of the project will be in line with, or less than, the natural variation which are 
already occurring, or will be on a scale which is minimal when compared to the overall disruption of 
the development footprint. 

The impacts on water quality from the proposed effluent discharged from the project are primarily 
limited to the local waterway of Alligator Creek. Optimisation of the discharge regime has shown that 
impacts such as elevated nutrient and chlorophyll-a concentrations, can be successfully mitigated. 
There are unlikely to be any unacceptable changes to nutrient, chlorophyll a or suspended sediment 
concentrations within Alligator Creek as a whole, and there will be no detectable changes in the Keep 
River or the coastal waterways beyond.  
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GLOSSARY                           

Aeolian The erosion, transport and deposition of material by wind. 

Amphidromic An amphidromic point is a point of zero amplitude of one harmonic constituent of 
the tide.  The tidal range (the amplitude or height difference between high tide 
and low tide) for that harmonic constituent increases with distance from this 
point.  These points are sometimes called tidal nodes. 

Atmospheric Pressure The pressure exerted by the earth’s atmosphere at any given point.  E.g. under a 
‘Low Pressure’ weather system the atmospheric pressure on the ocean surface is 
reduced resulting in a local increase in the water surface elevation. 

Australian Height 
Datum(AHD) 

A common national plane of level corresponding approximately to mean sea level. 

 

AEP Annual Exceedance Probability: The measure of the likelihood (expressed as a 
probability) of an event equalling or exceeding a given magnitude in any given 
year. 

Alluvial Water driven sediment transport process (non-marine). 

ARI Annual Recurrence Interval.  The average or expected value of the periods 
between exceedances of a given rainfall total accumulated over a given duration. 

Astronomical tide Water level variations due to the combined effects of the Earth’s rotation, the 
Moon’s orbit around the Earth and the Earth’s orbit around the Sun. 

Backshore The available width of beach extending between the average high-tide mark and 
the vegetation, which is affected by waves only during severe storms. Backshore 
sand lobe migration is the longshore transport of the beach width.  Backshore 
sand lobe migration is a dynamic process that occurs due to variations in sediment 
transport processes along the sandy shoreline. 

Barometric Pressure Refer Atmospheric Pressure.  The depression of the water surface under high 
atmospheric pressure, and its elevation under low atmospheric pressure, is often 
described as the inverted barometer effect. 

Calibration  

 

The process by which the results of a computer model are brought to agreement 
with observed data. 

Chart Datum (CD) Common datum for navigation charts. Typically, relative to Lowest Astronomical 
Tide. 

Chenier Discrete, elongated, vegetated marine beach ridge, sandy hummock and/or shell 
bodies stranded on a coastal mudflat or marsh and roughly parallel to a prograding 
shoreline. 

Coastal Hazard A term to collectively describe physical changes and impacts to the natural 
environment which are significantly driven by coastal or oceanographic processes. 

Colluvium A term used to describe loose, unconsolidated sediments that have been 
deposited at the base of a slope or cliff. 

Delta A complex association of geomorphic settings, sediment types and ecological 
habitats, at a point where a freshwater sources enters an estuarine water body. 

Diurnal A daily variation, as in day and night 

DTM Digital Terrain Model, a three dimensional representation of the ground surface. 

Ebb Tide The outgoing tidal movement of water resulting in a low tide 
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Embayment A coastal indentation which has been submerged by rising sea-level and has not 
been significantly infilled by sediment. 

EPZ Environmental protection zone 

Estuaries The seaward limit of a drowned valley which receives sediment from both river 
and marine sources and contains geomorphic and sedimentary conditions 
influenced by tide, wave and river processes. 

Exceedance Probability The probability of an extreme event occurring at least once during a prescribed 
period of assessment is given by the exceedance probability. The probability of a 
1 in 100 year event (1% AEP) occurring during the first 25 years is 22%, during the 
first 50 years the probability is 39% and over a 100 year asset life the probability 
is 63%. 

Foreshore  The area of shore between low and high tide marks and land adjacent thereto. 

Flood Tide The incoming movement of water resulting in a high tide. 

Geomorphology  The study of the origin, characteristics and development of land forms. 

GIS Geographical Information System. 

HAT Highest Astronomical Tide: the highest water level that can occur due to the 
effects of the astronomical tide in isolation from meteorological effects 

Holocene The period beginning approximately 12,000 years ago. It is characterised by 
warming of the climate following the last glacial period and rapid increase in global 
sea levels to approximately present day levels. 

Hydrodynamic Model A numerical model that simulates the movement of water within a defined model 
area. 

Intertidal Pertaining to those areas of land covered by water at high tide, but exposed at low 
tide, eg. intertidal habitat. 

Intertidal Flats Intertidal flats are generally low gradient and low energy environments that are 
subject to regular tidal inundation. 

Inundation The area of land covered in water either through flooding from elevated coastal 
water levels or catchment generated flows. 

LiDAR Light Detection and Ranging – also known as airborne laser scanning, is a remote 
sensing tool that is used to generate highly accurate 3D maps of the Earth’s 
surface. 

Lithology A description of the physical character if a rock or rock formation. 

Littoral Zone  An area of the coastline in which sediment movement by wave, current and wind 
action is prevalent. 

Littoral Drift Processes  Wave, current and wind processes that facilitate the transport of water and 
sediments along a shoreline. 

Meander A description given to a bend or sinuous watercourse. 

Mesozoic The geological era covering the period from around 252 million years ago to about 
66 million years ago. 

MHHW Mean Higher High Water: the mean of the higher of the two daily high waters over 
a long period of time. When only one high water occurs on a day this is taken as 
the higher high water 

MHWM Mean High Water Mark, i.e. the mean of high water over a long period of time 



CO2 Australia 
Project Sea Dragon – Coastal Environment Impact Assessment 

 

3894-10 / R01 v05  - 26/09/2016 xvi 

MHWS Mean High Water Springs, i.e. the mean of spring tide water levels over a long 
period of time. 

MLWM Mean Low Water Mark, i.e. the mean of low water over a long period of time 

MSL  Mean Sea Level. 

Neap Tides Neap tides occur when the sun and moon lie at right angles relative to the earth 
(the gravitational effects of the moon and sun act in opposition on the ocean). 

Nearshore The region of land extending from the backshore to the beginning of the offshore 
zone. 

Paleochannel A remanent of an inactive river or stream channel that has been either filled or 
buried by younger sediment.  

Palaeozoic The geological area covering the period from about 541 to 252 million years ago. 
Incorporates the Devonian, Silurian, Ordovician, and Cambrian geological periods. 

Paludal Sediments that have accumulated in a marshy or swampy environment. 

Physiography The study of the physical patterns and processes of the environment to 
understand the forces that produce and change rocks, oceans, weather, and flora 
and fauna patterns. 

Pleistocene The period from 2.5M to 12,000 years before present that spans the earth's recent 
period of repeated glaciations and large fluctuations in global sea levels. 

PSU Practical salinity unit. Used to describe the concentration of dissolved salts in 
water. Open ocean salinity is generally in the range from 32 to 37 PSU. 

Regolith A layer of unconsolidated weathered material overlying bedrock. 

Shoal A shallow area within a water body; a sandbank or sandbar. 

Sea Level Rise (SLR) A permanent increase in the mean sea level. 

Semi-diurnal A twice-daily variation, e.g. two high waters per day 

Significant wave height The mean wave height of the one third highest waves 

Spectral wave model A numerical model used to simulate the sea state as it varies with time based on 
wind and/or swell conditions. 

Spring Tides Tides with the greatest range in a monthly cycle, which occur when the sun, moon 
and earth are in alignment (the gravitational effects of the moon and sun act in 
concert on the ocean). 

Storm Surge The increase in coastal water levels caused by the barometric and wind set-up 
effects of storms. Barometric set-up refers to the increase in coastal water levels 
associated with the lower atmospheric pressures characteristic of storms. Wind 
set-up refers to the increase in coastal water levels caused by an onshore wind 
driving water shorewards and piling it up against the coast. 

Storm Tide Coastal water level produced by the combination of astronomical and 
meteorological (storm surge) ocean water level forcing. 

Sub-aerial Processes that take place on the land or at the earth’s surface as opposed to 
underwater or underground. 

Susceptibility The sensitivity of coastal landforms to the impacts of coastal hazards such as sea-
level rise and storm waves.  This may include physical instability and/or 
inundation.  

Tidal Constituents The different components that make up the astronomical tide, based on the 
relative influence of the sun and the moon. 
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Tidal Planes  

 

A series of water levels that define standard tides, eg. 'Mean High Water Spring' 
(MHWS) refers to the average high water level of Spring Tides. 

Tidal Prism The volume of water moving into and out of an estuary or coastal waterway during 
the tidal cycle. 

Tidal Range  

 

The difference between successive high water and low water levels. Tidal range is 
maximum during Spring Tides and minimum during Neap Tides. 

Tides  

 

The regular rise and fall in sea level in response to the gravitational attraction of 
the Sun, Moon and Earth. 

Vulnerability Vulnerability is a function of exposure to climatic factors, sensitivity to change and 
the capacity to adapt to that change. In this report it means the degree to which 
a natural system is or is not capable of adapting or responding to the impacts of 
coastal hazards to which they are physically susceptible and exposed. 

Wave Setup The increase in mean water level due to the presence of waves 

Wind Setup The vertical rise of the water surface above the still water level caused by wind 
stresses on the water surface 

Wind Shear  

 

The stress exerted on the water's surface by wind blowing over the water. Wind 
shear causes the water to pile up against downwind shores and generates 
secondary currents. 
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1. INTRODUCTION 

1.1 Background 

Project Sea Dragon is a proposed large scale, integrated, land based prawn aquaculture venture 
operating across northern Australia. At full production, the proponent, Seafarms Group Limited 
(Seafarms), intends to provide 100,000 tonnes of prawns to the Australian and Asian markets annually.  

Water Technology Pty Ltd has been commissioned by CO2 Australia, a subsidiary of Seafarms, to 
undertake an assessment of the existing physical processes and environmental values of the coastal 
environment and the impact upon these processes and environment of the proposed Stage 1 Grow-
Out Facility of Project Sea Dragon. 

The Stage 1 Grow-Out Facility will be located at Legune Station, Northern Territory. Stage 1 (referred 
to herein as the facility) will produce nominally 14,000 tonnes of prawns per annum and will include 
development of 3,800ha of the floodplain between the Keep River and the Victoria River, as shown in 
Figure 1-1. The facility will consist of intake pipes drawing seawater from Forsyth Creek, intake settling 
ponds, production ponds, wastewater discharge settling ponds and the discharge of wastewater into 
Alligator Creek. All weather access, infrastructure and facilities will also be constructed across the 
floodplain. 

Chapter 2 of this report describes the existing coastal processes and environmental values of the study 
area based on desktop analyses, field data collection and numerical modelling. Aspects addressed 
include the coastal geomorphology and the influence of tides and currents, waves, extreme coastal 
events and water quality. Chapters 3, 4 and 5 provide an assessment of the potential impact of the 
proposed development on existing and future environmental conditions. 

 

 

Figure 1-1 Legune Station location showing Stage 1 of Project Sea Dragon 
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1.2 Project Details 

Figure 1-4 shows the proposed Stage 1 development plan as of May 2016. The main features of Stage 
1 of the project with respect to the coastal environment and estuarine water quality are highlighted 
in Figure 1-4 with details provided below. 

Intake pumps and pipes  

A pump station is to be constructed at Forsyth Creek to extract water from the creek for use in the 
operation. The saline creek water will be pumped via pipes elevated above the floodplain to the intake 
channel and the settlement pond. The settlement pond has a minimum retention time of 72 hours to 
allow a large proportion of suspended sediment to settle before entering the main feeder channel 
which supplies water to the grow out farms and ponds. 

Pumping of saline water into the intake channel and settlement pond will generally be carried out 
from mid-tide to high tide daily in order to minimise pumping of water at low water levels when higher 
concentrations of suspended sediment occur. Pumping needs will vary with the harvest sequence 
within the farms and with evaporation and rainfall during the production period. Water balance 
modelling prepared for the feasibility study indicates that a large volume of water will be required to 
fill the farm ponds after harvesting. Pumping at a rate of 12.5m3/s for 12 hours per day for a period of 
18 days (540 ML/day) is the projected peak extraction rate.  Following this, saline water requirements 
are generally less than 200 ML/day and in fact for extended periods of time no pumping will be 
required at all. An illustration of the pumping requirements for Stage 1 is shown in Figure 1-2.  The 
minimum, mean and 95% percentile values shown represent the Stage 1 Facility requirements taking 
into account rainfall and evaporation variability at the site (Seafarms, 2016). 

 

Figure 1-2 Proposed saline water pumping rates (from Seafarms, 2016) 

 
Grow out farms  
Stage 1 of the facility comprises three grow out farms covering approximately 500 hectares per farm. 
Prawns are introduced to the farms as juveniles and harvested after 15-20 weeks. Each farm comprises 
36 to 40 individual 10ha ponds which are bunded by a clay lined earth bank. Ponds will be formed by 
excavating a thin layer (nominally 300mm) of the locally occurring clay soil on the base of the pond, 
to form bund walls designed to retain a nominal water depth of 1.5m for prawn grow-out. 

Each farm also has a separate external bund around the perimeter of the ponds constructed to a level 
above the pond walls to ensure that failure of an individual pond does not result in a loss of water 
across the floodplain (Figure 1-5).  

Water from the farms will be recycled internally to minimise the amount of pumping and freshwater 
required. The freshwater is required to maintain optimum grow-out pond salinity levels and will be 
transferred to the site via gravity feed from the Forsyth Creek dam to the south. 
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Discharge 
Following harvesting of the prawns, water from the farms will be fed into the internal farm recycling 
ponds (IFRP). From the IFRP, water to be discharged will be released to the main drainage channel 
(MDC) and allowed to flow under gravity to the environmental protection zone (EPZ). The EPZ is a 
transition zone between the MDC and the discharge into Alligator Creek.  

Discharge volumes will be determined by two sets of factors: 

 Operational decisions - including harvesting and harvest schedules, but also the 
environmental management of water within the facilities to control management of salinity; 

 Climatic factors – principally precipitation and evaporation. Severe or high intensity 
precipitation events may result in discharge to prevent overtopping of farm ponds. 

The water level, storage volume and discharge rate into Alligator Creek will be controlled by weirs and 
other structures within the MDC and EPZ. Peak discharge to the MDC will occur when a terminal 
harvest and a partial harvest occur concurrently (Seafarms, 2016). An illustration of the long term 
projected discharge into Alligator Creek considering operational and climatic factors is shown in Figure 
1-3. The statistical variation of the future discharge is shown and indicated the proposed long term 
average discharge through the EPZ to Alligator Creek is less than 420ML/day (Seafarms, 2016).  

The water discharged into the EPZ will contain waste product from the farms (termed ‘effluent’) and 
is likely to have elevated nutrient and algal levels compared with water entering the facility from 
Forsyth Creek. The Stage 1 effluent is expected to have a water quality similar to the existing Seafarms 
prawn farming operations at Ingham in North Queensland (Seafarms, 2016). Table 3-2 presents the 
Queensland EPA discharge licence conditions for the Ingham operations.   

The EPZ will also function to reduce the amount of nutrient entering Alligator Creek. However, for 
conservatism in the assessment, as discussed in Section 3.4, this aspect of the EPZ has not been 
quantified in this assessment. 

 
Figure 1-3 Proposed farm discharge rate (from Seafarms, 2016) 
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Table 1-1 Ingham Operation Discharge Water Quality – Licence Conditions 

Parameter Mean Maximum 

Total Nitrogen (mg/L) 0.8 3.0 

Total Phosphorus (mg/L) 0.1 0.3 

Chlorophyll a (μg/L) 20 100 

Total suspended solids (mg/L) 20 100 
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Figure 1-4 Project Sea Dragon Development Plan (from Seafarms Group, 2016) 
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Figure 1-5 Proposed pond and farm wall configurations (Seafarms, 2016) 
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1.3 Scope of Work 

The scope of work of this study has been designed to respond to the following sections of the Terms 
of Reference (ToR) of the Environmental Impact Study (EIS) as provided by Northern Territory 
Environment Protection Authority (NT EPA): 

Section 2 Alternatives 

 The EIS should describe any feasible alternatives to carrying out the Project. The choice of the 
preferred option(s) should be clearly explained, including how it complies with the principles 
and objectives of ecologically sustainable development. 

 Alternatives should include: 
o ……Locations for components of the Project (e.g. water intake and waste discharge 

locations, pond siting, etc)….. 
o ……Alternative environmental management techniques (in particular, methods for 

waste treatment and discharge… 

Section 3.1  Existing Environment - Physical and Biological 

Existing aspects to be discussed must include: 

 Climate and local meteorology in the context of project environmental management, 
including rainfall patterns and intensity, temperature, evaporation, wind, and the predicted 
frequency and severity of extreme weather events, such as storms and cyclones for the 2, 10 
and 100 year average recurrence intervals (ARI)….   

 …..Estuarine and marine water quality including existing temporal variations in suspended 
solids, nutrient levels and algal blooms…. 

 ……Hydrodynamics of the receiving waters for waste discharge, including local tides and 
current patterns…. 

Section 4.4 Risk Assessment – Water 

Section 4.4.2 Assessment of Risks 

The assessment of risks should include an assessment of risks to surface water (marine and fresh) and 
groundwater at an appropriate spatial scale as a result of the Project. 

This should identify and assess the risks: 

 To existing and/or groundwater quality and quantity, with specific reference to the Project 
components, 

 Of planned discharges, and potential uncontrolled release or passive discharge of 
contaminants, such as hydrocarbons or nutrients, or pathogens to surface and/or 
groundwater, 

 Associated with the new infrastructure or disturbance of soils altering the hydrology and rates 
of erosion and sedimentation of waterways, 

 Of any additional impacts to surface water and/or groundwater resulting from the Project 
given the large volumes of both seawater and fresh water that will be required for the life of 
the Project. 

…The rates of dilution associated with mixing of discharged wastewater into the tidal environment 
and consequent impacts to water quality should be predicted and discussed based on the modelled 
hydrodynamics for receiving waters. 

…The influence of seasonality should be discussed, where relevant. 
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Section 4.4.3 Mitigation 

The EIS should contain management plans that clearly outline objectives and measures to mitigate 
likely impacts of the Project on terrestrial, marine and freshwater systems. All mitigation measures in 
the plan(s) should be adequately detailed to demonstrate best practice management and that 
environmental values of receiving waters will be maintained. The plan must include but not be limited 
to measures that: 

 Minimise contamination of marine and freshwater systems,  

 …Account for times of intense and prolonged rainfall, extreme meteorological conditions, 
such as 100 year ARI storm events, cyclones and storm surges, and the predicted impacts of 
climate change. 

1.4 Assessment Approach 

The work required to provide a thorough understanding and description of the existing physical 
coastal environment at and around the Project Sea Dragon Stage 1 Grow-Out Facility at Legune station 
has been undertaken as follows: 

Desktop Literature Review 

An extensive literature review was conducted to document the existing coastal environment within 
Joseph Bonaparte Gulf, the Keep River, the Victoria River, and the waterways around Legune Station. 
The site is remote and thus previous detailed studies are limited, however where available, data 
associated with the following have been reviewed: 

 Geology and geomorphology of Joseph Bonaparte Gulf, 

 Estuarine and marine water quality including salinity, turbidity and nutrients, 

 Physical oceanography including hydrodynamics, storm surges and waves. 

Physical Data Collection 

A physical data collection program was undertaken for this study which included the deployment of 
water level, wave, and water quality data loggers.  It also included the collection of bathymetric data 
and current profiles to assist in characterising the physical coastal environment. Summaries of the 
data collection program and the location of data collection points are provided in Table 1-2 and Figure 
1-6 respectively. The data collected was used to support the development and calibration of numerical 
models of the study area, Appendix B 

Table 1-2 Field data collection summary 

ID Location Parameters 

Deployment 1: August – September 2015 

1 Forsyth Creek Intake location Water levels, waves, temperature, water quality 
(turbidity, pH, dissolved oxygen, salinity) 

2 Forsyth Creek upper Water levels, temperature 

3 Alligator Creek discharge location Water levels, waves, temperature 

4 Alligator Creek upper Water levels, temperature 

5 Keep River Water levels, temperature, water quality 

Deployment 2: September – October 2015 

6 Offshore of Turtle Point Island Water levels, waves, temperature 

1 Forsyth Creek Intake location Water levels, waves, temperature 
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ID Location Parameters 

2 Forsyth Creek upper Water levels, temperature 

3 Alligator Creek discharge location Water levels, waves, temperature 

7 Alligator Creek south bank 
(opposite discharge) 

Water levels, temperature, water quality 

8 Bob’s Creek  Water levels, temperature 

Deployment 3: October 2015 – January 2016 

1 Forsyth Creek Intake location Water levels, temperature 

7 Alligator Creek south bank Water levels, temperature 

Deployment 4: January – March 2016 

1 Forsyth Creek Intake Water levels, waves, temperature 

7 Alligator Creek south bank Water levels, temperature, water quality, salinity 

8 Bob’s Creek  Water levels, temperature 

9 Offshore of Turtle Point Island Water levels, waves, temperature, salinity 

10 Forsyth Creek tidal extent Water levels, temperature 

11 Alligator Creek tidal extent Water levels, temperature 

12 Keep River Water levels, temperature, salinity 

 

 

Figure 1-6 Field data collection points 
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Numerical Modelling 

A suite of numerical models including hydrodynamic, wave and transport models were developed to 
enable the simulation of the tides, waves, wastewater discharges, freshwater inflows and extreme 
events on physical processes within the Study Area. The Danish Hydraulic Institute’s (DHI) MIKE 
Modelling suite and MixZon CORMIX mixing zone models were used to assess the conditions and 
impacts of the development within the study area.  

The MIKE modelling included both a 2- and 3-dimensional model of the study area. The size of the site 
and connection across the water bodies result in the large 2-D model domain as shown outlined in 
green in Figure 1-7. A smaller local model domain (shown in purple in Figure 1-7) within the Keep River 
and Alligator Creek was adopted for the 3-D model  

Both models include the intertidal floodplain, however, as shown in Figure 1-7, the 3D model includes 
only the Alligator Creek floodplain.  

The MIKE models utilise a “flexible mesh” (FM) system which allows areas of interest to be resolved 
at a higher detail and in a combination of triangles and rectangular elements. Model mesh resolution 
at the discharge and intake point is in the order of 10m x 20m and 20m x 50m respectively. Offshore 
the element size is up to 2,300 ha. 

 

 

Figure 1-7 MIKE modelling suite modelling domains 

CORMIX is a near-field mixing zone model developed to assess the environmental impact of discharge 
from point sources, focussing on the near field mixing regime where the initial momentum and 
buoyancy of the discharge control the mixing processes. The CORMIX modelling domain is focussed 
on the mixing zone in the immediate vicinity of the discharge into Alligator Creek. The outputs from 
this model provide an indication of the efficiency of the discharge outfall configuration in terms of 
near field mixing and the likely time and distance downstream of the discharge location required 
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before the effluent becomes fully mixed with the river flow. This model was used to validate the results 
of the 2D and 3D models. 

Appendix A documents the development and calibration of the numerical models employed in the 
coastal environment assessment. 

Links to Other Reports 

The following additional studies and reports have been undertaken as part of the EIS and have 
provided information to inform this assessment. 

 Volume 5 Appendix 9 – Estuarine and Marine Water Quality and Ecology 

 Volume 5 Appendix 12 – Freshwater Water Quality and Ecology 

1.5 Regulatory Framework 

Legislation, guidelines, and state planning policies relevant to the management and protection of the 
coastal environment at Legune Station include, but are not limited to: 

 Australian and New Zealand Guidelines for Fresh and Marine Water Quality 2000; 

 Environment Protection and Biodiversity Conservation Act 1999; 

 Territory Parks and Wildlife Conservation Act 

 Waste Management and Pollution Control Act 

 Northern Territory Water Act 

 Dangerous Goods Act 

 Fisheries Act 

 Marine Act 

 Water Act 

The regulatory requirements relevant to the Project are contained in Volume 1, Chapter 6 – Approvals, 
Conditions and Agreements. The regulatory requirements of relevance to this report are discussed 
below: 

Environment Protection and Biodiversity Conservation Act 1999 (EPBC Act) (Cwth) 

This is the Commonwealth's central piece of environmental legislation. It provides a legal framework 
to protect and manage nationally and internationally important flora, fauna, ecological communities 
and heritage places, defined in the Act as Matters of National Environmental Significance (MNES). The 
Project has been determined to be a controlled action as a result of two MNES: 

 Listed threatened species and communities (section 18 and 18A) 

 Listed migratory species (sections 20 and 20A). 

The Project therefore requires assessment and approval under the EPBC Act, and is being assessed 
under the environmental assessment bilateral agreement between the Commonwealth and the NT 
government. 

There are a range of possible protected species, and migratory species requiring protection in terms 
of marine and estuarine waters under the Act. While these are fully addressed in Volume 2, Chapter 
7, Estuarine and Marine Ecology, this is relevant here in terms of the impacts of the Project at the 
location of the intake structure, and at the outfall on receiving water quality. 

Dangerous Goods Act 1998 (NT) 

Relates to the storage, handling and transport of dangerous goods on the project site. Relevant to this 
assessment in terms of managing hazardous substances, to avoid spills to the marine or estuarine 
environments. 
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Fisheries Act (NT) 

Provides for the regulation, conservation and management of fisheries and fishery resources in order 
to maintain their sustainable utilisation, as well as regulating the sale and processing of fish and 
aquatic life. An aquaculture licence is required under the Act for the breeding or farming of fish or 
aquatic life for sale, and for the Project. This is only tangentially relevant to this assessment, but 
conditions may be placed relating to discharges. 

Marine Act (NT) 

Approval is required to erect structures below the high water mark or to attach structures to the sea 
floor (jetty, wharf, pontoon or mooring) in NT waters.  Approval under the Act is likely to apply to the 
construction of the intake which will be constructed below the high water mark on Forsyth Creek, and 
the discharge from the EPZ into Alligator Creek. 

Territory Parks and Wildlife Conservation Act (NT) 

The Territory Parks and Wildlife Conservation Act (TPWC Act) provides conservation categories for 
aquatic species, relevant in terms of protecting the quality of receiving waters, and impacts at the 
intake point.  Fish species listed under the TPWC Act are protected under the Northern Territory’s 
Fisheries Act.   

Waste Management and Pollution Control Act 1998 (NT) 

The purpose of the Act is to protect the environment through the encouragement of effective waste 
management and pollution prevention and control practices. It facilitates the implementation of 
national environment protection measures made under the National Environment Protection Council 
(Northern Territory) Act 1999, and incorporates environmental compliance plans and audits. 

Environmental protection approvals and licences are required under the Act for activities listed in 
Schedule 2 associated with:  

 The disposal of waste by burial  

 The collection, transportation, storage, recycling, treatment or disposal of listed waste 

 The processing of hydrocarbons so as to produce, store or dispatch liquefied natural gas or 
methanol.   

Environment protection approvals are granted for works associated with the construction phase and 
environment protection licences are granted for the operational phase of projects.  The Act also 
establishes a process for notifying the NT EPA in regard to incidents causing, or threatening to cause, 
pollution.  

Environment protection approvals will be required for the construction phase of the development, 
and an environment protection licence will be required for the operational phase. Waste management 
controls and response procedures for potential environmental incidents will be developed for the 
Project in the Environmental Management Plans.  

Water Act 1992 (NT) 

Provides for the investigation, allocation, use, control, protection and management of the NT’s surface 
water and groundwater resources. The regulatory functions of the Water Act cover: 

 The discharge of waste to water   

 The extraction of water from surface water sources 

 The drilling and abstraction of groundwater from bores 

 Construction or alteration works undertaken within a waterway (i.e. dam construction and/or 
roadworks). 
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A surface water extraction licence will be required under the Act to extract and use saline water from 
Forsyth Creek, and a waste discharge licence will be required to discharge waste water from the grow-
out facility into Alligator Creek. 

AS 1940—Storage and handling of Flammable & Combustible Liquids 

To protect soils from contamination (as for surface and groundwaters), flammable and combustible 
liquids and other chemicals stored in minor quantities are required to conform to this standard. 

Indigenous Land Use Agreement (ILUA)  

Discussions are currently underway to develop an ILUA for the Project area, required prior to works 
starting on the site, which may include provisions relevant to marine and estuarine water 
management. 

Northern Territory Environmental Protection Authority Guidelines (NT) 

The NT EPA has developed a series of draft and current guidelines related to the Environmental 
Assessment Act and Waste Management and Pollution Control Act. These guidelines are policy 
documents that describe the minimum expectations of the NT EPA in relation to a particular matter. 
Potentially relevant guidelines include: 

 Guidelines on Conceptual Site Models 

 Guidelines on Mixing Zones  

Australian and New Zealand Guidelines for Fresh and Marine Water Quality 2000 (National) 

Often referred to as the Australian Water Quality Guidelines (AWQG), or the ANZECC Guidelines, these 
are part of the National Water Quality Management Strategy (NWQMS). The aim of the guidelines is 
to 'provide an authoritative guide for setting water quality objectives required to sustain current or 
likely future environmental values for natural and semi-natural water resources in Australia and New 
Zealand'. To this end, the AWQG provide guidance on setting and selecting appropriate water quality 
objectives, based on a hierarchy starting at: 

 Local Guidelines, then 

 State Guidelines, then 

 National (AWQG) guidelines. 

In essence, this hierarchy requires that where there are no locally specific guidelines (which would 
require comprehensive local water quality data collection typically spanning at least a 1 to 2 year 
period) that management decisions should default to relevant State based guidelines, and in their 
absence to National guidelines. 

1.6 Environmental Objectives and Targets 

The overarching objective of hydrodynamic and receiving water quality assessments relating to the 
project is to ensure that surface waters, including estuarine and marine waters, are protected both 
now and in the future, such that the ecological health, and the health, welfare and amenity of people 
are maintained. 

In this regard, the key values to be protected in relation to estuarine and marine waters are: 

 Marine and estuarine aquatic ecosystems  

 Human consumers (primarily for fish species) 

 Cultural and spiritual values of marine and estuarine waters, including ecosystems and biota 

 Suitable salt water supply to support the Project (primary industries, aquaculture), primarily 
related to the intake waters. 
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Key environmental protection objectives and their related specific criteria to protect these 
environmental values are outlined in Table 1-3. 

Table 1-3 Objectives and Performance Criteria – Marine and Estuarine Waters 

Objectives Targets 

Protection of marine and estuarine aquatic 
ecosystems 

Construction works operate under ESCP and 
ASSMP, with: 

 No evidence of erosion or sediment loss 
from the site due to site construction 
activities 

 No oxidation of acid sulfate soils on the site 
due to site activities 

 No leaks or spills 

Operations: 

 Interim WQOs for slightly to moderately 
disturbed marine and estuarine ecosystems 

Maintenance of the cultural and spiritual values 
of marine and estuarine waters, including 
ecosystems and biota 

WQOs as specified above. 

Maintenance of biota - refer Volume 2, Chapter 
7 

Ensure a sustainable and suitable salt water 
supply to support the Project 

No changes in the tidal water level or salinity 
regime of Forsythe Creek that would affect its 
key role in supplying suitable quality salt water 
to the project 

Appropriate engineering design at the intake 
and settlement ponds to ensure long term 
stability and integrity of structures and supply 

Engineering design by registered professional 
engineer, following advice of registered 
geotechnical engineer 
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2. EXISTING COASTAL ENVIRONMENT 

2.1 Coastal Geomorphology 

The geomorphology of the study area can be examined at a range of scales, including; the regional 
context of the Joseph Bonaparte Gulf, the tide dominated Keep and Victoria estuary and river systems, 
through to the tidal creeks such as Alligator, Forsyth and Bob’s Creeks, and the intertidal floodplains 
of the Legune Station site. Each component has its own characteristics which are linked via their 
physical conditions, hydrology, sediment transport and water quality dynamics. This section broadly 
describes the geomorphic characterisation of the study area at these different scales. 

2.1.1 Joseph Bonaparte Gulf 

Joseph Bonaparte Gulf is located in a large, shallow, macro tidal embayment situated between Darwin 
and the northern Kimberley. The gulf is bounded to the west, south and east by the West Australian 
and Northern Territory coastlines and to the north and northwest by the Timor Sea, Figure 2-1. The 
morphology of Joseph Bonaparte Gulf is the product of marine transgressions and regressions, fluvial 
erosion and deposition and littoral and sublittoral transport processes.  

The regional geomorphic features of the northern continental margin of Australia are a result of the 
convergence and associated down warping and uplifting of the Australian platform and the Papua 
New Guinea and Indonesian archipelago together with the rifting and subsidence caused by the 
opening of the Indian Ocean (Harris P. H., 2003). 

Joseph Bonaparte Gulf itself is located at the southern end of the Bonaparte Depression on the Sahul 
Shelf (Harris P. H., 2003) .  The Sahul Shelf is a shallow platform of complex topography which is 
bounded by the Leveque Rise to the southwest, Van Diemen Rise to the east, and the Timor trough to 
the northwest. The Bonaparte Depression is a broad central depression on the inner and middle shelf 
regions which formed during the Late Devonian period 360 million years ago (Gunn, 1988).  Within 
the Bonaparte Depression, a central valley drains northward through an incised fluvial channel 
network. The channel and drainage basin formed during periods of lower sea level and are termed 
paleochannels/basins.  The channel cuts through significant (up to 10km) sedimentary deposits of 
Mesozoic (251-65.5 million years ago) and Cenozoic Era (the last 65.5 million years) sediments which 
separate the valley from the Timor Trough. Figure 2-1, based on (Ainsworth, 2008) shows the channels 
across the Bonaparte Depression incising the outer shelf and draining northwards into the trough. This 
outer shelf shows characteristics of a wave dominated shoreline with a deltaic formation caused by 
fluvial sediments around the main channel draining the valley (Ainsworth, 2008). 

During glacial low-stands when sea level stayed for a period 120–130 m below present day levels, 
much of the Joseph Bonaparte Depression would have been sub-aerially exposed, with the central 
basin potentially existing as a partially isolated marine influenced lake (Nicholas, et al., 2015).  As sea 
levels rose at the end of the last glacial low-stand around 18,000 years ago, the outer shelf margin was 
inundated and the coastline shifted landwards.   At present, the Bonaparte Depression forms a muddy 
basin with a maximum depth of around 70 m.  Sediments within the basin are mostly relict compared 
to the coastal zone to the south, rather than export from the coastal zone and/or previous terrigenous 
origin.   

The funnelling of tides towards the present day coastline as sea levels gradually rose caused their 
amplification and the coastline became tidally dominated. The influence of high fluvial flows during 
the monsoonal period continued to influence the coastline with large drowned river valleys of the 
Ord, Keep, Victoria and Fitzmaurice flowing into Joseph Bonaparte Gulf at the southern end of the 
Bonaparte Basin.  The gradual development of the modern bathymetry of Joseph Bonaparte Gulf over 
the last 10,000 to 20,000 years is detailed in (Przeslawski, et al., 2011).  
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Figure 2-1 Joseph Bonaparte Gulf (based on (Ainsworth, 2008)) 

 

The geomorphology of the Joseph Bonaparte Gulf region is complex and consists of rises, depressions, 
banks, terraces and channels, as shown in Figure 2-2, adapted from (Przeslawski, et al., 2011).  These 
landforms have developed through the interplay of the underlying geology and the oceanographic 
conditions described above.  In the southern region, towards the mouths of the Keep and Victoria 
Rivers, the main geomorphic features comprise the shallow continental shelf, and a series of deep 
channels and bars aligned predominantly with the entrances of the estuary systems. Lees (1992) 
describes these bars as “tidal current ridges” which are predominantly comprised of sand size 
material. 

The project site is located on the coastal plain at the southern boundary of Joseph Bonaparte Gulf 
between the estuary systems of the Keep and Victoria Rivers.
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Figure 2-2 Map of the geomorphic features of the Bonaparte Basin and Joseph Bonaparte Gulf regional, from (Przeslawski, et al., 2011)
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2.1.2 Keep River and Victoria River Catchments 

The catchment areas of the Keep River and Victoria River systems are shown in Figure 2-3.   

Victoria River 

The Victoria River catchment covers an area of approximately 78,000 km2.  The Victoria River itself 
traverses around 720 km through a mixture of grassy plains, rolling savannas, rocky spinifex country, 
mesas and plateaux before reaching the estuary.  Due to the low gradient of the catchment the tidal 
limit extends a significant distance to approximately 20 km upstream of Timber Creek (Kirby & Faulks, 
2004), as shown in Figure 2-3. 

There are seven major geology types and landforms across the Victoria River catchment, as shown in 
Figure 2-4 (from Kirby and Faulks (2004)): 

 Sandstone plateaux and associated valley floors - includes the rugged sandstone plateaus, 
steep valleys and scarps of Jasper Gorge at the southern end of Humbert River Station and the 
northern boundary of Mt Sanford Outstation. The headwaters of the Wickham River and to 
the west and south of Kalkaringi, as well as the Spencer Ranges north east of Newry Station 
to Bradshaw and Innesvale Stations also fall into this category. 

 Sturt plateau remnants and associated valley floors – is typically flat, and forms the south 
eastern and south western boundaries of the catchment. 

 Limestones and calcareous and dolomitic sediments – This limestone-derived material is 
generally undulating, and is restricted to the headwaters of Timber Creek, Skull Creek and the 
headwaters of Jasper Gorge Creek. 

 Country derived from basalt rock – is typically undulating to hilly country, comprising major 
rivers, and are dominated by cracking clay soils. 

 Sand Dunes (dune fields) – are found along the southern boundary of the catchment on edges 
of the Simpson Desert. 

 Coastal Floodplains – are restricted to the coastal regions at the mouth of rivers 

The landforms in the lower Victoria River and Keep River systems (including the coastal 
floodplains/estuarine plains landform from Figure 2-4) are shown in more detail in Figure 2-5.   This 
report discusses tidally inundated landforms only.  Further details of the site geomorphology are 
provided in Volume 2, Chapter 1 – Geology, Geomorphology and Soils. 

Keep River 

The Keep River catchment straddles the border of Western Australia and the Northern Territory 
covering approximately 5,000 km2.  It rises southeast of Kununurra with headwaters just south of the 
Victoria Highway.  After passing through the gorges and low hills of the Keep River National Park, the 
river emerges onto the estuarine plains.  Downstream of the Legune Road Crossing, approximately 
the tidal limit, the river becomes a series of permanent waterbodies separated by rock bars before 
entering the estuary proper approximately 13 km further downstream. The current project is focussed 
on the estuarine plain landforms of the lower Keep River system. 

Further details of freshwater flows into the system are provided in Section 2.7.2. 
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Figure 2-3 Catchment Basin of the Keep River and Victoria River 
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Figure 2-4 Landforms of the Victoria River (Kirby & Faulks, 2004) 
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Figure 2-5 Landforms of lower Victoria and Keep River systems 
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Figure 2-6 Keep and Victoria River catchments and tidal extent
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2.1.3 Keep River and Victoria River Estuaries 

The geomorphology of the Keep River and Victoria River estuary systems is determined by the relative 
influence of wave, tide and river flows.  These estuaries formed as the Joseph Bonaparte Gulf 
embayment gradually infilled with marine and terrestrial derived sediment along the drowned river 
valleys of the Keep and Victoria Rivers following sea level changes over the last 10,000-20,000 years. 
Both systems are classified as tidally-dominated estuaries; comprising an outer landward-tapering 
funnel shaped entrance, transitioning to a narrower inner estuary, and bounded by various intertidal 
plain environments. 

Examples of geomorphic features of the Keep and Victoria River estuary systems are shown in Figure 
2-7 and are discussed further in the following sections. 

 

 

Figure 2-7 Examples of geomorphic features across the study area 

Victoria River 
entrance – funnel 

shaped outer estuary 

Keep River entrance 
– funnel shaped 

outer estuary 

Sand cheniers and ridges 

Tidal creeks – varying 
scales 

Keep River – funnel 
shaped outer estuary 

Keep River form 
becomes more 

confined towards the 
inner estuary 

Tidal creeks – varying 
scales 

Intertidal Flats 

Stable, linear tidal 
shoals 
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As shown in Figure 2-7, the main channels of the Keep and Victoria River estuaries show a varied 
morphology.  The Keep River estuary is generally broader and shallower than the Victoria River, with 
a more extensive low tide channel network and low tidal flats. This is reflected in the lower tidal 
currents in the Keep River estuary (Section 2.4.5) and more extensive sand banks across the mouth.  
The Victoria River estuary morphology is similar to the Ord River estuary (Coleman & Wright, 1978) 
with stable linear tidal shoals. 

Both systems are intersected by tidal channels ranging in scale from a few metres wide to 1500 m 
wide at the mouth of Alligator Creek.  

Chenier Ridges 

In addition to the coastal plains landform which covers the majority of these estuary systems, along 
the exposed shoreline facing Joseph Bonaparte Gulf isolated sand ridges (termed cheniers) are present 
(Figure 2-8).  These chenier ridges are the most eastern exposure of a complex chenier sequence which 
stretches from the Cambridge Gulf to the Victoria River. Lees (1992) undertook an analysis of this 
chenier system which indicated these chenier ridges formed rapidly over a 1000-year period from 
about 2000 years before present to 1200 years before present.  Over this period, progradation of a 
fine sandy shoreline occurred due to low mud inputs to the inner Joseph Bonaparte Gulf shelf.  The 
most likely reason for this reduction in mud input is a decrease in fluvial inputs due to climatic changes, 
although Lees (1992) suggests that that changes in the location of the mouth of the Ord River could 
have been a contributing factor.  Lees notes that during the Holocene (from 10,000 years ago to 
present) the Ord River may have discharged at various times into the present day Victoria and Keep 
River estuaries. 

It was observed in the field that along this exposed shoreline and on these chenier ridges a large 
number of whole shells and shell fragments were present (Figure 2-9).  The presence of shells in these 
chenier ridges was also observed by Lees (1992) who indicated this material originated from the inner 
shelf sandy mud and mud zones.  Unexpectedly, dating of the “fresh” looking specimens by Lees (1992) 
yielded ages of approximately 4000 to 6000 years before present for some samples. A large bar of this 
material has formed at the entrance to Forsyth Creek (Figure 2-10) with an aerial view of the creek 
(Figure 2-10) illustrating the tidal forces at the entrance to the creek forming a curved bar of coarse 
material. 
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Figure 2-8 Looking along the exposed shoreline between Keep River and Victoria River, with 
chenier ridges 

 

 

Figure 2-9 Material from chenier ridge on the northern edge of Turtle Point Island (left) and 
Forsyth Creek entrance (right) 

Victoria River 

Keep River 

Forsyth Creek 

Chenier Ridges 
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Figure 2-10 Chenier ridge material accumulating at entrance to Forsyth Creek 

 

Intertidal Plains 

As detailed in Volume 2, Chapter 1 of the EIS, these intertidal plain environments are classified as 
“coastal plain” and extend from the low tide elevations to the peak tidal elevation. Offshore, the 
highest astronomical tide is in the order of 5.1m AHD, however this level will vary across the site as 
the tidal flows are funnelled through the estuaries and creeks. A step change in the topography is 
observed in the LiDAR, aerial imagery and site inspections (Image 7 below) at the interface between 
the intertidal plain and the higher floodplain. This step changed generally occurs between 4.5 to 5.1m 
AHD.   

The coastal plains can be further characterised as a series of distinct zones, according to their tidal 
inundation regime and vegetation communities.  The classification described below has been adapted 
from those detailed by Thom et al (1975) and Coleman and Wright (1978) for the adjacent Ord River 
estuary system for the specific tidal elevations across the Keep and Victoria River estuary systems. 

 Low tide flats – range from -5.3 m to -1.0 m AHD. The surfaces of these flats are inundated 
twice daily by tidal waters.  This includes areas within the Keep River and Victoria River main 
channel and those that border the exposed shorelines. The low tidal zone is typically bare of 
vegetation. Sediments within the smaller tidal channel are chiefly soft, dark brown to black 
clays and silts. In the larger channels the low tidal zone is generally sandy/silty sands.  The 
sands on exposure at low tide exhibit abundant bedforms. 

 Mid-tidal-level flats – range from -1.0 to 3.75 m AHD.  These are inundated by a high 
percentage of the tides.  The mid tidal zone is characterised by a cover of mangroves or other 
halophytes although its landward side may contain bare mud patches.  Sediments are soft, 
organically rich and burrowed extensively by crabs.  Frequently a low step or scarp separates 
the lower unit from the higher portion of the mid tidal flat. A more diverse mangrove flora 
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grows on the higher unit. The mid tidal zone is strongly dissected by tidal creeks and gullies. 
These drainage paths permit the finger-like extension of vegetation onto the high-tidal flats. 

 High-tidal flats – range from 3.75 m AHD to 4.3 m AHD.  This surface is transgressed only by 
high spring tides and is subject to subaerial exposure between inundations.  These bare flats 
may be sub-horizontal or contain a depression in the centre. Salt crystallises on the mud-
cracked surface forming thin-discontinuous crusts during the dry season.  Shallow gullies 
extend from the mid-tidal flats onto the high-tidal flats. During the wet season the regular 
short but intense storms inundate the high-tidal flats and result in standing water until the 
next high tide inundates the area. Increased drainage channels across the high tidal flats can 
be observed across some areas. Little vegetation is present in the high-tidal flats. 

 Supratidal flats – which have elevations above 4.3m AHD.  These flats are subject to 
inundation only during abnormally high tides, commonly referred to as “King tides”.  
Halophytes occupy much of their hummocky surface. Fine grained sediments deflated from 
the lower elevation tidal flats accumulate in the supra-tidal zone. 

In addition, meandering across these various tidal flats are a wide variety of tidal channels that tend 
to be sinuous and show strong meandering characteristics.  The tidal creeks are discussed separately 
in the following section. 

Table 2-1 Examples of Intertidal Plain Environments 
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2.1.4 Tidal Creeks 

Tidal creeks are defined as channels which cut across the intertidal flats of the Keep and Victoria River 
estuaries and are dominated by tidal flows rather than freshwater inflows.  This category includes the 
Alligator Creek, Forsyth Creek and Bob’s Creek systems. Some of the larger tidal creeks have terrestrial 
catchments which provide freshwater inflows during the wet season. 

The geomorphology of tidal creeks is comprised of a straight, sinuous or dendritic (branched) tidal 
channel(s), tapering and shoaling to landward (Wolanski, Mazda, & Ridd, 1992). The adjacent intertidal 
flats exhibit a similar morphology to the main estuary intertidal plains, although the actual elevation 
of the high tidal flats varies for the larger of these channels (e.g. along Alligator Creek and Forsyth 
Creek) due to changes in the tidal plane elevations along these waterways.  Intertidal flats were 
discussed in the preceding section. 

 

Figure 2-11 Examples of tidal creeks at different scales across the site 

 

Alligator Creek 

The main channel of Alligator Creek exhibits a braided type morphology, with a series of sub-channels 
separated by braid bars, essentially the low tide flats, that are flooded at high tide (see Image 2 in 
Table 2-1).   

Observations from site indicate that these sub-channels are highly dynamic with significant changes 
to their planform occurring over relatively short timeframes as shown in Figure 2-12.  This figure 
highlights a number of changes in channel and bar morphology between LiDAR terrain data collected 
in April 2015 and imagery captured in November 2015. These features are shown in Figure 2-37. 

To analyse changes in the planform and bank location of Alligator Creek over a longer timeframe, 
aerial and satellite imagery was collected from 1967-2015.  For each available image, the bank and 
bend line was mapped and these are presented in Figure 2-13 and Figure 2-14. 

Tidal Creeks – varying scales 
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Figure 2-12 Changes in Alligator Creek channels, April – November 2015 
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Figure 2-13 Alligator Creek shoreline change 1967-2015 – outlet location area 
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Figure 2-14 Alligator Creek shoreline change 1967-2015 – entrance
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The results indicate that significant change has occurred over the last 50 years along Alligator Creek, 
both near the proposed discharge site and at the creek entrance. Considerable change is observed 
between 1967 and 2003 during which time the tidal extent of Alligator Creek was significantly reduced 
by road and paddock bunds. Since 2003, when the Forsyth Creek Dam was constructed and wet season 
flows into Alligator Creek were further modified, continued change in bank location of 4-5m per year 
recession at the discharge point is noted. The erosion of the banks at the entrance since 2003 is greater 
than at the discharge point, with the edge of the channel (as defined by the border of dense 
vegetation) on the southern bank retreating landward around 120m between 2003 and 2010. Retreat 
since 2010 has reduced and only 30-40m of setback is observed between 2010 and 2015. 

The bank material along Alligator Creek is typically fine grained (silt to clay range) with a more resistant 
surface layer, partially stabilised by vegetation, and with softer more erodible material beneath.  The 
following images show examples of the bank profile in the vicinity of sites 9, 10 and 11 which are noted 
in Figure 2-16.  The banks are typically sloping over much of the tidal range, then transition abruptly 
to a near vertical bank at the channel margins.  The local crenulated pattern along the top metre of so 
of the banks is likely to be related to wave action. 

 

  

Figure 2-15 Bank sediment and profiles along Alligator Creek 

 

The morphology of the banks along Alligator Creek varies spatially but does show similar forms.   Bank 
profiles along the creek have been extracted from the LiDAR dataset captured in April 2015 at 
locations indicated in Figure 2-16.  The profiles themselves are presented in Figure 2-17, Figure 2-18, 
and Figure 2-19.   

The bank slopes shown in the profiles are generally steep over much of the profile. The profiles show 
a horizontal line at around -2m AHD which is due to the water level at the time of survey. The survey 
cannot capture bed levels below the water surface. The lower bank profile, as shown in Figure 2-15, 
taken at low tide, shows the more sloping profile below -2m AHD. 
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Figure 2-16 Bank profile locations along Alligator Creek 

 

  

  
Figure 2-17 Bank Profiles – entrance section of Alligator Creek 



CO2 Australia 
Project Sea Dragon – Coastal Environment Impact Assessment  

 

3894-10 / R01 v05  -  26/09/2016 36 

  

  
Figure 2-18 Bank profiles – mid section of Alligator Creek 

 

  
Figure 2-19 Bank profiles – upper section of Alligator Creek 

 

Forsyth Creek 

In general, Forsyth Creek shows a meandering planform, comprising a single main channel with 
dendritic smaller tidal creeks joining the main channel along its length.  However, at the proposed 
intake location on Forsyth Creek the planform changes.  Over a distance of 3km, the single main 
meandering channel splits into a series of channels forming a more braided morphology along this 
section.  Upstream of the divided channels, the creek reverts to a single flow path, however the 
channel centreline follows a more meandering form than the downstream channel indicating lower 
current speeds are present.  The aerial images and hydraulic modelling results indicate asymmetric 
flood and ebb tide patterns in this section, with the main creek flow being increasingly directed 
towards the southern branch, as shown in Figure 2-20. 
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Figure 2-20 Flow patterns in Forsyth Creek – mid-section of the creek (intake location) 

 

Bathymetric data shows that the south channel is significantly deeper than the central or northern 
channels and conveys the majority of the flood and ebb tide flows below mean water level.  The 
proposed intake for the facility is located on the outside bend of the southern channel.  Within a bend, 
flow is directed preferentially towards the outside bank which generates a vertical component of 
velocity resulting in scour of the bank (Figure 2-21). 

 

Figure 2-21 Vertical velocity components operating around a channel bend (Raudkivi, 1998) 
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As with Alligator Creek, in order to analyse changes in the planform of Forsyth Creek over time 
historical aerial imagery captured between 1967 and 2015 was analysed. More regular satellite 
imagery from USGS (LandSat) was also obtained for a more detailed analysis of the proposed intake 
area. For each of the available images the bank line was mapped and compared.  The results at the 
entrance to Forsyth Creek and around the proposed intake are shown in Figure 2-22 and Figure 2-23 
respectively.   

Downstream and upstream of the proposed intake location and braided channel, there has been very 
little change in bank alignment over the period analysed.  However, there has been change at the 
creek mouth itself (Figure 2-22) with erosion on the more exposed western bank and accretion on the 
eastern bank.  Large gravel and shell deposits have been observed at the entrance to Forsyth Creek 
(Figure 2-10). These deposits are likely to have been deposited during a cyclone event(s) as there are 
no gravel sources within the upstream reaches. 

Figure 2-23 shows continued erosion in the mid-section of the creek throughout the time period 
analysed. Movement of the edge of the southern bank has occurred for all years assessed and the rate 
of change is very consistent with up to 15m of bank erosion per year occurring.  There is potentially 
an underlying, more resistant, layer of sediment in the central channel in this section where the bed 
cannot scour which prevents deepening of the central channel. This in turn causes increased flow 
through the southern channel resulting in the continued southerly realignment of this channel. 

 

 

Figure 2-22 Forsyth Creek shoreline change 1972-2015 – entrance the creek 
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Figure 2-23 Forsyth Creek shoreline change 1967-2015 – mid section of the creek 

 

Bank profiles along Forsyth Creek have also been extracted from available LiDAR (April 2015) data at 
locations indicated in Figure 2-24.  Most of the profiles show steep slopes between -1m AHD and the 
top of bank. Profiles 4 and 7 exhibit a compound profile with steep and more gently sloped sections.  
Profiles are presented in Figure 2-26, Figure 2-27 and Figure 2-28. 

The benched profile shown in Figure 2-25 left possibly occurs as a result of wave action under different 
water level conditions.  During high tide conditions, wave action is able to impact the upper section of 
the banks, while under lower water levels the lower sections of the bank are exposed and wave action 
impacts at these lower levels.  More broadly along the creeks, the local crenulated pattern along the 
top metre of so of the banks is also likely to be related to wave action. Examples of this crenulated 
pattern and bed slumping are shown in Figure 2-29. As Thom et al (1975) noted on the King River (a 
tidal creek on the Ord River system), “the muds on these slopes are very soft and highly liquefied, and 
in places blanket more compact sediments which were deposited 5000 years or more ago”. 

As for Alligator Creek, the profiles show a horizontal line at around -2m AHD which is due to the water 
level at the time of survey.  The survey cannot capture bed levels below the water surface. Photos 
taken at low tide suggest a more sloping profile below -2m AHD, Figure 2-25.  The tidal range in Forsyth 
Creek is around 9.5m, with mean low water springs (MLWS) at around -5 m AHD.  Therefore, around 
3m of the bank profile was not captured in the LiDAR survey. 
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Figure 2-24 Location of bank profiles extracted from the LiDAR, Forsyth Creek 
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Looking upstream towards intake site Looking downstream away from intake site 

Figure 2-25 Bank profile examples on Forsyth Creek 

 

  

  

  
Figure 2-26 Bank Profiles – mid section of Forsyth Creek 
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Figure 2-27 Bank Profiles – upstream section of Forsyth Creek 
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Figure 2-28 Bank profiles along Forsyth Creek 

 

 

 

Figure 2-29 Examples of bank profiles along Forsyth Creek showing the crenulated pattern 
(upper) and slumping of the soft mud slopes (lower) 
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2.2 Bathymetry 

2.2.1 Joseph Bonaparte Gulf 

As discussed in Section 2.1.1, Joseph Bonaparte Gulf is located at the southern end of the Bonaparte 
Depression which forms a large, shallow embayment. The Bonaparte Basin drains through the former 
Pleistocene coastline splitting the outer bank of the Sahul Shelf with an incised channel between 150 
– 200m deep. 

The basin rises steadily towards the coast from the Bonaparte Basin. A cross section of the bathymetry 
from offshore to the Legune Station floodplain is shown in Figure 2-30 and illustrates this consistent 
and gentle rise in bed level towards the shore. Remnant fluvial channels can be seen incising the bed, 
the Keep River channel is evident in the bed cross section and the larger Victoria River channel is visible 
in the main window of Figure 2-30. The Keep River channel can cause increases in depth of 10-15m, 
and the larger Victoria River channel can increase the depth by over 30m in places. 

Close to the shoreline, the bathymetry is relatively flat between 20 and 40km offshore where a shelf 
is observed at around 10m depth. 

 

 

Figure 2-30 Bathymetry of Joseph Bonaparte Gulf 

Joseph Bonaparte Gulf – Bathymetric Cross Section 
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2.2.2 Keep River and Victoria River Systems 

Keep River  

Bathymetric data within the Keep River is scarce as nautical charts do not cover the region south of 
Turtle Point Island. Bathymetric survey was undertaken to improve the understanding of the Keep 
River bathymetry as part of the project. The survey, completed in November 2015, identified the main 
channels through the northern and eastern side of the river. The large intertidal floodplains restricted 
survey data collection south of Alligator Creek. 

A bathymetric digital elevation model (DEM) of the Keep River was established using the survey, 
nautical chart data (where available) and satellite and aerial imagery. The imagery was used to 
delineate channels and to estimate bed levels based on tidal states. The Keep River DEM is presented 
in Figure 2-31. 

At the entrance to the Keep River, bathymetric survey indicates depths of greater than 20m at mean 
sea level (MSL) could be encountered in the main channels. These deep sections of the channels are 
relatively isolated and constrained to the entrance. The bed level within the main body of the river is 
predominantly above -10m AHD, with the minimum bed level increasing with distance upstream. 
Increasing extent of intertidal banks begins just downstream of the Alligator Creek mouth and 
continues upstream into the Keep River and Sandy Creek waterways.  

Cross sections of the Keep River are shown in Figure 2-31 and these indicate the varying channel width, 
depth and form along the river profile. Whilst levels of the sand bars shown are indicative only, they 
provide a good representation of the differing flow paths along the channel. 

Aerial imagery of the extensive sand bars within the Keep River and Sandy Creek are shown in Figure 
2-32. The images show the sand bars to the north and south of Alligator Creek. The sandbars cover a 
significant area of the channel, particularly south of Alligator Creek and were formed through the 
deposition of marine sediments. The sand bars are part of the low tide flats which are exposed during 
low tides. 

Aerial imagery of Sandy Creek indicates that the bed level is above the mean low water neap (MLWN) 
level within a distance of 5km upstream of the confluence with the Keep River and small ponds which 
form during low tides are isolated from the tidal flow, although much of the bed is exposed for a 
greater period. Review of imagery and historical gauged data (NT Water Data Portal) of the Keep River 
(bathymetric survey data is unavailable) indicates that the bed depth in the Keep is lower than in Sandy 
Creek and tidal flow extends further upstream, although ponding within the channel is observed 
during periods of lower water.  Figure 2-33 shows the incoming tide in Sandy Creek. 
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Figure 2-31 Keep River bathymetry 

Figure 2-23 (top) 

Figure 2-23 (bottom) 
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Figure 2-32 Keep River mouth (top) and Keep River Sandy Creek (bottom) at low tide 
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Figure 2-33 Incoming tide at Sandy Creek 

 

Victoria River 

Bathymetric data of the Victoria River is sparse, and limited to official nautical charts as shown in 
Figure 2-34. The charts indicate the depth at the entrance may be in the order of 10-15m chart datum 
(CD) which is equivalent to around 15-20m AHD. The river splits into two separate channels close to 
the mouth where a large vegetated island exists. The vegetated section of the island is close to 9km 
long and 2.5km wide with prominent tidal channels draining through mangroves. The island extends 
another 6km seaward during the low tide with significant banks exposed. 
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Figure 2-34 AUS Chart 725 

 

2.2.3 Tidal Creeks 

Forsyth Creek 

The bathymetry of Forsyth Creek is shown in Figure 2-35, and was developed from bathymetric survey 
(Gardline, November 2015), aerial LiDAR captured by Photo Mapping Services in April 2015 and aerial 
imagery. Bathymetric survey captured bed levels to just upstream of the mid-channel islands, south 
of which LiDAR imagery captured a significant extent of low tidal channel heights. Depths of channels 



CO2 Australia 
Project Sea Dragon – Coastal Environment Impact Assessment  

 

3894-10 / R01 v05  -  26/09/2016 50 

inundated during the LiDAR capture have been interpolated based on visual inspection and aerial 
imagery. 

The low tide entrance to Forsyth Creek is relatively narrow and constrained offshore between two 
extensive banks which are exposed during low tide. The main channel through the entrance banks has 
a bed level below -14m AHD, increasing to around -10m AHD at the high tide mouth of the creek, as 
shown in the cross section in Figure 2-35. The western side of the entrance has a large shell and gravel 
deposit comprising the material observed in the chenier ridges along the northern coastline. 

Within Forsyth Creek, the channel continues 6km upstream from the mouth to the mid-section. The 
channel over this reach is well formed and has no sandy tidal shoals or bars and the bank slope changes 
with the varying tidal planes described in Section 2.1.2. 

At a distance of 6km from the entrance, the main channel splits into 3 distinct channels of differing 
width and depth. The main channel, to the south, carries the majority of flow and causes significant 
erosion of the outer bank as described in Sections 2.1.4 and 2.6.3. The bank is observed to move at an 
average annual rate of up to 15m along this channel, and as such the bed levels and position surveyed 
in November 2015 may be different to those observed at the time of reading. However, the general 
channel shape and volume is likely to remain relatively constant. The main channel to the south is the 
deepest, with a scour hole creating a bed level less than -12m AHD.  

The central channel is the shallowest with the no flow capacity during low tide. This causes notable 
difference in current speeds on the flood and ebb tide (discussed in Section 2.4.5) as the flow area 
increases by close to 15 times between MLWS and MHWS. The bed through the centre of the islands 
is sandy with current ripples, and shows evidence of an increasing coverage of mangrove vegetation.  

Upstream of the islands, the channel depth reduces markedly, with the bed level of the main flow 
channel less than -4m AHD. The channel remains relatively wide (> 500m) for a further 7km upstream 
before the minimum bed level rises further to -1.5m AHD and the width of the channel reduces from 
400m to less than 100m at the tidal barrier caused by existing farm roads and paddock bunds 7km 
further upstream. 
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Figure 2-35 Forsyth Creek bathymetry
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Alligator Creek 

The construction of a roadway weir across Alligator Creek for pastoral operations (post 1967) limited 
the tidal extent of Alligator Creek to less than 15km from the mouth. The tidal extent of the creek 
previously extended another 5 - 7km upstream with the main tidal channel continuing to the 
southeast, as shown in Figure 2-36. 

 

Figure 2-36 Alligator Creek tidal extent – comparison between 1967 and 2015 

 

The reduction in the tidal extent has resulted in the low tide channel and high tide banks of Alligator 
Creek changing substantially since 1967, with continuing change observed in more recent satellite 
imagery and data collection (Figure 2-12 and Figure 2-13).  

Bathymetric survey (November, 2015), LiDAR data collection (April 2015), aerial imagery (November 
2015) and field observation (2015 – 2016) have been used to generate a bathymetric DEM as shown 
below in Figure 2-37. High tide, bank to bank cross sections of the bathymetric DEM are presented in 
Figure 2-37 and demonstrate the changing nature of the low tide channel and the overall increase in 
bed level between the entrance and the upper extent of the creek.  

The channels at the entrance to Alligator Creek are highly dynamic and observations between 2015 
and 2016 indicate that although ebb flows continue through the spring low tide levels, at times the 
flow area and current speed can be impacted by local changes to channel depths and widths. Similarly, 
the flow paths and depths in the vicinity of the proposed discharge point are variable, and different 
areas have been observed to pond and drain at different times during 2015 and 2016 with changes to 
the main tidal channel shown in Figure 2-12. Changes to the low tide flow path can be observed in the 
upper reaches of Alligator Creek and the difference in bed level between the flow channel and sand 
bar reduces with distance upstream leading to more frequent changes in channel path. 
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Despite these changes in low water flow paths, the majority of the flow volume of the channel is 
unchanged and controlled by the high tide bank locations. The banks on both sides of the creek along 
the majority of the tidal extent are steep and subject to slower rates of change than the bed. The cross 
sections show that the minimum bed level rises from -4.0m AHD at the entrance to -1.0m AHD at the 
discharge point to above 2.0m AHD upstream, indicating the majority of the flow capacity within the 
creek is above the mean low water springs (MLWS). 

 



CO2 Australia 
Project Sea Dragon – Coastal Environment Impact Assessment  

 

3894-10 / R01 v05  -  26/09/2016 54 

 

 

Figure 2-37 Alligator Creek bathymetry 

 

  

   

  
Figure 2-38 Alligator Creek cross sections 
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Bob’s Creek 

Bob’s Creek is a smaller tidal creek off the Keep River, to the north of Alligator Creek.  Additional survey 
of Bob’s Creek was included in the data capture for the project as it was identified as a possible 
alternative site for wastewater discharges from Stage 1.   

The bathymetric survey collected in Bob’s Creek during November 2015 was used to generate a DEM 
and cross sections of the creek presented in Figure 2-39. The bathymetric data indicated that the low 
tide channel of the creek meandered through the high tide banks and low tide bars and high flow 
scour holes are found on bends in the creek similar to the morphology of a meandering river. 

The deepest scour hole, located approximately 6km upstream of the creek mouth, was close to -20m 
AHD. A further 3km upstream, a rock outcrop forms a weir across Bob’s Creek which impacts tidal 
flows and water elevations upstream. Bathymetric survey was not collected upstream of this point 
due to the shallow depths and difficult navigational conditions through the rock weir (Figure 2-40). 

Bob’s Creek is far narrower than Alligator and Forsyth Creeks and has far fewer exposed low tide bars 
or actively migrating channels during the low tides on both the upstream and downstream side of the 
rock outcrop.  

 

 

 

 

Figure 2-39 Bob’s Creek bathymetry and channel cross sections 
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Figure 2-40 Rock weir outcrop on Bobs Creek 

 

 

Figure 2-41 Upper Reach of Bob’s Creek 
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2.3 Climatic Conditions 

The climate at Legune Station is considered to be tropical monsoonal typically described as a hot and 
dry season occurring June to August and a hot and humid wet season occurring late December through 
March. Transitional conditions occur between these two periods and vary in length. A tropical cyclone 
season between November and April overlaps with the wet season. 

A key factor in the description of climatic conditions is the variability of conditions across a number of 
timeframes. As noted above, the seasonal change driven by the monsoon has a significant impact on 
water conditions. However, the combined effects of global weather systems such as the El Niño-
Southern Oscillation (ENSO), the Indian Ocean Dipole (IOD) and the Maddern-Jullian Oscillation (MJO) 
can lead to longer periods of change and variability away from “normal” (sometimes considered 
average) conditions. Whilst climate measurements available can be analysed to provide “average” 
conditions, it may not be common to achieve these average conditions across an annual, or longer 
period.  

A description of the climatic variation across the seasons and typical and extreme values is provided 
below. Data has been sourced from the Bureau of Meteorology (BoM) at a number of stations around 
Legune. These stations and their proximity to Legune Station are shown in Figure 2-42. Recorded data 
in the area is relatively sparse, the distance between Legune Station and Wyndham (where the longest 
record of data exists) is over 100km. Where available, average, minimum and maximum conditions 
are presented to highlight the climatic variability which occurs in the region. 

 

Figure 2-42 Location and proximity of weather and tidal stations to Legune Station 

 

2.3.1 Air Temperature 

Figure 2-43 shows the monthly average minimum, and monthly average maximum air temperatures 
along with the minimum and maximum daily air temperatures for each month at each of the stations 
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in presented Figure 2-42. The statistics for each station is presented by the grey lines whilst the 
average across the region based on these stations is provided by the coloured lines. 

There is some spatial variation across the region, reflective of the different conditions local to each 
site. At Port Keats, located closer to the open water of Joseph Bonaparte Gulf, maximum air 
temperatures during the wet season are noticeably less than at the other stations and there is a range 
of up to 15oC in recorded minimum temperatures. With the exception of Timber Creek and Port Keats 
during the wet season, the average daily maximum and minimum values are within 2 degrees of the 
average across the region. Port Keats is likely to be more exposed to west and north-westerly fronts 
which pass across the area during the monsoon season, whilst Timber Creek is located much further 
inland than the other weather stations. 

Across the year, the wet season has the lowest range in daily temperatures with an average range of 
10 degrees during January and February between 25oC and 35oC. During July and August, the daily 
average temperature ranges over 15 degrees from 16oC to 32oC.  

The hottest months are November and December as the wet season begins. Average monthly 
maximum temperatures in this period are 38oC and 37oC degrees respectively.  

 

Figure 2-43 Monthly temperature variation 

 

2.3.2 Rainfall 

Rainfall is driven by a combination of moist south-east trade winds, monsoonal conditions and tropical 
cyclones. Heaviest rainfall generally occurs across a monsoonal trough or during landfall of a tropical 
cyclone.  

The monsoonal patterns which bring rain during the wet season are shown in Figure 2-44. Warm air 
blows south from South-East Asia, collecting moisture from the ocean which then falls onto the 
continent. During the breaks in the monsoonal pattern the front pushes north and light winds and 
short storms occur whilst humidity and temperature build until the next monsoonal front arrives. 
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Figure 2-44 The Australian Monsoon (BoM, 2008) 

 

Conditions in the Pacific Ocean which drive the El Niño/La Niña/Neutral cycle also influence rainfall in 
the northern and eastern Australian region. El Niño years, shown on the left in Figure 2-45 and in 
yellow in Figure 2-46 are generally drier with cooler than normal water temperatures in the north of 
Australia, whilst La Niña conditions result in the opposite with more rainfall across the north and east 
and warmer than normal ocean temperatures. The variation and strength of the Southern Oscillation 
Index, shown in Figure 2-46 (used to measure El Niño/La Niña variation) demonstrates the longer 
period changes associated with El Niño/La Niña. 

 

Figure 2-45 El Niño versus La Niña rainfall (BoM, 2008) 

 

Figure 2-46 Southern Oscillation Index indicating El Niño and La Niña patterns (BoM, 2008) 

Local rainfall has been recorded for varying time periods for the stations shown in Figure 2-42. The 
monthly rainfall recorded at Legune Station (1957 to 2016) and across the surrounding sites is shown 
in Figure 2-47. The general pattern of wet summer months and dry winter months is demonstrated by 
the average monthly rainfall total at both Legune Station and regionally, shown by the dotted blue 
and orange lines respectively. Higher average monthly rainfall totals can be observed at Legune 
Station compared to the wider area. The average annual rainfall is close to 1,200mm at Legune Station 
with over 90% occurring in the sixth month period from November through to April. Port Keats shows 
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similar annual rainfall totals to Legune Station, however across the region, stations which are less 
affected by coastal storms record an average annual rainfall of less than 950mm. 

The variability of the monthly total rainfall measured at Legune Station is also illustrated in Figure 
2-47, the light and royal blue shaded areas illustrating the difference between the maximum and 
median total monthly rainfall recorded at the Legune Station gauge between 1957 and 2015. Some 
difference can also be observed between the mean and median rainfall (illustrated as the shaded royal 
blue area and the dashed blue line with circles), indicating that the maximum monthly total can be 
outliers which skew the mean value upwards.  

The monthly rainfall recorded at Legune Station Homestead during the 2015/16 wet season data is 
shown in the figure as a black line. A very wet December has been followed by a dry January, February 
and March resulting in one of the driest wet seasons on record at Legune Station. The daily rainfall 
total for the period of record is shown in Figure 2-48. 

The blue and gold columns represent the highest recorded single daily rainfall total recorded at Legune 
Station Homestead and within the region respectively. The highest daily rainfall event is often above 
the long term mean and median monthly total, illustrating the intense storms which can impact the 
area.  

The highest daily rainfall in the region is recorded at the Kimberley Rest Station in April 1959. An 
unnamed cyclone passed over the area at this time and 400mm of rain was also noted as falling (albeit 
over 2 days) at Wyndham.  

However, these intense storms are localised. During the same event in April 1959, just 134mm of rain 
was recorded at Legune Station over 6 days around the peak recorded event at the Kimberley Rest 
Station. The total for these 6 days at the Kimberley Rest Station (including the record daily total) was 
527.8mm. 

Analysis of the recent Christmas Eve 2015 storm, presented in Figure 2-49, shows the daily variation 
of rainfall across the region with a high daily total at Port Keats compared with a more constant daily 
total at Legune Station Homestead. 
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Figure 2-47 Monthly Average Rainfall  

 

 

Figure 2-48 Daily recorded rainfall at Legune Station Homestead 
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Figure 2-49 Regional rainfall 23-25th December, 2015 

 

2.3.3 Evaporation 

The high temperatures in the region lead to high rates of evaporation. This evaporation can impact 
shallow or still water bodies and cause increases in salinity in coastal estuaries. 

A single BoM station has collected pan evaporation data in the region. Thus available evaporation data 
in this region can be considered relatively sparse. A summary of daily average evaporation between 
1965 and 2010 at the Kimberley Research Station (near Kununurra) is provided in Figure 2-50. As 
shown, average daily evaporation increases through the dry season before peaking in October, prior 
to the onset of the wet season and then reducing through the wet season to March.  

 

Figure 2-50 Average daily evaporation variation (Kimberly Research Station) 

 

2.3.4 Wind Conditions 

Winds in the north of Australia are generally driven by the south-east trade winds which blow across 
the continent (BoM, Bureau of Meterology, Australian Climate Influences - The Australian Monsoon, 
2008). Monsoon conditions result in a reversal of these wind patterns during the wet season as 
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monsoonal troughs (fronts of low pressure) are pushed south onto northern Australia. The heating up 
of the continental land mass causes air pressure to increase over central Australia allowing the 
monsoonal fronts to push south. The changing wind conditions as a monsoon front pushes into the 
north are presented in Figure 2-44. The active monsoonal period is generally shorter than the inactive 
period, the cycle repeating every four to eight weeks during the wet season. Average conditions across 
the region are generally onshore during the wet season and offshore during the dry season as shown 
in Figure 2-51. Average wind speeds offshore from Legune Station during January and July are 10-
15km/h (2.5-4.2m/s) onshore and 20-25km/h (5.5-7m/s) offshore respectively (BoM, 2016). 

 

  

Figure 2-51 Average wind conditions during January (left) and June (right) (BoM, 2016) 

 

Wind roses for the wet season (December - February) and dry season (June - August) are shown in 
Figure 2-52, generated from measured half hourly wind data at the Wyndham and Port Keats Airports. 
As shown in Figure 2-51, wind speeds are relatively low, predominantly below 10m/s. Gust speeds, 
the highest 3 second duration wind recorded during a 30-minute period, can however exceed 28m/s 
(over 100km/h) during large storm events. Cyclonic winds and their frequency of occurrence are 
discussed in Section 2.5. During the dry season, winds are generally offshore, from the east at 
Wyndham and from the southeast and south at Kununurra and Port Keats respectively. During the 
wet season, winds are predominantly onshore, bringing warm and moist air from a northerly 
(Wyndham) and northwest and west direction (Kununurra and Port Keats respectively). 

Further analysis of the Wyndham wind climate indicates that during the wet season, winds shift from 
light westerly winds in the morning to stronger onshore north and north-westerly conditions in the 
afternoon. During the dry season, stronger winds are consistently from the east and south east in the 
morning before weakening during the afternoon. In the build up to the wet season from September 
through November, strong northerly winds dominate afternoon conditions.  

At Kununurra, a similar pattern is followed with stronger onshore winds (i.e. north and north-easterly) 
in the afternoon during the wet season compared with strong morning southeasterly winds dominant 
during the dry season. Whilst less pronounced, the strong afternoon northerly winds observed at 
Wyndham also occur at Kununurra during the build up to the wet season between September and 
November. 

Based on these datasets, it could be assumed that during the dry season, wind conditions at Legune 
Station would be predominantly offshore, stronger in the morning and potentially with some light 
onshore winds in the afternoon as the land heats. During the wet season, north and northeasterly 
conditions are likely to dominate. Periods of offshore winds can occur during storm events as the 
monsoonal front approaches and the cooler air from the south and tropical depressions and cyclones 
form. 
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(a) Wyndham Airport (b) Port Keats Airport 

Figure 2-52 Wet and dry season wind climate (period of record) 

 

2.3.5 Impacts of Climate Change 

The predicted impacts of climate change on meteorological conditions are well documented. The 2015 
CSIRO report “Climate Change in Australia Projections, Cluster Report – Monsoonal North” (CSRIO, 
2015) provides a summary of the impacts that are currently projected around Legune Station.  The 
key points are summarised below. 

Temperature 

Air temperatures within the monsoonal northwest have increased linearly by an average 0.9oC over 
the last century. Daytime temperatures have increased by slightly more at 1.0oC during the period. 
Global models predict that temperatures in the north will increase by an additional 0.5-1.3oC above 
1986-2005 average levels by the year 2030 depending on the modelled emission scenario. By 2090, 
the projected increase in temperature rises to 1.3 oC to as much as 5.1oC on 1986-2005 levels.  

Along with the increase in average temperatures, the number of hot days (i.e. above 35oC) is predicted 
to increase from an average of 11 days per year under current conditions to between 25 and 74 days 
by 2030 and between 54 and 211 days per year by 2090.  
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Evaporation 

As would be expected given these increases in average temperature and the number of hot days, the 
rate of surface evaporation in northern Australia is likely to increase in the future. The magnitude of 
this increase relies on a number of climatic conditions and there is low confidence by CSIRO in the 
estimates of evaporation magnitude. 

Rainfall 

The monsoonal environment of northern Australia, and the strong influence of the ENSO on annual 
climate variation results in no clear trend on which to base the projected impact of climate change on 
rainfall patterns or totals around Legune Station. However, it is generally considered that rainfall will 
become more intense and maximum daily rainfall totals will increase in the future. 

Wind Conditions 

Global models do not provide a consistent understanding of wind conditions into the future however 
the general consensus is that there is likely to be some small increase in wind speed during the 
monsoonal and trade wind seasons with more variability of speed and direction predicted for the 
transitional seasons.  

2.4 Oceanographic Conditions 

Oceanographic conditions at Legune Station and within Joseph Bonaparte Gulf are driven by the 
variations in climate described above and the high astronomical tidal range in the region. A suite of 
numerical models has been developed to simulate the oceanographic conditions in the region. These 
are described further in Appendix A. The numerical modelling has been used to provide more detailed 
oceanographic information at Legune Station as little recorded data existed prior to the data collection 
program implemented for this project, Appendix B. 

2.4.1 Tidal Water Levels 

Joseph Bonaparte Gulf 

Joseph Bonaparte Gulf is a macro-tidal environment where astronomical tides circulate around an 
amphidromic point (also known as a tidal node) located offshore of Cape Londonderry in the west of 
the Gulf. Tidal ranges around the amphidromic point are low and increase radially away from the 
amphidromic point. 

The closest recognised tidal station to Legune Station is located at Pelican Island, approximately 50km 
west of the site. The closest “Standard Port” tidal station is Cape Domett, located approximately 
100km north-northwest of Legune Station at the entrance to Cambridge Gulf.  

A Standard Port has a longer period of more reliable data than a secondary port. The tidal information 
at Pelican Island and Cape Domett is provided by the Royal Australian Navy’s (RAN) ‘Australian 
National Tide Tables’. A typical period of astronomical tide at Pelican Island is provided in Figure 2-53. 
Tidal plane information for Pelican Island and Cape Domett are shown in Table 2-2. The BoM also 
provides predicted tidal levels for Quoin Island, located at the mouth of the Victoria River. However, 
the period data was collected at this site is relatively short and thus the predicted tides at Quoin Island 
are not as reliable as Pelican Island. 

The astronomical tide at both Pelican Island and Cape Domett is semi-diurnal (i.e. two high and two 
low tides daily) with a slight diurnal inequality which results in one higher tide and one lower tide per 
day. The mean spring tide range1 (5.8m) at Pelican Island is larger than Cape Domett (5.3m), whilst 
the range between the Highest Astronomical Tide (HAT) and the Lowest Astronomical Tide (LAT) is 

                                 
1 Mean High Water Springs (MHWS) minus Mean Low Water Springs (MLWS) 
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slightly smaller (8.0m compared to 8.1m). This anomaly demonstrates the complex nature of the 
astronomical tides within Joseph Bonaparte Gulf which results from a combination of the 
amphidromic point and circulation of the tide, the funnelling of the tide into Joseph Bonaparte Gulf 
and Legune Station, and the funnelling of tides into the wide estuaries such as the Cambridge Gulf 
where Cape Domett is located.  

The tidal signal presented in Figure 2-53 also shows significant difference in the ranges of successive 
spring tides with the maximum spring tide range varying from 7.5m to 6.5m across a 4-week period. 
The difference between the successive spring and neap tide ranges is also influenced by the 
amphidromic point and the clockwise rotation of the semi-diurnal (i.e. twice daily, M2 and S2) 
components of the tide and the anti-clockwise rotation of the diurnal (once daily, O1 and K1) tidal 
components (Louis, 1975). 

Table 2-2 Astronomical Tidal Planes (m AHD)* 

Location Data source HAT MHWS MHWN MLWN MLWS LAT 

Cape Domett ANTT 2016 3.8 2.6 1.0 -1.0 -2.7 -4.2 

Pelican Island ANTT 2016 3.7 2.9 1.1 -1.1 -2.9 -4.3 

Offshore Legune Measured data+ 5.1 3.7 1.0 -1.0 -3.7 -5.3 
+ Water levels have been measured for the purpose of calibrating the numerical model. Information derived from measured water levels 
should be used with caution and should not be relied upon for detailed engineering or navigation 

*The accuracy of water level data (including that provided by ANTT) should be considered to be in the order of ±0.2m 
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Figure 2-53 Example of astronomical tidal signal at Pelican Island and offshore of Legune Station 
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Legune Station 

An offshore water level logger was deployed for a 6 week period during September and October 2015 
and again for 6 weeks between January 2016 and March 2016, as described in the Table 1-2. 
Astronomical tidal constituents were obtained from the dataset and used to generate a tidal signal 
offshore from Legune Station as shown in Figure 2-53. The tidal plane information, based on harmonic 
tidal constituents, is shown in Table 2-2. 

The tide offshore from Legune Station is similar to that at Pelican Island -  semi-diurnal with a slight 
diurnal inequality. The mean spring tide range is higher than Pelican Island at 7.4m and as with Pelican 
Island there is significant difference between peak spring tidal ranges of around 1.0m. The peak 
measured tidal range during October 2015 was in the order of 9m.  

Based on the measured data, the highest astronomical tide (HAT) of 5.1m AHD noted in Table 2-2 is 
the predicted highest tide which could theoretically occur in a tidal epoch – a period of 18.6 years. 
Meteorological impacts such as storm surge and regional seasonal and inter-annual variability 
discussed below may result in a water level higher, or lower, than the HAT and the LAT (lowest 
astronomical tide) respectively. 

The tidal floodplain above the mean high water springs (MHWS) at Legune Station is very flat and 
small changes in the high tide may result in large areas being inundated. To provide an indication of 
the potential intertidal floodplain inundation, the frequency of high tide levels over a tidal epoch was 
assessed. The potential extent of high tide inundation for a range of frequencies per year is shown in 
Figure 2-54.  

It should be noted that these levels are representative of offshore tides which will change as they 
propagate into the Keep and Victoria River estuaries. It should also be noted that the inundation 
shown does not consider the time required for the flood to propagate across the intertidal floodplain, 
or any minor obstacles which may prevent inundation. Inundation shown is based on a 10m cell LiDAR 
of the site collected in April 2015. Some steps in the LiDAR data resolution where levels change by 
over 0.3m in adjacent cells can be seen in Alligator Creek. The inundation plots are thus for general 
information and illustrative purposes only. 
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Figure 2-54 Astronomical tidal exceedance of levels measured offshore of Legune Station 

 

Tidal Rivers and Creeks 

Water levels have also been recorded at a number of locations around Legune Station, as noted in 
Table 1-2. This data collection program was used in the development and calibration of the numerical 
models discussed in Appendix A and B.  

Time series of predicted water levels within the Keep River, Alligator Creek, Bob’s Creek, Forsyth Creek 
and the Victoria River are shown in Figure 2-56. The locations of each time series data site are shown 
in Figure 2-55. The offshore tidal elevation is shown in each chart to illustrate the relative change 
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across the site.  Alligator Creek in particular has a number of channels and ponds which do not fully 
drain on the low tide, resulting in a flattening of the water level during the ebb tide.  

The peak spring tidal level within the Keep River increases with distance from the estuary north as the 
water level is setup within the estuary, and at the southern point the peak spring tidal level is close to 
5.0m AHD. However, the shallower banks in the upper estuary also result in the minimum water level 
at the upstream point being 0.5m higher than the entrance and 1.5m higher than offshore illustrating 
the restriction in ebb tide flows. Bob’s Creek is a relatively uniformly shaped waterway until the rock 
weir shown in Figure 2-40 however the meandering low flow channel and large tidal floodplain prolong 
the ebb tide and restrict the minimum water level in the estuary to around -3.5 m AHD. Upstream of 
the rock weir, water levels show similar characteristics to the pools and channels of Alligator Creek as 
the ebb tide cannot drop below around -1.0m before the flood tide overtops the weir and reverses 
the flow. 

A full tidal signal is observed within Forsyth Creek, including the area around the proposed intake 
location.  Upstream of the intake, the creek bed levels increase significantly (as shown in Figure 2-35) 
and the slower estuarine ebb tide draining noted above occurs.  

Tidal water levels within the Victoria River are similar to the Keep River estuary where the levels at 
the entrance are similar to those offshore, whilst further upstream minimum levels are restricted as 
the large upstream estuary is still draining when the tide reverses and the flood tide pushes water 
back upstream. Although the model is not calibrated to water levels within this part of the waterway, 
the modelled water levels do correlate with predicted levels at Quoin Island, as noted on Nautical 
Charts. 

The phase lag (time delay) between the offshore tide and the tides within the Legune Station 
waterways varies across the spring-neap tidal cycle. Water levels for successive neap and spring tides 
at the Keep River upstream, at the Alligator Creek discharge point, offshore and at the Forsyth Creek 
intake location are shown in Figure 2-58 and illustrate this variance. Phase lags are highest during the 
spring ebb tides within Alligator Creek with the ebb tide still draining up to 4.5 hours after the offshore 
low tide.  

 

Figure 2-55 Location of modelled water levels 
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Keep River 

Alligator Creek 
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Figure 2-56 Modelled water levels around Legune Station 

Bob’s Creek 

Forsyth Creek 

Victoria River 
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Figure 2-57 High tide at the intake location, Forsyth Creek 29.10.15 
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Figure 2-58 Water levels during neap (middle) and spring (bottom) tides around Legune Station 
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2.4.2 Sea Levels 

In addition to tidal water level variations, longer term changes in water levels at the site will occur in 
response to local weather conditions including tropical cyclones, seasonal climatology and global 
climate forces. A summary of the period and magnitude of these changes is provided in Table 2-3 and 
described in more detail below. Tropical cyclones are discussed separately in Section 2.5. 

Table 2-3 Major processes impacting sea level variability 

Sea level driver Period Range 

Astronomical Tide 0.5 – 1 day 8.0 – 9.0m  

Storm Surge 1 – 10 days 0.2 – 0.3m 

Seasonal/Monsoon 3 – 6 Months 0.2 – 0.3m 

ENSO/IOD Inter-annual 0.1 – 0.2m 

 

Storm Surge 

Storm surge is the localised increase in water levels due to atmospheric and oceanographic conditions 
related to a storm event. The increase in water level is the combination of water level setup due to 
wind forces on the ocean surface and barotrophic (pressure) impacts. Storm surge associated with 
tropical cyclones is described in more detail in Section 2.5. 

An estimate of the non-tropical cyclone wind driven setup around Legune Station has been established 
using the numerical model of Joseph Bonaparte Gulf described in Appendix A. Analysis of the regional 
wind climate between October and February when onshore conditions dominate was used to establish 
the 99%, 90% and 75% wind speeds from the north through northwest. The model was simulated until 
the peak water level was reached, however the duration required to achieve this level may be longer 
than the probable wind duration. The water level set up values after 3 hours, which is considered 
conservative for these winds speeds, are shown in Table 2-4.  

Wind setup increases as water is pushed into the Keep and Victoria Rivers and Forsyth Creek. Water 
levels at the intake and discharge points of Forsyth and Alligator Creeks peak 0.05 to 0.1m higher than 
at the offshore point under the most extreme conditions. Further upstream, wind setup can lead to a 
peak water level increase of 0.2m above mean sea levels. The modelling has been conducted using 
constant water levels at both mean sea level (0m AHD) and also the offshore MHWS (3.7m AHD) to 
provide extreme conditions. Results in Table 2-4 represents the highest levels which tend to occur 
during lower water when friction has a greater impact on the water surface. 

When considered in relation to the tidal range in excess of 9m at Legune Station, wind driven setup is 
minor. 

Table 2-4 Potential wind induced storm setup offshore 

Wind level Wind speed and direction Peak increase in 
MSL 

99% Exceedance 7.2 m/s 322 deg 0.1 

90% Exceedance 4.7 m/s 317 deg < 0.1 

75% Exceedance 4.2 m/s 317 deg < 0.05 

 

Atmospheric pressure variations can also cause increases to mean water levels. When considering 
pressure in isolation, a change in atmospheric pressure from 1000 hPa to 1010 hPa will cause (close 
to) a 10cm decrease in water level. The range in atmospheric pressure in the region is steady at around 
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20 hPa throughout the year (BoM, 2015). By extension, it can be assumed that atmospheric pressure 
would be expected to contribute as a maximum, a change in water level of 0.2m during the passing of 
a front and associated change in pressure. As with the impact of wind on water levels, this potential 
change in water level is low relative to the high tidal range. 

Seasonal Variability 

Mean sea levels in the north of Australia are also influenced by monsoonal conditions and seasonal 
changes in atmospheric pressure, air temperature and wind conditions. Figure 2-59 shows the 
monthly difference of mean sea levels when compared to the long term average. The data has been 
sourced from 25 years of measured data at Broome and Darwin, collected by the BoM as part of the 
Australian Baseline Sea Level Monitoring Plan.  The seasonal pattern is clearly evident with mean sea 
levels peaking during the wet season when atmospheric pressure and temperatures are high. The 
northwest monsoonal winds during this period also help to push water towards the coastline, 
increasing the elevated levels to around 0.1m above the annual mean sea level during the monsoonal 
months. During the dry season months of June through October, winds are generally offshore (south 
and east) and the water (and air) temperatures are lower, reducing baroclinic impacts on water levels 
and mean sea levels are around 0.15m below the annual average.  

 

 

Figure 2-59 Seasonal variation of mean sea level at Darwin and Broome 

 

Inter-annual Variation 

Global weather systems lead to an inter-annual variation in water levels which can cancel out or 
exacerbate the seasonal change. The north of Australia is impacted by both the El Niño Southern 
Oscillation and processes in the Pacific Ocean as discussed in Section 2.3. The main regional flow path 
is from the Pacific Ocean through South-East Asia to the Indian Ocean. During an El Niño period, sea 
surface heights in the western Pacific are lower than normal which also results in lower than normal 
sea surface heights across northern Australia. Conversely, during periods of La Niña, water levels are 
higher than average in the western Pacific and across northern Australia.  

Figure 2-60 shows the variation of annual sea level anomalies based on measured data at Broome and 
Darwin. The data has been adjusted to remove the impact of sea level rise measured by the gauges 
which is discussed further in Section 2.4.7. The yellow line represents the Southern Oscillation Index 
(SOI) shown in Figure 2-46 where levels above zero represent periods of La Niña and below the line 
are representative of El Niño. Figure 2-60 illustrates that regional water level anomalies around Legune 
Station are influenced by the SOI with annual average water levels following a similar pattern to the 



CO2 Australia 
Project Sea Dragon – Coastal Environment Impact Assessment  

 

3894-10 / R01 v05  -  26/09/2016 77 

fluctuation between La Niña and El Niño. During a prolonged period of La Niña, such as during the 
period 1998 – 2001, regional water levels can be on average 0.1m higher than average whilst during 
a strong El Niño as was present in 2015, regional water levels can be greater than 0.1m below the long 
term average. 

 

 

Figure 2-60 Annual variation of mean sea level at Darwin and Broome 

 

2.4.3 Water Temperatures 

Regional Water Temperature 

Water temperature within Joseph Bonaparte Gulf is driven by the regional climatic conditions 
described in Section 2.3 and the regional currents discussed in Section 2.4.4. Average sea surface 
temperatures in Joseph Bonaparte Gulf that have been developed as part of the National Marine 
Bioregionalisation Project (CSIRO, 2005) are shown in Figure 2-61.  

The difference between wet (January) and dry (July) season conditions can be clearly seen, with an 
average temperature in the offshore area of around 30 oC in the wet compared with 26oC during the 
dry season. Closer to shore, this variation increases as average wet season temperatures rise to 32oC 
in the shallower water and July temperatures drop to under 23oC.  

During the transitional months of April and October, average temperatures range between 28oC and 
31oC across the region. These variations were verified through the analysis of measured data collected 
at Darwin and Broome for the Australian Baseline Sea Level Monitoring Project (BoM, 2016). Monthly 
sea temperatures from the 26-year dataset are presented in Figure 2-62 and these illustrate the cooler 
water temperatures through the dry season and sea surface temperatures of above 30oC at Darwin 
and Broome during the wet season.  
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Figure 2-61 Mean sea surface temperature for January, April, July and October (CSIRO) 

 

 

Figure 2-62 Average measured water temperature, Darwin and Broome (BoM) 

 

Legune Station 

Water temperature data has been collected around Legune Station for the period August 2015 
through to March 2016 and is presented in Figure 2-63. Temperatures were recorded at 10 minute 
intervals and have been averaged over 12 and 24 hours for three locations; a point offshore to the 
north of Turtle Island, at the proposed intake location within Forsyth Creek and adjacent to the 
proposed discharge location within Alligator Creek as shown in Figure 1-6.  

Water temperatures in the first half of September were less than 30oC at all 3 sites before increasing 
to 30-34oC on average through the wet season. This is consistent with the statistical average for the 
region provided in Figure 2-61.  
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The shallower water within Alligator Creek (shown in purple) results in a greater daily variation as the 
atmospheric temperature and daytime sunshine drives warming and cooling processes. Water 
temperatures within Alligator Creek were shown to vary by over 6oC over a 24 hour period, often when 
water pooled at the data logger during daytime low tides. This high daily temperature range is not as 
evident at Forsyth Creek where water did not pool around the logger and the distance to the open 
coast is shorter. Typical temperatures here ranged around 2-3oC with respect to the daily average. 
Offshore, the daily variation of water temperature is closer to 1oC.  

Water temperatures around Legune Station follow a general pattern, similar to that for the offshore 
region. Forsyth Creek temperatures can be seen to follow those measured offshore more closely 
during the concurrent data collection in Feb-March 2016. The general rise noted through late 
September and October at the offshore gauge is also observed within Alligator Creek during the same 
period. 

The impact of freshwater runoff and rainfall following the Christmas storm discussed in Section 2.3.2 
can be seen during late December at Forsyth Creek, with water temperatures being 3oC cooler than 
the surrounding period. A cold front preceded the storm and there was a corresponding drop in water 
temperature of close to 5oC at Alligator Creek, indicating that temperatures in the two water bodies 
can be influenced by differing localised climatic drivers. Temperatures in both waterways increase to 
pre-storm conditions within two weeks and this cycle would be expected to continue through the wet 
season as monsoonal fronts pass over the site. 

 

Figure 2-63 Time series of water temperature at Legune Station 2015 – 2016 

 

Vertical water profiles were collected during a number of field investigations in June and October 2015 
and January and March 2016 by frc environmental. These temperature profiles are illustrated in Figure 
2-64 while full details are provided in Volume 5, Appendix 9 of this EIS. The locations of the sites where 
water temperature, along with salinity and turbidity profiles data discussed further in Section 2.7, 
were collected are shown in Figure 2-65. 

Temperature profiles in the waters around Legune Station followed the offshore pattern, increasing 
from low-mid 20’s oC during the dry season in June to high 20 to 30oC in October and remaining 
constant between 30-35oC during the wet season from January through March. Temperature profiles 
indicate the waterways are well mixed with little to no temperature stratification through the water 
column observed during the sampling events. Little spatial change is observed either with a peak 
variance from the average of 3oC in June, recorded at I22 on the northern bank of the Fitzmaurice 
River, and of 3oC at the upper Keep River site during March. The daily temperature range is likely to 



CO2 Australia 
Project Sea Dragon – Coastal Environment Impact Assessment  

 

3894-10 / R01 v05  -  26/09/2016 80 

cause some of these recorded differences across the site, with the higher temperature in June 
recorded during the later afternoon and the lower temperature in March recorded during the early 
daylight hours.  

The profiles verify the well mixed (spatially and vertically) temperature changes observed by the 
longer time series. Numerical modelling of the system also confirms both this good mixing and daily 
temperature variation around the system (Appendix A). 

 

     

Figure 2-64 Water temperature profiles (Volume 5, Appendix 9) 
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Figure 2-65 Location of depth profiles collected 

 

2.4.4 Boundary Currents 

Regional currents 

The dominant regional current in the waters to the north west of Australia is the Indonesian 
Throughflow (ITF), which transports water from the Pacific Ocean, through the Indonesian archipelago 
and the Timor Sea to the Indian Ocean. A significant difference in sea surface temperatures between 
the western Pacific and the eastern Indian Ocean helps to drive the ITF. On its passage through the 
Indonesian archipelago, the waters from the Pacific are modified by high runoff and flows entering 
the Timor Sea are warm, oligotrophic and of lower salinity (Department of the Environment, 2007). 
As shown in Figure 2-66, the ITF flows to the north of the Timor Sea, sticking mainly to the Timor 
Trough, a deep canyon running parallel to Timor Island. South of this is the Holloway Current which 
runs closer to the Australian continent.  
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Figure 2-66 Regional ocean surface currents, north and west of Australia (Department of the 
Environment, 2007) 

 

The Holloway Current is not well understood, however it is thought to be a seasonal current, occurring 
from the end of the monsoonal period to drain waters which have built up in the Arafura Sea and Gulf 
of Carpentaria as a result of the dominant north-westerly winds during the monsoon. As the 
monsoonal period finishes, the winds cease and the waters flow west and south along the West 
Australian coast. The strength of this regional current may therefore be closely related to the strength 
and frequency of monsoonal fronts which occur during the wet season and inter-annual variability 
may also be present with the pressure and ocean temperature changes in the Pacific driven by the 
ENSO causing a reduction in the ITF during El Niño periods and vice versa for La Niña events.   

Wind Driven Currents 

The monsoonal winds themselves also result in weak regional currents, with average flow direction 
shown in Figure 2-67. During January, the north and west monsoonal winds drive water along the 
north-west coast and into the Timor Sea. Conversely, the southeast trade winds during the dry season 
result in surface currents flowing in the reverse direction.  
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Figure 2-67 Wind driven regional currents (not magnitude), January (left) and July (right) (GA, 
2011) 

 

Current Magnitude 

The magnitude of the tidal, wind-driven and Holloway Currents are illustrated by measurements 
collected by a number of buoys operated by the Australian Institute of Marine Science (AIMS) between 
Joseph Bonaparte Gulf and the Timor Sea.  The results are presented in Figure 2-68. These figures 
show the currents at four locations at increasing depths (0-30m, 30-80m, 80-150m, and 150-300m), 
illustrating the change between surface and bottom currents. The blue rings represent the tidal 
direction and strength. 
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Figure 2-68 Boundary and offshore measured currents  

 

2.4.5 Local Currents 

Although regional currents and wind conditions can drive wide scale water movements as discussed 
above, the macro tidal environment is the main driver of currents in the waters around Legune Station.  

Mean and sub-tidal velocity 
at 150 – 300m depth 

Mean and sub-tidal velocity 
at 80 – 150m depth 

Mean and sub-tidal velocity 
at 30 – 80m depth 

Mean and sub-tidal velocity 
at 0 – 30m depth 
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With the exception of limited data within the Victoria River, published information regarding current 
speeds are not available at Legune Station. Numerical modelling has therefore been undertaken to 
assess the currents within the waterways around Legune Station and this work is discussed further in 
Appendix A. A description of the tidal currents in the water around Legune Station based on this 
modelling work is provided below. 

Offshore 

Modelled astronomical tidal currents across the inner shelf offshore from Legune Station are 
presented in Figure 2-69. The plot shows that the modelled peak flood and ebb tides range between 
1 and 2.5m/s. Current roses for 2 locations noted on the figure are also displayed and highlight the 
narrow directional band of the currents as the tide pushes into and out of the lower Joseph Bonaparte 
Gulf.  High current speeds near point 2 are reflective of the main tidal channel which flows through 
the submarine Victoria River channel and the shallow areas around Mermaid Banks adjacent to 
Treachery Bay. The results presented are for a spring tidal range. 

 

Figure 2-69 Modelled offshore tidal currents 

 

Victoria River 

Tidal currents have been measured at the mouth of the Victoria River, with speeds of up to 3.5m/s, 
and on the inner shelf seaward of the entrance of up to 1.6m/s (GA, 2011). The tidal stream data 
provided with the Australian Hydrographic Service Nautical Chart of the Area (AUS 725 (AHS, 1989)) 
indicates tidal streams adjacent to Quoin Island are in the order of 3.3 knots (1.75m/s) on a flood tide 
and 2.5 knots (1.3m/s) on an ebb tide. Approximately 7-8km offshore, this rate drops to 3.0 knots on 
the flood tide but remains at 2.5 knots during the ebb tide. Numerical models established to assess 
the hydrodynamics around Legune Station extend across the Victoria River. Current speeds simulated 
by the model peak during the spring tide in the order of 1.8 – 2.2m/s at the entrance to the Victoria 
River as shown in Figure 2-69. 

  

1 
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Point 2 
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Keep River 

Snapshots of modelled current speeds during the spring tide flows in the Keep River are shown in 
Figure 2-70.  The snapshots represent points in time during the flood (left) and ebb (right) tide, noted 
in the time series presented in Figure 2-71. As shown in Figure 2-71, the timing and magnitude of the 
peak current speed shifts as the tide propagates in and out of the river.  

Current speeds are highest during the flood tide, peaking 2-3 hours after low tide. Flood tide peaks 
range from 2.0-2.5m/s on the peak spring tide (shown below) to 0.6-1.0m/s during the neap tides. The 
peak flood currents at the entrance to Alligator Creek (shown in green in Figure 2-71) occur at a similar 
time to those at “Middle Creek” (shown in blue) further to the north.  

Currents speeds are similar but less “peaky” on the ebb tide as the water drains from the estuary over 
a longer period. Peak ebb currents during the spring tide period are in the order of 1.25-2.25m/s and 
0.5-0.8m/s during neap tides.  

  

Figure 2-70 Modelled peak spring tides in the Keep River during flood (left) and ebb (right) tides 

11/2 20:00 12/2 01:15 
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Figure 2-71 Modelled tidal currents within the Keep River 

 

Forsyth Creek 

Snapshots of modelled current speeds during spring tides in Forsyth Creek are shown in Figure 2-72.  
Time series of the currents for different locations in Forsyth Creek are presented in Figure 2-73. The 
time of each snapshot is noted on the figure.  

Peak current speeds are generally in the range of 1.0 – 1.5m/s during the spring flood tide. Lags in the 
timing of the peak currents increase with distance from the entrance along Forsyth Creek as shown in 
Figure 2-73. Downstream of the mid-channel section and near to the entrance, flood current speeds 
peak at around 1.5m/s when the water level is around mean sea level. Current speeds then decline as 
the incoming tide reaches the peak water level.  

In the area around the flow split, flood current speeds through the southern (main) channel peak soon 
after the tide turns - well before the incoming tide reaches mean sea level. This early peak, in the order 
of 1-1.5m/s during the peak spring tides, is due to the area of flow being restricted to the southern 
channel before water levels rise above the bed of the central channel and activate this flow path, thus 
distributing flow across a much wider area. As flow occurs through the wide central channel, the 
current speeds in the southern channel gradually slow until high water level is reached. 

During ebb tides, a similar spatial variance is noted - at the beginning of the ebb tide the flow area is 
large and the central channel through the islands is activated and current speeds steadily increase to 
1-1.5m/s during the peak spring tide. However, the peak of the ebb tide current speed occurs in the 
southern channel as the central channel dries and the flow is restricted to this channel only. The ebb 
tide is still flowing at 1-1.5m/s when the tide turns and the flood tide reverses flows, peaking again 
shortly before mid-water level. 

Closer to the entrance within Forsyth Creek, the peak ebb tide current speed is in the order of 1.5-
2.0m/s during spring tides and occurs shortly after high tide as offshore currents and ebb tide from 
the Victoria River helps to draw water from Forsyth Creek. Similar to the upstream areas however, 
there is only a short slack low tide in the downstream reaches of Forsyth Creek and the ebb tide 
currents rarely fall below 0.2m/s before the flood tide currents begin.  
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Figure 2-72 Modelled peak spring tides in Forsyth Creek during flood (left) and ebb (right) tides 

 

Figure 2-73 Modelled tidal currents within Forsyth Creek 

 

Intake Location 

As noted above, flow speeds around the islands within Forsyth Creek in the vicinity of the proposed 
intake are influenced by the water level and consequent flow area through Forsyth Creek. The 
proposed intake location is shown during an ebb tide in Figure 2-74. The central channel in this image 
is dry and flow is funnelled through the intake channel around the vegetated islands and the proposed 
intake location.  

More detailed images of modelled current speeds in the vicinity of the proposed intake location during 
the peak spring flood and ebb tides are shown in Figure 2-75. Higher current speeds are observed 
along the centreline of the southern channel, peaking in the area around the intake. Spring tide 
current speeds within the southern channel in the vicinity of the intake are in the order of 1.75 – 
2.0m/s during the peak ebb tide and 0.1 – 0.15m/s during the peak flood tide. 

12/2 03:15 11/2 18:45 
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Figure 2-74 Forsyth Creek intake location – low tide channels 

 

A correlation between current speeds and water levels at the intake location in Figure 2-75 are 
displayed in Figure 2-76.  This confirms that stronger current speeds occur on the ebb tide (orange) as 
the water level drops below -1.0m AHD. Peak current speeds during both the flood and ebb tide occur 
when the water level is around -1 to -2m AHD, rather than at mean sea level. This lower water level 
point of peak current speeds is due to the additional flow which is forced through the southern 
channel after the central channel dries.  

The accumulated volume of water which flows through the southern channel, the central and 
northern island channels of Forsyth Creek across a 6-week period is presented in Figure 2-77. 
Discharges downstream, i.e. ebb tide flows, are considered to be positive whilst upstream, flood tide 
flows, are considered negative. To assess the dominant flow direction, the discharge is accumulated 
and the volume of water across the modelled period in either direction is established. 

The cumulative volume through the southern channel varies around zero, trending positive 
(downstream) with the higher spring tide (shown in blue). This indicates that the volume of water on 
the incoming flood tide is slightly less through the southern channel than on the outgoing ebb tide, 
but in general the flow is relatively balanced across the tidal cycle. Conversely, the volume of water 
flowing through the central channel (green) is strongly negative which indicates there is a much 
greater flow of water through the central channel during the flood tide than there is on the ebb tide. 
The northern channel (aqua) is reversed – this channel carries more water during the ebb tide than it 
does during the flood tide and balances the central channel. The northern and central channels convey 
a similar total volume of water over time, despite the quite different cross sections. The flood and ebb 
tidal discharges through the southern channel are both in the order of 2,000m3/s during the spring 
tide and 600m3/s during the neap tide period.  

It should be noted that the results of modelling present the conditions representative of the 
bathymetric and water levels data collected in late 2015-2016. As discussed in Sections 2.1 the bank 

Intake location 

Central channel 
330m 
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and channels in the vicinity of the intake location at Forsyth Creek are subject to change and discharge 
rates may vary. 

  

Figure 2-75 Modelled peak spring tides at the proposed intake location within Forsyth Creek 
during flood (left) and ebb (right) tides  

 

Figure 2-76 Correlation of modelled current speeds with water levels at the proposed intake 
location 
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Figure 2-77 Cumulative flow discharge within Forsyth Creek during a spring-neap tidal cycle  

 

Alligator Creek 

Snapshots of modelled spring tide current speeds in Alligator Creek are shown in Figure 2-78.  The 
time of the snapshots is indicated on the time series of the current at different locations in Alligator 
Creek presented in Figure 2-79. As noted in Section 2.2, the bed level of Alligator Creek is relatively 
high and the majority of the creek dries during low tide, exposing wide flat banks and bars. A number 
of channels cut through the bars. However, the channels are not continuous and ponding occurs 
throughout the length of Alligator Creek. 

The effect of ponding on current speeds can be observed in the time series presented in Figure 2-79. 
Current speeds within the creek are relatively constant during the ebb tide as water slowly drains 
before increasing rapidly as the flood tide propagates up the Creek. The timing of the flood tide moving 
upstream can be clearly seen in the abrupt increase in current speeds. The magnitude of currents 
within the creek vary with channel morphology, depth and distance from the tidal boundary at the 
creek mouth. Modelled current speeds at the proposed discharge location peak at around 1.5m/s 
during the flood tide and 0.5m/s on the ebb tide. The channels are highly dynamic and can vary in 
depth and location within a neap-spring tidal cycle.  This will affect localised current speeds, although 
the total volume of water entering and exiting the system will remain largely consistent over time. 
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Figure 2-78 Modelled peak spring tide velocities in Alligator Creek during flood (top) and ebb 
(bottom) tides 

 

 

Figure 2-79 Modelled tidal currents within Alligator Creek 

 

12/2 03:15 

11/2 20:30 
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Outlet Location 

The location of the proposed effluent outlet for the project is shown in Figure 2-80. Peak modelled 
spring tide current speeds for this area are presented in Figure 2-81. The flow rate across Alligator 
Creek, and the local channel are shown in Figure 2-82.   

Flow rates across the total width of Alligator Creek are unsurprisingly much greater than the local 
channel adjacent to the discharge location. Peak flows in the small local channel during neap tides are 
less than 50m3/s, whilst during the spring tide the flow rates increase to a range of 100 – 400m3/s. The 
peak flood tide flow rate is 2-3 times those on the ebb tide during spring tides due to the rapid filling 
and slow draining of Alligator Creek discussed in Section 2.4.1. Across the wider Alligator Creek 
channel, the peak flow rates during a neap tide range between 1,200m3/s on the flood tide and 
800m3/s on the ebb tide, whilst spring tides result in a flood tide flow rate of up to 5,400m3/s and an 
ebb tide flow rate of 2,000 m3/s.  

As discussed in Section 2.1.4, the channels and banks within Alligator Creek are subject to change and 
modelled conditions are representative of 2015-2016 conditions. 

 

 

Figure 2-80 Proposed location of Stage 1 farm outlet (looking west) 

 

outlet location 

Local creek flow rate 
line (60m) 
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Figure 2-81 Modelled peak spring tides in the vicinity of the discharge location within Alligator 
Creek during flood (top) and ebb (bottom) tides 

 

 

Figure 2-82 Modelled flow rate across Alligator Creek (blue) and the local channel (green) in the 
vicinity of the proposed outlet location 
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2.4.6 Waves 

Joseph Bonaparte Gulf 

The oceanographic conditions at Legune Station and within Joseph Bonaparte Gulf are dominated by 
the macro tidal environment. Joseph Bonaparte Gulf is protected (and distant) from swells generated 
in the Indian Ocean and waves within Joseph Bonaparte Gulf are relatively local wind generated sea 
waves. 

A study of the seabed habitats of Joseph Bonaparte Gulf by Geoscience Australia (GA, 2011) undertook 
an analysis of modelled wave conditions across the region to derive the average annual and seasonal 
significant wave heights (Hs) and statistical exceedances. The results of this analysis are presented in 
Figure 2-83 and illustrate that wave conditions peak over the December, January and February period 
where the significant wave height can exceed 1.0m for much of the Gulf.  Waves during this period 
are driven by the predominant northwest winds Whilst these winds have a reasonably long fetch 
length (distance for waves to generate in open water), they remain relatively small within the Joseph 
Bonaparte Gulf as wind speeds are low between monsoonal fronts. Further analysis provided by 
Geoscience Australia indicates annual 50% and 95% Hs exceedance within the southern half of the 
Gulf of 0.2-0.4m and 1-1.5m respectively. The maximum wave height can be more than two times Hs. 
Cyclonic conditions can generate more extreme wave conditions as discussed in Section 2.5. Non 
cyclonic wave periods are typically in the range of 5-6 seconds.  

  

Figure 2-83 Joseph Bonaparte Gulf seasonal wave climate, from (GA, 2011); Summer = January, 
February, March; Winter = June, July August. 
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Legune Station 

Local wave conditions have been established using a numerical spectral wave model, discussed in 
Appendix A, and through the analysis of measured wave conditions. 

Wave conditions at Legune Station are significantly affected by the macro-tidal environment, the 
shallow bed and the width and curvature of the waterways. Measured dry season offshore wave 
conditions are presented in the upper section of Figure 2-84. This figure illustrates that wave heights 
peak during high tide. A maximum significant wave height of 0.8m was measured offshore. Wind 
conditions measured at Port Keats during the same period do not indicate there was region-wide 
storm activity to generate this peak wave and an isolated squall may have been the driver. Generally, 
wave conditions during the monitoring period were less than 0.4m significant wave height with 
greater wave energy observed in the latter half of the record when more northerly winds were also 
recorded at Port Keats.  

Wave conditions during the wet season were collected offshore and within Forsyth Creek. A time 
series of measured wave conditions at the two locations are shown in the lower half of Figure 2-84. 
This illustrates that, as expected, wave conditions within Forsyth Creek are considerably smaller than 
offshore. The sinuous path of Forsyth Creek, combined with the large sand bars at the entrance to the 
creek, limit the fetch and thus the propagation and growth of waves into and within Forsyth Creek. 
Waves at the Forsyth Creek logger were in the order of 0.2 – 0.3m whilst offshore significant wave 
heights ranged between 0.5 and 1.2m. It should be noted that the wave loggers were placed close to 
the bank in Forsyth Creek and on the intertidal flats offshore of Turtle Point Island to ensure successful 
retrieval of loggers during the more challenging wet season conditions. Higher waves could be 
expected within the deeper waters of the main Forsyth Creek channel and in the area offshore. 
Measured waves at both locations show a correlation to water levels such that higher tidal levels allow 
larger waves to form and also propagate. A short period of higher waves offshore at the beginning of 
February coincides with a monsoonal front which crossed Joseph Bonaparte Gulf from the west-
northwest.  

It can be inferred that the most extreme wave conditions across the Legune Station waterways will 
thus be limited to high water, with a limited duration generally less than 10 hours.  

An estimate of non-tropical cyclone wave conditions around Legune Station has been established 
using the numerical model of Joseph Bonaparte Gulf described in Appendix A. The average regional 
wind conditions presented in Figure 2-51, and wind data recorded at Port Keats used to establish the 
99% and 90% exceedance wind speeds, were simulated across a peak spring tide for key directions. 
The peak wave climate for each scenario is summarised in Table 2-5. As shown in the table, wave 
heights are limited at both the intake and discharge points due to the limited fetch and water depth. 
Higher wave conditions resulting from cyclones are discussed in Section 2.5.3.  
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Figure 2-84 Measured wave condition, Dry season offshore (top) and Wet season offshore and 
Forsyth Creek (bottom)  
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Table 2-5 Wind-wave conditions during peak spring tide 

Wind speed / dir Hs (m) Ts (s) MWD (deg) 

Average regional offshore wet season wind (15km/h NNW) (4.1m/s) 

Offshore 0.4 4.0 300 

Discharge point < 0.1 2.4 245 

Intake point <0.1 2.4 300 

Average regional offshore dry season wind (20km/h SE) (5.5m/s) 

Offshore 0.3 2.4 110 

Discharge point <0.1 2.4 160 

Intake point <0.1 2.4 120 

99% exceedance of Port Keats measured winds* (7.2m/s or 26km/h) 

Offshore 0.75 4.2 340 

Discharge point 0.1 1.8 230 

Intake point 0.4 2.0 340 

90% exceedance of Port Keats measured winds* (5.0m/s or 18km/h) 

Offshore 0.5 4.1 330 

Discharge point <0.1 1.8 220 

Intake point <0.1 2.4 150 
Wind speeds are half-hourly average wind speeds 

 

2.4.7 Impact of Climate Change on Oceanographic Conditions 

Water Levels 

The Bureau of Meteorology has been collecting high accuracy sea levels across Australia since the 
early 1990s as part of the Australian Baseline Sea Level Monitoring Program (AMSLMP). Analysis of 
this data by CSIRO as part of the 2012 Marine Report Card (CSIRO, 2012) indicated that measured sea 
levels around the northern coast of Australia have risen at a rate of approximately 8mm/year in the 
period between 1993 and 2012, well above the global average of 3mm/year. The rate of sea level rise 
based on the BoM data and data derived from satellite altimeter data measuring offshore changes is 
shown in Figure 2-85 (CSIRO, 2012). More recent estimates of long term sea level rise provided by the 
BoM indicate the rate could currently be in the order of 6.4mm/year. 

The rate of global sea level rise is predicted to increase into the future, with projected global sea level 
rise of between 0.12m and 0.35m by 2065 and between 0.16m and 0.55m by 2090 (CSIRO, 2012). The 
CSIRO 2015 report “Climate Change in Australia Projections: Cluster Report - Monsoonal North” 
provides an estimated increase of 0.06 to 0.17m by the year 2030 above 0.28 – 0.85m across northern 
Australia by the year 2090. 

The increasing mean sea levels will result in a corresponding increase in the tidal planes presented in 
Table 2-2 and the level of MHWS offshore of Legune Station may rise from 3.7m AHD currently to 
between 4.0m and 4.5m AHD by 2090.   These increases will increase the extent of inundation across 
the tidal floodplain at spring high water. 
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Figure 2-85 Existing sea level rise around Australia (CSIRO, 2012)  

 

Water Temperature 

Bureau of Meteorology analysis of annual sea surface temperature data indicates that surface 
temperatures are rising at a rate of 0.04 – 0.08 degrees Celsius per decade (BoM, 2015). The CSIRO 
Monsoonal Cluster report also details predicted changes to sea surface temperature in the north of 
Australia. The sea surface temperature is expected to increase with the increasing global temperatures 
by a range of 0.4 - 1.1 degrees Celsius by 2030 at Darwin (CSIRO, 2015). Temperature projections 
beyond the year 2030 are less certain and the range of projected temperature change increases to 0.3 
to 4.1 degrees C by the year 2090.  

Rainfall 

The projected, and less certain, changes to rainfall patterns (discussed previously) will impact local 
water temperatures and the waterways around Legune Station may be impacted by different 
processes. (CSIRO, 2015) 

Boundary Currents 

The effects of Climate Change on boundary currents such as the Indonesian Through Flow and 
Holloway Current are relatively unknown. Regardless, these offshore currents have minimal impact 
on the waters close to the site. 
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Local Wind Driven Currents 

Changes to wind conditions, which are not well understood, may impact local currents, however as 
shown, local wind driven currents are negligible when compared to tidal currents and changes in winds 
will have only minor impact.  

Tidal Currents 

Changes in water levels as a result of sea level rise could result in less attenuation of tidal currents 
within the Victoria and Keep River estuaries and see further penetration of strong currents upstream. 

Waves 

Similar to local currents, changes to wind conditions around Legune Station may have minor impact 
on non-cyclonic wave conditions around the site, however regular wind-wave generated waves are 
generally small and have minor impact on the site. The combination of increased mean sea levels and 
any increase in winds may have more impact on the shoreline due to different areas of inundation 
which may face new wave action. This is discussed further in Section 2.6. 

2.5 Tropical Cyclones 

2.5.1 Cyclonic Conditions 

Tropical cyclones occur on average once per year in the area of the Northern Territory west of the Gulf 
of Carpentaria (around 2 per year occur within the Gulf of Carpentaria) (BoM, 2015). Cyclones which 
may affect the region will typically form in the Timor Sea to the north of Joseph Bonaparte Gulf or 
within the Arafura Sea to the north-east during the months of November through to April. Cyclones 
forming in these areas typically travel in a southwest and west direction, travelling parallel with the 
general shape of the coastline. 

Statistics developed by the BoM, Figure 2-86, show an average of approximately two Category 1 and 
2 (C1 & C2) tropical cyclones in Australia per year, and one Category 3 to Category 5 cyclone every 2 
years. Wider climatic weather patterns have an impact on cyclone frequency, with more cyclones 
occurring during La Niña cycles when the frequency could be expected to be closer to 2 every 3 years 
(BoM, 2015). The past wet season (2015-16) saw only one cyclone make landfall in Australia, with 
Category 2 Cyclone Stan crossing the northwest coast near Pardoo in late January. El Niño, the ENSO 
state at the time of preparation of this report, typically sees less than the average number of cyclones 
occurring.  

Statistics provided by the BoM show that 104 cyclones were recorded in the Northern Territory and 
the Gulf of Carpentaria (including Queensland) in the period between 1960 and 2007. Of these, 31 
were considered “severe” – a category 3, 4 or 5, and 4 were category 5 events. A detailed review of 
BoM data indicates that 44 cyclones have been recorded within a 200km radius of the proposed facility 
since 1906. 15 of these cyclones passed within 50km of Legune Station (see Figure 2-87).  
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Figure 2-86 Northern region cyclone frequency (BoM, 2015) 

 

Figure 2-87 Cyclones passing close to Legune Station (BoM cyclone dataset, 1943 - 2011) 
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Cyclone Components 

The main structural features of a tropical cyclone are the eye, the eye wall and the spiral rainbands. 
The four main components of a tropical cyclone that combine to make up the total cyclone hazard are 
described below:  

 Extreme Winds – Maximum wind speeds are a function of the central pressure, the radius to 
maximum winds, the forward speed of the cyclone and local topographic effects. Cyclonic 
winds circulate clockwise in the Southern Hemisphere however the wind fields are generally 
asymmetric such that the strongest winds are generally observed on the left-hand side of the 
direction of cyclone movement.  

Tropical cyclonic intensity is rated Category 1 through 5 depending on the maximum average 
wind speed. A Category 1 cyclone has a 10-minute average maximum wind speed between 63 
and 88km/h (17.5m/s – 24m/s) whilst Category 5 cyclones have a 10-minute average 
maximum wind speed greater than 200km/h (55.5m/s). The gusts speeds (i.e. wind duration 
of 2-3 seconds) are considerably higher at <125km/h (34m/s) and greater than 279km/h 
(77.5m/s) for a Category 1 and Category 5 tropical cyclone respectively. These winds are 
limited to a relatively small distance around the eye of the cyclone with wind speeds rapidly 
decreasing with distance from the cyclone centre. 

 Extreme Waves – Tropical cyclones can generate very large ocean waves as a result of the 
transfer of energy from the wind to the ocean surface. The growth of ocean waves is a function 
of the fetch (the distance the wind acts over), wind speed, wind duration, the depth of water 
and the size of the cyclone. Legune Station is exposed to waves generated by cyclones crossing 
the Joseph Bonaparte Gulf, although the duration of the wind blowing onshore will be relative 
to the cyclone size and speed of travel. The impact of differing cyclone tracks on waves is 
discussed in Table 2-6. 

 Storm Surge – In the vicinity of the coastline, tropical cyclones can produce significant storm 
surges. As discussed above, storm surges are meteorologically forced increases in coastal 
water levels caused by the combined action of extreme surface winds (which drive ocean 
currents towards the coastline) and the reduction in atmospheric pressure (which causes a 
local rise in sea level). The peak of a tropical cyclone storm surge generally only lasts for a few 
hours near the region of maximum wind speeds. The shape of Joseph Bonaparte Gulf will also 
funnel storm surges towards Legune Station. 

 Intense Rainfall – The rain bands of a tropical cyclone can expand up to 1000km in diameter 
with the heaviest rainfall usually located within the eye wall. Rainfall is not directly correlated 
to cyclone intensity and recent low category cyclones have resulted in near record rainfalls 
within the Darwin region (BoM, 2015). 

The impacts that various cyclone tracks may have on conditions at Legune Station are summarised in 
Table 2-6. 

Table 2-6 Cyclone track and impact at Legune Station 

Cyclone track Impacts 

Crosses east to west north of 
site 

 

 Offshore winds prior to cyclone passing will cause a set 
down in water levels and no onshore waves 

 Onshore waves following cyclone will cause storm surge 
and increased wave energy 

Crosses east to west south of 
site 

 Westerly wind conditions prior to and as cyclone passes 
may cause some setup and wave action in the Victoria or 
Fitzmaurice Rivers 
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Cyclone track Impacts 

Crosses north to south over 
site 

 Easterly winds prior to, and westerly winds after cyclone 
crossing will have only minor impact on water level or 
wave conditions at Legune Station 

Crosses north to south west of 
site 

 Onshore winds prior to and following cyclone shore 
crossing will have significant impact on water levels and 
waves, causing storm surge and high wave energy at 
Legune Station 

Crosses west to east north of 
site 

 Onshore winds prior to cyclone shore crossing will have 
significant impact on water levels and waves, causing 
storm surge and high wave energy at Legune Station 

 Offshore winds following cyclone will cause water levels 
to drop 

 

2.5.2 Storm Tides  

Predicted Storm Tides 

The term storm tide refers to coastal water levels produced by the combination of astronomical and 
meteorological sea level forcing.  The meteorological component of a storm tide is commonly referred 
to as storm surge and collectively describes the variation in coastal water levels in response to 
atmospheric pressure fluctuations and wind setup. 

Probabilistic storm tide modelling was completed for Legune Station by Systems Engineering Australia 
Pty Ltd (SEA, 2016). The study provided a prediction of existing storm tide levels for a number of return 
periods. Storm tide levels for a number of points along the open coast at Legune Station are provided 
in Figure 2-88.  

 

Figure 2-88 Tropical cyclone storm tide levels (SEA, 2016) 

The large tidal range at Legune Station results in a lower storm tide level than might be expected for 
extreme events. The timing of the cyclone track and the tidal phase is a key factor of the storm tide 
magnitude and the worst case scenario for storm surge is obviously the coincidence of the peak storm 
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surge and the peak spring high tide. However, the joint probability of these two events is significantly 
reduced by the large tidal range, and the large variability in tidal range between spring and neap tides.  
As a result, water levels only raise above HAT during the 50 and 100-year average return interval (ARI) 
events. 

Recorded Cyclones 

As noted above, Category 3 and above cyclones are likely to occur in the Joseph Bonaparte Gulf region 
every 2 to 3 years on average. Analysis of the BoM cyclone dataset indicates that 15 cyclones have 
been recorded passing within 50km of Legune Station, or passed through Joseph Bonaparte Gulf in a 
manner which may have affected conditions at Legune Station between 1943 and 2011. These are 
presented above in Figure 2-87.  

Cyclone Ingrid, shown as the thick purple line is the only cyclone of any significant intensity to pass 
across the region. Cyclone Ingrid reached a Category 4 with winds of over 180km/h whilst passing 
across Joseph Bonaparte Gulf.  

An unnamed cyclone (not shown) also passed across Legune Station as a Category 2 storm in 2014 
with winds of 100km/h, however staff at Legune Station did not report significant damage from the 
storm. The cyclone travelled from northwest to southeast roughly parallel with the western coast of 
Joseph Bonaparte Gulf and thus conditions offshore were likely to have been driven by easterly winds, 
resulting in significant damage at Port Keats but not Legune. Coupled with this, the cyclone occurred 
during a neap tide period and crossed the coastline at Legune at roughly low tide. This supports the 
determination of a relatively low extreme water level due to the joint probability of cyclones and tides 
in the region discussed above. 

Storm Tide Inundation 

The storm tide modelling completed by SEA (2016) captured the generation and movement of tropical 
cyclones and oceanic processes over a wide region. The model grid size used in the analysis was 
2.67km. This provides further detail of the impact of the cyclone on the coastline and floodplains at 
Legune Station, a synthetic cyclone which produced the 100 year ARI storm tide level on the coast was 
selected at random and simulated in the numerical model established for the project. Further details 
of the modelling, and the cyclone tracks are provided in Appendix A. The potential inundation of the 
floodplain around Legune Station is presented in Figure 2-89.  

The modelling provides an indication of conditions within the waterways which could be expected 
during the passing of a cyclone. It should also be noted that topography across the floodplain north of 
the project footprint is not available and levels in this area have been estimated based on other 
datasets. The influence of chenier ridges, small tidal channels, vegetation and other topographical 
changes to the north of the site may not have been accurately represented in the modelling. 

As expected, the funnel shape of the Keep and Victoria Rivers results in an increase in storm tide into 
the estuaries. Storm tide levels at the intake location on Forsyth Creek could be 0.1-0.2 greater than 
offshore, with similar levels occurring at the discharge location on Alligator Creek. Depths across the 
floodplain will vary with vegetation and local topography (taking note of the limitations detailed 
previously). However, conditions will be largely driven by conditions in and distance to the Keep and 
Victoria Rivers. In general, modelling of the synthetic cyclone indicates that cyclones provides only 
minor increase to the spring tidal water levels, as predicted by the SEA modelling.  
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Figure 2-89 Modelled 100 year ARI storm tide (from SEA 2016) 

 

The synthetic event modelled above (a randomly selected cyclone track which produced a 100 year 
storm tide water level) was a weak tropical depression (peak wind speed 30km/h) which relied on a 
high tide to generate a 100 year ARI water level.  

To further assess the potential for cyclonic conditions at Legune Station a higher severity storm was 
simulated. This synthetic storm, produced by SEA, generated an extreme storm surge offshore, as 
opposed to an extreme storm tide which includes the joint probability of the tidal water level. To 
illustrate the impact of the macro-tidal range on total water levels, the storm was delayed by 2, 4, 6, 
8 and 10 hours such that the peak of the storm surge occurred at different phases of a spring tide. The 
results of this change in cyclone time on total offshore water levels is presented in Figure 2-90.This 
indicates a range of offshore storm surges of between 0.35 – 0.9m coinciding with different phases of 
the tide. This wide range illustrates the sensitivity of the storm surge to tidal water level. Considerable 
difference is also observed in the water levels during the preceding low tide where water levels can 
increase by 0.5 – 1.6m depending on the timing of the cyclone front.  As noted earlier, the second 
synthetic cyclone modelled provides extreme conditions and inundation levels are considered to be 
well above the 100 year ARI return period. 

NB: modelled storm tide levels across the inter-tidal floodplain are approximate only. Limited terrain data 
covering the inter-tidal floodplain is available and modelling may not resolve the impacts of the local 
changes in elevation, tidal creeks and drainage channels and vegetation communities across this area. 
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Figure 2-90 Water level variation caused by an extreme synthetic cyclone  

 

2.5.3 Extreme Wave Conditions 

As discussed in 2.4.6, waves within Joseph Bonaparte Gulf are typically relatively small wind waves, 
limited by fetch during the dry season when winds are stronger from the southeast and by wind speeds 
during the wet season when the winds are from the west and north. 

The exception to this is during the passing of a cyclone when wave conditions can become significant. 
Geoscience Australia (2011) report that extreme wave heights of up to 8m can occur in the offshore 
waters of Joseph Bonaparte Gulf during the passing of a cyclone. The largest significant wave discussed 
in the report was generated by Tropical Cyclone Ingrid which travelled east to west across the northern 
extent of Joseph Bonaparte Gulf as shown in Figure 2-87. As noted, TC Ingrid was the largest cyclone 
to pass within 100km of Legune Station. GA (2011) report that Category 2 and 3 cyclones Helen and 
Fay, which passed across the northern extent of Joseph Bonaparte Gulf, also generated wave heights 
close to that of Thelma, was a distant Category 5 storm which passed across the north of Joseph 
Bonaparte Gulf over 3 days in December 1998. GA found that wave heights are a function of not only 
the wind speed (i.e. TC category) but also the fetch distance which is dependent on the cyclone track. 
GA concluded that “all cyclone categories are capable of producing significant wave heights of over 
5m in outer gulf waters”.  

A higher intensity cyclone used to test the sensitivity of storm surge and water levels has been 
simulated through the spectral wave model of Legune Station to establish the range of potential wave 
heights which could occur. This cyclone is considered as being comparable to a Category 5 event. It 
should be noted that the model is not calibrated to extreme conditions, or to conditions at the 
discharge on Alligator Creek and results are indicative only, particularly as the impact of mangrove 
and other vegetation on wave growth across the inundated floodplain cannot be well resolved in the 
model. Table 2-7 presents wave heights at key locations around Legune Station for the modelled 
conditions. Further details regarding the modelling of extreme cyclones can be found in Appendix A. 

Table 2-7 Extreme cyclonic wave conditions 

 Hs (m) Ts (s) MWD (deg) 

Category 5 cyclone, peak wind speed 201km/h 

Offshore 5.5 10 335 

Discharge point 0.5 2.5 270 

Intake point 1.1 3 0 
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2.5.4 Impact of Climate Change on Tropical Cyclones 

The impact of climate change on cyclone frequency and intensity is complicated, as many 
oceanographic and meteorologic conditions combine to provide optimum conditions for cyclone 
generation. CSIRO (2015) Climate Change cluster report indicated that there was medium confidence 
in predicting that there would be less frequent but more intense cyclones in the future. 

It is more likely that the frequency and duration of ENSO cycles will have a greater impact on the 
number and intensity of cyclones with the average annual number of cyclones in Joseph Bonaparte 
Gulf increasing from 0.2 to 0.4-0.6 between El Niño and La Nina.  

2.6 Sediments and Sediment Transport Processes 

Sediment transport within the coastal and estuarine environment is dependent on the geology and 
geomorphology of the system, together with the oceanographic conditions, and at times the effects 
of sediment and freshwater inputs from the adjacent terrestrial systems. 

2.6.1 Joseph Bonaparte Gulf 

The sediment characteristics of the different geomorphic features within the Joseph Bonaparte Gulf 
(as summarised in Figure 2-2) have been detailed by Przeslawski et al (2011), as follows: 

 Banks are the shallowest features, sitting in water depths between 20 and 40 metres. They 
are characterised by hard carbonate substrate with localised deposits of carbonate gravel, but 
they also have sandy sediments with high organic matter content. 

 Terraces are flat-topped features with a discontinuous cover of mixed carbonate sand and 
gravel. Locally, sand ripples occur interspersed by rocky outcrops. 

 Ridges are narrow elongate features that are generally flat-crested but have shallow channels 
incised to depths up to 10 metres. Sediments are sandy with local fields of bedforms (for 
example, sand waves) particularly in channels. 

 Plains are the least complex geomorphic feature in terms of bedform and relief. Physical 
properties of the sediments are very uniform consisting mainly of very poorly sorted gravelly-
muddy sands. 

 Valleys are also dominated by flat expanses of soft sediments interspersed with exposed rock 
in debris-swept channels. Compared to other geomorphic features, they have the greatest 
variety in substratum types. 

Passlow et al (2005) undertook an analysis of sediments and sediment mobility around Australia.  The 
resultant seabed texture map is shown in Figure 2-91, while seabed sediment type map is shown in 
Figure 2-92.  These maps show sediments across the Joseph Bonaparte Gulf, ranging from muds to 
sand and gravels. The mean grain size within Joseph Bonaparte Gulf is in the size considered fine sand, 
with the bed material found to be 40 – 80% sand or gravel and 20 – 40% mud material across the Gulf.  

The high tidal range and relatively shallow topography of Joseph Bonaparte Gulf means that the tidal 
currents are considered strong enough to mobilise sediments of the mean grain size “at least once 
during a spring neap cycle” within Joseph Bonaparte Gulf. The maximum bottom stress conditions 
modelled by Rothlisberg et al (2005) across the gulf are shown in Figure 2-93.   The maximum bottom 
stress provides an indication of the forces available to entrain and transport sediment. 

Passlow et al (2005) attempted to quantify the potential movement of sediment as a result of the 
different oceanographic processes.   The percentage of time the critical shear stress for movement of 
the seabed material is exceeded for wave and tides is shown in Figure 2-94 and Figure 2-95 
respectively.  For waves, wave induced sediment movement is likely to occur around 10-20% of the 
time in Joseph Bonaparte Gulf, whereas tidal induced sediment movement is likely to occur greater 
than 50% of the time.  Based on this, Passlow et al (2005) concluded that tides dominate the sediment 
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mobility conditions in Joseph Bonaparte Gulf.  This high sediment mobility along the coastline is 
evident in the measured turbidity results, detailed in Section 2.7.4. 

 

Figure 2-91 Seabed sediment texture (Passlow et al, 2005). 
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Figure 2-92 Seabed sediment type (Passlow et al, 2005) 

 

Figure 2-93 Maximum modelled regional bottom stress (Rothlisberg, et al., 2005) 
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Figure 2-94 Wave induced exceedance for sediment movement (Passlow et al, 2005) 

 

Figure 2-95 Tidal induced exceedance for sediment movement (Passlow et al, 2005) 
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2.6.2 Keep River and Victoria River Systems 

Within the Keep and Victoria River systems, there are considerable differences between the in-
channel sediments and those of the banks and intertidal areas.  As described in Section 2.2.2, there 
are extensive sand bars within the Keep River and Sandy Creek. The sandbars cover a significant area, 
particularly south of Alligator Creek and were formed through the deposition of marine sediments. 
The sand bars are part of the low tide flats which are exposed during low tides.  The sand is mixed 
with increasing portions of mud and silt as you move towards the banks and mid-level tidal flats (above 
-1m AHD). 

A sediment sample from the Keep River (Seafarms, 2015) indicated 98% of the sediment sampled was 
classified as fine sand (<150µm), while samples at the mouths of tidal creeks indicated that the 
proportion of sand was less than 25%.  The remainder is made up of silts and clays. 

As with the broader Joseph Bonaparte Gulf, sediment transport conditions are dominated by tides 
rather than waves.  Wave impacts are typically restricted to bank areas.  Freshwater inflows can also 
affect sediment transport within the estuaries.  Sediment is carried down rivers with alluvial flows into 
the estuarine and tidally driven lower portions of the rivers. During flood tides, opposing currents can 
cause material to be deposited at the point where the river flow and tidal currents meet. During ebb 
tides, currents can help to draw sediments closer to the mouth of the river. However, the rapid 
increase in volume of the estuarine river channel compared with the constricted fluvial channel can 
cause a rapid decrease in the capacity of the rivers to transport sediment seaward and most of the 
coarse material (such as gravels and sands) from upstream is deposited. This material is subsequently 
reworked and re-deposition of material by tidal currents occurs throughout the estuarine channels. 
The low (non-flood) volume of freshwater inflows to the Keep and Victoria River systems means that 
the contribution of terrestrial sediments to the system is limited to peak flow events. 

Channels 

The presence of bedforms such as sand waves on the sand bars and shoals within the main channels 
indicates that tidal current speeds are sufficient to generate bedload transport of the sandy sediments 
along the channels (Figure 2-96).  As noted in Section 2.4.5, current speeds in the Victoria and Keep 
Rivers can exceed 1m/s on the neap tide and 2.5m/s on the spring tide, well above the threshold of 
motion for sands.  As the proportion of mud particles within the sand increases, the sand can become 
more cemented, requiring higher current speeds to erode or move the sediment.  

The finer silts and mud within the surface sediments are resuspended under both the flood and ebb 
tide conditions, which contributes to the high turbidity conditions experienced in both estuaries. The 
large quantity of suspended sediment is characteristic of tide-dominated estuaries; where strong tidal 
currents continually resuspend and rework fine sediment in the channels, so that the water column is 
naturally highly turbid ( (Turner, Millward, & Tyler, 1994), (Wells, 1995)). A zone of abnormally high 
suspended sediment can occur in many tide-dominated estuaries, known as the ‘turbidity maximum' 
(Wells, 1995). This typically transient feature develops as a result of the trapping and resuspension of 
particles, and contributes to the deposition of material in the tidal sand banks. High suspended 
sediment loads can also lead to a phenomenon known as 'fluid muds', a gel-like accumulation of low 
density muddy sediment which may be stationary, or mobilised by tidal currents (Wells, 1995).   
Observations on site suggest that these conditions occur in the larger tidal creeks. 

Turbidity is especially marked during spring tides, and the location of the turbidity maximum is variable 
within estuaries, depending on the tidal cycle (spring to neap) and river flow velocity (Semeniuk, 
1982).   This is discussed further in Section 2.7.4. 

Ebb and flood tides can follow different channels (which periodically migrate) as has been observed 
in the Keep River and Alligator Creek (Section 2.2.2), and currents may be powerful enough to cause 
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scouring at the channel base, leaving gravel and bioclastic debris at the base (Green et al., 2000, Harris, 
1988). This has been observed in the deep channels offshore of the estuaries. 

 

 

Figure 2-96 Sand banks and shoals on the Victoria (top) and Keep (bottom) Rivers  

 

2.6.3 Tidal Creeks 

The sediments within the tidal creeks across the Keep and Victoria River estuary systems are typically 
finer than the larger river channels, with a higher proportion of silts and muds (see Figure 2-97).  This 
more cohesive type of sediment typically is transported as suspended sediment within the water 
column. Entrainment of this sediment into the water column can occur more readily than for coarser 
sand and gravel sediments although the banks are not typically exposed to high velocity currents 
except near bends in the creeks where helical flows can occur.  As noted in the preceding section, the 
high suspended sediment loads can also lead to 'fluid mud' conditions, a gel-like accumulation of low 
density muddy sediment which may be stationary, or mobilised by tidal currents (Wells, 1995). 

As part of the monitoring program for the project undertaken by frc environmental, sediment samples 
were collected across the project area including within Forsyth Creek and Alligator Creek.  The results 
of the monitoring program are detailed in frc environmental (2016). Relevant information from the 
report is summarised below. 

The percentage of clay, silt and sand in sediment samples collected at sites I05, I06, I07 (Figure 2-65) 
for Forsyth Creek are shown in Figure 2-97.  The downstream sites, I06 and I07, are dominated by silty 
mud, while the upstream site, I05, shows an increasing sand fraction. 

Sediment samples collected on the bank of Alligator Creek (Figure 2-98) are dominated by the silt 
fraction, with very little (< 5%) sand recorded.  This difference in sand fraction compared to Forsyth 
Creek may be due to the locations of the sampling points.  The Alligator Creek samples were collected 
from the bank at the discharge which is dominated by finer fractions.  Field observations of the main 
channel bars indicated the presence of fine sands in this area. 
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Figure 2-97 Sediment characteristics in Forsyth Creek (in-channel) 

 

Figure 2-98 Sediment characteristics in Alligator Creek (in-channel) 

 

Waves 

In soft unconsolidated banks in a coastal or estuarine environment, the energy delivered to the bank 
toe and face by waves has been identified as an important driver of coastal recession.  It has been 
suggested (e.g. (Hackney, Darby, & Leyland, 2013); (Trenhaile, 2011)) that undercutting of the bank 
toe by wave action and subsequent mass failure is the mechanism by which most coastal cliffs or banks 
are eroded, regardless of lithology.  However, in an estuary system, the impacts of waves can often 
be limited by water depths, exposure to prevailing wind directions, and the available fetch. 

In both Forsyth and Alligator Creeks, the banks are exposed to wave action, although wave impacts 
are constrained by the macrotidal range and the duration of high water conditions.  This limits the 
periods when water levels are high enough for waves to impact the upper sections of the bank.  Waves 
impacting the upper bank at the Forsyth Creek site are shown in Figure 2-99. 

If sufficient wave energy occurs at lower water levels, this can lead to wave erosion at the lower levels 
of the bank slope, as shown in Figure 2-99, Figure 2-100 and Figure 2-101 and can then cause the bed 
slumping shown in Figure 2-25.  This will in turn contribute fine suspended sediment to the water 
column. 
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Figure 2-99 Wave action on the upper bank face on Forsyth Creek 

 

Figure 2-100 Forsyth Creek site showing vertical and sloping bank profiles 

Vertical (> 65o) bank 

Sloping (<65o) bank 
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Figure 2-101 Examples of wave induced erosion along the upper bank on Alligator Creek 

 

Currents 

In these creek systems, currents are generated longitudinally during the flood and ebb tide.  These 
currents can be significant due to the macro-tidal conditions, which is evidenced by the dynamic 
movement of channels and intertidal areas that occurs in Alligator Creek in particular (Section 2.2.3).  
Erosion under these conditions occurs within or along the channel, or across the intertidal area. 

In-channel sediment transport and erosion of sediment can occur when there is a rapid acceleration 
of the flow over an in-channel feature or when there is a strong water surface gradient along the 
channel.  Figure 2-102 shows an example of an upstream migrating headcut moving up Forsyth Creek 
under ebb tide conditions.  In this instance, the water level difference between upstream and 
downstream has caused an acceleration of the flow over a section of the bed which has resulted in 
failure of the sediment.  The steepness of the sides of the headcut feature indicate the presence of 
more cohesive silts and clays.  This process creates highly turbulent flow conditions and provides a 
significant input of fine material into suspension. 

 

Figure 2-102 Upstream progressing headcut erosion in upper Forsyth Creek during an outgoing 
tide 

Direction of headcut 
migration 

Flow direction 
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The presence of a harder, more resistant, layer of sediment below the surface may restrict sediment 
movement, causing the channel(s) to move towards more easily eroded areas.  This can lead to the 
formation of new or multiple channels which can in turn lead to the formation of islands if vegetation 
becomes established in the shallower areas.  This has occurred on the mid-section of Forsyth Creek 
where increasing vegetation on land between the northern and central channels is gradually reducing 
the channel capacity and expanding the extent of the vegetation. 

In the mid-tidal zone, the sediment is typically made up of muds (silts and clays) which are very soft 
and unstable, although these materials are underlain by more compact sediment in some locations.  
‘Bank failures’ as a result of shear or flow are characteristic of this environment, with most local 
failures taking place during rising or flood tides.  Examples are shown in Figure 2-103 and Figure 2-104.  
This was also observed by Thom et al (1975) on the Ord River system.  Sediment eroded from the 
banks following a rainfall event is shown in Figure 2-105. 

 

Figure 2-103 Example of local bank failures 
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Figure 2-104 Local bank failure which has stabilised, with mangroves recolonising the bank 

 

Figure 2-105 Plumes of suspended sediment as tide moves across the mud banks 
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Sub-Aerial Processes 

A range of sub-aerial processes contribute to the erosion of low actively eroding banks, including 
groundwater pore pressure and seepage, shrink-swell detachment, and chemical interactions with the 
soil material which contribute to slope failure through block or slumping type movements.   These 
failure mechanisms are more common for cohesive sediments (silts and clays). 

Surface runoff and rain impact can affect the stability of the bank face through mechanisms such as 
sheet flow across the surfaces or concentrated runoff which can deeply indent the bank surface.  

If the bank undergoes repeated wetting by salt spray or surface runoff, interspersed with periods of 
drying, weathering of the bank-material can occur.  This makes the bank more susceptible to erosion 
but weathering effects are normally overshadowed by wave or current erosion, or slope failure. 

2.6.4 Intertidal Floodplain 

Fine sediment undergoes both deposition and erosion on the extensive intertidal flats present in the 
vicinity of the study area (Dyer, 1998, Woodroffe et al., 1999, Masselink et al., 2000). Deposition is 
aided by biological activity such as burrowing and improved cohesiveness (Ruddy et al., 1998, Murray 
et al., 2002), whereas erosion is typically related to storms and high tides. Coarser material is also 
deposited near the margins of the intertidal plains by tidal currents and flood events. 

Areas of mangrove tend to trap sediments through baffling by mangrove vegetation, and percolation 
of tidal water through animal burrows.  These result in the trapping and rapid deposition of fine 
sediment and organic material (Bowers et al., 1997, Alongi et al., 2001).  

On the intertidal floodplain of the Legune Station, mangroves are typically restricted to the tidal creek 
margins, and hence much of the suspended sediment settles out close to the creeks.  The high tidal 
flats are inundated less frequently and as described in Section 2.1.3, they support little if any 
vegetation.  

2.7 Water Quality 

2.7.1 Overview 

There are limited previous water quality assessments of the Keep and Victoria River estuary systems. 
Bennett & George (2014) provide details of a 2 year monitoring program undertaken in the middle 
and lower Keep River. However, more detailed information regarding local water quality at Legune 
Station is sparse. 

As such, an extensive water quality sampling program is presently being undertaken as part of this 
current project by frc environmental.  The results of this assessment are detailed in Volume 5, 
Appendix 9.  This program has included monthly sampling of a range of water quality parameters 
across the site. The location of key sample sites is shown in Figure 2-65.  

2.7.2 Freshwater Inflows 

Freshwater which flows into the Legune Station waterways and thence Joseph Bonaparte Gulf impacts 
system salinity, turbidity and residence times on varying timescales. Rainfall falls almost exclusively 
during the wet season from November through to April. Consequentially, fluvial flows are high during 
these periods and non-existent to low during the dry season from May through to October. The Keep 
and Victoria River estuary systems are therefore classified as having ‘negative hydrology’, whereby 
except during extreme events, the volume of freshwaters entering the estuary is typically too low to 
cause significant stratification ( (Nunes & Lennon, 1986)). The high tidal range also accelerates mixing 
of freshwater inputs, and marine water.  In negative estuaries, the net inflow of marine water exceeds 
the outflow of catchment-derived (fresh) water (Ozcoast, 2016). 
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A brief summary of the freshwater inflows with respect to the impact on the coastal environment is 
provided below. Details on flooding expected across the Legune Station site from “internal” 
catchments can be found in Volume 5, Appendix 11. 

Other large waterways which provide freshwater inflows and sediment loads into Joseph Bonaparte 
Gulf include the Ord and Pentecost River system to the west and the Fitzmaurice and Daly Rivers to 
the east. 

Victoria River 

The Victoria River forms the eastern boundary of Legune Station. The Victoria River catchment covers 
an area of approximately 78,000 km2 as the river traverses over 700km upstream towards the Sandy 
Desert in north central Australia, making it the longest river in the Northern Territory. Several other 
large tributaries flow into the Victoria River providing drainage over a wide area.  Due to the low 
gradient of the catchment, the tidal limit extends a significant distance to approximately 20 km 
upstream of Timber Creek (Kirby and Faulks, 2004). Streamflow data sourced from the Bureau of 
Meteorology (2016) has been used to develop flow rates towards the downstream end of the Victoria 
River catchment for a number of return periods, as presented in Table 2-8.  

Table 2-8 Flood Frequency Analysis (BoM, 2016) 

 Average Return Interval (ARI) Flow (m3/s) 

Gauge 2 year 10 year 20 year 50 year 100 year 

Victoria River (including 
East and West Baines 
Rivers) 

2,800 5,700 6,700 7,900 8,700 

Keep River @ Legune Road 
Crossing 

580 1,200 1,300 1,500 1,700 

Sandy Creek @ Legune 
Road Crossing 

190 276 296 316 320 

Daly River @ Mt Nancar 2,700 5,300 6,200 7,300 8,000 

Ord River @ Tarrara Bar 2,100 5,300 6,500 8,000 9,400 

 

Recent flows through the Victoria River (and other local and regional catchments) are presented in 
Figure 2-106 and illustrate the seasonal nature of flow patterns in the Victoria River and wider region. 
The most recent 2015-2016 wet season is also shown in Figure 2-106.  

Despite the rainfall total during the 2015-2016 wet season being well below average across the region, 
discharges within the Victoria River during December 2015 were close to a 10 year ARI flood event 
and significant flooding occurred within the Daly River, with flow rates close to the 20 year ARI levels. 
This follows the rainfall period shown in Figure 2-49. The high discharges resulting from such an 
isolated storm event indicate that high freshwater flows can be expected in both typically wet and dry 
seasons.  

Assessment of the climate and streamflow data has identified the wet season of 2003-04 as an above 
average wet season. Stream flows for the 2003-2004 wet season are shown in the lower image in 
Figure 2-106. The Victoria River flow during 2003-04 peaks at 5,300m3/s, just below the 10 year ARI 
flow condition. However, unlike the recent relatively dry year, the 2003-04 year has a consistent base 
flow in the Victoria River of around 2,000m3/s during February due to more consistent rains in the 
catchment.  
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The catchment of the Victoria River consists primarily of pasture land, with a number of large cattle 
stations located along the river. A military zone (Bradshaw Field Training Area) is also present to the 
north of the Victoria River.  

 

 

 

 

 

 

Figure 2-106 Stream flows, period of record (top two images), 2015-16 wet season (middle) and 
2003-04 wet season (bottom) (nb. varying y-axis scales) 
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Keep River and Sandy Creek 

On the west side of Legune Station, the Keep River acts as the natural boundary of the lease. Sandy 
Creek flows through the station and into the Keep River. The Keep River catchment is considerably 
smaller than the Victoria River, covering approximately 5,000km2 in the area between Kununurra, the 
Victoria Highway and the Victoria River catchment (Figure 2-3).   

Flows within the Keep River are gauged just upstream of the main road into Legune Station and are 
presented in Figure 2-106 (black), with a statistical analysis of flood frequencies provided in Table 2-8. 
The magnitude of flooding events within the Keep River are approximately 20% those of the Victoria 
River.  The two rivers have a similar pattern of flooding, although the relative size of events in a wet 
season can be quite different as shown in the 2003-04 wet season flows. Sandy Creek, with a smaller 
local catchment feeding into the Keep River, is also gauged upstream of the Legune Road and flows 
and flood statistics are presented in Figure 2-106 and Table 2-8 respectively. Sandy Creek flood events 
are around 20% of the Keep River flows and follow a similar pattern of flow and peak events to the 
Keep River, as shown in Figure 2-106. 

In the upstream reaches of the Keep River, the Keep River National Park provides protection for much 
of the catchment area (Figure 2-6). Closer to the mouth, the Legune Station lease extends across Sandy 
Creek to the boundary of the Keep River. The assessment carried out by Bennett & George (2014) 
indicated that baseline water quality data collected resulted in the lower Keep River system being 
considered a ‘Category 2’ system which is ‘slightly to moderately disturbed’ rather than ‘Category 1 – 
high conservation/ecological value system’. This was due to the exceedance of ANZECC and ARMCANZ 
(2000) trigger levels by a number of aquatic stressors at multiple sites. A number of metal toxicants 
were also found to exceed guidelines in the Keep River with aluminium, zinc, cadmium, copper and 
lead noted as elevated in the water quality sampling.  

Forsyth Creek Dam 

The Forsyth Creek Dam was constructed over 2005 and 2006 to provide water for pastoral operations 
through the dry season and specifically to extend the period of pasture grazing of stock at Legune 
Station. The annual volume of water within the dam after the wet season is presented in Table 2-9 
(Golders, 2016). The capacity of the dam is in the order of 35GL, with dam capacity reached and 
overflow across the spillway noted during 2007, 2009 and 2014.  

The water from Forsyth Creek Dam is released on or around 1st August most year and flows by gravity 
across Legune Station with the majority of flow pooling in the upper, non-tidal reaches of Alligator 
Creek. An elevated road weir across Alligator Creek prevents this freshwater flow from entering 
Alligator Creek during the dry season. 

Table 2-9 Annual storage volumes of Forsyth Creek Dam  

Date Estimated Storage Volume (GL) 

9th May 2006 8.2 

19th April 2007 35.1 

21st April 2008 16.3 

7th March 2009 35.1 

14th June 2010 18.3 

19th July 2011 32.3 

26th May 2012 20.3 

5th May 2013 2.8 
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Date Estimated Storage Volume (GL) 

22nd April 2014 35.1 

9th April 2015 27.2 

22nd May 2016 12.1 

 

Localised Surface Runoff 

Alligator and Forsyth Creeks 

The main waterbodies which flow across Legune Station are the Alligator and Forsyth Creeks. As noted 
above, an elevated road creates a weir across the upper extent of both Forsyth and Alligator Creeks, 
preventing tidal flows into the property.  

Prior to the construction of this road, the tidal extent of Alligator Creek continued for a further 5-7 
kilometres upstream. The similar elevated road weir prevents continued tidal flows into Forsyth Creek 
and has significantly reduced the tidal extent of the creek since construction. 

Both road weirs are overtopped during the wet season and continued flows erode the road through 
the wet season, increasing the amount of water which flows across the road during the wet before 
the road is reconstructed at the beginning of the dry season to allow for pastoral operations. The road 
weirs typically remain above the peak tidal level and flow is downstream only. 

Flows from the catchment overtopping the roads during the wet season are likely to be high in 
nutrients from cattle which utilise the ponded water as a drinking source through the dry season. 
Increased vegetation such as water lilies, reeds and grasses, algae and other aquatic plants grow 
through the dry season and will contribute organic matter to the waterway when flow passes into the 
tidal creeks.  

Other Waterways 

The remainder of the Legune Station floodplain drains through short (relatively), localised creeks and 
channels into the tidal waterways. Due to the small catchment size, infiltration and high evaporation, 
runoff into these streams is limited to short periods following rainfall. Where interruptions in the 
floodplain exist, either through constructed or natural barriers, rainfall ponds and evaporates. 

During high spring tides, the tidal floodplains are inundated and material from the tidal flats is likely 
to be added back to the waterways from the floodplain.  

2.7.3 Salinity 

Regional 

The salinity of coastal waters at Legune Station is primarily influenced by offshore salinity levels during 
the dry season and catchment runoff during the wet season. At the end of the dry season, when 
temperatures and evaporation rates are at their highest, there is potential for salinity levels to 
increase at the upstream end of the tidal channels, this being a common phenomenon in tropical 
estuaries. Regardless of this process, the high levels of tidal flushing result in a fairly well mixed 
estuary. 

A time series of salinity extracted from the CSIRO Bluelink model (CSIRO, 2016) within Joseph 
Bonaparte Gulf and the Timor Sea is presented in Figure 2-107. The 20-year period of modelled data 
indicates that there are only minor changes in the offshore salinity annually, although wider regional 
impacts (such as those described in Section 2.3) can lead to a longer period change in salinity, as 
observed with lower periods of offshore salinity during the La Niña events from 1999-2002 and 2010-
2012.  
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Figure 2-107 Seasonal and annual offshore salinity variation (CSIRO, 2016) 

 

Salinity has been measured in Joseph Bonaparte Gulf as part of the Australian National Mooring 
Network (IMOS, 2016).  As part of this program, a buoy was deployed approximately 150km NNW 
offshore of Legune Station within 50-60m of water depth. The salinity logger was placed off the bed 
and recorded data at depths of 25-35m between August 2010 and October 2013.  The logger was 
redeployed between September 2014 and January 2015.  Salinity at the logger ranged between 33.5 
and 34.5PSU for the majority of the recorded period, as shown in Figure 2-109. A period of lower 
salinity was observed during late April 2012. 

 

 

Figure 2-108 Measured salinity within Joseph Bonaparte Gulf (ANMN, 2016) 

 

Legune Station 

Salinity data was collected at a number of locations around Legune Station during early 2016 (Figure 
1-6). A time series of the salinity data which have been collected is presented below in Figure 2-109. 
The salinity measured offshore of Turtle Point Island, shown in black, indicates salinity remains around 
28 practical salinity units (PSU), (equivalent to parts per thousand, ppt) during the period of late 
January through to mid-March. A small monsoonal trough passed across Legune Station in early 
February resulting in higher freshwater flows and corresponding lower salinities in the Keep River.  
This is reflected in the salinity measurements, including those from offshore. The offshore salinity can 
be seen to drop around 4 PSU as the peak discharge occurs and return to 28PSU in around 3 days. The 
salinity in the Keep River, shown in blue, also responds to the storm event with the minimum salinity 
dropping considerably with the ebb flows. Prior to and following the storm, salinity in the Keep River 
fluctuates with the tide around 20-22PSU. As flow in the Keep River increases, freshwater is drawn 
out on the ebb tide and salinity drops to less than 10 PSU at low water for a period around 7 days. 
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During the flood tide, more saline water from offshore is pushed into the River and the salinity 
increases to around 22 PSU at high water. The range in salinity returns to 20-22PSU a week or so after 
the storm event.  The salinity then increases gradually with the continued lack of rain through to the 
end of February. 

Within Alligator Creek, salinity was measured on the southern bank adjacent to the discharge location 
(shown in red) and in the upper reach near the road which creates a tidal barrier (shown in green). 
The data from the logger near the discharge location was affected by the ponding and heating of water 
during low tides, however the measured data indicates that, at high water, salinity within Alligator 
Creek at the proposed discharge location is similar to that within the Keep River under low freshwater 
flow conditions. During the storm event, the salinity dropped as freshwater flowed through the Keep 
River and Alligator Creek.  The storm generating these flows occurred during a neap tide, which also 
reduced the volume of saline seawater flushing into Alligator Creek.  It is noted that the subsequent 
neap tide period also showed a trend of lower salinity within Alligator Creek. At the upstream point 
(green) the salinity was low throughout the period of record.  This was due to a combination of the 
drying of the logger during low tide and the light but constant freshwater flow from the floodplain 
upstream of Alligator Creek. The influence of the spring tides can be seen with salinity peaks of up to 
14 PSU at high water during spring tides. 

 

Figure 2-109 Time series of measured salinity around Legune Station 

Conductivity-temperature-depth (CTD) profiles were also collected during a number of field 
investigations during June and October 2015 and January and March 2016 by frc environmental at the 
locations noted in Figure 2-65.  The salinity profiles, presented in Figure 2-110, further illustrate the 
changing salinity across the seasons. During the early dry season, salinity is in the range of 30-35 parts 
per thousand (ppt) across the local waterways, increasing in the build up to the wet season to 35 – 
40ppt during October. Despite the below average rainfall in the region in the 2015-2016 wet season, 
salinity still dropped to be in the range of 25-32ppt across the site in January and remained within this 
range through to March 2016. Very little vertical stratification within the waterbody was observed, 
indicating that the system is well-mixed vertically. During the dry season, higher salinities were 
recorded further upstream in the system (June, I02, October I02 and I33) when compared with the 
offshore locations (June, I08/I22; October I22) as shallower water and increased evaporation can lead 
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to higher salinities at the upstream locations. Conversely, during the wet season, fresh water inflows 
result in salinities in the upstream areas (January I10, WT07; March (I33, I10) being lower than those 
offshore (January I02, I12; March I12, I02). A spatial variation is also observed between offshore points 
during the wet season.  The salinities at the Keep River mouth (I12) are consistently higher than those 
offshore from the mouth of Forsyth Creek (I08). It could be inferred that salinity at I08 is more 
influenced by larger freshwater flows from the Victoria River during the wet season. 

Sample locations I08, I12 and I34, at the entrance to Forsyth Creek, the Keep River and Alligator Creek 
respectively, were also sampled across a tidal cycle.  The results show that the salinity can vary by over 
2.5 PSU over a tidal cycle as more saline water from offshore is brought in with the flood tide, and is 
then flushed with the ebb tide.  

    

Figure 2-110 Salinity profile data (Volume 5, Appendix 9) 

 

Modelled Salinity 

Salinity for the waterways around Legune Station has been modelled for the 2015-16 wet season and 
data collection period, as shown in Figure 2-111. The model has been calibrated to time series of 
measured salinity (Figure 2-109) at locations within the Keep River, Alligator Creek and offshore (refer 
Appendix A for details). Salinity at the discharge location in Alligator Creek (green) is most variable, 
with the salinity dropping below 5PSU on the ebb tide as freshwater which enters the upper reach of 
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Alligator Creek is advected downstream with the outgoing tide. Within the Keep River, salinity 
increases as distance to the mouth decreases and offshore values vary by only 1-2 PSU. The rainfall 
and flow event at the end of January can be seen to drive salinity below 20 PSU for a short period 
within the Keep River.  

The impact of rainfall and subsequent freshwater flows can also be observed in the modelled salinity 
within Forsyth Creek. Water from the Victoria River results in a lower offshore salinity, which is pushed 
into Forsyth Creek on the flood tide, whilst freshwater rainfall on the floodplain flows through small 
tributaries into the creek. The reduction in salinity within Forsyth Creek is, however, short lived and 
levels increase through February to become similar to those within the Victoria River. 

 

Figure 2-111 Modelled salinity, 2015-16 wet season 

The 2015-16 wet season was drier than average and salinities in an average or above average wet 
season could be expected to be lower than the values measured within the tidal creeks and offshore 
during the study period. To assess the potential variation of salinity under different climatic conditions, 
an above average wet season was selected from historical data where offshore salinity, stream flow 
and rainfall data were available.  These conditions were then simulated using the calibrated numerical 
model (Appendix A). The 2003-04 wet season was selected as an above average wet season to assess 
in the numerical model. 

Time series of modelled salinities from key locations around Legune Station, Victoria River and Keep 
River discharges and rainfall from Legune Station for the 2003-04 wet season are presented in Figure 
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2-112. The offshore salinity at the beginning of the model run was determined from an analysis of 
regional model data (CSIRO, 2016). The model simulation begins in late December prior to a significant 
flow event in the Victoria River in early January which was equivalent to approximately a 2 year ARI 
flood event.  

Rainfall across the catchment and associated freshwater flows result in a significant drop in salinity 
across the site. There is some recovery of salinity across the catchment through the end of January as 
low flows and little rainfall occurs. Salinity then declines at the beginning of February, due to the 
localised runoff from rainfall, and continues to drop with the more significant (around a 7 year ARI 
event) and sustained flows which occur through February 2004. A recovery in salinity values across 
the site can be seen towards the end of March as rainfall and inflows decline. 

The modelling indicates that salinity levels can potentially drop significantly during the wet season and 
that salinity at the mouth of the Keep River could fall below 15 PSU, particularly during neap tide 
conditions when river flows dominate. Within the estuarine waterbodies, salinity can drop below 10 
PSU and even lower within smaller creeks such as Alligator Creek which experience a freshwater inflow 
(which was also unregulated by the road weir during 2004). It should be noted that given the recent 
wet season when data was collected for model calibration was a “dry” wet season, measured data 
and input flows do not cover the range of modelled conditions.  

 

Figure 2-112 Modelled wet season salinity variation 
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2.7.4 Turbidity 

Turbidity, a term used to describe the clarity of water, is a measurement of the scattering of incident 
light within the water column. Turbidity is influenced by suspended solids such as sand, silt and clay 
particles, and also by dissolved inorganic and organic material. Different units can be used to describe 
turbidity, however NTU – nephelometric turbidity units – is the most common unit in use in Australia. 
Turbidity recorders measuring turbidity in NTU cannot differentiate between dissolved and suspended 
particles. The correlation between suspended sediments and NTU can be quite specific to the 
waterway, and conditions impacting the waterway and requires a suitable volume of data to be 
considered reliable. Within the waterways at Legune Station, the relationship between TSS and NTU 
is between 0.9 TSS (mg/L):1 NTU to 1.1 TSS (mg/L):1NTU. Occasional outliers of both TSS and NTU 
occur which do not fit this relationship.  

Regional 

As discussed in Section 2.6, the macro-tidal regime and geomorphological environment of Joseph 
Bonaparte Gulf result in large volumes of sediment being mobilised on an ongoing basis. The resulting 
turbidity is a constant feature of the region, enhanced by wet season flows which bring heavy 
sediment loads from the catchment. Turbidity from flood flows can extend for several tens of 
kilometres offshore. DEWHA (2007) reports that the boundary of the turbidity layer occurs at around 
the 60m depth contour, which is located approximately 150km offshore of Legune Station. DEWHA 
(2007) also reports that there is limited mixing between these turbid waters along the coast and the 
offshore waters and a sharp reduction in offshore turbidity occurs at this boundary layer.  

Turbidity has been measured in Joseph Bonaparte Gulf as part of the Australian National Mooring 
Network. The buoy was deployed approximately 150km NNW offshore of Legune Station within 50-
60m of water depth. The turbidity recorder was placed off the bed and recorded data at depths of 25-
35m between August 2010 and October 2013 and was redeployed between September 2014 and 
January 2015. Recorded turbidity data from 2012 are shown in Figure 2-113 and indicates turbidity at 
these depths is relatively low, close to zero during neap tide periods and 1-2NTU during spring tides. 
Isolated periods occur when turbidity approaches 10NTU, however offshore conditions are generally 
low.  

 

 

Figure 2-113 Joseph Bonaparte Gulf turbidity (ANMN, 2016) 

 

Legune Station 

Turbidity 

Profiles of turbidity have been collected by field investigations during June and October 2015 and 
January and March 2016 undertaken for this EIS at the locations noted in Figure 2-65.  The profiles, 
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presented in Figure 2-114, indicate turbidity increases from the dry season into the wet season, as 
could be expected given associated catchment runoff. Despite the below average recorded rainfall in 
the region for the period of time when the data was collected for this study, small isolated storms still 
occurred on the floodplain which increased sediment loads into the waterways and general area. 

Turbidity during the dry season is relatively homogeneous with little change in the vertical profiles 
recorded and a much narrower range spatially across the site when compared with the wet season 
sampling. Dry season turbidity is high with turbidity values in the order 100-1000 NTU. Wet season 
concentrations are higher than during the dry season, and also indicate greater variation in the vertical 
profile than during the dry season with turbidity increasing from less than 500 NTU at the surface to 
greater than 1000 NTU at the bed in some locations. The turbidity profiles under different tidal 
conditions offshore from Forsyth Creek (I08) during January and March, and offshore from the Keep 
River mouth (I12) during January are shown in Figure 2-115.  

 

     

Figure 2-114 Turbidity profile data (Volume 5, Appendix 9) 
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Figure 2-115 Turbidity variation with tidal stage, Forsyth Creek mouth (I08) and offshore Keep 
River mouth (I12) 

 

The turbidity of monthly water quality samples collected at the locations shown in Figure 2-65 and 
analysed in laboratory conditions is summarised in Figure 2-116. The measured turbidity is generally 
less than 1,000 NTU, however this value is exceeded in some cases. Thus the existing turbidity of the 
system cannot be considered to be limited or confined to a 1,000 NTU threshold. The average 
recorded turbidity from each month of sampling is shown in the figure and indicates a range between 
100 and 500 NTU is common, consistent with the results of field turbidity-depth profiles presented in 
Figure 2-114 and Figure 2-115.  
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Figure 2-116 Monthly turbidity - laboratory analysis  

 

Suspended Sediments 

Total suspended solids or total suspended sediment (TSS) concentration were determined from 
sample analyses collected as shown in Figure 2-65 and are presented in Figure 2-117. TSS 
concentrations (like turbidity) vary spatially across the site and from month to month. The average 
level of TSS concentration is noted by the solid grey line in the figure and ranges from 150mg/L to 
678mg/L, peaking during December and March. No consistent pattern of TSS is observed in the 
measured data at individual sites. The red, green, purple and aqua dotted lines indicate the monthly 
measured TSS within Alligator Creek, Forsyth Creek, Offshore and within the Keep River respectively 
and, as shown, TSS varies at and between each site from month to month. In general, it can be said 
that the TSS in Alligator Creek was in the higher range of those recorded, whilst the offshore samples 
tended to be towards the lower end (although some months this was not the case).  

 

Figure 2-117 Monthly suspended sediment concentration – laboratory results 
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Qualitative Site Observations 

Consistent with the data presented above, high turbidity is commonly observed in the waterways 
around Legune Station, as shown in the photographs of the site presented in this report. However, 
during times of slack tides or following heavy rainfall, a change in the colour of the estuarine water 
can be observed.  

A sharp line in the suspended sediment concentration in the area around the Bob’s Creek rock weir 
can be seen in Figure 2-118, the picture captured during the flood tide following a heavy rainfall event. 
The area upstream of the shallow rocky zone was similar to the greenish colour observed in the 
bottom half of the photo prior to this event. The following day, there was no evidence of such a change 
in turbidity within Bobs Creek indicating that catchment runoff can have a large but very short lived 
impact on suspended sediment concentrations and that associated turbidity levels can vary 
significantly at small temporal and spatial scales.  

  

Figure 2-118 Distinct variations in suspended sediment along Bob’s Creek (29/10/2015) 

 

2.7.5 Nutrients 

Forsyth Creek and Alligator Creek have background median total nitrogen levels of around 0.2 mg/L, 
with this nitrogen being approximately equally divided between nitrate/nitrite nitrogen and organic 
nitrogen.  Median background total phosphorus levels are around 0.1 mg/L, with the majority of this 
phosphorus being in the particulate form. Filterable reactive phosphorus levels are consistently less 
than the laboratory detection limit (0.05 mg/L). . 

Median chlorophyll a levels are less than 1 µg/L, with the exception of the upstream section of 
Alligator Creek where a median level of 3 µg/L was observed. 

These background levels for nitrogen, phosphorus and chlorophyll a were established through the 
water quality sampling program. Description of the existing water quality parameters can be found 
further in Volume 5, Appendix 9 of this EIS. 

 

2.7.6 Marine Flushing Times 

As an indication of the time required for nutrients or other water quality parameters to be flushed 
from waterways within the study area, an assessment was undertaken of flushing times at different 
locations using the numerical models developed for this project.  
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The “flushing time” is a common measure of how long it takes material within a coastal water body to 
be exchanged or “flushed”.  The assessment sets an initial unit concentration of a conservative tracer 
throughout the system and simulates the exchange of water between the ocean and the estuary to 
determine the time for the concentration at each location of interest to drop to 37% (or 1/e) of the 
original concentration, typically referred to as the “e-folding” time.   

The simulation was undertaken for dry season conditions as this represents the “worst case” in terms 
of flushing times for the estuary, representing the time of the year when flushing times will be at their 
maxima. Furthermore, it was assumed that there are no freshwater inflows to the estuaries.  Under 
wet season conditions, any catchment inflows entering the system reduce the flushing times across 
the estuaries, thus the estimates for flushing times presented here are considered to be conservative. 
To demonstrate the impacts of low freshwater flow on marine flushing, a constant flow rate, 
representing the 2015-16 below average wet season flows which flowed across the Alligator Creek 
weir have also been simulated. The results of this are included below.  

Results were extracted at the locations shown in Figure 2-119.  The inlay figure illustrates the extent 
of the initial model tracer placements used for assessing the e-folding time of each system. The 
resulting changes in concentration over time at each location are shown in Figure 2-120 and the 
flushing times (e-folding times) for each location are summarised in Table 2-10.  A range of flushing 
times is provided as the results are dependent on the initial tide conditions assumed.  The model 
simulations assessed flushing assuming both an initial spring tide and an initial neap tide condition. 
The results presented below are for a combination of spring and neap tide initial conditions. The spring 
and neap tide flushing times are shown for Alligator Creek to demonstrate the range in times with 
tidal state. 

The results show that the offshore locations (effectively representing the outer sections of the Keep 
River estuary) has a flushing time less than 20 days.  Further upstream within the estuaries, flushing 
times increase which reflects the significant distance that the estuaries extend upstream.  The upper 
sections of the Victoria River have very long flushing times (>100 days) during the dry season as the 
upper estuary cannot fully drain over a tidal cycle. 

Conversely, Alligator and Forsyth Creeks have relatively short flushing times, typically less than 10 
days.  With the addition of below average wet season flows into Alligator Creek the e-folding time is 
reduced to 2 days.  
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Figure 2-119 Flushing time assessment locations 
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Figure 2-120 Residence times across the study area 

Table 2-10 Comparison of flushing times across the study area 

Location Model Extraction Point (as per 
Figure 2-119) 

Flushing (e-folding) Time (days) 

Alligator Creek 

P1 4 - 8 

P2 3 - 8 

P3 3 - 7 

Alligator Creek with 
wet season flow 

P1 < 1 

P2 1 – 2 

P3 1 – 2  

Keep River 

P4 29 – 41 

P5 22 – 31 

P6 22 – 31 

P7 15 – 28 

Forsyth Creek 

P12 4 – 10 

P13 3 – 9 

P14 3 – 9  

Offshore 

P15 15 

P16 7 – 14 

P17 16 – 18 

Victoria River 

P18 > 100 

P19 > 60 

P20 10 – 28 

(including flood flows) 
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3. POTENTIAL IMPACTS AND MITIGATION 

Potential impacts to hydrodynamics, coastal processes, marine water quality and sediments 
associated with construction and operation of the proposed facility at Legune Station have been 
assessed. Options and methods to avoid or mitigate any potential adverse impacts have been assessed 
and recommendations for minimizing the impact of the facility on the existing coastal environment 
have been provided. 

3.1 Proposed Development 

The proposed development is presented in Figure 3-1. It includes the construction of intake pipes to 
pump saline water from Forsyth Creek into prawn farm ponds constructed above the tidal floodplain. 
After harvesting of prawns from the ponds, effluent from the farms will flow through an 
Environmental Protection Zone (EPZ) across the site and be discharged via an outlet structure into 
Alligator Creek.  

Feasibility studies have provided representative intake pumping and discharge flow rates as shown in 
Figure 1-2 and Figure 1-3. The concentration of nutrients, chlorophyll a and turbidity of the proposed 
effluent are provided in Table 1-1. 

An alternative outlet location at Bob’s Creek to the north of the site has also been considered in the 
water quality assessment. It is noted that this location will pose additional engineering challenges to 
construct a channel and EPZ across the tidal floodplain. This alternative outlet is discussed in Section 
4. 

 

Figure 3-1 Project Sea Dragon Development Plan – Stage 1 (from Seafarms Group, 2016) 
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3.1.1 Feasibility Design 

Feasibility design information has been provided by Seafarms to enable assessment of potential 
impacts of the intake and effluent outlet structures. Detailed design is to be completed and will 
consider the mitigation and control strategies proposed herein. 

Saline water intake pump station 

Details of the feasibility design of the intake pump station have been provided below by Seafarms and 
are presented in Figure 3-2. The intake pump station will comprise: 

 An open, steel piled jetty structure 140m long, projecting out into Forsyth Creek, carrying the 
four intake pumps and delivery pipes. Alongside the pipe jetty a secondary jetty will support 
an approach track and maintenance deck.  

Feasibility design indicates the jetty structures will be supported by piles of 800-900mm in 
diameter, with 2 piles per structure placed at intervals of nominally 7m. At the head of the 
structure, the 4 intake pumps will be placed in a line parallel with the flow direction with two 
additional piles supporting the head of the structure. These piles will be 5 – 7m apart. 

 A davit for installing and removing the pumps for maintenance; and a trolley for transporting 
personnel and equipment between the head of the jetty and the roadway at the tail of the 
jetty. 

 The intake bell-mouth at the inlet to the pump will be fitted with a 100mm aperture mesh 
grille, to exclude all but the small debris and aquatic fauna. The grille will be regularly cleaned 
of marine fouling by raising the pump assembly up and onto the jetty platform, so that 
personnel access can be afforded safely and the fouling wastes collected without any need for 
floating plant.  

The intake pumps will terminate in the water at a level below MLWN and above MLWS. 
Pumping will be avoided at times where possible when water levels are low in order to reduce 
the amount of suspended sediment captured. 

 Electrical power distributed to the pump station via an overhead line and a localised electrical 
sub-station. 

 Pipelines delivering seawater into the intake channel. The pipes will be either mild steel, 
cement-lined, or fibreglass, of approximately 2.1 m outside diameter each. 
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Figure 3-2 Preliminary design configuration of Forsyth Creek intake (Seafarms, 2016) 
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Environmental Protection Zone (EPZ) 

The EPZ will be constructed on the estuarine-deltaic plain to receive water from the MDC and deliver 
it to the Alligator Creek outlet (Seafarms, 2016).  

At full operating capacity this area will be a wide, shallow retention area designed to allow settlement 
of suspended solids and nutrient reduction. For Stage 1 with just 3 farms, the area and therefore the 
width will be limited owing to the lower daily flows. This is to ensure both that standing water is 
minimised to avoid stagnation, and to maintain the required retention time.  

The footprint of the EPZ is shown in Figure 3-3. The narrower Stage 1 of the EPZ is primarily limited to 
a 100m wide channel through the centre of this footprint, terminating at a 100m wide weir adjacent 
to Alligator Creek (Figure 3-3). The majority of the discharge will flow through the 100 m wide channel 
in the centre of the EPZ, but the EPZ is sized for 'overflow' of this channel, to enable it to hold the peak 
farm discharge rate and water from localised storm events, and it is expected that this 'overflow' and 
the margins of the channel itself will be colonised by local samphire and/or mangrove species, which 
will assist in nutrient uptake. Weirs will be placed at the interface of the MDC branches and the EPZ, 
to regulate the flows as required. 

 

Figure 3-3 EPZ preliminary design footprint 

 

Outlet Structure 

Preliminary design of the outlet structure at Alligator Creek is presented in Figure 3-4. As noted 
previously, effluent from the farms will be discharged into the main drainage channel (MDC) before 
passing through the EPZ to the bank of Alligator Creek. Scour protection on the downstream side of 
the Alligator Creek weir will be provided by a rock blanket (not shown).  

The outflow weir from the EPZ is 100m wide and is set back a nominal 30m from the existing bank. 
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Figure 3-4 Alligator Creek outlet weir (Seafarms, 2016) 

 

3.2 Coastal Morphology and Sediment Transport Processes 

In and around the intake and outlet structures there is the potential for localised impacts on the 
morphology, bathymetry or sediment transport processes.  However, away from these locations, the 
proposed development will have no impact on these aspects of the coastal environment. 

It is important to note that the coastline and bathymetry of the waterways around Legune Station are 
considered to be relatively mobile, with bank and channel morphology changes resulting in changes 
to the shape, position and level of the waterways at varying spatial and temporal scales. The positions 
of the waterways are thus not fixed and will be subject to change regardless of any development 
taking place. 

The scale of the development on the shoreline compared with the length of shoreline at Legune 
Station should also be noted. The approximate length of the shoreline around the Legune Station 
peninsula, shown in Figure 3-5, is in the order of 320km. The shoreline of the tidal portion of Forsyth 
and Alligators Creeks as shown in Figure 3-5 is around 48km and 28km respectively. This is compared 
with a development footprint of the intake and outlet structures of less than 1.0km.  
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Figure 3-5 Relative shoreline lengths at Legune Station 

 

3.2.1 Forsyth Creek Intake 

To provide estuarine water to the prawn farms, piles will be driven across the tidal floodplain, banks, 
and into the bed of Forsyth Creek to support a pump station and intake pipes.  As shown in Figure 
2-23, the channel and bank around the proposed intake location is not stable and has been moving in 
a southerly direction an average of 15m per year since 1967. This is a relatively rapid rate of natural 
erosion. 

The use of piles to access the water within the centre of Forsyth Creek, as opposed to a more solid 
structure such as a vertical sheet-pile wall, will reduce the impact on local currents and thus minimise 
changes to the existing erosion at the shoreline. Any changes to current speeds and directions are 
likely to be limited to the immediate area around the piles. It is unlikely that these changes will be of 
greater impact on the bank than existing erosion processes. The change to currents in the area around 
the piles may result in localised bed scour around the piles, however this will occur in tandem with 
existing bed scour detailed previously.  

Some protection from existing wave action may be provided to the bank in the lee of the intake pipes 
and piles. The dynamics of wave induced scour observed along the bank of Forsyth Creek may be 
altered by the intake structure as waves are reflected, or blocked by the piles and intake pipes. These 
effects are likely to be localised and minor compared with the existing erosive forces. 

As the bank continues to erode in a southerly direction, the structure is designed to allow the intake 
pipes to be shifted with the movement of the channel. The piled structure is proposed to extend 
around 130m landward of the current bank position.  

Sediments within Forsyth Creek are likely to enter the intake pipes in suspension. The volume of 
suspended sediment within Forsyth Creek is high and the removal of suspended sediment with the 
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intake water will not impact sediment processes in Forsyth Creek and in a similar manner the actual 
flow into the intake will not have any impact on the flows in Forsyth Creek (and hence sediment 
mobilisation and transport processes) given the relative magnitude of the intake and the prevailing 
tidal flows (see also Table 3-1). 

Alternatives / Control Strategy 

Alternatives to a piled structure include placement of the pipe on the bed surface, or construction of 
a solid jetty to place the pipe on. These alternatives are likely to have a much greater impact on the 
coastline and bed conditions due to the increased footprint on the bed and greater impact on current 
speeds and sediment movement.  

A piled structure is considered the most appropriate method to support the intake pipe and pump 
works. The location of the intake on Forsyth Creek is limited by the proximity to higher, more stable 
ground.  

The following actions are also recommended to ensure there is minimal impact of the project on the 
form and morphology in Forsyth Creek: 

 The dimension and number of piles should be minimised as much as possible to limit any 
impact to the shoreline, banks and bed, currents and sediment transport; 

 Detailed design should include assessment of the sub-surface geology to ensure piles are 
driven to a depth sufficient to ensure stability under the strong directional currents present 
in Forsyth Creek; 

 Detailed design should ensure adequate length of intake pipe and piled structure is provided 
across the tidal floodplain given the rate of shoreline movement. As noted, the current design 
includes piles extending approximately 130m landward; 

 Operational management plans should include monitoring of bank erosion rates and scour 
around piles. Whilst the current rate of erosion is relatively constant, changing channel 
morphology could result in an increase or decrease of this rate. Future works could be 
required if the rate, or direction of bank erosion changes. 

3.2.2 Alligator Creek Outlet 

A nominal buffer of 30m is provided between the present day shoreline, the EPZ bund and the outlet 
weir structure. The rate of erosion of the Alligator Creek shoreline at the outlet location has been 
relatively consistent since the late 1990s. Localised erosion of the intertidal bank occurs through 
current and local wind-wave processes. Sediments on the bank are fine silts and clays which erode to 
contribute to the high levels of suspended sediment within Alligator Creek. The current rate of erosion 
of the bank in the vicinity of the outlet location is in the order of 1-3m per year. 

The nominal setback distance of the outlet weir structure of 30m will provide between 10 and 30 years 
erosion buffer given these current day erosion rates. Construction of the weir, including the rock 
blanket immediately downstream will limit scour across the surface into Alligator Creek as a result of 
the discharge.  

At the interface between the rock blanket and the channel bank there may be edge erosion effects, 
however this will be limited to the area adjacent to the rock blanket and will not result in changes to 
the bank or channel processes away from the discharge location. 

Peak current speeds within Alligator Creek in the vicinity of the outlet are in the range of 0.5 – 1.5m/s 
on the ebb and flood tides respectively. The discharge rate of theeffluent is controlled by the weir 
structure which has been designed to limit velocities to in the order of, or less than these existing 
current speeds. Thus the effluent flows will have minimal additional impacts on the local bathymetry 
and sediment transport processes.  

 



CO2 Australia 
Project Sea Dragon – Coastal Environment Impact Assessment  

 

3894-10 / R01 v05  -  26/09/2016 144 

Alternatives / Control Strategy 

Alternative outlet options such as a surface or elevated pipes into the channel similar to the intake 
would require an increased footprint into the main channel of Alligator Creek.  

The location of the outlet along Alligator Creek is limited by the availability of higher, more stable 
ground which extends to the Alligator Creek channel. The proposed location is the only outcrop of this 
material along the northern bank within close proximity to the creek entrance (to assist with flushing).  

Alternative proposals such as discharging effluent into a smaller, off-channel tidal creek within 
Alligator Creek may result in more significant local erosion due to a larger relative change in the flow 
regime. 

The following actions are recommended to ensure that there is minimal impact of the project on 
coastal geomorphology and associated values in Alligator Creek: 

 Detailed design of the rock blanket to ensure the ends of the structure are sufficiently “tied-
back” to the existing bank to minimise erosion at the interface between the bank and the 
structure; 

 Operational management plans should include monitoring of bank erosion in the vicinity of 
the outlet location to ensure scouring at the ends of the rock blanket will not undercut the 
structure; 

 Operational management plans should include maintenance of the rock blanket, and potential 
reforming the blanket slope and end points to manage any scour in these locations. 

3.2.3 Tidal Floodplain 

Construction of the grow-out ponds, channels and production facilities is to take place on elevated 
land between Forsyth and Alligator Creeks. This area is generally at a level of greater than 5.0m AHD 
(Figure 3-6).  

In isolated areas along the northern portion of the site, the design footprint crosses some small tidal 
channels, particularly in the area of the intake channel, maintenance and sedimentation ponds.  
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Figure 3-6 Development footprint across tidal floodplain 

 

Tidal Channels 

Some insights into the likely impacts that result when a tidal channel is cut-off or modified can be 
gained by reviewing the effects of the changes in topography at Legune Station caused by construction 
of pastoral roads across the upper reaches of Forsyth Creek and Alligator Creek. Aerial imagery 
captured in 1967 and that captured by Seafarms in November 2015 is presented in Figure 3-7. 

The figures show that as a result of the modification to the upper section of Forsyth Creek it has seen 
a significant increase in sinuosity over the 50-year period. Much of this change may be due to the 
natural increased meandering associated with the normal evolution of alluvial channels. However, 
there may be some connection between reducing the tidal flow within Forsyth Creek and the 
reduction of the channel bed slope through the increase in channel meander (and thus length).  

The modification of the upper portion of the Alligator Creek tidal channel has also resulted in 
additional changes downstream of the constructed road weir. The modification of Alligator Creek has 
resulted in the formation of a new channel, located to the southwest of the pastoral road weir across 
the main channel, which drains the intertidal areas to the south of the pastoral road. 

Considering the much smaller tidal channels likely to be modified by the maintenance pond, farm 
ponds and other farm infrastructure, it is unlikely this will have any significant effect on the channels 
and inter-tidal areas downstream. The intake channel and settlement pond will create a complete 
blockage to two small tidal channels, and a partial blockage to a third. This may result in the formation 
of a new channel along the southern edge of the settlement pond and intake channel, similar to albeit 
smaller than the new connecting channel which formed at the Alligator Creek road weir. 
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Tidal Floodplain 

The intake channel is positioned across the tidal floodplain at a level less than 4.5m AHD where a 
number of tidal channels cut across the floodplain. The invert of these channels is likely to be less than 
the MHWN tidal plane and the channels will be inundated regularly under existing conditions. 

Construction of a structure across this area is likely to lead to local changes in the tidal drainage 
conditions. Some channels may increase in width and depth to provide increased flow capacity over a 
shorter distance whilst others may alter their planform. However, the area of impact to the tidal 
floodplain will be limited to the area around the intake infrastructure which represents only a small 
area of the intertidal floodplain at Legune Station. 

Alternatives / Control Strategy 

Alternative options to avoid constructing across the small tidal channels around the site include 
reducing the farm footprint or altering the footprint to follow a higher elevation contour. Both of these 
options are unlikely due to the loss of production area and the increased cost and complexity of 
construction involved to convey water to and from Forsyth and Alligator Creeks to the farm 
operations.  

The constructed bund of the farm should therefore be designed to include sufficient armouring to 
minimise scour of the bund through realignment or increased tidal capacity of the adjacent tidal 
channels. 

The intake channel conveys water from Forsyth Creek to the settlement pond. Minimising the length 
of the intake channel would result in an increase in the section of the piled pipe from Forsyth Creek. 
This would reduce the impact of the intake channel on the tidal floodplain, but would increase the 
cost of construction significantly. 

The tidal floodplain adjacent to the intake will be subjected to tidal flows regardless of the length of 
the intake channel. The constructed bund of the intake channel should thus be designed to include 
sufficient armouring to minimise scour of the bund by realignment and/or increased channel capacity 
of any tidal channels to the south. 
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Figure 3-7 Impacts of altering Forsyth Creek (top) and Alligator Creek (bottom) tidal channels 
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3.3 Oceanographic Conditions 

3.3.1 Water Levels 

The macro tidal environment at Legune Station is such that the potential changes to tidal water levels 
associated with the intake or discharge are low. The tidal prism (i.e. the volume of water which is 
exchanged during each tide) within Forsyth Creek and Alligator Creek is shown in Table 3-1 along with 
the proposed intake and discharge average and peak flow rates. 

Forsyth Creek saline water extraction 

The projected peak extraction rate of the proposed Forsyth Creek intake is 12.5m3/s for 12 hours per 
day for 18 days (Seafarms, 2016) to enable filling of the farm ponds after a harvest. This is equivalent 
to approximately 0.5 x 106 m3 of water extracted from Forsyth Creek per day. A full harvest of the farm 
ponds is expected to occur 1-2 times per quarter as shown by the peak intake flows in Figure 1-2, with 
no or low flows for partial harvesting and water balance occurring at other times. During periods of 
low seawater extraction, the flow rate will be in the order of 2-4m3/s. 

The peak rate of extraction represents less than 0.5% of the tidal prism during a spring tide and 1.5% 
during a neap tide. Pumping at a rate of 2 - 4m3/s for 12 hours represents less than of equivalent to 
0.1% and 0.2-0.4% of the spring and neap tidal prism within Forsyth Creek respectively.  

The intake represents a low proportion of the tidal prism and is thus unlikely to have any impact on 
tidal water levels or currents. 

Alligator Creek Discharge Rates 

The volume of water within Alligator Creek exchanged during a spring tide is in the order of 90,000 ML 
(90 x 106 m3). The average daily effluent discharge of 420ML into Alligator Creek via the EPZ is a small 
proportion of the tidal prism with less than 0.5 % and 1.9 % of water added during a spring and neap 
tide respectively which is unlikely to have any impact on the tidal water levels within Alligator Creek.    

Table 3-1 Coastal waterway tidal prism compared with proposed Intake and outlet discharge 
rates 

Tidal Prism (m3) Spring Tide Neap Tide 

Forsyth Creek 136.0 x 106 40.0 x 106 

Alligator Creek 90.0 x 106  22.0 x 106 

Alligator Creek  

(upstream of discharge) 
 15.0 x 106 0.7 x 106 

Proposed volume (m3) 
Proportion of spring / neap tidal prism 

Low Mid Peak  

Forsyth Creek Intake 
0.09 x 106 

<0.1% / 0.2% 

0.17 x 106 

0.1% / 0.4% 

0.54 x 106 

0.4% / 1.4% 

Alligator Creek Outlet 
0.42 x 106 

0.5% / 1.9% 

 

Alternatives / Control Measures 

No control measures are required. 
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3.3.2 Water Temperatures 

Measurement and modelling of water temperatures around Legune Station indicates the driving 
factor is the ambient air temperature and sun exposure. The effluent discharged from the EPZ into 
Alligator Creek will be more susceptible to the ambient air temperature and solar radiation than the 
receiving water in Alligator Creek due to the low flow and shallow depths through the EPZ. The 
temperature of effluent is thus likely to be slightly higher during the day time and lower during the 
night time than that within Alligator Creek, especially during high tide periods when the depth of water 
in Alligator Creek will be significantly greater than within the EPZ.  

Regardless, numerical modelling and measured depth profiles within Alligator Creek have indicated 
that there is little stratification of temperature within the waterways due to the macro tidal 
environment, high current speeds and regular flushing of Alligator Creek. 

The effluent will thus have no impact on water temperatures within Alligator Creek. 

Alternatives / Control Measures 

No control measures are required. 

3.3.3 Currents 

Forsyth Creek Intake 

Current speeds within Forsyth Creek at the intake point are high, exceeding 2m/s during the peak ebb 
tide. Placement of piles within Forsyth Creek will cause a minor blockage within the adjacent channel 
resulting in scour around the piles and possibly locally redirect flows. No increase in current speeds 
upstream or downstream of the structure is expected. 

Alternatives / Control Strategy 

No control measures are required at Forsyth Creek to manage risks to the existing tidal currents. 

Alligator Creek =Outlet 

To mitigate water quality impacts (discussed in Section 3.4.5) discharge of effluent from the EPZ may 
be restricted to a limited period around the ebb tide. To achieve the long term average daily discharge 
rate of 420ML through the EPZ, the flow into Alligator Creek may peak over 60m3/s during the neap 
tides when the ebb tide window for discharge of the total effluent load of 420ML is restricted to 2-3 
hours. For further detail on this discharge timing see Section 3.4.5. 

Whilst the flow rate of water at the outlet weir is relatively high during these neap tide periods, the 
detailed design of the weir crest and rock blanket will consider the required reduction in flow velocities 
to minimise any potential erosion of the channel or floodplain interface.  

Alternatives / Control Strategy 

Detailed design of the weir and rock blanket will incorporate energy dissipation to ensure the 
reduction of flow velocity between the outlet and Alligator Creek to minimise the impact of high 
discharge rates.  

3.4 Water Quality 

3.4.1 Numerical Modelling 

A suite of numerical models has been developed to simulate the transport and dispersion of the 
proposed discharge effluent within Alligator Creek and the broader waterway system around Legune 
Station. The Danish Hydraulic Institute (DHI) MIKE Modelling suite and MixZon CORMIX mixing zone 
models were used to simulate the release of water from the outlet as a conservative tracer. 
Conservative tracers remain constant and do not decay over time. Modelling using a conservative 
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tracer allows the transport and dispersion of the effluent to be understood and compared equally 
across a number of different scenarios. The domains of the numerical models were shown in Figure 
1-7. 

The modelling was informed by a wide range of data and other relevant information, much of which 
is described in Section 2.7 or within Appendix A. A summary of the modelling completed and key 
findings obtained are presented below. 

Sensitivity Testing 

A range of sensitivity tests (described further in Appendix A) was carried out to establish the key 
environmental processes important to assessment of the impacts of the effluent discharge on coastal 
waterways. This included the assessment of 2- versus 3-dimensional modelling approaches, impacts 
of various wind and atmospheric condition assumptions, water and air temperature exchanges, and 
so on.  

Key conclusions from the sensitivity modelling were as follows: 

 Astronomical tidal conditions are by far the key driver of effluent transport and dispersion 
within Alligator Creek and the wider area; 

 The impacts of wind driven currents and atmospheric pressure are negligible when compared 
with tidal conditions; 

 Wave induced currents have negligible impact on conditions with Alligator Creek; 

 Vertical mixing is significant and the adoption of 2D as opposed to 3D vertical layer 
representation in the modelling suite does not alter conservative tracer modelling results to 
a sufficient degree to warrant the additional time and complexity involved in using 3-D model 
representation; 

 The impacts of heat exchange through the use of air and water temperature variations are 
negligible compared to tidal forces; 

 Altering channel morphology at the entrance to Alligator Creek did not cause significant 
change in the transport and dispersion of model tracer statistics outside of Alligator Creek; 

 Wetting and drying across the model domain (intertidal banks and floodplains) had some 
localised impacts on the amount of water and thus the amount of model tracer on the 
floodplain, however the influence of these processes was negligible within the tidal 
waterways, primarily because these areas only wet on the largest tides (unlike such features 
as mangrove forests for example which wet and dry on much smaller tides). The wetting and 
drying levels used in the modelling described below are considered appropriate for the site; 

 The numerical roughness of the bed was used as a hydrodynamic calibration factor. 
Variations of the roughness were identified as the factor most likely to lead to noticeable 
changes in model tracer due to the impact of such roughness values on modelled 
hydrodynamics. 

3.4.2 Discharge Characteristics 

Discharge flow rate 

The impact of the volume of wastewater effluent to be discharged has been discussed in Sections 3.2 
and 3.3. The long term average flow rate through the EPZ to Alligator Creek is 420 ML/day (4.86m3/s).  

Water Quality 

With respect to the water quality aspects of the effluent, the proposed grow-out ponds at Legune 
Station are expected to operate within the water quality limits applying to the existing Seafarms Group 
prawn farming operations at Ingham in North Queensland (Seafarms, 2016). The license conditions at 
Ingham are the most recent conditions issued by Queensland EPA and are amongst the strictest 
conditions imposed in Australia.  
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The farming of prawns results in effluent containing nitrogen, phosphorus, chlorophyll a and 
suspended sediment.  Apart from salinity changes (discussed in Section 3.4.6) there are not expected 
to be any chemical changes in the constituents of the water leaving the farms.  Chlorine products used 
for disinfection and cleaning will be biodegradable and are expected to be fully oxidised in the EPZ, 
and as such no free chlorine will be released into Alligator Creek (Seafarms, 2016).  

Turbidity of the effluent leaving the farms is potentially significantly less than in the waters measured 
around Legune Station (see Section 2.7.4), noting that the Ingham farms produce water < 100mg/L 
TSS (see Table 3-2) whereas the vales for TSS in Alligator Creek are typically > 100mg/L TSS (see Figure 
2-117). Turbidity is further considered in Section 3.4.7. 

Table 3-2 presents the Queensland EPA discharge license conditions for the Ingham operations.  The 
long term maximum discharge license conditions of the Ingham operations, and the proposed grow 
out facility at Legune, are 3.0mg/L for Total Nitrogen and 0.3mg/L for Total Phosphorus. 

Table 3-2 Ingham Operation Discharge Water Quality – Licence Conditions 

Parameter Mean Maximum 

Total Nitrogen (mg/L) 0.8 3.0 

Total Phosphorus (mg/L) 0.1 0.3 

Chlorophyll a (μg/L) 20 100 

Total suspended solids (mg/L) 20 100 

 

Environmental Protection Zone (EPZ) 

As noted, flows will be routed through a constructed “Environmental Protection Zone” (EPZ) before 
being discharged into Alligator Creek. Construction in this context means both engineered in terms of 
constructed channels and weirs (for example) and biologically developed, through a combination of 
facilitated colonisation of plants. The preference is to construct the biological components of the 
wetland through natural colonisation. This colonisation will be monitored throughout the Stage 1 
operations and will be used to inform decision making and design for subsequent stages. It remains 
open to implement an establishment program utilising direct seeding or planting should colonisation 
processes be inadequate. 

At this stage, the beneficial impact of the EPZ on nutrients, chlorophyll a and water temperature have 
not been defined and the decision has been made to assume that the effluent water quality for 
modelling purposes is of the same quality coming directly from the grow out farms (i.e. those 
described in Table 3-2). This is a conservative assumption for the purposes of the impact assessment. 

Model Details  

A summary of the model simulation is provided in Table 3-3.  

Table 3-3 Model Inputs 

 Constant discharge rate scenario 

Flow rate (m3/s) 4.86 

Model tracer concentration (units/m3) 100 

Model season Dry season 

Model period 12 weeks 
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Effluent Discharge Rate 

Model tracer is released at a constant rate of 4.86m3/s (equivalent to 420 ML over 1 day) into a 100m 
long section of the model within the northern flow channel of Alligator Creek. 

Model Tracer 

Water quality impacts have been assessed by using a conservative model tracer at a constant 
concentration of 100 units/m3.  The use of a model tracer allows a range of different parameters and 
effluent concentrations to be assessed by the model by relating the proportion of model tracer 
concentration in the waterways to the initial discharge concentration. For instance, a model tracer 
concentration of 10% within the waterway suggests that 10% of the nitrogen or 10% of phosphorus 
released at the outlet is present. The concentration or parameter of the effluent can thus be varied 
and the impact assessed without having to re-run the model for each new effluent concentration or 
parameter to be assessed. 

The use of the word “conservative” with respect to model tracer means that the concentration of 
model tracer is not reduced through any physical or biological processes such as take up by vegetation 
or absorption by sediments or benthic algae and does not decay through other processes such as age 
or other decomposition processes. 

This is another conservative assumption given that biological processes in tropical mangrove lined 
creeks typically lead to the assimilation of nutrients at a rate of 10-25% per day (e.g. (Burford, et al., 
2003)). 

Model Season 

As demonstrated in Section 2.7.6 - Marine Flushing Times, wet season inflows into Alligator Creek 
result in the model tracer being more rapidly diluted and flushed from the system through the 
combination of flooding and tidal mixing. To provide conservative “worst-case” results, modelling was 
thus carried out for representative dry season conditions with no freshwater inflow.  

Model Period 

A period of just under 12 weeks was used to simulate 8 consecutive spring-neap tidal cycles. The 
modelled effluent concentration within Alligator Creek reaches a steady state within this timeframe 
and would be expected to continue in this steady state pattern until flood flows and rainfall cause 
more rapid dilution and mixing as detailed in Section 2.7.6. 

3.4.3 Initial Mixing 

The initial mixing conditions at the outfall were assessed using a specific near-field mixing model, 
CORMIX.  CORMIX is a USEPA-supported mixing zone model for environmental impact assessment of 
mixing zones resulting from continuous point source discharges. The system emphasizes the role of 
boundary interaction to predict steady-state mixing behaviour and plume geometry. 

The focus of CORMIX is on the near-field mixing processes. The mixing process for a discharge into a 
water body occur at two scales; the near field, where the initial characteristics of the discharge 
(momentum, flux, and geometry) govern the dilution characteristics; and the far field where the 
conditions in the environment control the trajectory and dilution of the discharge plume. 

The 2D and 3D modelling undertaken using the MIKE software suite are used to simulate the far field 
(advection and dispersion) conditions.  The initial mixing in the 2D and 3D models is determined by 
the volume of the cell where the initial inflow is applied.  Therefore, to confirm the initial mixing 
described in the 2D and 3D simulations was representative of the likely near-field conditions a series 
of CORMIX simulations were undertaken.  Details of the model setup and testing are provided in 
Appendix A. 
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Due to the complexity of the proposed discharge configuration a simplified outfall geometry and 
wastewater conditions were applied in the CORMIX model. However, the conditions assumed are 
similar to the discharge conditions used for 2D and 3D numerical modelling.  In addition, sensitivity 
tests were undertaken to assess the potential impact of the simplification on the model results. 

Overall, the near-field modelling confirmed the following: 

 The near-field zone of the outfall is limited to less than approximately 200m of the outfall 
location under worst case slack water conditions. 

 Increasing ambient velocity in Alligator Creek rapidly increases mixing conditions. 

 Vertical mixing is typically rapid and full vertical mixing often occurred in the near-field for the 
various conditions assessed. 

 The tracer concentration at the edge of the near-field zone were similar to the tracer 
concentrations at the outfall location in the 2D and 3D models. 

These results confirm that the characterisation of the initial mixing regime in the 2D and 3D numerical 
models adequately captures the near-field mixing conditions and the initial conditions assumed in the 
models are therefore suitable for the far-field analysis of advection and dispersion of the effluent 
within Alligator Creek. 

3.4.4 Fate and Transport 

The dispersion and dilution of the model tracer has been analysed at a number of key locations around 
the tidal waterways and adjacent floodplains. It should be noted that these statistics represent 
conditions at these discrete points only. The spatial distribution of the discharge and the potential 
exceedance of environmental trigger levels between these points is discussed further in this section. 
The reporting locations are shown in Figure 3-8. The model tracer is well mixed within Alligator Creek 
and levels of model tracer outside of Alligator Creek are very low. 

 

Figure 3-8 Location of model tracer statistics 



CO2 Australia 
Project Sea Dragon – Coastal Environment Impact Assessment  

 

3894-10 / R01 v05  -  26/09/2016 154 

Legune Station Waterways 

Time series of model tracer at locations within Bob’s Creek, Forsyth Creek and the Keep River are 
shown below in Figure 3-10. The time series show model tracer concentrations over a 5-week period 
to highlight the repeating pattern of concentration with the changing spring and neap tide periods.  

Figure 3-10 illustrates the low levels of model tracer which can be found outside of Alligator Creek. 
Model tracer concentration at Point I09, at the mouth of Alligator Creek, varies between 2 and 15% of 
the discharge concentration through the spring and neap tide respectively. 

Model tracer within the central Keep River (I34) is close to an order of magnitude less than the mouth 
of Alligator Creek due to the rapid increase in volume of the 8km wide Keep River waterway in this 
location. The time series of tracer concentration at the confluence of the Keep River (I33) and Sandy 
Creek (I30) indicates that low amounts of discharge is flushed upstream with the flood tide and peak 
concentrations within the upper Keep River and Sandy Creek are of the order of 3.5% and 2.5% 
respectively.  

Negligible levels of model tracer concentration (less than 0.5%) are found within Bob’s Creek, Forsyth 
Creek or at the mouth of the Keep River. 

Additional analysis of the concentration of model tracer simulated across the site are shown in the 
box and whisker plots presented in Figure 3-9.  These plots show the 5th, 20th, median, 80th, 95th and 
99th percentile tracer concentrations during the simulation period. The box plots further demonstrate 
the low levels of model tracer outside of Alligator Creek and the rapid reduction from the mouth of 
Alligator Creek (I09) where the 95th percentile concentration is 7.5%, to I34 within the Keep River 
where the 95th percentile has dropped to less than 2%. 

 

Figure 3-9 Box plots of model tracer concentration around Legune Station 
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Keep River       Bob’s Creek and Forsyth Creek 

  

Figure 3-10 Model tracer in waterways around Legune Station 
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Alligator Creek 

Model tracer is rapidly mixed and diluted within Alligator Creek and only low concentrations of the 
tracer are found at the mouth of Alligator Creek, within the Keep River, and waterways beyond. To 
establish the specific area of influence within Alligator Creek the model results have been analysed in 
detail within Alligator Creek at the locations shown in Figure 3-11. 

 

Figure 3-11 Location of modelled Alligator Creek local mixing points 

 

Flushing of Alligator Creek is driven by the macro tidal conditions and the model tracer concentration 
increases and decreases within Alligator Creek across both the flood-ebb and neap-spring tidal cycles.  
A time series of model tracer concentration at Points 1, 5, 14 and 20, and along the centreline of 
Alligator Creek at P-3, P-15, P-21 and P-23 (Figure 3-11) are presented in Figure 3-12. 

Across a monthly scale, model tracer concentration peaks following the neap tide as tracer 
accumulates within the waterway during the period of low tidal exchange. As noted in Section 3.3.1, 
the volume of water exchanged during neap tide periods is less than 25% of the spring tide volume 
with considerably lower current speeds. On a daily scale, tracer concentration peaks within Alligator 
Creek during the short slack tidal periods when currents pause at low and high tide. Concentrations 
are higher during low tide slack due to the lower volume of water in Alligator Creek. Key points are 
noted below. 

 The variation of model concentration within the creek is shown in Figure 3-12.  

 Model tracer concentration varies between 1% and 40% at Point 1 and P-3 where water from 
Keep River mixes with the effluent.  

 At Point 5, closer to the discharge outlet location, the concentration varies between 3% and 
80% with less neap tide variation observed.  

 Upstream of the discharge outlet at Point 14 and P-15 model concentration is typically less 
than 50%. 
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 A short spike during each tide is overserved at Point 14 with concentration up to 70% for less 
than 1-2 hours during the tide.  

 Model tracer concentration peaks at 40-50% upstream at Points 20, P-21 and P-23. The 
minimum concentration at these upper points increases and at P-23 the concentration only 
drops below 10% during the spring tide flushing. 

Box and whisker plots of model tracer concentration from the points shown in Figure 3-11 are 
presented in Figure 3-13.  

Spatially, levels of model tracer can be seen to increase from Point 1 to 8 (the discharge outlet 
location) as a plume of higher concentration travels along the bank within the main flow channel 
before reducing rapidly at Point 9 upstream of the outlet. Minor variations in tracer concentration can 
be observed upstream of the outlet, however there is relatively minor change between Point 9 and 
Point 20.  

Within the centre of the channel concentrations are lower, particularly downstream of the outlet (P-
1 to P-6). Upstream of the outlet the concentration through the centre of Alligator Creek is similar to 
near the bank, however it should be noted that all the statistics derived for the box plots only consider 
the period when the point is inundated. In most of the cases along the deeper channel, this includes 
the whole model period, however for locations along the centreline of the channel where intertidal 
bars are present, the point may be dry for much of the simulation as shown at P-21 in Figure 3-12. For 
example, P1 has a minimum water level of close to -2.0m AHD and is always active whilst P-15 has a 
minimum water level of 1.0m AHD, and P-21 has a minimum level of 2.5m AHD. When the total time 
of the simulation is considered, the points along the centreline of the channel have a median 
concentration of less than 1%. 
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Main flow channel      Centreline of Alligator Creek  

 

Figure 3-12 Tidal flushing of model tracer within Alligator Creek 
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Figure 3-13 Box and whisker plots of local mixing zone within Alligator Creek 

 

To further illustrate the changing concentration of model tracer throughout Alligator Creek, the model 
tracer concentration over two neap- spring tide cycles is presented in Figure 3-14.  A snapshot of 
model tracer concentration is shown every 3 hours.  The drying out through the centre of Alligator 
Creek and within the upper extent of the waterway can be clearly seen. 

The colour palette in the figure illustrates model tracer concentration to a very low level – the bright 
pink colour in the Keep River is representative of only 0.5% of model tracer. The high model tracer 
concentration of red and oranges (60 – 100%) can be observed at the discharge point remaining mainly 
in the deeper channels along the bank.  Concentrations above 40% (yellow) can be seen to be pumped 
upstream into Alligator Creek.  



CO2 Australia 
Project Sea Dragon – Coastal Environment Impact Assessment  

 

3894-10 / R01 v05  -  26/09/2016 160 

 

 

 

 

Figure 3-14 Variation of model tracer within Alligator Creek across a spring tide 
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The maximum model tracer concentration within Alligator Creek during the simulation is presented in  
Figure 3-14.  This represents the maximum concentration of model tracer at each point during the 12-
week simulation and, as shown in Figure 3-14, does not occur in a single tidal flush.  

The modelling indicates that maximum model concentration in Alligator Creek is generally above 40% 
upstream of the outlet and above 30% between the outlet and the Keep River. Higher maximum peak 
concentrations are observed along the northern bank in the main flow channel.  

The mean concentration presented in the lower image of Figure 3-15 again shows higher 
concentrations in a narrow strip along the northern bank of the creek.  Average concentration is in the 
order 20-30% with higher concentrations of model tracer accumulating in the upper extent of Alligator 
Creek. Downstream of the outlet and into the Keep River, average model tracer concentration is below 
10% of the effluent concentration. 

 

 

Figure 3-15 Maximum (top) and average (bottom) model tracer concentration 
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Alligator Creek tidal floodplains 

The tidal floodplains adjacent to Alligator Creek are inundated by larger spring tides. The extent of this 
inundation is not well resolved within the hydrodynamic model due to survey limitations in these areas 
and model resolution which mean that minor topographic variations such as small ponds and minor 
tidal drainage paths are not well represented. However, for information purposes, the model 
concentrations at locations which are intermittently inundated on the floodplain upstream of the 
discharge outlet are shown in Figure 3-16. The time series illustrates the isolated, low magnitude and 
short periods of inundation of the tidal floodplains. Model predictions in this area are directly linked 
to the model tracer concentration within the adjacent tidal waterway and are generally less than 25% 
of the effluent concentration. 

 

Figure 3-16 Variation of model tracer concentration at locations across the Alligator Creek tidal 
floodplain 

 

3.4.5 Nutrients 

To assess the impact of the proposed discharge on nutrients levels within the local waterway system, 
model tracer concentrations have been converted to equivalent concentrations of nitrogen, 
phosphorus and chlorophyll a based on the licenced average discharge conditions described in Table 
3-2.  

Interim site specific water quality trigger values for the site have been developed by frc environmental 
(Volume 5, Appendix 9). The proposed interim site specific trigger values for the key water quality 
parameters are reproduced in Table 3-4. The proposed interim site specific water quality trigger values 
are also noted in the box and whisker plots in Figure 3-18.  

Table 3-4 Proposed interim site specific water quality trigger values  

Parameter Proposed 
trigger value 

Measured 80th 
percentile 

Total Nitrogen (mg/L) 0.31 0.30 

Total Phosphorus (mg/L) 0.20 0.18 

Chlorophyll a (μg/L) 3.2 3 

 

The average concentration of the additional nitrogen, phosphorus and chlorophyll a within Alligator 
Creek are presented in Figure 3-17. As demonstrated previously, the predicted concentrations outside 
Alligator Creek are very low, i.e. median model tracer concentration is less 3%, and as such results are 
presented for conditions within Alligator Creek only.  

Within Alligator Creek, modelling results indicate that the average concentration of nitrogen derived 
from the effluent is close to the proposed interim site specific water quality trigger values, and 
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provides only a small buffer above background nitrogen levels before proposed interim levels are 
exceeded. This available buffer reduces for the upper extent of Alligator Creek as the effluent cannot 
fully flush from this area. 

Modelling indicates the discharge of phosphorus is minimal compared with the natural variation and 
is unlikely to result in levels above the proposed interim site specific water quality trigger values. 

The high level of chlorophyll a in the discharge results in an exceedance of interim site specific water 
quality trigger values across a larger area of Alligator Creek, without considering any background 
concentrations. Whilst chlorophyll a is likely to be rapidly taken up within the turbid waters of Alligator 
Creek, a conservative assessment of the potential distribution of the nutrient matter indicates that 
interim site specific water quality trigger values will be exceeded.  

The statistical distribution of additional nutrients, including 95th and 99th percentile exceedance levels, 
are provided in Figure 3-18 and confirm the above observations that the addition of nutrients from 
the project to the existing, ambient, levels provides only a small buffer to the natural variation of 
nitrogen in Alligator Creek. The median value of chlorophyll a released from the discharge is above 
the proposed interim site specific water quality trigger value upstream of the discharge. 
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Figure 3-17 Average concentration of additional nitrogen, phosphorus and chlorophyll a 
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Figure 3-18 Box and whisker plots of additional nitrogen, phosphorus and chlorophyll a  

 

Varying Discharge Rate 

The lack of adequate buffer above background levels of nutrients is considered undesirable. The 
analysis of the modelling results shows that the effluent plume does not adequately disperse on the 
ebb tide before the incoming flood tide flushes the same effluent back upstream of the outlet. The 
effluent is therefore not well flushed from the upper reaches of Alligator Creek. 

To improve flushing conditions, the effluent discharge rate was limited to the period associated with 
the ebb tide only. Testing was undertaken to assess the effectiveness of different discharge regimes 
on reducing effluent concentrations.  Discharge regimes tested included discharging every ebb tide 
(i.e. two discharges per day), only one ebb tide per day, and every third ebb tide (i.e. two discharges 
over three days) along with the timing around the ebb tide flow (i.e. discharging across the whole ebb 
tide, finishing the discharge 1, 2, 3 hours before the end of ebb tide etc).  

The total daily volume of effluent discharged remained constant at 420ML to enable comparison with 
the constant discharge scenario. This means that the peak flow rate was increased in order to release 
420ML only during the ebb tide. In addition, as the period of the ebb tide changes during the spring 
and neap tide cycle - with a shorter ebb tide during neap tides - the discharge rate for each ebb tide 
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release is also varied. The timing and flow rate of each discharge regime scenario tested is presented 
in Figure 3-19 with peak flow rates shown in Table 3-5. 

Table 3-5 Tide varying discharge 

Option Peak flow rate (m3/s) Number of discharges per week 

Constant  4.86 constant 

Every ebb tide 30.05 13-4 

Every 2nd ebb tide 67.17 6-7 

Every 3rd ebb tide 110.73 4-5 

 

 

Figure 3-19 Discharge flow rate and timing for ebb tide variations 

 

Varying Discharge Rate – model tracer 

The average model tracer concentration within Alligator Creek during the varying discharge rate 
model simulations is shown in Figure 3-20, compared with the average model tracer concentration for 
a constant discharge rate. The figure illustrates that a significant reduction in average model tracer 
concentration within Alligator Creek is possible when the effluent discharge is limited to ebb tide 
conditions.  

Under constant discharge rates the upper portion of Alligator Creek has an average model tracer 
concentration of between 20% and 30%. This is reduced to less than 10% for the ebb tide discharge. 
The figure also shows that there is little difference in average tracer concentration for different ebb 
tide discharge regimes. 
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Figure 3-20 Average model tracer concentration – constant (top left) every ebb tide (top right), 
every second ebb tide (bottom left) and every third ebb tide (bottom right) 

 

Time series of model tracer concentration for the varying discharge rate simulations at Points 1, 5, 14, 
20, and P-3, P-15, P-23 and P-24 are shown below in Figure 3-21. The model tracer concentration in 
locations more distant from the outlet is approximately 50% of the tracer concentrations for the 
constant discharge rate scenario. Only minor differences are observed in tracer concentration 
between the different ebb tide scenarios. 

The exception to this is at Point 5, the closest downstream point to the outlet, where the impact of 
different peak discharge flow rates can be clearly seen. The peak model tracer concentration resulting 
from discharge on every second (yellow) and every third (blue) ebb tide is shown to be greater than 
that resulting from a constant discharge rate (grey). The model tracer concentration resulting from 
the “every ebb” discharge scenario (shown in green) is below the constant discharge scenario at Point 
5. The median concentration at Point 5 (presented in Figure 3-23), is consistent between the three 
ebb tide simulations and is considerably less than the constant discharge rate. 

A visualisation of the flushing over a two flood-ebb tidal cycles is presented in Figure 3-22. When 
compared with the model concentration displayed in Figure 3-14 the improvement in flushing and 
dilution of effluent is clear. 
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Figure 3-21 Model tracer concentration – ebb tide discharge regime 
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Figure 3-22 Variation of model tracer within Alligator Creek across a spring tide 
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Figure 3-23 Model tracer concentration statistics, Point 5 and Point 14 – ebb tide discharges 

 

The single ebb tide discharge is considered a suitable control measure for mitigating water quality 
impacts.  There was little benefit associated with the other ebb tide discharge regimes tested. 

The median model tracer concentration at Points I-09, I-34 and I-12, located at the entrance to 
Alligator Creek, mid-way down the Keep River estuary and at the mouth of the Keep River respectively 
(Figure 3-8), resulting from the ebb tide modelling is very low and similar to the median values 
modelled during the constant discharge simulation. The median model tracer concentration from ebb 
tide discharge is less than 3.0% at I-09, around 1.0% at I-34 and less than 0.2% at I-12. 

 

Varying Discharge Rate – nutrient levels 

The average and median nutrient concentrations, based on the effluent nutrient concentrations 
presented in Table 3-2, are presented in Figure 3-24 and Figure 3-25 within Alligator Creek.  

The single ebb tide discharge regime results in a significant reduction of modelled nutrient 
concentrations within Alligator Creek. Elevated levels of nitrogen, phosphorus and chlorophyll a 
concentrations are again limited to within Alligator Creek, and at much lower levels than those 
presented previously. In particular: 

 Assuming median background TN concentrations in Alligator Creek are 0.2 mg/L or less, the 
median increase in concentrations from the effluent of typically less than 0.1 mg/L is likely to 
result in no exceedance of the interim site specific water quality trigger value of 0.31mg/L of 
nitrogen. Modelling shows that operation of the Stage 1 facility with effluent discharges 
limited to a period around the ebb tide is unlikely to exceed the proposed interim site specific 
water quality trigger values within Alligator Creek outside the immediate mixing zone around 
the outfall.  

 Given the low concentration of phosphorus in the effluent, and the very high natural 
concentrations in the system (presumably due to the high levels of TSS and associated 
adsorbed P), the ebb tide discharge regime means interim site specific water quality trigger 
values for phosphorus are unlikely to be exceeded within Alligator Creek.  

 Assuming median background chlorophyll a levels in Alligator Creek are 1.0 µg/L or less the 
median increase in concentrations away from the outlet is typically less than 2.0 µg/L. 
Modelling shows that operation of the Stage 1 facility with effluent discharges limited to a 
period around the ebb tide is unlikely to exceed the proposed chlorophyll a interim site 
specific water quality trigger values within Alligator Creek, outside the immediate mixing zone 
of less than 200m upstream and downstream of the outfall. 
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Figure 3-24 Average concentration of additional nitrogen, phosphorus and chlorophyll a 
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Figure 3-25 Box and whisker plots of additional nitrogen, phosphorus and chlorophyll a  

 

Mixing Zone 

The effluent mixing zone has been defined as the area where the median background level plus the 
median modelled level of nutrient or chlorophyll a exceeds the interim site specific water quality 
trigger value. As demonstrated in the box and whisker plots shown in Figure 3-18 and Figure 3-25, the 
extent of the mixing zone is driven by the modelled levels of chlorophyll a and the small buffer 
provided between the modelled effluent concentration and the interim site specific water quality 
trigger value. 

Under constant discharge the mixing zone based on chlorophyll a would extend from Point 3, 
downstream of the outfall, and would include the tidal extent of Alligator Creek upstream of the 
outfall. By varying the discharge to allow flow only around the ebb tide, the mixing zone, again driven 
by the concentration of chlorophyll a, would be limited to the area between Point 7 and Point 9, a 
distance of less than 200m either side of the outfall. 
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3.4.6 Salinity 

Salinity in the grow-out ponds is required to be less than 42 PSU. Salinity will become elevated at times 
during the year when evaporation is high and precipitation low. In order to maintain salinity within 
the required range for the successful production of prawns, freshwater from the Forsyth Creek Dam 
will be added to the system. Seafarms commissioned Golders and Aurecon to develop a water balance 
model for the production system (Seafarms, 2016). 

The preliminary water balance modelling provided by Seafarms indicates that the salinity of the 
discharged water is likely to be elevated when compared with those waters extracted from Forsyth 
Creek and the waters present in Alligator Creek. The salinity of the discharge is expected to peak in 
the build-up to the wet season when evaporation and temperatures are at their maxima. Salinity 
values provided by Seafarms are in the order of 20 to 70 PSU. The level of salinity will be highly 
dependent on the salinity being pumped into the facility from Forsyth Creek, local weather conditions 
and the rate of evaporation and rainfall within the grow out ponds. 

Salinity depth profiles measured within Alligator Creek indicate natural salinity ranges between 37-40 
PSU during October and from 25-27 PSU during January (Figure 2-110). Measured time series of 
salinity within Joseph Bonaparte Gulf (Figure 2-107, Figure 2-108) indicate salinity is generally less 
than 36PSU offshore year round, whilst time series of salinity measured within Alligator Creek and the 
Keep River (Figure 2-109) illustrates that salinity can drop to less than 30 PSU within the local 
waterways following small storm events. Modelling results indicate that salinity around Legune 
Station can be depressed below 20 PSU for longer periods of time during above average wet seasons 
and can remain below 10 PSU within Alligator Creek with continued freshwater runoff. 

During periods of this natural low salinity (i.e. during and following rain events), the effluent salinity is 
likely to be within the lower range of 20-30PSU. Similarly, during periods when effluent salinity is high 
(i.e. prior to the wet season), the natural salinity is also likely to be higher, within the range of 35 to 
40PSU. There is, however, likely to be a salinity differential between the effluent and receiving waters.  

As discussed previously, and as confirmed through nearfield and far-field modelling, the macro tidal 
environment around Legune Station results in high currents and significant mixing/turbulence in 
Alligator Creek. The existing waterways are well mixed in the vertical profile.  

High salinity water from the facility will be denser than the receiving water in Alligator Creek. In 
addition, a temperature differential between the effluent and Alligator Creek waters may exist during 
periods of high water as the shallow depth of effluent will result in more rapid heating and cooling 
with the EPZ. When water temperatures are equivalent, higher salinity, denser water will sink to the 
bottom of the water column. When salinity is equivalent, cooler water will sink to the bottom and 
warmer water will remain near the surface.  

The constant variation in temperature and salinity differential between the effluent and receiving 
waters caused by air temperature, tidal state and time of year will cause varied mixing conditions of 
the discharge. For instance, and ignoring any salinity variations, during a high tide at night time, the 
cooler effluent will be heavier than the receiving water and will ‘sink’, whereas during high tide during 
the day they will be warmer and less buoyant and will ‘float’.  During low tide periods (day or night), 
the effluent will have only a slightly lower buoyancy due to the varied salinity with when compared 
with the receiving waters and will be integrated into the water column.  

The combination of these contrasting states and the naturally high turbulence in the system means 
that the high saline water released at the outlet into Alligator Creek will be well mixed within the water 
column and will not cause any stratification of the water body.  

The spatial dispersion of the saline discharge water has also been assessed in the modelling. Given the 
uncertainties with discharge salinity, and the varying nature of salinity across the seasons and shorter 
time scales through water temperature changes, a conservatively high salinity (50PSU) was released 
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at the “every ebb tide” discharge flow rate detailed previously, simulated with a background salinity 
of 30 PSU for a 12-week period.  

The results at key locations (shown in Figure 3-8) are presented below in Figure 3-26 and indicate that, 
similar to the modelled tracer concentrations, the high salinity water released at the outlet mixes 
rapidly within Alligator Creek and results in virtually unchanged conditions outside of Alligator Creek. 
Close to the outlet elevated salinity can be observed with the 80th percentile around 7 PSU above 
background, however the median is 2.5 PSU greater than the background level. 

At Point I09, near the entrance to the Keep River, a maximum salinity of 32.2 PSU is predicted, with 
the median value less than 1 PSU above background conditions. Upstream of the outlet (points A1 and 
A2), the median salinity is elevated by less than 2 PSU. As noted, results presented are conservative 
and do not consider the change in background salinity with varying water temperature. Effluent 
salinity of this magnitude would not be expected to continue beyond the course of a few weeks and 
freshwater flows at the beginning of the wet would rapidly return salinity in the upper end of Alligator 
Creek to background levels. 

 

Figure 3-26 Box and whisker plots of modelled salinity at key locations, ebb tide discharge  

 

3.4.7 Turbidity / Suspended Sediments 

Effluent details provided in Table 1-1 indicate that the suspended sediment concentration of the water 
released from the grow out ponds through the EPZ is likely to typically be around 20mg/L, although 
some spikes of up to 100mg/L may occur. 

Suspended sediment levels measured in Alligator Creek near the discharge location across a period of 
8 months (Figure 2-117) indicate that the existing concentration of sediments is generally over 100 
mg/L. The minimum measured suspended sediment concentration was 80mg/L, and the 
concentration peaked in excess of 1,000mg/L on two separate occasions. Given these high ambient 
levels of suspended sediments, and the significant initial mixing that will occur, the effluent will not 
change turbidity or the total volume of suspended sediments within Alligator Creek (or beyond). 

During periods of lower natural turbidity – generally during neap tides during the dry season – the 
effluent may actually result in a slight reduction of suspended sediment levels within Alligator Creek. 
The spatial distribution of lower suspended sediments will be similar to the distribution of nutrients 
and salinity. The magnitude of this change, however, will be small. As noted, the effluent discharged 
will add less than 0.5% of water to Alligator Creek during a neap tide and the total suspended sediment 
load in the effluent over a tidal period will be less than 0.1% of the existing load (assuming an average 
existing concentration of 500mg/L). The total suspended sediment concentration will thus be reduced 
on average by less than 2mg/L, and although larger reductions will occur where the discharge plume 
is more concentrated, the reduction will be within the variability observed in the natural conditions.  
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The modelling described above has indicated that the higher concentrations of the effluent will remain 
close to the bank within Alligator Creek. As discussed previously, the banks of Alligator Creek are 
mobile and erosion of sediment, i.e. addition of suspended sediment to the water commonly occurs 
which will further reduce the impact of lower concentrations of suspended sediment in the discharge 
water. 

3.4.8 Water Quality Control Measures 

Numerical modelling described above indicates that the impact of a constant discharge rate on the 
receiving waters in the vicinity of the operation will result in possible exceedance of the interim site 
specific water quality trigger values. To mitigate this potential impact, a range of discharge regimes 
were tested and it has been established that an ebb tide discharge results in significantly improved 
water quality within Alligator Creek (and beyond).  This discharge regime will also ensure the interim 
site specific water quality trigger values are not exceeded. 

Alternatives / Control Strategy 

The following actions are recommended to ensure that any residual impacts of the project on the 
water quality values within Alligator Creek are minimised: 

 Enable discharge rates to be controlled and limited to periods around the ebb tide; 

 Assess the potential of further treatment of the effluent within the EPZ;  

 Assess the potential to reduce the quantity of the effluent through modified operations within 
the site (e.g. increased internal treatment and water recycling). 

3.5 Construction 

Areas where the construction of the proposed facility could impact the coastal environment are 
limited to the intake location on Forsyth Creek and the discharge location on Alligator Creek. Away 
from these locations, the construction of the proposed development will have no impact on the 
coastal environment around Legune Station. 

Construction is expected to be undertaken during the dry season. 

3.5.1 Intake Facility 

Construction of the seawater intake pump and jetty will be completed via the temporary construction 
of an earth access ramp from the non-tidal flats across the tidal floodplain to Forsyth Creek. 
Construction of the ramp is likely to restrict the existing overbank tidal flood paths and result in an 
adjustment of flow channels around the ramp. The tidal floodplain channels are subject to a high 
degree of natural change and the construction of the ramp is not considered to pose a high risk to the 
coastal processes or oceanographic conditions at the intake facility. 

Driving of the piles to support the deck of the jetty will require heavy plant and machinery. The soft 
(when wet) intertidal floodplain will pose a risk to any plant which does not remain on the earth ramp 
and care should be taken to avoid heavy plant from becoming stuck. The driving of piles may result in 
localised high turbidity. However, given the high levels of turbidity present under the existing macro-
tidal regime within Forsyth Creek, the driving of piles is not considered to pose a high risk to the coastal 
processes or oceanographic conditions at the intake facility.  

3.5.2 Outlet  

The outlet weir conveying flow from the EPZ to Alligator Creek will be constructed from steel sheet 
piling. Sheet piling will be driven by a land based piling rig. The earth will be graded and levelled to 
enable the truck mounted rig to traverse to and from the area. Whilst the sheet piling will penetrate 
through any PASS material, no such material will be otherwise disturbed, brought to the surface or 
exposed to the atmosphere (Seafarms, 2016). 
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Construction of the sheet piled weir is not considered to pose a high risk to the coastal processes or 
oceanographic conditions at the discharge. 

Construction methodology of a rock blanket between the weir and Alligator Creek is yet to be detailed. 
However, the placement of rock scour blankets in the coastal environment is a common task and 
established methodology to reduce the impacts of construction are available. The primary risk during 
placement of a rock blanket at the outlet is likely to be the potential for heavy plant to become bogged 
in soft intertidal mud. This can be managed by the use of long arm plant and/or construction during 
neap tide cycles when inundation across the tidal floodplain is limited. 

High levels of turbidity may be generated through construction on the bank of Alligator Creek, 
however the natural turbidity in Alligator Creek is high and the addition of turbid water at the outlet 
during construction is not expected to cause any impacts. 

Construction of the rock blanket is not considered to pose a high risk to the coastal processes or 
oceanographic conditions at the outlet. 

3.5.3 Plant 

As noted above, a key risk to the coastal environment during construction is likely to come from the 
risk of heavy plant becoming bogged in the intertidal plane. Similarly, any oil or fuel spills from plant 
(earthmoving equipment, cranes, trucks, pipe cutters, welding) pose a risk to the coastal environment, 
as do accidental release of other liquids (lubricants, cleaning products, wastewater etc). 

Effective management plans to restrict the volume of spills and minimise the dispersion of any spill 
into the tidal waterways should be established. As shown above in Section 2.7.6 – Marine Flushing 
Times, Alligator Creek and Forsyth Creek are well flushed through the macro tidal regime around 
Legune Station. Any spill into the local waterway is not likely to remain in high concentrations within 
the creeks or adjacent waterways, however low levels concentrations may be distributed across a 
wide area. 

3.6 Climate Change Risk Assessment 

3.6.1 Background 

Increased concentrations of greenhouse gases in the earth’s atmosphere are projected to cause a 
warming of the atmosphere and oceans, which in turn are projected to drive a range of other changes 
to the earth’s climate and climate variability.   

To assess the potential impact of climate change on the coastal environment and the coastal 
infrastructure proposed as part of the facility, a risk assessment methodology has been adopted. The 
main steps of the risk assessment process are as follows: 

 Identification of the relevant threats associated with climate change to the coastal 
environment. 

 Determination of the aspects of the development that could potentially be exposed to these 
threats. 

 Assessment of the overall risk of this exposure. 

For the purposes of the risk assessment process, Risk is defined as the product of the Likelihood of the 
occurrence of the various Threats associated with climate change multiplied by the Consequence of 
their occurrence.  

3.6.2 Threat Identification 

Relevant climate change impacts on the physical processes operating on the coastal environment are 
considered as follows:  
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 Sea Level Rise  

 Tropical Cyclone Intensity and Frequency  

The projected changes to these physical processes have been gathered from the relative authoritative 
sources and are discussed below. 

Sea Level Rise  

Global average sea level rose by approximately 0.17m during the 20th Century. The average global 
rate of sea level rise between 1950 and 2000 was 1.8 ± 0.3mm/yr.  As noted in Section 2.4.7, the most 
recent estimate of sea level rise within Joseph Bonaparte Gulf is in the order of 6.4mm/yr. At the 
present rate of change, sea levels could be expected to rise above present day levels by 0.09m by the 
year 2030 and 0.35m by the year 2070. As noted in Section 2.4.7, this rate of global sea level rise is 
predicted to increase into the future, with projected global sea level rise of between 0.12m and 0.35m 
by 2065 and between 0.16m and 0.55m by 2090 (CSIRO, 2012). 

The Intergovernmental Panel on Climate Change (IPCC) is the authoritative source on projections of 
future sea-level rise due to climate change. Table 3-6 displays the IPCC sea level rise projections, 
relative to late 20th century mean sea levels, for the A1F1 high emission scenario.   

Table 3-6 IPCC 2014 Projected Sea Level Rise (IPCC, 2014) 

Scenario 2030 2070 2100 

IPCC  (2014) 0.18m 0.42m 0.82m 

Existing rate 
6.4mm/yr 

0.09m 0.35m 0.54m 

CSIRO 2012  0.12 – 0.35m 
(year 2065) 

0.16 - 0.55m 
(year 2090) 

 

The main impacts associated with an increase in mean sea level within Joseph Bonaparte Gulf around 
Legune Station are considered to be:  

 Shoreline recession  

 Increase in storm tide elevations  

 

Tropical Cyclone Intensity  

As discussed in Section 2.5.4, there is considerable debate regarding the projected impact of climate 
change on tropical cyclones.  The Engineers Australia ‘Guidelines for Responding to the Effects of 
Climate Change in Coastal and Ocean Engineering’ suggests that whilst there is “no evidence that 
(globally) tropical cyclones are getting stronger, or are becoming more frequent or producing greater 
rainfall”, there is the opportunity that peak winds during a tropical cyclone may increase by 11% by 
the year 2100, and that rainfall associated with a tropical cyclone may increase by 20% by 2100. 
(Engineers Australia, 2012)  

The storm tide assessment carried out by SEA (2016) described in Section 2.5.2 considered the effects 
of climate change on sea level rise and assessed potential storm tide levels under the assumption of 
an elevated water level and a 5% increase in maximum wind speed. 

The predicted storm tides for a number of return periods under 2060 conditions offshore from Legune 
Station are provided in Figure 3-27 and indicate the 100-year offshore storm tide water level may 
approach 6.0m by 2060.  
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Figure 3-27 Predicted storm tide levels (SEA, 2016) 

 

The main potential impacts associated with increases in tropical cyclone intensity are considered to 
be;  

 Higher maximum wind speeds generating larger waves and associated wave set-up on the 
coastline, 

 Higher maximum wind speeds and lower central pressures generating larger storm surges. 

 

3.6.3 Exposure to Risk 

The main components of the facility that are exposed to identified climate change threats are 
considered to belong in the following three main categories:  

 Intake and outlet infrastructure,  

 Land based facilities. 

 

Intake and Outlet Infrastructure  

Threats  

The intake and outlet infrastructure are vulnerable to potential changes to the shoreline through 
increased inundation or coastal erosion due to increases in mean sea level, storm tides and wave 
action.  Higher wave energy could result due to deeper water during storm events which may impact 
the bed more than present conditions. 

Consequences  

Channel and bank erosion at the intake facility on Forsyth Creek has previously been identified as a 
risk, with average existing bank erosion of up to 15m per year. Increasing sea levels will lead to more 
frequent inundation and consequential wave and current erosion on the upper portion of the bank 
along Forsyth Creek. This could lead to an increased rate of erosion of the bank and a reduction of the 
period before the shore cuts landward beyond the proposed piled structure. Erosion of the shoreline 
to this extent would require costly and frequent movement of the intake pipes and could also cause 
production delays. 
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Conditions at the proposed Alligator Creek outlet may similarly be impacted by rising sea levels by 
exposing the upper portion of the bank to more frequent inundation and potentially greater erosion 
through more frequent current and wave action. Increased erosion of the bank around the outlet 
could lead to increased erosion around the ends of the rock blanket and greater infrastructure to 
protect the weir and the EPZ could be required. 

Mitigation  

Erosion of the bank and channel at both the intake and outlet locations is an existing risk and 
mitigation measures have been outlined previously. The channels and banks are mobile and dynamic. 
Monitoring and continual assessment of mitigation measures will be required to adapt to the changing 
conditions into the future. 

Structural design of the intake piles and bedding should consider the potential for increased wave 
conditions into the future, including potentially locating pumps at a level high enough to avoid being 
impacted by large waves. 

Land Based Facilities  

Threats  

Facilities associated with the project adjacent to or near the existing coastline and on the tidal 
floodplain could potentially be exposed to threats associated with shoreline recession. The proposed 
footprint is primarily located above the supra-tidal floodplain at an elevation above 4.5m AHD and is 
protection from inundation by clay bunds around the perimeter of the site.  

Whilst the buffer between the existing coastal shoreline and the facility is greater than 10km, tidal 
channels intersect the floodplain in some areas, particularly on the northern edge of the development 
footprint. The predicted 0.1-0.2m increase in mean sea level over the next 20 years will result in more 
frequent inundation of these supra-tidal floodplains and will increase the tidal prism of the local tidal 
channels. The channels may then become wider and more prominent with increased sea levels and 
erosion adjacent to the footprint may occur.  

The predicted 2060 extreme storm tide level of 6.0m AHD may result in inundation across a wide area 
of Legune Station. As shown in Section 2.5, the peak of inundation will be limited to the high tide 
period, however it may well be accompanied by strong wind conditions. Small waves along the 
boundary of the site could result in localised erosion of farm infrastructure and access to the site may 
be restricted. 

Consequences  

Increased inundation of the tidal floodplain and increased erosion of the tidal channels to the north 
of the site could result in erosion of the farm bunds and a loss of production time, leading to profit 
loss and additional costs associated with restoring damage caused by erosion. 

The consequences of inundation by extreme storm tides also include costs associated with damage to 
infrastructure along with potential interruption of production and associated loss of production costs.  

Mitigation  

The impact on areas of the development that could potentially be subject to erosion and storm tide 
inundation under increased tidal planes and extreme 2060 storm tide conditions can be mitigated by 
increasing the intake pipe length. Alternatively, scour protection of the bunds around the farm and 
the intake channels should be designed to ensure potential future erosion will be controlled. 
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4. PROJECT ALTERNATIVE 

The discharge of effluent into Alligator Creek has been identified as the project component most likely 
to result in impacts on the coastal environment.  An alternative discharge location on Bob’s Creek has 
therefore been assessed to ascertain whether it would result in less impacts on the coastal 
environment.  Bob’s Creek is located to the north of the development, as shown in Figure 4-1. The 
results of this assessment are discussed below. 

 

Figure 4-1 Location of Bob’s Creek and alternative outlet location  

 

4.1 Proposed Development 

An outlet weir controls the effluent flow from the EPZ.  For the alternative outlet location this would 
be relocated to the north of the site as shown in Figure 4-1. The outlet weir structure design would be 
the same as proposed for the Alligator Creek outlet with local modifications to suit the local 
topography. The construction of the outlet weir will be similar to that proposed at Alligator Creek, i.e. 
a sheet piled weir around 150m wide with flow passing across a rock blanket before entering the 
receiving waterway. 

An effluent discharge rate of 4.86m3/s (420 ML/d) has been used in the assessment to provide a like 
for like comparison with the results for the Alligator Creek outlet.  

Ground levels to the north of the site are lower than around Alligator Creek and these differences 
would need to be considered in detailed design. 
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4.2 Potential Impacts and Mitigation 

Potential impacts on the hydrodynamics, coastal processes, marine water quality and sediment 
processes associated with the proposed Bob’s Creek outlet have been assessed in a similar process to 
the Alligator Creek outlet. Options and methods to avoid or mitigate any potential adverse impacts 
have been tested and refined using the numerical models.  Based on the modelled outcomes 
recommendations for minimizing the impact of the outlet and effluent discharged on the existing 
coastal environment have been provided. 

4.2.1 Coastal and Sediment Transport Processes 

The position of the discharge and EPZ across the floodplain to the north and into Bob’s Creek could 
result in localised impacts on the coastal geomorphology, bathymetric form and sediment transport 
processes in the area around the outlet. More broad scale impacts are unlikely. 

As the coastline and form of waterways around Legune Station are highly variable, this results in 
changes to the shape, position and bed level of the waterways which varies across spatial and 
temporal scales. Review of aerial imagery taken in 1997 and 2015 indicates that the general form of 
Bob’s Creek appears to be more stable than Alligator and Forsyth Creek, however more detailed 
information of this location, including bathymetry, is unavailable. Locally, the bank of Bob’s Creek 
close to the proposed outlet has eroded approximately 20m between 1997 and 2015, indicating the 
scale of change possible at the site even without the development. 

A nominal setback of 30m as assumed for the Alligator Creek outlet design should provide a suitable 
erosion buffer between the outlet weir and the creek. However, this should be confirmed by 
monitoring of bank change over the detailed design period. 

The intertidal floodplain topography around Bob’s Creek is significantly lower than at Alligator Creek. 
The banks adjacent to the outlet location lie at 3.8 to 4.0m AHD (Figure 4-2) and are likely to be 
inundated by high tides at least 12 times every year. Construction of the EPZ across this section of land 
is likely to impact the width and morphology of the adjacent tidal channels across floodplain, 
particularly those intersected by the development.  The rock blanket downstream of the weir will also 
be frequent inundated and this may result at erosion at the interface between the structure and the 
floodplain surface. 

Mitigation / Control Options 

The set back of the outlet weir from the creek bank and a rock blanket downstream will minimise the 
impact of the effluent flows across the bank.  Erosion may occur at the interface between the rock 
blanket and the natural surface and the detailed design should consider how this transition is managed 
to mitigate this. 

The presence of the EPZ and the outlet structure across the floodplain of Bob’s Creek may alter the 
tidal channel network and changes to the channel form should be considered when siting these 
components.  This may require scour protection in some areas and locating the EPZ on higher 
elevation land to minimise disturbance to the tidal channel network. 
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Figure 4-2 Elevation and inundation of the tidal floodplain around Bob’s Creek 

 

4.2.2 Oceanographic Conditions 

Water Levels 

Water levels within Bob’s Creek vary spatially, with the rock outcrop located 16km from the entrance 
having a significant influence on tidal patterns and range. Downstream of the rock weir, the tidal signal 
presents a typical sinusoidal pattern with similar range and phase to the offshore tide. Upstream of 
the rock outcrop, the ebb tide is restricted and the tidal signal is more typical of an estuary with a 
longer period ebb tide which is interrupted by the reversal of flow and the flood tide flow. Flood tide 
conditions in the upstream zone typically result in waters rising from low water to high in around 3 
hours. The predicted tidal range and current speeds in the vicinity of the discharge, along with water 
levels downstream of the rock outcrop are presented in Figure 4-3. 

The estimated tidal prism of Bob’s Creek is in the order of 23.5 x 106 m3 and 6.5 x 106 m3 during spring 
and neap tides respectively. Bed levels have been estimated for the upper portion of Bob’s Creek 
based on visual inspection and calibration of modelled water levels. The spring and neap tide prism is 
only 25-30% of that of Alligator Creek (90 x 106 m3). Water levels are restricted by the rock outcrop 
weir located approximately 16km from the mouth of Bob’s Creek.  Upstream of this weir to the 
discharge location (approximately 3.5km), the low tide level is restricted to generally above mean sea 
level as the rock outcrop causes pooling of upstream waters. As a result, the tidal prism upstream of 
the rock outcrop is much smaller, as shown in Table 4-1. The ranges in discharge proportion are due 
to the unevenness in the duration of the flood (3 hours) and ebb (9 hours) in the vicinity of the 
discharge point. 
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Figure 4-3 Bob’s Creek discharge water levels and current speeds 

Given the smaller tidal prism, particularly in the upper section of Bob’s Creek during the neap tide 
period, the peak discharge flow may cause an increase in water levels and current speeds within the 
creek.  

Table 4-1 Bob’s Creek tidal prism 

Proportion of 
tidal prism 

 

Bob’s Creek Bob’s Creek upstream of rock weir 

Spring tide = 
23.5 x 106 m3 

Neap Tide = 
6.5 x 106 m3 

Spring tide = 5.8 x 
106 m3 

Neap Tide = 
1.8 x 106 m3 

Average flow 
rate 4.86m3/s 

(420 ML/d) 
0.4 – 1.3% 1.6 – 4.8% 1.8 – 5.4% 5.8 – 17.5% 

 

Current Speeds 

As shown in Figure 4-3, current speeds in the upper reaches of Bob’s Creek in the vicinity of the 
proposed alternative outlet location are generally low with peak spring tide currents around 0.2 – 
0.4m/s. The effluent discharge rate will result in a velocity of up to 1.0m/s across the outlet weir. This 
may result in local erosion downstream of the weir which could impact the flows in the adjacent 
channel.  This effects will be localised and could be managed through energy dissipation immediately 
downstream of the weir.  

The effect of changes to the tidal prism will likely have a greater impact on current speeds in the creek.  
Increasing flow volumes on the flood and ebb tides may alter the in-channel current speeds which has 
the potential to increase sediment transport.   
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Water Temperature 

Ambient air temperature is the key driver of water temperatures around Legune Station. As with the 
Alligator Creek outlet, the effluent discharged from the outlet into Bob’s Creek will be more 
susceptible to changes in the ambient air temperature and solar radiation than the receiving water 
due to the shallow depths through the EPZ. The temperature of effluent is thus likely to be slightly 
higher during the day time and lower during the night time than that within Bob’s Creek, especially 
during high tide periods when the depth of water in the creek will be greater than that within the EPZ.  

Numerical modelling and measured depth profiles indicate that there is little stratification of 
temperature within the waterways around Legune Station due to the macro tidal environment and 
significant flushing/mixing occurs.  Therefore, the effluent discharge is expected to have no impact on 
water temperatures within Bob’s Creek. 

Mitigation/Control Options 

During a neap tide, the volume of additional water discharged into the upstream section of Bob’s 
Creek may be in excess of 5% of the creek volume. This increase in tidal prism may cause changes to 
the sediment transport regime in the tidal channels and also could result in increased intertidal 
flooding in some areas due to increases in the high water level.  

Mitigation of erosion at the outlet as a result of high discharge rates could be achieved by control 
structures within the EPZ.  However, the impacts associated with the tidal prism in Bob’s Creek cannot 
be mitigated without changing production conditions within the farm. 

4.2.3 Water Quality 

Fate and Transport 

The numerical modelling undertaken to assess the impact of the Alligator Creek outfall has been 
repeated for the assessment of the Bob’s Creek outfall. Model tracer results at the locations shown in 
Figure 3-8 have been extracted and a box and whiskers plot analysis of these results are presented in 
Figure 4-4. Model tracer concentrations within Bob’s Creek rapidly reduce between the outlet and the 
rock weir downstream. The concentration near the mouth of Bob’s Creek is low and the median value 
is less than 1% whilst within the Keep River the median concentration is less than 0.05% and the 95th 
percentile offshore is less than 0.1% of the model effluent concentration. 

 

 

Figure 4-4 Analysis of model tracer concentration, Bob’s Creek constant discharge 

 

Within Bob’s Creek, model tracer predictions have been extracted at the locations shown in Figure 4-5 
between the outlet and the rock weir. The concentration of the effluent drops gradually with distance 
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from the outlet. Within the local tributary where the outlet is located, the median concentration of 
model tracer remains above 10% before reducing to around 5% just upstream of the rock outcrop. 
Concentrations upstream of the outlet location are expected to be high as the tracer is flushed 
upstream during flood tides.  

The lower elevation of the intertidal topography adjacent to Bob’s Creek means that intertidal 
inundation is more frequent than for the intertidal floodplain around Alligator Creek. As such, 
exchange between the tidal creek and the intertidal floodplain is more frequent which could result in 
higher effluent concentrations across the intertidal areas. Insufficient topographical data is available 
to adequately quantify these impacts, however it can be assumed that effluent concentrations on the 
floodplain will be similar to those in creek during periods when they are inundated (i.e. monthly). 

 

 

Figure 4-5 Location of local model results on Bob’s Creek 

 

 

Figure 4-6 Model tracer concentration within Bob’s Creek local mixing zone 

 

Nutrients 

The impact of the effluent discharged through the outlet on nutrient levels in Bob’s Creek has been 
determined by converting the model tracer to equivalent nutrient levels using a constant factor. The 
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distribution of nutrient concentration at the local model points shown in Figure 4-5 is presented in 
Figure 4-7, whilst the spatial distribution of the average nutrient concentration is presented in Figure 
4-8. 

The results indicate that the concentration of nutrients within Bob’s Creek, particularly upstream of 
the rock outcrop, will be high with median additional levels of nitrogen and chlorophyll a above the 
80th percentile of existing conditions within the local tributary where the outlet is located. Given the 
relatively high levels of chlorophyll a in the effluent when compared with background levels, modelled 
levels of chlorophyll a exceed the 80th percentile at all locations upstream of the rock outcrop. Levels 
of additional phosphorus can also be seen to be equivalent to existing background conditions in close 
proximity to the outlet. 

Total levels of nutrients within Bob’s Creek are likely to lead to exceedance of the interim site specific 
water quality trigger values established for this EIS. 

 

 

 

Figure 4-7 Box and whisker plots of additional nitrogen, phosphorus and chlorophyll a 
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Figure 4-8 Average concentration of additional nitrogen, phosphorus and chlorophyll a 
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Salinity  

The salinity within Bob’s Creek is generally higher than in Alligator Creek due to the distance from the 
freshwater inputs from the Keep River and the lack of a significant local catchment. Freshwater inflows 
typically occur across a short period following rainfall on the site. 

The salinity of the effluent may however be higher than the water within Bob’s Creek.  Given the 
relatively small tidal prism within Bob’s Creek, the discharge may result in localised increases in 
salinity. This higher salinity water may also be flushed across the intertidal floodplain.  Local changes 
to vegetation types and density in the area around the outlet may occur as a result. 

Turbidity 

Turbidity measured at location I02 suggests that Bob’s Creek may experience lower turbidity levels 
than other locations around Legune Station. This may be due to the time of sampling, the presence of 
the rock outcrop and the local impact on current speeds at the sampling point or a combination of 
these effects. Turbidity is in the range of 10 – 300NTU and total suspended sediments 20-300mg/L.  

The proposed effluent concentration of suspended sediment is 20-100mg/L. This is within the existing 
TSS range within Bob’s Creek, and as such changes to the suspended sediment concentration within 
Bob’s Creek are expected to be minimal. 

Mitigation / Control Options 

The volume of effluent discharged into Bob’s Creek relative to the existing tidal prism is significant. 
The primary option to minimise the impact of this increased discharge on the tidal prism into Bob’s 
Creek is to reduce the volume of effluent released. This is unlikely to be possible with impact overall 
production at the farm.  

Nutrient levels as a result of discharging effluent into Bob’s Creek are likely to exceed the interim site 
specific water quality trigger values in the upper reaches of Bob’s Creek.  Thus it would be necessary 
to reduce nutrient concentration within the effluent prior to discharge in order to reduce the risk of 
detrimental impacts on the existing waterway.  

4.2.4 Climate Change Risk Assessment 

Predicted increases in mean sea level will result in more frequent inundation of the intertidal 
floodplain around the proposed alternative outlet location on Bob’s Creek. This may result in changes 
to the vegetation type and density on the intertidal floodplain regardless of the proposed 
development.  However, the presence of the outlet discharging into the creek will mean the higher 
nutrient and salinity concentrations in the waters inundating these areas.  Conversely, the greater 
tidal prism in Bob’s Creek may increase mixing conditions.  

The increased tidal inundation may also impact any structures associated with the development 
located across the intertidal floodplain with the potential for increased erosion adjacent to these 
structures through more frequent flooding or wave action. Increases in mean sea levels may also result 
in greater connectivity between the small tidal channels between Bob’s and Forsyth Creek during high 
spring tides which could result in recirculation of the effluent into the intake.  

The proximity of the alternative outlet site to the open coastline will also expose the outlet and EPZ 
areas to any increases in cyclone conditions such as more frequent inundation and stronger winds 
resulting in higher waves. 
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4.3 Summary 

The impacts of an alternative effluent outlet location on Bob’s Creek are summarised in Table 4-2 and 
show they are potentially of greater magnitude than those resulting from the outlet at Alligator Creek. 

In particular, the proportion of effluent discharged compared to the tidal prism in Bob’s Creek is 
significantly larger than that in Alligator Creek. Intertidal inundation is also greater in the Bob’s Creek 
system and an increased proportion of the effluent may be washed across the intertidal areas rather 
than remaining within the main tidal waterways. 

There is also a risk of increased connectivity between the dendritic tidal channels of Bob’s Creek and 
Forsyth Creek to the north.  This could result in the potential for recirculation of effluent into the 
intake. 

Whilst potential exists to optimise the EPZ for treatment and flow management of the effluent, and 
detailed design can be used to mitigate the risk of erosion, an outlet at Bob’s Creek is considered to 
be less suitable than an outlet at Alligator Creek. 

Table 4-2 Impacts of Bob’s Creek outlet  

Impact Area Impact at Bob’s Creek Relative to Alligator Creek 

Coastal processes 
and bank erosion 

Local erosion at the interface 
between the rock blanket and the 
floodplain surface. 

Similar to Alligator Creek. 

Channel bed 
change 

High discharge rates relative to the 
size of the tidal channel may result in 
scouring of the channel bed at the 
outlet location.  

Potentially higher risk of local erosion 
of the channel bed due to smaller 
scale of the tidal channel at the outlet. 

Oceanography An increase in the neap tidal prism of 
over 15% in the upstream end of 
Bob’s Creek may result in increased 
current speeds and sediment 
transport potential. 

Greater impact than Alligator Creek 
due to smaller channel capacity and 
high relative impact of the discharge 
on the tidal prism. 

Nutrients High discharge volume compared to 
receiving water volume results in high 
concentration of nutrients within 
upper extent of Bob’s Creek. 

Lower intertidal elevations are likely 
to result in more frequent overbank 
inundation of these higher nutrient 
waters. 

There is minimal change in nutrient 
concentration outside of Bob’s Creek. 

Higher risk of elevated nutrient 
concentration compared to the 
Alligator Creek outlet due to high 
relative impact of the discharge on 
the tidal prism. 

More likelihood of intertidal 
inundation of the higher nutrient 
waters. 

Similar low impact outside of the 
discharge waterway 

Salinity Increased salinity within the vicinity of 
the discharge.  

Bob’s Creek is less impacted by 
freshwater flows and the differential 
between the effluent and the 
receiving water salinity likely to be 
less than at Alligator Creek. 

Turbidity Minor due to similar rates of existing 
suspended sediments with discharge. 

Turbidity in Bob’s Creek is lower than 
Alligator Creek and more consistent 
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Impact Area Impact at Bob’s Creek Relative to Alligator Creek 

with the effluent characteristics. The 
relative impact of turbidity at Bob’s 
Creek is thus likely to be lower. 

Climate change Increased frequency of tidal 
inundation and potential for erosion. 

Closer proximity to coastline may 
result in more severe impacts from 
cyclones such as waves and storm tide 
inundation. 

Potential for higher impacts than 
Alligator Creek due to the lower 
topography of the intertidal areas at 
Bob’s Creek. 
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5. CUMULATIVE IMPACTS 

A cumulative impact assessment has been undertaken to consider the potential impact of the project 
on the coastal environment and water quality when the impacts of other existing and reasonably 
foreseeable future developments are considered.  

5.1 Other Developments 

The proposed grow out facility at Legune Station is located over 100km from the nearest population 
centre in an isolated and remote portion of Australia. Current human influence on the environment 
around Legune Station is limited to the agricultural aspects of Legune Station itself along with other 
cattle operations within the Victoria and Keep River catchments. A military training base is located at 
Bradshaw, east of the Victoria River, and the Ord River Irrigation Area (ORIA) including the Ord Stage 
2 Goomig Farmlands are within the Keep River-Border Creek catchment to the west of Legune Station. 

Future potential development includes the expansion of the Ord River Irrigation Scheme in a number 
of areas. Of particular note are the 6,000 ha. Ord Stage 2 Knox Plain on the WA side of the state border 
and the Ord Stage 3 Keep River Plain, a 14,500 ha. expansion area on the NT side of the border which 
extends to the tidal estuary bounded by the Keep River and Sandy Creek (Figure 5-1).  

The other nearby development which may combine with the impact of Project Sea Dragon is thus 
limited to runoff from the potential Ord expansion. 

 

Figure 5-1 Potential Ord Irrigation Expansion (NT Government) 
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Studies completed for the Ord Stage 2 (Goomig Farmlands) (Bennett & George, 2014) detailed water 
quality data measured in runoff from Stage 1 of ORIA. In the absence of Ord Stage 2 (Goomig and Knox 
Creek Plains) or Ord Stage 3 (Keep River Plain) data, the cumulative impact modelling utilised Ord 
Stage 1 data to inform the assessment. However, the Ord Stage 1 development approval had no 
requirement for on–farm tail water management systems like that required, and implemented, on the 
Stage 2 (Goomig) Farmlands.  It is considered highly likely that the approval conditions for Ord Stage 
2 (Know Creek Plains) and Stage 3 (Keep River Plains) would be similar to those for Ord Stage 2 
(Goomig), which require the adoption of locally-derived water quality triggers designed to protect 99 
per cent of species (as established under ANZECC/ARMCANZ guidelines (2000)). Furthermore, Ord 
Stage 2 (Goomig) approvals do not allow for dry season discharge to the Keep River via the ephemeral 
Border Creek.  All irrigation tail water must be retained on site.  

If, as anticipated, similar environmental approval conditions are applied to water quality associated 
with Ord Stage 2 (Knox Creek) and Ord Stage 3 (Keep River), as for Ord Stage 2 (Goomig), the impact 
from these developments upon the receiving waterways will be largely limited to changed flow and 
sediment regimes during the wet season. Hence, with reference to nutrients, the quality of water 
leaving the site would be substantially better than the surface water discharge water quality used to 
inform the cumulative assessment herein and the results below are considered a conservative 
indication of discharge water quality from Ord Stage 2 (Knox Creek), and following on, Ord Stage 3.  

A summary of the data collected from the discharge at ORIA Stage 1 is provided in Table 5-1. The 80th 
percentile water quality conditions from the discharge indicate nutrients within the ORIA Stage 1 
discharge water are well above the 80th percentile water quality measured in the waterways around 
Legune for total nitrogen (Goomig: 1.9mg/L; Legune 0.3mg/L) and total phosphorus (Goomig: 
0.29mg/L; Legune: 0.18mg/L). 

Table 5-1 ORIA Stage 1 discharge water quality (Bennett & George, 2014) 
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5.2 Impacts on the Coastal Environment 

Expansion of the Ord River Irrigation Area has the potential to cause a significant change in the flow 
and sediment regime of the Keep River estuary via a reduction of wet season flows and changes to 
extreme flood flows through the Keep River and Sandy Creek. This change in the flow regime and 
associated sediment loads could also result in a changes to hydrodynamics and channel morphology 
of the Keep River estuary upstream of Alligator Creek. 

Project Sea Dragon is significantly smaller in scale that the ORIA expansion project and the result of 
this assessment have shown it has little impact on the coastal environment outside of the localised 
areas around the proposed inlet and outlet structures in Forsyth Creek and Alligator Creek. The scale 
and potential impact of the ORIA expansion project on the flow and sediment regime of the Keep River 
estuary system is therefore such that any additional impact as a result of Project Sea Dragon is 
considered insignificant. 

5.3 Water Quality 

Table 5-1 shows that the discharge water from the ORIA project, if permitted at the levels of Stage 1, 
has the potential to introduce elevated levels of nitrogen and phosphorus into the Keep River and 
Sandy Creek system.  The capability of the tidal environment to effectively flush the Keep River estuary 
was presented in Section 2.7.6.  For this cumulative impact assessment, additional analysis of a more 
‘isolated’ upstream section of the Keep River and Sandy Creek has been completed.  The purpose of 
this was to assess the local flushing characteristics in the upper reaches of each waterway. To establish 
the equilibrium concentration of discharge which may accumulate within Alligator Creek from a 
discharge in the Keep River or Sandy Creek, a model tracer was released from a point within each 
waterway at a constant low flow rate. 

The results of the modelling are presented in Table 5-2. The modelling indicates that flushing time is 
in the order of 2 - 3 days for the lower portions of the Keep River and Sandy Creek. The tracer was 
released at a very low flow rate (i.e. 10-6 m3/s or 86.4L/day) within the Keep River and was only 
detectable at very low concentrations (less than 0.01% of the discharge concentration) at point I-34 
in the middle of the Keep River estuary, and I-09 at the mouth of Alligator Creek. The low flow rate 
was used to ensure the tracer was not flushed through the model from the Keep River in the same 
method as a flood flow. Similarly, only very low concentrations of the tracer (<0.01%) released within 
Sandy Creek could be detected at points I-34 and I-09.   

These results indicate that only a low proportion of any material discharged into the upper Keep River 
estuary or Sandy Creek estuary can be transported into Alligator Creek due to the general tidal 
movements and flushing conditions within the estuary.  It should be noted this assessment is not an 
exhaustive review of the impact of discharge from ORIA into the Keep River or Sandy Creek and should 
not be used for information other than this assessment. This assessment does not consider the impact 
of ORIA discharge on the extent of the Keep River or Sandy Creek. 

Based on the results of the modelling, and considering a low volume (conservative) effluent 
concentration of 1.9mg/L nitrogen, 0.29mg/L of phosphorus from Ord Stage 2 and 3, the 
concentration of additional nitrogen and phosphorus within the Keep River and mouth of Alligator 
Creek from the Ord Stage 2 and 3 is likely to be less than 0.001mg/L of nitrogen or phosphorus. These 
levels are effectively undetectable.  

When combined with the predicted additional median nutrient levels of 0.02 and 0.009 mg/L of 
nitrogen and 0.003 and 0.001 mg/L of phosphorus from Project Sea Dragon Stage 1 at Point I-09 and 
I-34 respectively, the cumulative impacts of Ord Stage 2 and 3 and Project Sea Dragon on water quality 
within the Keep River and Alligator Creek can be considered to be negligible. 
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Table 5-2 Flushing and dispersion of the Keep River and Sandy Creek 

 Flushing (e-folding) 
time (days) 

Concentration of model tracer released in  

Keep River (I-34) Alligator Creek (I-09) 

Keep River 2 (2 – 3 flood tides) < 0.01% < 0.01% 

Sandy Creek 2 (2 – 3 flood tides) <0.01% < 0.01% 
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6. CONCLUSION 

6.1 Overview 

To assess the risk posed to the coastal environment by activities undertaken as part of the proposed 
project, a risk assessment has been undertaken. This addresses the potential impacts and 
consequences of the operation of the project described in the above sections along with residual risk 
following implementation of the proposed mitigation measures.  

A standard risk assessment matrix as presented in Table 6-1 below was adopted.  The risk assessment 
of the coastal environmental impacts of the project is provided in Table 6-2. 

Table 6-1 Risk Assessment Matrix 

Likelihood Consequences 

 1 – Insignificant 2 – Minor 3 – Moderate 4 – Major 5 - Extreme 

5 – Almost Certain  Medium Medium High Extreme Extreme 

4 - Likely  Medium Medium Medium High Extreme 

3 – Possible Low Medium Medium Medium High 

2 – Unlikely Low Low Medium Medium Medium 

1 – Rare Low Low Low Medium Medium 

6.2 Risk Assessment 

Table 6-2 details the site specific risk assessment results for the Stage 1 development.  Overall, the 
development poses risks which can generally be considered to be either unlikely with moderate 
consequences, or likely/possible but with only minor or insignificant consequences. As a result, the 
impacts of the project have been considered medium, however these are at the lower scale of a 
medium impact and should be considered in the context of the broader scale of the whole project 
across Legune Station. 

A key consideration for the project proponents was the potential impact associated with any discharge 
of effluent from the development on water quality in the waterways around Legune Station. This study 
has shown that the volume of effluent discharged is low compared with the tidal prism in Alligator 
Creek and the size of other coastal waterways. Rapid mixing of any discharges from the development 
occurs within Alligator Creek and have negligible impact on the broader water quality outside of 
Alligator Creek. 

The coastal environment at Legune Station is highly dynamic and characterised by a high degree of 
spatial and temporal variability in existing coastal processes.    Development of Stage 1 at Legune 
Station is unlikely to cause significant impact on these dynamic processes, i.e. the changes caused by 
the project will be in line with, or less than, changes already occurring within the coastal environment, 
or will be on a scale which is minimal compared to the overall disruption of the development footprint. 

The highly dynamic nature of the existing coastal environment is likely to pose greater risk to the 
proposed development. In particular, the low lying elevation of the topography across the 
development footprint and the high rates of existing bank erosion, particularly in Forsyth Creek will 
cause engineering design challenges. Mitigation of these challenges through physical works may cause 
localised changes to the coastline and tidal floodplain, however, these will be minimal in comparison 
to the existing natural processes and will affect only a small area relative to the overall scale of Stage 
1 of Project Sea Dragon.  
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Table 6-2 Risk Assessment 

Environmental 
Consideration 

Potential Impacts of Development and 
their Consequences 

Preliminary Risk 
Assessment (C,L) 
Score 

Control Strategy Residual Risk with 
Control Strategies 
Adopted 

Coastal and 
bathymetric 
morphology 
and sediment 
transport 
processes 

 Interruption of existing erosion and 
morphology of Forsyth and Alligator 
Creek banks 

 Potential change in future coastal 
alignment 

 Changed bed scour patterns within 
Forsyth Creek due to piled structure 

 Visual disturbance 

(2,3) Medium 

 

 

minor consequences are 
possible 

 The banks and beds of the tidal channels are dynamic 
and subject to high rates of natural change. 
Construction within and along the channel bed and 
bank will result in a change in the natural variation.  

 Mitigation to prevent these changes is not considered 
necessary. 

 Protection of structures within the dynamic 
environment will be required to prevent structural 
failure. Detailed design should ensure adequate scour 
protection is provided to piles, discharge and intake 
structures near the banks. Sufficient setback should be 
provided which will extend the design life of structures 
under existing erosion rates.  

 Sensitive design should be considered to minimise the 
visual impact of structures near the waterway. 

(2,3) Medium 

 

 

minor consequences are 
possible 

Tidal 
floodplain 

 Scour of the floodplain around the 
development footprint and realignment 
of tidal channels interrupted by the 
project 

(1,4) Medium 

 

 

insignificant consequences 
are likely 

 The location and form of the channels across the tidal 
floodplain are variable and change naturally. Where 
the project footprint intersects with the tidal 
floodplain, the change will be driven by the footprint 
rather than natural processes. 

 Mitigation to prevent this occurring is not considered 
practical or necessary. 

 Protection of the structure from erosion will be 
required to prevent failure. 

(1,4) Medium 

 

 

insignificant consequences 
are likely 

Oceanographic  Negligible (1,2) Low 

insignificant consequences 
are a rare possibility 

 The impact on oceanographic conditions are 
considered negligible 

(1,2) Low 

insignificant consequences 
are a rare possibility 

Water quality  An increase in nutrient concentrations 
within Alligator Creek could result from a 

(3,4) Medium  Reduction of discharge nutrient levels through 
treatment within the EPZ  

(1,4) Medium 
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constant discharge rate of 420ML/day. 
The elevation of  nutrients could impact 
the conditions for local species 

 An increase in salinity within Alligator 
Creek could occur, particularly in the 
lead up to the wet season. Increased 
salinity could provide a change  in habitat 
for local species 

 Increased nutrients and higher salinity 
water may be flushed onto the tidal 
floodplains during high spring tides. This 
could lead to a change in vegetation 
habitat and impact local species. 

 

 

moderate consequences are 
likely 

 Reduction of discharge volume through control 
structures within the EPZ and farm operation such as 
internal recycling 

 Limiting of discharges at the outlet to ebb tide 
conditions to allow for flushing of Alligator Creek with 
cleaner water from the Keep River. The water quality 
change is considered minor and limited to Alligator 
Creek with additional nutrients well below the natural 
variation 

 

 

insignificant consequences 
are likely 
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7. ASSUMPTIONS 

The outcomes and conclusions detailed in this report are based on the best information and data 
available at the time of the study.   Much of the data used in this report has been captured as part of 
the physical monitoring program undertaken for this EIS.  In some instances, there are limitations or 
constraints associated with data or information and various assumptions have been made.  These are 
summarised below: 

Data and Information 

 Topography survey – high resolution LiDAR imagery has been captured for this study, 
however the extent of the LiDAR data does not include the coastal floodplain to the north of 
the development footprint. In those areas other data sources such as the Geoscience Australia 
1second Digital Elevation Model (DEM) has been used.  These other data sources have lower 
accuracy that the LiDAR dataset and therefore the ability to resolve small scale details across 
the northern coastal floodplain is reduced.  This has reduced the resolution of the numerical 
model in these areas, however the overall impact on the outcomes of the study are considered 
low. 

 Bathymetric survey – Detailed bathymetry survey of the waterways within the study area was 
limited and additional survey undertaken for the project was limited in spatial coverage due 
to the scale of the areas being assessed.  The vertical resolution of the survey dataset was also 
reduced due to the lack of permanent survey marks on site. However, given the high degree 
of variability of the bathymetry of the coastal waterways the data available is considered to 
provide a useful snapshot of conditions around in the waterways around the Legune Station.  
This data was assumed to be representative of bathymetric conditions at the site for the 
purposes of the EIS assessment.  Sensitivity testing was used to understand the potential 
implications of this assumption on the modelled outputs and overall it was considered suitable 
for the purposes of this work.  

 Climate data – High resolution, long term weather and climate data are not available for 
Legune Station, with the exception of rainfall recorded at the homestead. However, given the 
scale of the study area spatial variability in rainfall likely to occur. All available relevant 
weather station data has been used in this study and is considered to be representative of 
typical conditions on site.  Local variation may occur however the overall impact on the 
outcomes of the study are considered low.  

 Stream flow data -  gauges are not present on many of the smaller waterways around the site 
and stream flow has been estimated based on similar sized catchments. This is standard 
hydrological practice in remote areas and the overall impact on the outcomes of this study 
are considered low. 

 Water level and site specific data – water level measurements taken on site during the course 
of this study were collected aid the calibration of the numerical models and for understanding 
the coastal environmental conditions. The data was collected for a limited duration and as 
such does not represent all conditions that can occur on site.  It is considered fit for the 
purpose of this EIS; however, it is recommended that further benchmarking of the data should 
be undertaken if it is to be used for detailed engineering design or navigation purposes.  

 Currents – no data on current speeds within the tidal channels has been collected for this EIS 
due to the high turbidity, mobile bed conditions and other logistical challenges faced in this 
remote location. The numerical model calibrated therefore focussed on replicating water 
levels within the channels.  It has been assumed that the resultant tidal currents are 
representative of conditions in the waterways.  This assumption is appropriate for the 
purposes of this assessment and it not considered to impact the overall outcomes of this 
study. 
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Numerical Modelling 

The accuracy of the outputs from a numerical model a function of the accuracy of the underlying 
information, such as the topography or bathymetry and the adopted model parameters. Calibration 
of the model aims to minimise any uncertainty in the modelled outputs by comparing model results 
to measured information. 

The calibration process for this assessment consisted of comparison between the observed and 
modelled parameters where possible, as well as extensive sensitivity testing where measured 
information was not available or where there was uncertainty in the accuracy of the measured data.  

A detailed discussion of the sensitivity testing and the adopted model parameters is provided in 
Appendix A to this report. Overall, it is considered that the results of the assessment provide a fit for 
purpose representation of conditions across the coastal environment. 
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CHAPTER 1 HYDRODYNAMIC MODELLING 

 

1. MODEL DESCRIPTION 

The MIKE 21 Flexible Mesh (FM) hydrodynamic (HD) flow model is based on an unstructured flexible 
mesh and uses a finite volume solution technique. The mesh is comprised of triangle and quadrilateral 
elements. This approach enables a variation of the horizontal resolution of the model mesh within the 
model area, and therefore for a finer resolution in selected sub-areas. The computational triangular 
mesh of the model is made with sufficiently small cells to resolve the detailed conditions in the study 
area, especially around the proposed outfall and intake locations. 

The modelling system is based on the numerical solution of the two-dimensional shallow water 
equations - the depth-integrated incompressible Reynolds averaged Navier-Stokes equations. Thus, 
the model consists of continuity, momentum, temperature, salinity and density equations. In the 
horizontal domain both Cartesian and spherical coordinates can be used. 

1.1 Model Setup 

1.1.1 Model Domain and Mesh 

The model domain for the hydrodynamic and thermal and salinity models is shown in Figure 1-1. 

 

Figure 1-1 Model domain and bathymetry 
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Figure 1-2 presents a closer view of the model bathymetry at the project discharge site on Alligator 
Creek. The bathymetry was obtained by interpolation of the bathymetric data explained Appendix A. 

 

Figure 1-2 Closer view of the model bathymetry in the Alligator Creek 

The model mesh was established as a compromise between computational time and sufficient 
resolution in the area of interest. The model resolution increases towards the project area, where the 
mesh size is approximately 10-15m. The model mesh applied for the simulation has 55,139 nodes and 
is presented in Figure 1-3. A closer view of the model mesh is shown in Figure 1-4. 

 

Figure 1-3 Model mesh 



Co2 Australia 
Project Sea Dragon – Appendix A 

 

3894-10 / Appendix A v02  -  06/09/2016 3 

 

Figure 1-4 Closer view of the model mesh in the Alligator Creek 

 

1.1.2 Boundary Conditions 

Tide 

The 2D Hydrodynamic model is driven by tidal water levels specified at its open boundary and varying 
both in time and along the boundary. The location of the model open boundary is presented in Figure 
1-5. Time-varying tidal water levels at a point midway along the open boundary is illustrated in Figure 
1-6.  

 

Figure 1-5 Location of the 2D hydrodynamic model open boundary (in red) 
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Figure 1-6 Model tidal boundary conditions (at midway along the open boundary) 

 

Water Temperature  

Bureau of Meteorology (BoM)’s BLUElink OceanMAPs forecast system provides gridded sea-surface 
salinity (SSS) and sea-surface temperature (SST) around the Australian coast.  

Temperature data is a compilation of actual observations of temperature sourced from a variety of 
temperature sensors based on ships, floats, drifting and moored buoys, manned stations and 
satellites, which have been incorporated into the BLUElink system.  

FRC Environmental has conducted a water quality data collection campaign at different locations in 
the study area as detailed in the main body of the report. Depth profiles of seawater temperature 
collected during January as part of this campaign has been used in conjunction with the BLUElink 
dataset to create a map of initial water temperatures for the thermal and salinity model. Figure 1-7 
below presents the map of initial condition for temperature applied over the entire model domain. 

 

Figure 1-7 Model initial condition for temperature  
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Salinity 

frc environmental’s depth profiles of salinity within the study area have been used in conjunction with 
the BLUElink dataset to create a map of initial condition for salinity for the application in the thermal 
and salinity model.  

Figure 1-8 below presents the map of initial condition for salinity applied over the entire model 
domain. The salinity at the boundary is in the range of 33 to 34 Practical Salinity Units (PSU), which is 
a typical range for open seas. Inside the creeks where fresh water is mixed with sea water, lower 
salinities in the range of 20-22 PSU are observed.  

 

Figure 1-8 Model initial condition for salinity  

 

1.1.3 Model Parameters 

Table 1-1 presents the different model settings and constants applied in the hydrodynamic model. 

Table 1-1 Model Parameters and Constants 

Parameters Value 

Time Step 
Time Step Interval = 300s 

Minimum Time Step = 0.1s 

Flood and Dry 

Drying Depth = 0.01m 

Flooding Depth = 0.02m 

Wetting Depth = 0.05m 

Eddy Viscosity Smagorinsky Formulation, coefficient = 0.28 

Dispersion (Thermal & Salinity Model) Scaled Eddy Viscosity Formulation, factor = 1 
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Bed Resistance 

The model bed resistance (Manning M number) was prepared by allocating lower resistance (M = 50 
m1/3/sec) to the main water ways, including Alligator Creek, and higher resistance in the range of 10 
to 32 m1/3/sec across the flood plains. Model calibration (Section 1.2) adjusted the Manning’s M values 
within the waterways and across the floodplain to improve correlation between modelled and 
measured water levels. The Manning’s M map presented in resulted in Figure 1-9 the best fit between 
measurements and model results. 

 

Figure 1-9 Model bed resistance map (in Manning M number m1/3/sec) 

 

Precipitation and Evaporation 

Precipitation and evaporation rates are included in the model and illustrated in Figure 1-10. Rainfall 
data is measured both at an automated weather station installed on the Legune floodplain in October 
2015 (data available from February 2016) and by a rain gauge checked daily at the Legune Homestead. 
Evaporation data was sourced from the BoM for the Darwin Airport. This was the nearest weather 
station where evaporation data was recorded. 
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Figure 1-10 Rainfall rate measured at Homestead and Legune Weather Stations (top) and daily 
evaporation rate observations at Darwin Airport (bottom) 

 

Heat Exchange 

Heat exchange with the atmosphere is included in the thermal and salinity model. Air temperature 
and relative humidity data is used to calculate the latent heat flux and consequently affect the water 
temperature. Data from the Port Keats Airport (BoM) is illustrated in Figure 1-11. 

The model also calculates the empirical wave radiation through the specification of the clearness 
coefficient. A clearness coefficient of 100% specifies a clear sky and 0% specifies cloudy weather. The 
nearest available cloud cover data in Oktas was available from BoM at Kununurra airport. This data is 
converted to clearness coefficient through the following equation: 

𝐶𝑙𝑒𝑎𝑟𝑛𝑠𝑠 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 % = 100 −  12.5 ∗ 𝐶𝑙𝑜𝑢𝑑 𝐶𝑜𝑣𝑒𝑟 (𝑂𝑘𝑡𝑎) 
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Figure 1-11 Heat exchange input parameters  

 

1.1.4 Wind 

Wind speed and direction from the nearest weather station at Port Keats Airport was sourced from 
the BoMfor the period October 2015 to April 2016. The recorded wind speed and direction as well as 
the rose plot of the wind data during the model calibration period (wet season) is presented in Figure 
1-12. 



Co2 Australia 
Project Sea Dragon – Appendix A 

 

3894-10 / Appendix A v02  -  06/09/2016 9 

 

Figure 1-12 Recorded wind data at Port Keats Airport, during wet season (24 Jan 2016 to 10 
March 2016, covering the validation period). Wind speed (m/s) (top), wind direction 
(degrees) middle and wind rose during wet season (bottom) 

 

1.1.5 Freshwater Inflows 

Inflows for calibration period  

Freshwater inflows in the study area are incorporated in the thermal and salinity model. River flow 
discharges (m3/s) from the Northern Territory Department of Land Resource Management’s Water 
Data Portal have been downloaded for the major rivers in the vicinity of the project site. Where data 
was not available estimates on discharge have been made based on the river catchment sizes. The 
inflows are illustrated in Figure 1-13 and Figure 1-14. Discharge across the Alligator Creek road weir 
was estimated using empirical calculations of observed flow width, depth and current speed.  
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Figure 1-13 Freshwater inflows included in the thermal and salinity model 
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Figure 1-14 Freshwater inflows included in the thermal and salinity model 

 

Historic Data 

Fresh water inflows recorded for the 2016 wet season period to coincide with temperature and salinity 
data collection on site indicate lower river discharges compared to a typical wet season. Therefore, in 
order to capture salinity variations within the study area during a typical wet season additional 
modelling was carried out for year 2004 which presents a reasonable representation of wet season 
conditions. Figure 1-15 shows inflow rates from the 3 major rivers within the model domain; Keep 
river, sandy creek (Left y-axis) and Victoria river (right y-axis). 

 

Figure 1-15 2004 Freshwater inflows to represent typical wet season conditions 

As the location of the river sources in the model are exposed to tidal variation, a salinity of 5 PSU is 
allocated to rivers to include intrusion of saline tidal waters.  

1.2 Model Calibration 

Model calibration consists of an iteration process of adjusting modelling parameters to arrive at a 
reasonable comparison between the modelled data and recorded measurements. These parameters 
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include but are not limited to bathymetry, boundary and initial conditions, bed resistance and other 
model constants.  

1.2.1 Hydrodynamic Calibration 

For the purpose of this assessment, a rigorous set of tests were devised to arrive at the calibrated 
hydrodynamic model. Water level measurements at 7 different stations in the study area (Appendix 
A) were compared with the modelled data. Parameters such as model boundary location, bed 
resistance, mesh size and bathymetric features were tested to arrive at the final calibration.  

The model was calibrated to dry season conditions (where water levels were measured between 
August 2015 and October 2015) and to wet season conditions where measured data is available 
between late January 2016 and March 2016. The model results indicate the model provides a good 
representation of water level variation and phase change across the model domain, in particular 
within Alligator and Forsyth Creeks during both wet and dry season conditions. The comparison of 
water levels is presented in Figure 1-16, Figure 1-18and . 

 

Figure 1-16 Dry season calibration – measured versus modelled water levels 
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Scatter plots of modelled versus measured water level data for dry season are illustrated in Figure 
1-17. Coefficient of determination R2 is also presented here. Best fit between the observations and the 
modelled results is achieved for the Offshore location where R2 value is equal to 0.97. 

 

  

 

Dry Season Measurement Stations R2 

Offshore 0.97 

Alligator Creek North Bank 0.95 

Alligator Creek South Bank 0.92 
 

Figure 1-17 Scatter plots of measured versus modelled water level data for the dry season and 
the corresponding coefficient of determination R2 
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Figure 1-18 Comparison of water levels between measurements and 2D model at Offshore, Keep 
River, Alligator Creek South Bank and Upper Alligator Creek Stations 
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Figure 1-19 Comparison of water levels between measurements and 2D model at Bob’s Creek, 
Forsyth Creek and Upper Forsyth Creek Stations 

 

Scatter plots of measured and modelled water level data and the corresponding coefficient of 
determination R2 is presented in Figure 1-20.  

Upper sections of the Alligator Creek are partially isolated from the full tidal variation due to the 
existence of a sand bar which prevents complete drainage of this area during low water periods. 
During wet season, runoff directed from the weir upstream will mainly determine the height of low 
waters in this area. In the absence of gauge data at the weir, estimated discharge rates are calculated 
and included in the hydrodynamic model. Another factor impacting water levels in the higher reaches 
of the creek is bathymetric features which were not fully available. Hence a lower fit is achieved for 
the upper Alligator Creek station with an R2 level of 0.85. 
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Co2 Australia 
Project Sea Dragon – Appendix A 

 

3894-10 / Appendix A v02  -  06/09/2016 17 

 

Wet Season Measurement Stations R2 

Offshore 0.80 

Keep River 0.97 

Alligator Creek South Bank 0.92 

Upper Alligator Creek 0.85 

Bob's Creek 0.97 

Forsyth Creek Intake 0.99 

Upper Forsyth Creek 0.51 

 

 

Figure 1-20 Scatter plots of measured versus modelled water level data for the wet season and 
the corresponding coefficient of determination R2 

 

1.2.2 Thermal and Salinity Calibration 

Salinity and temperature data at 7 different stations were collected during the 2016 wet season. This 
is detailed in Appendix A. Figure 1-21, Figure 1-22 and Figure 1-23 present the comparison of modelled 
salinity and temperatures at these sites. A satisfactory agreement between the modelled results and 
the measurements was obtained. A local storm event during the early week of February resulted in a 
reduction in salinity and temperature captured by all the loggers in the site. Due to the absence of 
high quality local rainfall and runoff data across the floodplain, this is only partially reflected in the 
modelled results.   
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Figure 1-21 Comparison of salinity between measurements and 2D model at Offshore, Keep 
River, Alligator Creek South Bank and Upper Alligator Creek Stations 
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Figure 1-22 Comparison of temperature between measurements and 2D model at Offshore, 
Keep River, Alligator Creek South Bank and Upper Alligator Creek Stations 
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Figure 1-23 Comparison of temperature between measurements and 2D model at Bob’s Creek 
and Forsyth Creek Stations (Forsyth Intake) 
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CHAPTER 2  ADVECTION-DISPERSION 
MODELLING 

 

2. MODELLING METHODOLOGY 

In order to assess the fate of the discharged wastewater from the grow-out ponds, a MIKE 21 FM 2D 
advection-dispersion (AD) modelling suite has been developed and coupled to the existing calibrated 
and validated HD model detailed in Chapter 1.  

For the purpose of this assessment, conservative tracers with a nominal concentration of 100 mg/l 
have been released from the discharge location with provided discharge rates. Using this approach, 
advection and dispersion of the wastewater can be estimated within the model domain in the form of 
percentage of retained tracer. The % reduction factors can be used to scale future pollutant 
concentrations released at the modelled discharge location.  

Application of a conservative tracer estimates the upper bound of the retained concentrations -  in 
reality concentrations of discharged waste water often decline with time due to bio-chemical 
reactions or physical processes such as flocculation and settling.  

2.1 Model Setup 

The 2D AD model is coupled to the existing HD model with details described in Chapter 1. Model inputs 
such as model bathymetry, model constants and forcings are adopted from this calibrated HD model.   

2.1.1 Discharge Scenarios 

Two sites have been selected for the location of the proposed waste water discharge within Alligator 
Creek and Bob’s Creek, these are portrayed in Figure 2-1. A constant discharge of 420 ML/day has 
been used as the long term average value. The volume of water was released across a 100m area 
representative of the discharge weir locations as shown in Figure 2-1.  

Discharge from the farm ponds will pass through an “Environmental Protection Zone” (EPZ). This zone 
has not undergone detailed design and there is opportunity to provide flow management which will 
enable the discharge to be released around the ebb tide period which was found to improve water 
quality conditions within Alligator Creek. 
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Figure 2-1 Proposed location of the waste water outfall within Alligator Creek (top) and Bob’s 
Creek (bottom) 

 

2.2 Model Sensitivity Assessments 

The model domain is located in a remote section of Australia where little measured data exists and 
where data is available, the ranges of known conditions (such as rainfall, tides, wind conditions, bed 
levels) are shown to be large. As such, sensitivity analysis was carried out to investigate the effects of 
varying these model parameters and assess the level of their impact on modelled discharge 
concentration. The results of the sensitivity analysis are presented in Table 2-1. 
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Alligator Creek Bathymetry 

As noted in the main report, bed conditions within the waterways around the site are highly variable 
and intertidal channels and creek banks are subject to rapid and considerable change. In particular, 
sub-channels within Alligator Creek are highly dynamic and undergo regular sedimentation and 
erosion over the course of a spring-neap tidal cycle. These morphological changes impact the 
hydrodynamics within the creek and subsequently the fate of the modelled tracer. To investigate this, 
two scenarios were conducted where model bathymetry was modified to reflect potential 
bathymetric changes (i.e. increasing and decreasing the bed by ± 1.0m) within the Alligator Creek 
entrance channel.  

Model results suggest that a ±1m change to the entrance channel depth will produce a corresponding 
change in mean and maximum concentrations of up to 4% within the creek and at a location offshore 
of Keep river mouth. Higher peak concentrations within Alligator Creek can be expected when the 
entrance is more constricted and tidal flushing is reduced. Correspondingly, peak concentrations of 
model tracer can be observed offshore as flushing of Alligator Creek is reduced. 

Intertidal floodplains 

The tidal floodplains cover a large area at the site and have been included in the model domain. Water 
levels have not been measured on the floodplain and thus the inundation of the floodplain has not 
been calibrated to in the model. To establish the impacts of varying wetting and drying of model cells 
across the floodplain sensitivity tests have been completed.   

Sensitivity testing indicates that changing the flooding, drying and wetting depths away from the 
model default values, but within a physically realistic range, will produce a change in mean 
concentrations of up to 7% and maximum concentrations of up to 10%. Local changes to the model 
tracer concentration on the floodplain may be higher as wetting of cells occurs more or less frequently. 

Wind conditions 

Whilst the macro-tidal conditions dominate the hydrodynamics and mixing of water across the site 
wind is the second dominant force in creating vertical turbulent mixing, especially in shallow areas. In 
order to assess the sensitivity of the AD model results to wind, wind speed and direction recorded at 
Port Keats airport (the closest near coastal recording station) were applied uniformly over the model 
domain.  

Additional of wind generated mixing resulted in varying results around the site with both a reduction 
and an increase in peak and average model tracer concentration observed within Alligator Creek. As 
expected, the modelling of wind conditions indicates in general more mixing occurs across the model 
domain and the average concentration of model tracer at the offshore location is reduced by over 7%  

Table 2-1 Sensitivity to different parameters  

Test 
Parameter 

AD Sensitivity Test 

% Change in Mean 
Concentration 

% Change in Max 
Concentration 

Alligator 
Creek: 
North 
Bank 

Alligator 
Creek: 
South 
Bank 

Offshore 

Alligator 
Creek: 
North 
Bank 

Alligator 
Creek: 
South 
Bank 

Offshore 

Bathymetry 
Sensitivity 

Alligator Creek Entrance 
Channel: up to 1m deeper 

0.89 0.86 -0.16 1.38 1.01 0.51 

Alligator Creek Entrance 
Channel: up to 1m 

shallower 
4.02 -1.30 -2.18 1.15 0.56 -1.72 



Co2 Australia 
Project Sea Dragon – Appendix A 

 

3894-10 / Appendix A v02  - 06/09/2016 

Test 
Parameter 

AD Sensitivity Test 

% Change in Mean 
Concentration 

% Change in Max 
Concentration 

Alligator 
Creek: 
North 
Bank 

Alligator 
Creek: 
South 
Bank 

Offshore 

Alligator 
Creek: 
North 
Bank 

Alligator 
Creek: 
South 
Bank 

Offshore 

Flood & 
Dry 

Flooding & Drying 
parameters: hdry = 0.005, 
hflood = 0.05, hwet = 0.1m 

-6.75 1.19 -6.73 8.10 0.23 -9.23 

Wind Applying Port Keats Wind -1.96 0.13 -2.49 2.06 -1.46 -7.27 

 

2.2.1 Fresh Water Inflows 

The impact of fresh water inflows and their contribution in diluting the model tracer during wet season 
was assessed through a series of tests where 2-year, 50-year and 100-year (Annual Recurrence 
Interval) ARI river discharges were included in the modelling. 

Discharge flows were added to the model to represent the Keep River, Sandy Creek and Victoria River 
catchment areas based on flood frequency analysis. The flood frequency analysis (FFA) is detailed in 
Chapter 5 with the results presented in  

Table 2-2.   

Table 2-2 Design inflows from Keep River, Sandy Creek and Victoria River 

Flood Event Peak 
Discharge 

2-year (m3/s) 50-year (m3/s) 100-year (m3/s) 

Keep River 554 1,929 2,201 

Sandy Creek 184 439 493 

Victoria River 3,198 10,483 11,876 

 

Events with similar peak discharges were selected for model simulations from the historic gauge data 
for each ARI event, where available. For example, in 1986 Keep river discharges reached a peak of 
567.5 m3/s (Figure 2-2) which closely corresponds to a 2-year ARI flood event based on design inflow 
assessments and this data was used to assess the impact of a 2-year storm event in the Keep River. In 
the absence of such similar events, the highest discharge event was selected and scaled up to match 
the design inflow.  

Flood events for the main catchments noted above were simulated simultaneous. Whilst the vast 
catchment areas are likely to result in peak flow events, particularly the 2 year ARI, occurring at 
different times, for the purposes of this sensitivity analysis the simulation of flooding across the region 
during the same period was considered acceptable. The 2, 50 and 100 year ARI flood events were 
simulated separately. 

The local runoff across the tidal floodplains has not been considered for the design flood events. A 
constant flow rate across the Alligator Creek road weir determined earlier was used in the flood 
sensitivity analysis. 
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Figure 2-2 Historic gauge data from Keep River at Legune Crossing corresponding to a 2 year 
ARI flood event (Source: BOM) 

 

Figure 2-3 illustrates the synthetic design flood event discharges from Keep river, Sandy Creek and 
Victoria River. 

 

Figure 2-3 Flood event discharge rates from Keep River, Sandy Creek and Victoria River 

 

The results of these sensitivity tests on the model tracer concentration around the site are presented 
in Figure 2-4. It is observed that the fresh water inflows provide significant dilution of the model tracer 
within Alligator Creek, flushing out the majority of the tracer and causing slight increases in offshore 
model tracer concentrations marginally (note y-axis scale). 
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Figure 2-4 Tracer concentrations during a 2-year, 50-year and 100-year flood events 
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CHAPTER 3  CYCLONE MODELLING 

 

3. MODELLING DESCRIPTION 

3.1 Cyclone Data 

Systems Engineering Australia Pty Ltd (SEA) provided synthetic tropical cyclone (TC) track parameters 
which generate 50 and 100 year ARI storm tide levels offshore of the site (i.e. the combination of tidal 
water level and storm surge). A synthetic storm which generates a 1000-year ARI storm surge offshore 
of the site was also provided.  

The synthetic 50-year event (Figure 3-1) is characteristic of a weak TC developing from a broad low 
pressure (such as the monsoon trough). The synthetic 100-year event (Figure 3-1) is slightly more 
intense and the 1000-year synthetic event (Figure 3-2) is representative of a Category 5 TC.   

Holland Double parameters for each cyclone were provided by SEA and used to generate wind and 
pressure fields as detailed in the next section. For the 1000-year cyclone event, the north track was 
selected to be assessed. 

 

Figure 3-1 The selected 50-year and 100-year TC tracks 
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Figure 3-2 The selected 1000-year TC track (West and North Tracks) 

 

3.2 Model Setup 

MIKE 21 Cyclone Wind Generation tool was applied to produce space and time varying wind and 
pressure fields which were applied to a MIKE HD model to investigate cyclonic surges in the study 
area.  

Holland Double Vortex parametric model is selected to generate wind and pressure fields for the 50-
year, 100-year and 1000-year cyclone events.  

Holland-Double Vortex model is based on the parametric model introduced by Holland (1980). 

Pressure 𝑝 according to this model at a distance 𝑟 from the center of the cyclone, is given as: 

𝑝(𝑟) = 𝑝𝑐 +  𝛥𝑝1. exp (−
𝑅𝑚𝑤1

𝑟
)

𝐵1

+  𝛥𝑝2. exp (−
𝑅𝑚𝑤2

𝑟
)

𝐵2

 

Equation 3-1 

where: 

𝛥𝑝1 +  𝛥𝑝2 = 𝑝𝑛 − 𝑝𝑐 =  𝛥𝑝  

Equation 3-2 

The gradient wind 𝑉𝑔 is given by: 

𝑉𝑔(𝑟) =   √(
𝑅𝑚𝑤1

𝑟
)

𝐵1

.
𝐵1𝛥𝑝1

 𝜌𝐴
 . exp (−

𝑅𝑚𝑤1

𝑟
)

𝐵1

+ (
𝑅𝑚𝑤2

𝑟
)

𝐵2

.
𝐵2𝛥𝑝2

 𝜌𝐴
 . exp (−

𝑅𝑚𝑤2

𝑟
)

𝐵2

+ (𝑟.
𝑓

2
)

2

−
𝑟|𝑓|

2
 

Equation 3-3 
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where: 

 𝑅𝑚𝑤 is the radius to maximum wind, 

 𝑝𝑐 is the pressure at the storm center or central pressure, 

 𝑝𝑛 is the ambient surroundings pressure field or neutral pressure, 

 𝐵 is a shape parameter added by Holland to match different kinds of storm pressure profiles 
Hence, it is usually referred to as the Holland parameter or profile ‘peakedness’. According to 
Holland the range of 𝐵 is :  1 < 𝐵 < 2.5. 

 𝜌𝐴 is the air density and 𝑓 the Coriolis effect. 
 

Generated wind and pressure fields for the 1000-year TC (north track) are shown in Figure 3-3 and 
Figure 3-4, respectively. The small squares illustrate the cyclone track. 

 

Figure 3-3 Generated wind field for the 1000-year TC (North Track) showing the clockwise 
rotation of the wind 
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Figure 3-4 Generated pressure field (in hPa) for the 1000-year TC (North Track), red boxes show 
the cyclone track 

 

3.3 Modelling Scenarios 

The total storm tide magnitude varies depending on the tidal elevation; higher storm tides will be 
generated when peak storm surge coincides with peak spring tides. To assess the effect of tidal water 
levels on the simulated surge and to arrive at lower and upper bounds of the surge levels, the following 
models have been developed: 

1- Cyclone passing across the study area during high tide in a spring tide period 
2- Cyclone passing across the study area during low tide in a spring tide period 
3- Non-tidal conditions, water level is set to 0m 

Figure 3-5 and Figure 3-6 present the wind field associated with the 1000-year cyclone event passing 
across the study area. It can be observed that when wind speeds are at their highest levels of over 
50m/s within the Keep River, due to the clockwise rotation of the cyclone water is pushed south and 
west within the Keep River and west out of Alligator Creek. This results in a negative surge within 
Alligator Creek which is reflected in water level variation plot in Figure 3-9. As the cyclone progresses 
south, the increasing water levels within the Keep River, and the changing wind direction result in a 
rise of the water level within Alligator Creek creating a positive surge. It is observed in Figure 3-6 that 
the average wind speed across the area is in the order of 25-30m/s following the passing of the 
cyclone. 
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Figure 3-5 Wind field of the 1000-year cyclone at it’s maximum speed 

 

Figure 3-6 Wind field of the 1000-year cyclone after the cyclone centre crosses the study site 
to the south  
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3.4 Modelling Results and Discussions 

Figure 3-7 to Figure 3-9 illustrate generated storm surges for the three tidal conditions for the 50-year, 
100-year and 1000-year cyclones. Dotted black lines represent the base model where wind recorded 
at Port Keats Airport is applied to the hydrodynamic model.  

The peak height and timing of the storm surge (i.e. difference between the tidal water level and the 
cyclone generated water level) varies across the site. Offshore, the storm surge is lowest (0.5 m and 
0.4 m during a 50 and 100-year event respectively) as water floods across the tidal floodplain and into 
the Keep River and tidal waterways. Track of the 50-year storm is such that the highest wind speeds 
are experienced closer to the study area and hence higher surge levels are reduced. 

Due to this funnelling of water into the Keep River and the changing wind conditions as the storm 
passes, storm surge within Alligator Creek peaks higher and later than offshore conditions. Peak storm 
surge levels in the order of 0.6m and 0.5m may be experienced during a 50 and 100-year ARI storm 
respectively.  

Storm surge within Forsyth Creek is driven by the increasing offshore water levels funnelling into the 
Creek and the northerly wind conditions increasing setup within the creek after the cyclone has 
passed. The storm surges add a considerable height of water to the peak spring tide. However, as 
shown in the timeseries of modelled water levels below, the increase in peak water level is relatively 
small compared to the tidal range and the period of time total water level exceed the peak spring tide 
height is minimal. 
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Figure 3-7 Modelled water levels for the 50-year tropical cyclone, occurring during low and 
high tides and non-tidal conditions (ambient surface elevation = 0) 
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Figure 3-8 Modelled water levels for the 100-year tropical cyclone, occurring during low and 
high tides and non-tidal conditions (ambient surface elevation = 0) 
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Figure 3-9 Modelled water levels for the 1000-year tropical cyclone, occurring during low and 
high tides and non-tidal conditions (ambient surface elevation = 0) 
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CHAPTER 4  3D MODELLING 

 

A 3D AD model has been established to investigate vertical stratification in the model as a result of 
the density difference between the discharged wastewater and the ambient conditions and to assess 
whether the 2D model is capable of sufficiently resolving AD processes.  

4. MODEL DESCRIPTION 

The MIKE 3 Flexible Mesh (FM) hydrodynamic (HD) flow model is based on an unstructured flexible 
mesh and uses a finite volume solution technique. The system is based on the numerical solution of 
the three-dimensional incompressible Reynolds averaged Navier-Stokes equations invoking the 
assumptions of Boussinesq and of hydrostatic pressure. Thus, the model consists of continuity, 
momentum, temperature, salinity and density equations and is closed by a turbulent closure scheme. 
In the horizontal domain both Cartesian and spherical coordinates can be used. The free surface is 
taken into account using a sigma-coordinate transformation approach. 

4.1 Model Setup 

4.1.1 Model Domain and Mesh 

The mesh is comprised of triangle and quadrilateral elements. This approach enables a variation of 
the horizontal resolution of the model mesh within the model area, and therefore for a finer resolution 
in selected sub-areas; in this case, in the area around Alligator Creek. The computational triangular 
mesh of the model is made with sufficiently small cells to resolve the detailed conditions in the study 
area, especially around the proposed outfall location. 

The vertical model resolution is based on a discretisation in layers of varying thickness, so-called sigma 
layers, combined with a few layers of fixed thickness, called z-levels. The principle of resolving the 
vertical part of the computational model grid, by using combined sigma and z-levels, is portrayed in 
Figure 4-1 below. Sigma coordinates are used from the free surface to a user defined level (sigma 
depth) and below that z-level coordinates are used. Sigma depth assigned in this model is -4.3m AHD. 



Co2 Australia 
Project Sea Dragon – Appendix A 

 

3894-10 / Appendix A v02  - 06/09/2016 

 

Figure 4-1 Vertical distribution using combined sigma and z-level 

It must be noted that layer numbering starts from the bottom layer. For the vertical distribution of 
layers, a total of 8 layers are included, where layer 8 is the surface layer (a sigma layer) and layer 1 is 
the bottom layer (sigma layer or z-level depending on depth).  

Table 4-1 Number of sigma layers and associated layer thickness (%) 

Sigma Layer 1 2 3 4 5 

Thickness (%) 0.2 0.2 0.2 0.2 0.2 

 

Table 4-2 Number of z-levels and associated layer thickness (m) 

Z Level 1 2 3 

Thickness (m) 6 3 3 

 

Figure 4-2 illustrates the model bathymetry applied in the 3D FM modelling. Red and yellow lines show 
the locations of the two model open boundaries.  

 

Figure 4-2 Model domain and bathymetry (in m AHD) 
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The model domain has been reduced from the regional model described above to increase the model 
computational time. The model mesh was established as a compromise between computational time 
and sufficient resolution in the area of interest. The model resolution increases towards the project 
area, where the mesh size is approximately 10-15m. The model mesh applied for the simulation has 
20,755 nodes. A closer view of the model mesh and bathymetry within Alligator Creek is presented in 
Figure 4-3. 

 

Figure 4-3 Closer view of model mesh (top) and model bathymetry (bottom) within Alligator 
Creek 

 

4.1.2 Boundary Conditions 

Tidal water levels and velocities extracted from the regional model (Chapter 1) were applied as 
boundary condition to the model open boundaries as illustrated in Figure 4-2.  
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4.1.3 Eddy Viscosity and Dispersion 

The transfer of momentum through sub-grid scale turbulence is modelled through the inclusion of 
eddy viscosity in both the horizontal and vertical extents. 

The horizontal eddy viscosity is given by a “Smagorinsky-type” formulation. This expresses the effects 
of sub-grid scale turbulence by an effective eddy viscosity related to a characteristic length scale and 
the local spatial current variations.  

The vertical eddy viscosity is modelled using a standard k-ε formulation. The turbulence model solves 
two additional transport equations for the turbulent kinetic energy (TKE), and the dissipation (ε) of 
turbulent kinetic energy. The damping effect of stratification on vertical mixing is included through a 
Richardson number dependent damping coefficient.  

The horizontal and vertical dispersion coefficients used in the computations are directly linked to the 
eddy viscosity through a scaling factor such that the amount of dispersion is governed by the 
turbulence in the flow. Based on previous experience, the fine vertical resolution tends to 
overestimate the vertical mixing due to diffusive effect of numerical viscosity. Therefore, scaling 
factors of 1 and 0.01 were used for the horizontal and vertical dispersion, respectively. 

4.1.4 Bed Resistance 

The roughness of the model terrain which controls the resistance to flow is defined spatially in the 
model based on the surface type. In the 3D model roughness is defined as a height with a length unit.  

For two dimensional models, Manning number (reciprocal of Manning’s n) is normally specified for 
marine applications. The Manning number (M=1/n) and the Nikuradse roughness height (k) are related 
by the following equation: 

𝑘 = (
25.4

𝑀
)

6

 

Equation 4-1 

Manning map applied in the calibrated 2D model (Chapter 1) was converted into roughness height 
through the application of Equation 4-1. 

4.1.5 Model Parameters and Constants 

Table 4-3 presents a summary of the model parameters and constants. 

Table 4-3 Model parameters and constants 

Parameters Value 

Time Step 
Time Step Interval = 30s 

Minimum Time Step = 0.1s 

Flood and Dry 

Drying Depth = 0.01m 

Flooding Depth = 0.02m 

Wetting Depth = 0.1m 

Density  Function of salinity  

Initial conditions 
Initial salinity = 30 PSU 
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Parameters Value 

HD Boundary Condition 
Flather condition: tidal water level and velocities 

extracted from the 2D regional model 

Salinity Boundary Condition Zero gradient 

AD Boundary Condition Tracer concentration = 0 

Horizontal Eddy Viscosity Smagorinsky Formulation, coefficient = 0.28 

Vertical Eddy Viscosity k-epsilon formulation 

Horizontal Dispersion (Transport 
Module) 

Scaled Eddy Viscosity Formulation, factor = 1 

Vertical Dispersion (Transport Module) Scaled Eddy Viscosity Formulation, factor = 0.01 

 

4.2 3D Model Validation 

Performance of the 3D model hydrodynamics was compared with the calibrated 2D hydrodynamic 
model to ensure consistency of the results. The timeseries comparison of the modelled surface 
elevation for the 2D and 3D models at 4 key locations within the model domain are presented in Figure 
4-4 demonstrating reasonable performance of the 3D model. The slight differences in surface 
elevations during low tides are a result of small differences in bed level at these locations where mesh 
size varies between the models.  

Scatter plots of 2D versus 3D modelled water level data and the Coefficient of determination R2 are 
illustrated in Figure 4-5. 
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Figure 4-4 Comparison of the 3D and 2D modelled surface elevations  
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Measurement Stations R2 

Alligator Creek North Bank 0.9959 

Upper Alligator Creek 0.9751 

Alligator Creek South Bank 0.9979 

Keep River 0.8302 
 

 

 

Figure 4-5 Scatter plots of 2D versus 3D modelled water levels and the corresponding 
coefficient of determination R2 

 

4.3 Model Scenario 

A constant discharge rate of 175ML/day based on the data provided by Seafarms has been used to 
assess the relative changes between 2- and 3-dimensional modelling.  

The discharge wastewater has a salinity of 50 PSU, 20PSU above the ambient salinity of 30 PSU. The 
discharge is defined as a surface discharge and located in the surface layer (i.e. sigma layer = 5). In still 
water conditions, the elevated density of the effluent would create a negatively buoyant plume which 
generates turbulent mixing as the concentrate plume sinks down towards the bed of the creek. Model 
testing has been used to establish the impact of the macro-tidal environment and subsequent high 
mixing on this vertical stratification due to density differences. 
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4.4 Model Results 

Model results from both 2D and 3D models were extracted at P1, P2, P3 and P4 as shown in Figure 
4-6. P1 and P4 are located within Keep river whereas P2 is located near the proposed discharge 
location and P3 is further upstream of Alligator Creek.  

 

Figure 4-6 Location of the extraction points within Alligator Creek and Keep River 

 

Results were analysed in terms of difference between maximum and mean retained tracer 
concentrations, where the discharge concentration is set to 100 units. The 3D model results at a 
number of vertical layers have been subtracted from the depth averaged 2D model results for each 
point. At points P2 and P3 within the shallow waters of Alligator Creek, only 5 sigma layers are 
available.  

Comparison of model results indicate that as distance from discharge location increases, the 
difference between the two models decreases and the difference in model results within the Keep 
River at P1 and P4 is less than 0.1unit of concentration (or less than 0.1% of the initial discharge 
concentration).  

At P2, downstream of the discharge location, the maximum difference in mean tracer concentrations 
between the two models is less than 4% of the initial model concentration. The peak concentration at 
P2 is reduced in the 3D modelling compared with the 2D modelling indicating that increased dilution 
of the model tracer occurs in the 3D modelling. 

Upstream of the discharge a similar pattern emerges, with average and peak values of model tracer 
lower in the 3D modelling compared with the 2D simulation. 

It can be deducted that the 2D modelling methodology demonstrates an appropriately conservative 
approach for assessing conditions within Alligator Creek. For areas within Keep River, 3D modelling 
does not appear to produce different results from that of the 2D model. 
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Table 4-4 Comparison of 2D and 3D AD model results  

Extraction 
Point 

Statistics 
2D 

Model 
Results 

Difference: 3D - 2D  

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 

P1 
Max  0.23 0.00 0.00 0.00 -0.01 -0.01 -0.01 

Mean  0.09 0.03 0.03 0.02 0.02 0.02 0.02 

P2 
Max  27.75 -9.72 -9.94 -10.74 -11.08 -11.46  NA 

Mean  8.88 -2.55 -2.75 -3.01 -3.29 -3.58  NA 

P3 
Max  21.54 -7.30 -7.30 -7.28 -7.20 -7.12 NA  

Mean  12.25 -3.98 -4.13 -4.31 -4.54 -4.81 NA  

P4 
Max  0.14 0.06 0.05 0.03 0.02 0.02 0.02 

Mean  0.01 0.02 0.02 0.02 0.02 0.02 0.02 

 

Figure 4-7 below presents the model tracer concentration at the outfall location for both 2D and 3D 
models. 3D model results here represent the surface layer, mid layer and bottom layer. The model 
tracer concentration at the surface peaks during low tide when initial dilution is lowest and current 
speeds are minimal. Model tracer concentration also spikes during high tide slack water and at mean 
water during the ebb tide. Model tracer concentration simulated by the 2D model, and by the 3D 
model at the middle and bottom layers follows the same pattern as surface concentration.  

 

Figure 4-7 % Tracer concentration (retained) comparison between the 2D and 3D model at the 
outfall location 

 

Figure 4-8 illustrates model tracer concentration within the water column at P1 near the confluence 
of Keep River and Sandy Creek. As with Alligator Creek, model tracer concentration varies with the 
tidal flow, peaking during mid tide and dropping noticeably during the slack tide at high water. Model 
tracer concentration is consistent through the vertical layers during the ebb and flood tides, the 
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maximum change in concentration occurring during the high water slack when the bottom layer is up 
to 0.1% higher than the surface layer. 

 

 

Figure 4-8 % Tracer concentration for different layers at P1 (3D Model) 
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CHAPTER 5  HYDROLOGICAL MODELLING 

 

5. FLOOD FREQUENCY ANALYSIS 

Three waterways, Victoria River, Keep River and Sandy Creek required the estimation of design inflows 
to be included into the coastal model. Each waterway required the calculation of a peak design flow 
of a 2-year, 50-year and 100-year ARI flood event. 

Available streamflow gauges throughout each of the catchments allowed for a Flood Frequency 
Analysis (FFA) to be undertaken. An FFA allows for the generation of peak flow estimates for a range 
of design events up to a 1% AEP (or 100-year ARI) flood event. Annual series based on the maximum 
recorded streamflow event are collected from the gauge records and a probabilistic approach is used 
to estimate an average return recurrence of the recorded maximum flow for each year. Finally, a 
probability distribution method then calculates a peak design flow for a given return interval.  

The FFA for this project was undertaken on the annual flow series from the gauge records using FLIKE. 
FLIKE is a commercial flood hydrology program which uses a Bayesian approach to parameter fitting 
(either the Global Probabilistic or Quasi-Newton fitting algorithms) to the records in order to assess 
the return period of different magnitude flows. There are a number of probability distributions which 
can be used to undertake a FFA, including the Log Pearson III, Log-Normal, Generalised Pareto, 
Generalised Extreme Value and Gumbel distributions and a selection of these are applied in the 
analysis, with the ‘best fit’ distribution adopted in the final assessment.  

5.1 Victoria River 

To generate a series of design freshwater flows from the Victoria River into the Legune coastal model, 
a FFA was undertaken using available streamflow data. Streamflow data was available at a number of 
locations within the catchment at intermittent intervals. Four locations; Victoria River (at Coolibah 
Hills), East Baines River (U/S Victoria Highway), West Baines (at Victoria Highway) and Timber Creek 
(U/S Victoria Highway) were found to represent a majority of the catchment (80%) as shown in Figure 
5-1 and each had close to 50 years of streamflow data shown in Table 5-1. 
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Figure 5-1 Victoria River Catchment and Gauge Locations used in Flood Frequency Analysis 

 

The analysis utilised the instantaneous streamflow data at the four locations noted and routing times 
were applied from each of the gauges to the Victoria River inflow model point. Routing times were 
calculated based on the distance between the gauges and the coastal model inflow point and the 
average travel times based on other gauges in the catchment. This was the most appropriate way to 
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remove the ‘lag’ time between gauge locations and the inflow location. An annual series was 
developed at the model inflow location by combining the instantaneous flow values of the four gauges 
with the lag time taken into account. A number of discrepancies in flows existed when data was not 
available at one or more gauges for a given period. Given the lack of gauge data time series across the 
50 years of streamflow data, this method was considered appropriate to develop design flow 
estimates of freshwater inflows for the coastal model.  

Table 5-1 Victoria River Catchment - Streamflow Gauges used in Flood Frequency Analysis 

Streamflow Gauge Start of Gauge Record End of Gauge Record Years of Missing 
Data 

Victoria River (Coolibah) 1963 2016 - 

East Baines River 1963 2016 - 

West Baines River 1961 2016 1965, 

Timber Creek 1968 2016 1992, 1994 

 

The flow series analysis assumed that the flow year was aligned with the calendar year the annual 
series was checked to ensure no single peak that crossed calendar years was used twice in the annual 
series.  

Maximum instantaneous flows were extracted from the annual series developed at the coastal model 
inflow location based on the gauge record for four gauges listed in Table 5-1. 

Figure 5-2 shows the Log Pearson III (LP3) probability distribution of the Victoria River data as this was 
the best statistical fit for the available data. The LP3 probability distribution provided a curve which 
enabled all data points to remain well within the confidence limits and generally matched the 
expected probability quantile across the data set. Figure 5-3 shows design flow estimates for several 
events from 1-year ARI through to 100-year ARI (1% AEP) using a range of probability distribution 
methods. The results from the LP3 and Generalized Extreme Value (GEV) distribution model showed 
similar values for the 1% AEP which sat within the median flow values of the remaining distribution 
methods.  

 

Figure 5-2 Victoria River FFA Probability Model - Log Pearson III, Bayesian Fit Method 
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Figure 5-3 Victoria River Flood Frequency Analysis - Probability Method Comparison 

 

5.2 Sandy Creek 

Streamflow data was available for Sandy Creek from 1997 through to 2016 from streamflow gauge 
G8100210 (NT Water Data Warehouse).  All years excluding 2008 (when it appears the gauge went 
offline) have a good representation of large flow events on Sandy Creek. Despite the relatively short 
series of available streamflow data, a FFA was undertaken to determine the peak design flows, 
specifically the 2-year ARI. The probability method determined as the best fit was the Log Normal 
method as shown in Figure 5-4. Figure 5-5 shows the design flow distribution method comparison, the 
Gumbel method showed similar peak flow values to the Log Normal Method, while the GEV and Log 
Pearson model did not ‘fit’ well with the recorded data.  
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Figure 5-4  Sandy Creek FFA Probability Model – Log Normal, Bayesian Fit Method 

 

 

Figure 5-5  Sandy Creek Flood Frequency Analysis - Probability Method Comparison 
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5.3 Keep River (Legune Crossing) 

The streamflow gauge on the Keep River at the Legune Crossing was installed in 1964 and has around 
40 years of useful streamflow data up until the present year (2016) (NT Water Data Warehouse). A 
data gap between 1986 and 1997 exists where no data is available, however there remains a suitable 
length of data to undertake a FFA. The probability method determined as the best fit was the Gumbel 
method as shown in Figure 5-6. Figure 5-7 shows the design flow distribution method comparison, the 
Gumbel method was a median peak flow values compared to the Log Normal and GEV Method. At 
higher probability flows, specifically the 2-year ARI, the Gumbel method matched closely to the Log 
Pearson method.  

 

Figure 5-6  Keep River FFA Probability Model – Gumbel, Bayesian Fit Method 
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Figure 5-7  Keep River at Legune Crossing Flood Frequency Analysis - Probability Method 
Comparison 

 

5.4 Summary 

The final design values from the three waterway FFA are shown in Table 5-2.  

Table 5-2  FFA Design Flow Peak Values (m3/s) 

River System 
Average Recurrence Interval 

100 50 20 10 5 2 1 

Victoria River 11,876 10,483 8,576 7,072 5,496 3,198 460 

Sandy Creek 493 439 369 316 263 184 68 

Legune River 2,201 1,929 1,567 1,287 995 554 70 
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1. INTRODUCTION 

Project Sea Dragon is a proposed large scale, integrated, land based prawn aquaculture venture 
operating across northern Australia.  

Water Technology Pty Ltd has been commissioned by CO2 Australia, a subsidiary of Seafarms, to 
collect oceanographic data from the waterways around Legune Station, located just west of the 
Western Australia – Northern Territory state border on south of the floodplain between the Keep River 
and the Victoria River, as shown in Figure 1-1.  

 

Figure 1-1 Legune Station location showing Stage 1 of Project Sea Dragon 

 

2. DATA COLLECTION 

A physical data collection program was undertaken for this study which included the deployment of 
water level, wave, and water quality data loggers.  It also included the collection of bathymetric data 
and current profiles (by others) to assist in characterising the physical coastal environment. The data 
collection program was undertaken to improve the understanding of the hydrodynamics of the study 
area and to provide measurement data to enable verification of numerical models covering the study 
area (Water Technology, 2016). 

Summaries of the data collection program carried out by Water Technology and the location of data 
collection points are provided in Table 2-1 and Figure 2-1 respectively.  
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Table 2-1 Field data collection summary 

ID Location Parameters 

Deployment 1: August – September 2015 

1 Forsyth Creek Intake location Water levels, waves, temperature, water quality 
(turbidity, pH, dissolved oxygen, salinity) 

2 Forsyth Creek upper Water levels, temperature 

3 Alligator Creek discharge location Water levels, waves, temperature 

4 Alligator Creek upper Water levels, temperature 

5 Keep River Water levels, temperature, water quality 

Deployment 2: September – October 2015 

6 Offshore of Turtle Point Island Water levels, waves, temperature 

1 Forsyth Creek Intake location Water levels, waves, temperature 

2 Forsyth Creek upper Water levels, temperature 

3 Alligator Creek discharge location Water levels, waves, temperature 

7 Alligator Creek south bank 
(opposite discharge) 

Water levels, temperature, water quality 

8 Bob’s Creek  Water levels, temperature 

Deployment 3: October 2015 – January 2016 

1 Forsyth Creek Intake location Water levels, temperature 

7 Alligator Creek south bank Water levels, temperature 

Deployment 4: January – March 2016 

1 Forsyth Creek Intake Water levels, waves, temperature 

7 Alligator Creek south bank Water levels, temperature, water quality, salinity 

8 Bob’s Creek  Water levels, temperature 

9 Offshore of Turtle Point Island Water levels, waves, temperature, salinity 

10 Forsyth Creek tidal extent Water levels, temperature 

11 Alligator Creek tidal extent Water levels, temperature 

12 Keep River Water levels, temperature, salinity 
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Figure 2-1 Field data collection points 

 

3. OCEANOGRAPHIC CONDITIONS 

3.1 Water Levels 

Water level variation was measured using bed, or pole, mounted pressure sensors. The location of the 
water level loggers is shown in Figure 1-1. Water level was recorded in 10 minute intervals. Measured 
water levels are presented in Figure 3-2. 

Macro tidal conditions are present at Legune and the measured tidal range was in excess of 9.0m 
offshore. A significant pattern in spring tide range was also noted in the measured data with spring 
tide range varying by over 1.2m offshore. Within the tidal creeks different levels of low water ponding 
was overserved. At the Forsyth Creek entrance the full tidal signal was observed, with only minor delay 
in the ebb tide however upstream of the intake the tidal range was restricted to under 5m. 

Similar patterns were observed within Alligator Creek where shallow channels and large tidal bars 
within the entrance and creek resulted in a tidal range of less than 6m at the discharge location and 
tidal variation of around 2m in the upper extent during the spring tide only. 

The measured water levels also highlighted changing minimum water levels within the tidal estuaries 
corresponding to changes in bed conditions and small flood events. 
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Figure 3-1 Measured water levels, August through September (left) and September through October (right)  
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Figure 3-2 Measured water levels, October through January (left) and January through March (right)  
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3.2 Wave conditions 

Waves were measured offshore of Legune and at Forsyth Creek over two separate periods during the 
dry and wet seasons. No significant storm events occurred during deployment. Waves were measured 
using RBR wave pressure sensors. The wave pressure sensors were attached to frames and placed on 
the seabed.  

During the wet season the frames housing the pressure sensors were placed close to the bank in 
Forsyth Creek and on the intertidal flats offshore of Turtle Point Island to ensure successful retrieval 
of loggers during the more challenging wet season conditions. During low tide data was not recorded 
due to drying of the bed. Wave heights during the period of record are also thus more impacted by 
tidal water levels and larger waves could be expected within the deeper waters of the main Forsyth 
Creek channel and in the area offshore.  

Wave heights were generally low during the September deployment offshore with one period noted 
with high wave energy and a peak significant wave of 0.8m. During the wet season deployment waves 
were generally over 0.5m, although as noted the recording was limited to periods of higher water. 
Waves offshore during February were regularly above 0.5m significant and peaked above 1.0m on a 
number of occasions. Waves within Forsyth Creek were much lower although followed a similar 
pattern with peak waves occurring during the same period as offshore. The peak significant wave in 
Forsyth Creek was around 0.4m. 

 

 

Figure 3-3 Measured wave condition, Dry season offshore (top) and Wet season offshore and 
Forsyth Creek (bottom)  
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3.3 Water Temperatures 

Water temperature data has been collected around Legune for the period August 2015 through to 
March 2016 and is presented in Figure 3-4 and Figure 3-5.  

Water temperature was measured using a combination of RBR pressure and temperature loggers, 
Odyssey temperature conductivity loggers and Sensus pressure and temperature sensors. At a number 
of locations two loggers were deployed during the same period and a good correlation between the 
temperature measured by different loggers was observed.  

Water temperatures in the first half of September were less than 30oC at all sites before increasing to 
30-34oC on average through the wet season. The shallower water within Alligator Creek and upper 
extent of Forsyth Creek results in a greater daily variation as the atmospheric temperature and 
daytime sunshine drives warming and cooling processes. Water temperatures within Alligator Creek 
were shown to vary by over 6oC over a 24 hour period, often when water pooled at the data logger 
during daytime low tides. This high daily temperature range is not as evident at Forsyth Creek where 
water did not pool around the logger and the distance to the open coast is shorter. Typical 
temperatures here ranged around 2-3oC with respect to the daily average. Offshore, the daily variation 
of water temperature is closer to 1oC. 
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Figure 3-4 Measured water temperature, August through September (left) and September through October (right)  
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Figure 3-5 Measured water temperature, October through January (left) and January through March (right)  



CO2 Australia 
Project Sea Dragon – Legune Station Data Collection 

 

3894-04 / Appendix B v01  -  15/09/2016 13 

3.4 Salinity 

Salinity data was collected at a number of locations around Legune during early 2016 (Figure 2-1). 
Salinity was recorded around 1m off the bed by Odyssey conductivity temperature loggers. 

A time series of the salinity data which have been collected is presented below in Figure 3-6. The 
salinity measured offshore of Turtle Point Island, shown in black, indicates salinity remains around 28 
practical salinity units (PSU), (equivalent to parts per thousand, ppt) during the period of late January 
through to mid-March.  

The salinity in the Keep River fluctuates with the tide around 20-22PSU . As flow in the Keep River 
increases, freshwater is drawn out on the ebb tide and salinity drops to less than 10 PSU at low water 
for a period around 7 days. During the flood tide, more saline water from offshore is pushed into the 
River and the salinity increases to around 22 PSU at high water. The range in salinity returns to 20-
22PSU a week or so after the storm event.  The salinity then increases gradually with the continued 
lack of rain through to the end of February. 

Within Alligator Creek, salinity was measured on the southern bank adjacent to the discharge location 
(shown in red) and in the upper reach near the road which creates a tidal barrier (shown in green). 
The data from the logger near the discharge location was affected by the ponding and heating of water 
during low tides, however the measured data indicates that, at high water, salinity within Alligator 
Creek at the proposed discharge location is similar to that within the Keep River under low freshwater 
flow conditions. During the storm event, the salinity dropped as freshwater flowed through the Keep 
River and Alligator Creek.  The storm generating these flows occurred during a neap tide, which also 
reduced the volume of saline seawater flushing into Alligator Creek.  It is noted that the subsequent 
neap tide period also showed a trend of lower salinity within Alligator Creek. At the upstream point 
(green) the salinity was low throughout the period of record.  This was due to a combination of the 
drying of the logger during low tide and the light but constant freshwater flow from the floodplain 
upstream of Alligator Creek. The influence of the spring tides can be seen with salinity peaks of up to 
14 PSU at high water during spring tides. 
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Figure 3-6 Time series of measured salinity around Legune 

Alligator Creek discharge location, 
south bank 
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