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EXECUTIVE SUMMARY 

 

The Browse Basin is a large, offshore basin located approximately 290 km off the 

Kimberley coast in north-western Australia. The basin is a proven hydrocarbon province, 

with major undeveloped gas/condensate fields in the outer and central basin, and minor oil 

discoveries on the basin‟s eastern margin. The Browse LNG Development is based on 

recovering gas from the Calliance, Brecknock and Torosa gas fields. The gas fields, 

collectively called the Browse gas fields, lie beneath the seabed in water depths of 450 to 

700 m, with the exception of the southern portion of the Torosa field which extends under 

Scott Reef. 

The Browse Upstream LNG Development is associated with offshore activities in the 

vicinity of the proposed drilling platform. The present study is specifically concerned with 

modelling environmental impacts due to the release at the seabed of drill cuttings into the 

environment, in connection with the drilling of gas/condensate wells.  

Once the cuttings are released into the environment the depth of release dictate that they 

are acted on by various types of currents, resulting in a dynamic sediment plume and a 

resulting deposition pattern. A 3–Dimensional model was set up to describe flow 

conditions at three locations: Torosa infield floating platform subsea drill centre (TOA); 

Western subsea drill centre (TOE) and the Eastern subsea drill centre (TOD) in the vicinity 

of Scott Reef. The model was nested within the regional model to provide the required 

level of spatial resolution for plume and sediment deposition in the immediate vicinity of 

the substance release locations, while still directly incorporating the regional forcing 

mechanisms critical for describing the long-term fate of the released material. 

The results for the drill cuttings release scenarios showed that: 

 No deposition of sediments occurs within the North or South Scott Reef regions 

due to the seabed release of sediments from the TOD or TOE locations. 

 Suspended sediments released from the drilling operations at TOA via a seabed 

discharge are unlikely to be transported to South Scott Reef in any amount. 

Suspended sediments appear to more likely impact North Scott Reef as a direct 

result of the tidally induced flow field around the Reef. While the sediment 

deposition of the seabed release are high in and around TOA they show every 

indication of remaining at depth and not travelling to the surface to impact North 

and South Scott Reef. 
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1 INTRODUCTION 

Woodside Energy Ltd (Woodside), as Operator of the Browse LNG Development, 

proposes to construct and operate a 25 million tonne per annum (Mtpa) Liquid 

Natural Gas (LNG) processing facility located at the State Government‟s Browse 

LNG Precinct at James Price Point on the Dampier Peninsula in Western Australia. 

The Browse LNG Development is based on recovering gas from the Calliance, 

Brecknock and Torosa gas fields located approximately 290 km off the Kimberley 

coast in the Browse Basin. The fields, collectively called the Browse gas fields, lie 

beneath the seabed in water depths of 450 to 700 m, with the exception of the 

southern portion of the Torosa field which extends under Scott Reef. 

The Browse LNG Development is comprised of Upstream and Downstream 

Development components. The Upstream Development consists of infrastructure 

located in the region from the gas fields to a line 3 nm from shore. 

The Upstream Development has been referred under the Commonwealth‟s EPBC 

Act 1999 to the Australian Government‟s Department of Sustainability, 

Environment, Water, Population and Communities (SEWPC). The modelling 

detailed in this report has been conducted to support the environmental impact 

assessment (EIA) process which is documented in the Upstream Development 

Environmental Impact Statement (EIS). 

The purpose of this part of the study is to model the dispersion and sedimentation of 

drill cuttings from drilling at three locations within Woodside‟s Torosa gasfield, 

specifically the Torosa infield floating platform subsea drill centre (TOA); Western 

subsea drill centre (TOE) and the Eastern subsea drill centre (TOD).  The relevant 

Woodside modelling requests which guide this task are: 

 Cuttings discharge (modelling request ID #15/2010; Ref /1/) 

 Modelling of Cuttings Discharge for EIS (#15/2010 – Supplementary) 

Section 2 outlines the scope of work in the modelling request. Section 3 of the report 

provides a regional context for the modelling undertaken. Section 4 of the report 

provides the justification of the modelling approach. The modelling results are 

presented in Sections 5. A brief summary of the results is provided in Section 6. 
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Figure 1-1: Schematic of the offshore processing facilities. 
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2 SCOPE OF WORK  

2.1 Overview 

Modelling of drill cuttings is undertaken to investigate the potential impacts on the 

marine environment by drill cuttings. The MIKE 3 modelling system was used to 

complete the scope of work. The system is made up of a number of modules, with 

the hydrodynamic (HD) module forming the basis for the application models. The 

Lagrangian based particle (PA) module was invoked to simulate the transport of drill 

cuttings and drilling muds. A short description of MIKE 3 PA is included in 

Appendix B, while a comprehensive description can be found in Ref /3/. 

2.2 Cuttings Discharge Modelling 

The term „drill cuttings‟ refers to the discharge and dispersal of sediment material as 

a result of drilling through the seabed and down into the oil or gas reservoir. The 

sediment release can be made up by any number of materials depending on the area 

being drilled, although predominately the cuttings will be clay and sand. Drill 

cuttings will generally result in: 

 A sediment plume on the ocean surface (not the subject of the modelling in 

this report). 

 Deposited sediments on the seabed. 

The simulation of drill cuttings from the drilling of Woodside‟s TOD, TOE and TOA 

has been carried out using MIKE 3 PA (see Appendix B and Ref /3/). It describes the 

spreading and sediment deposition of materials like drill cuttings and drilling muds 

in an aquatic environment under the influence of water movements and the 

associated dispersion processes. The sediments (cohesive like clays and muds and 

non-cohesive like sand) are defined according to their specific gravity, grain size, fall 

velocities, and critical shear stress. The model provides information on suspended 

sediment concentration and sediment deposition.  

 The following processes are considered and are illustrated in Figure 2-1. 

Spreading (advection and dispersion) 

 Sediment deposition 
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Figure 2-1: Schematic showing the accumulation of drill cuttings due to releases at the seabed, as 
well as a plume in upper water column from surface releases. The present report 
addresses only seabed releases, as alternatives to surface disposal will be in place.” 

 

2.2.1 Scope of the Request 

 

The purpose of this part of the study is to model the dispersion and sedimentation of 

drill cuttings from the drilling of the subsea drill centres (TOA, TOD, TOE).  

These three locations are shown in Figure 2-2  and their coordinates are listed in 

Table 2-1 

Table 2-1: Location for simulated drill cuttings discharges (Geographical UTM coordinates in MGA 
zone 51, datum GDA94). 

Name Easting (m) Northing (m) Number of Wells 

Torosa Infield Floating Platform 
Subsea Well Centre (TOA) 

392700 8458500 12 

Western Subsea Sell Centre (TOE) 375479 8447855 6 

Eastern Subsea Well Centre (TOD) 387120 8451050 7 

 

The layout of the seven individual wells at TOD is shown in Appendix A, the layout 

at TOE consists of a 2 x 3 mosaic for a total of six wells and a 3 x 4 mosaic of wells 

at TOA. In the modelling the chronological order of the drilling and the footprint 

layout was adhered to.  
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Figure 2-2: Locations (red circles) and coordinates of the drill cuttings to be modelled: TOE, TOD and TOA.  
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In order to include the effects of seasonal variability in wind and ocean currents on 

the spreading of sediments, the drilling at the 3 locations is assumed to be carried out 

over at least a 12 month period for TOE and TOD and over an 18 month period for 

the twelve wells at TOA.  

The following outputs were required from the modelling: 

 The thickness of sediment deposition (mm) on completion of drilling (bottom 

load sediment) of all wells at each location. 

 The maximum turbidity plume (suspended sediment mg/L) for the wells at 

each location. 

 

2.2.2 Drilling Schedule 

 

A number of assumptions have been made with respect to the drilling schedule for 

the drill cuttings discharge simulations: 

 The entire drilling schedule for TOE and TOD is assumed to take 12 months.  

 This results in 26 days and 18 days respectively between the drilling of two 

wells at Torosa TOE and TOD. 

 At TOA due to the increased number of wells, the drilling schedule is as-

sumed to take place over an 18 month period, with a 10 day interval between 

wells.  

 The discharge of the drilling mud and drill cuttings are evenly distributed 

throughout the period it takes to drill a single section. 

 There is no interval between the drilling of sections.  

 

2.2.3 Drill Cuttings Properties used in Modelling 

 

The telescopic drilling method is divided into five episodes for each section of 

drilling, differentiated by the decreasing width of the drill bit with increasing drilling 

depth and lasting a total of 34 days for each well until target drill depth was reached. 

The modelling assumes the drill cuttings are released at the seabed. The following 

chronological episodes were included as part of the modelling: 

1. 42″ section (1 hour) with seabed release  

2. 26″ section (6 hours) with seabed release 

3. 16″ section (486 hours) with seabed release 
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For each section the solids discharged have been divided into drill cuttings (sand and 

clay) and drilling mud additives (barite, bentonite, calcium carbonate (CaCO3) and 

guar gum), see Appendix A for a more detailed description of the drill cuttings and 

drilling mud. The estimated amounts of drilling mud solids and drill cuttings solids 

discharged for one well is listed in Appendix A. 

For modelling purposes drill cuttings solids have been split into cohesive material or 

mud (i.e. material with a particle size less than 63 μm) and non-cohesive material or 

sand (i.e. material with a particle size larger than 63 μm) (Ref /2/). Mud and sand are 

transported in the water column in different ways. Sand is mainly carried along the 

bottom. Mud on the other hand is mainly carried in suspension within the water 

column.  

Additionally, for each type of solid in the discharge the settling velocity distribution 

is required. This has been calculated using Stoke‟s Law based on the particle size 

distribution (PSD) for each solid. The PSD for the mud solids are shown in Figure 

2-3 (from Ref /2/), while the PSD for the solids in the drill cutting are shown in 

Figure 2-4 and listed in Appendix A. 

 

Figure 2-3: Particle size distribution for drilling mud solids. 
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Figure 2-4: Average particle size distribution for drill cuttings solids from Torosa-5 (Ref /2/). 

 

2.2.4 General Assumptions 

 

Generic well information was used for all wells.  In the modelling, cuttings were 

specifically released in the bottom 2 metres above the seabed. 

The cuttings data from the Torosa-5 well were used to describe all release sites. The 

particle size distribution of the drill cuttings used in the modelling are represented in 

Figure 2-4 and Appendix A.  
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3 SCOPE OF STUDY AREA 

3.1 Overview 

From an environmental modelling perspective, it is essential that the physical 

processes that determine the advection and dispersion of suspended material are 

identified and understood. This is a fundamental step in enabling the processes to be 

accurately simulated in the hydrodynamic and sediment transport models. This in 

turn gives confidence in the modelling output. 

Table 3-1: Physical phenomena in oceanographic (hydrodynamic) modelling, their timescale of 
variation and their typical importance as input forcing into oceanographic and 
environmental modelling studies  

Physical 
Phenomena 

Driver 
Typically 
observed 
phenomena 

Timescale 
of 
variation 

Importance for 
oceanographic 
modelling 

Importance for 
environmental 
dispersion 
studies 

Wind Atmospheric 
pressure 
gradients 

Monsoonal 
winds 

Months to 
weeks 

High High 

Cyclones Hours to 
days 

See note 2 See note 2 

Waves Wind Monsoonal 
winds 

Months to 
weeks 

Low except 
locally in the 
breaking zone 

High 

Cyclones Hours to 
days 

See note 2 See note 2 

Currents  
(top 50 m) 

Wind Monsoonal 
winds 

Months to 
weeks 

High High 

Cyclones Hours to 
days 

See note 2 See note 2 

Currents 
(all depths) 

Gravitational 
pull of moon 
and sun 

Barotropic tide 
(depth-
averaged) 

Hours to 
weeks 

High High 

Baroclinic tide 
(internal) 

Hours to 
weeks 

Medium Medium 

Solitons Minutes to 
hours 

Low (if present) Low (if present) 

Oceanographic 
pressure 
gradients 

Baroclinic 
Flows: 
Oceanograpic 
Drift (large 
scale currents) 

Months Low (if present) Low (if present) 

Baroclinic 
Flows: Eddies 

Days to 
weeks 

Low (if present) Low (if present) 

Note 1: Within one year the two monsoon wind patterns are well covered. However, the start and finish of the two 

monsoon seasons vary from year to year. 
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Note 2: Modelling of cyclones is not a part of the scope for the present study as drilling will not occur during cyclone 

season. 

An overview of the important physical processes of the Scott Reef region is given in 

Table 3-1 and the key physical processes driving the transport of drill cuttings that 

have been released at the seabed are discussed in the following sub-sections. 

To summarize Table 3-1 the dominant forcing mechanisms related to the transport of 

drill cuttings released at the seabed  in water depths > 400m are near-seabed currents 

that are have a tidal and non-tidal signature. 

The non-tidal or baroclinic flows in the vicinity of the seabed are forced by: 

1.  The setup of pressure gradients due to gravity, the best example being large scale 

(1000s of km) oceanographic flows (that induce oceanic drift and eddies that 

occur on time scales of weeks to months).   

2. The movement of the tides over the seabed inducing a “baroclinic tide” response. 

Holloway (1983) commented that the most important driving force on the North 

West shelf is the tide.   Tides in the Scott reef region are semi-diurnal, with tidal 

sea-surface height variability in excess of 8 m. 

3. Small vertical flows are generated by temperature differences in the water 

column. These are generally very small compared to the horizontal currents. 

3.2 Tidal Currents 

Tidal driven currents dominate water movement within the Browse area and show a 

general pattern of cross-shelf movement as the tides flood and ebb.  

In the shallow areas around Scott Reef, and as the bathymetry shoals in the vicinity 

of the coast, the interaction between the bathymetry and strong tidal currents will 

lead to topographically induced (or controlled) eddies.  These eddies are significant 

with respect to the movement of both dissolved and particulate material in and 

around Scott Reef. 

The reef consists of two atolls measuring 39 km from north to south that are 

separated by a 3D funnel-shaped main channel. The unique topographical structure 

of Scott Reef generates a strong tidal current that can exceed 0.7 m/s during the 

spring tide caused by the funnelling of the flow field within the channel between 

North and South Scott Reef.  Figure 3-1 is a schematic of the tidally induced 

circulation around Scott Reef during a flood tide and Figure 3-2 is the corresponding 

flow schematic during the ebb tide.  The figures show that the movement of ocean 

water through the lagoon of South Scott Reef is strongly connected to the ebb and 

flood tidal phases.  

As the model used in this investigation reproduces the eddying features shed along 

the eastern boundary of South Scott Reef, the eddy-induced migration of 

contaminants will be well represented in the model. It is suspected the eddy features 

are generated by topographically induced horizontal shear, and appear to direct the 

circulation along the eastern extent of the south Scott Reef lagoon. 
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Figure 3-1:  Schematic of the tidally induced local mean flow during the flood phase of the spring 
tide. The arrow thickness indicates the magnitude of the current speed. Model data 
extracted from the modelling results documented in DRIMS# JB0006RH0073. 
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Figure 3-2:   Schematic of the tidally induced local mean flow during the ebb phase of the spring 
tide. The thickness of the arrows indicates the magnitude of the current speed. Model 
data extracted from the modelling results documented in DRIMS# JB0006RH0073. 

 

3.3 Baroclinic Response - Internal Waves 

To complement the review of the horizontal flow field, a description of the vertical 

excursion of a parcel of water induced by the propagation of the internal tide 

through the channel between North and South Scott Reef is required.  The docu-

ment DRIMS# JB0006RH0073 titled: Browse Environmental Modelling – Phase 1 

Hydrodynamic model validation at Scott Reef and Surrounds shows that during the 

spring tide the vertical excursion of the water column adjacent to the seabed is of 

the order of 70 m. This is pertinent to addressing the question; can sediments enter-

ing the water column adjacent to the seabed migrate to the surface and spread over 

coral habitats at North and South Scott Reef?  

Field measurements within the channel as well as the model prediction shows the 

funnelling of water through the channel between North and South Scott Reef during 

the ebb tide generates a stronger flow within the channel then during the flood tide. 

It is therefore suspected that the oscillatory motion of the internal tide coupled with 

the stronger ebb flows through the channel will cause suspended sediments to be 
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transported in a westerly direction away from Scott Reef and importantly, within a 

70m vertical migration zone adjacent to the seabed.  

3.4 Baroclinic Response - Large Scale Oceanographic Flows 

Another type of flow that may influence the dispersion of drill cuttings released 

adjacent to the seabed is regional scale oceanographic currents. These currents are 

setup by horizontal density gradients and importantly, they can be present throughout 

the water column. A typical example of a sub-surface regional flow is the Leeuwin 

Under Current (Ref /6/). These currents can contribute to the movement of coherent 

fluid masses over large distances, and therefore their influence on the dispersion of 

contaminants can be significant.  

Another regional scale baroclinic flow which may influence the dispersion of 

sediments adjacent to the seabed are eddies which can extend vertically over the 

entire water depth (Ref /6/). These eddies are shed from the Indonesian Throughflow, 

located to the north of the Browse development areas, and can travel along the shelf 

break, weakening as they come onto the shelf. These eddies can be seen in field 

measurements from Brecknock, with near seabed speeds < 0.1 m/s. However, an 

examination of the global circulation BLUElink ReAnalysis (BRAN) v2.1 model 

solution over six years (1999-2004) shows that their influence on the local 

circulation in the vicinity of Scott Reef is minimal. Their contribution to contaminant 

transport is thus also expected to be minimal.  

 

3.5 Browse Measurement Programme 

An extensive measurement programme, including the Brecknock mooring discussed 

in Section 3.4, has been conducted in the Browse Upstream area, including the 

vicinity of Scott Reef, with instruments deployed for 12 months at the following 

locations: 

 Brecknock, approximately 50 km to the South of Scott Reef in 550 m water.  

 Torosa, approximately 20 km North East of Scott Reef in 475 m of water.  

 Within the channel separating north and south Scott Reef, just south of South 

Scott Reef.  

 On the continental shelf break in 100 m of water. 

 Water levels were also measured within South Scott Reef, while a 

meteorological station was placed at Scott Reef. 

Analysis of the measurements at these locations resulted in the key findings 

discussed below. 

 Currents: 

 Surface currents influenced by the wind at all locations. 

 Evidence of strong currents due to depth-averaged tides at all of the locations. 

 Evidence of currents due to internal tides at all of the locations. 
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 Evidence of some influence of eddies/oceanic drift in deep water (550m water 

depth) during some months. This influence is limited to the surface layer (top 

50-100m) and has a maximum magnitude approximately half of that of the 

depth-averaged tide  

 

 Seawater temperature: 

 Large seawater temperature fluctuations in both deep water and on the shelf on 

a daily basis due to the action of the tides, particularly during spring (strong) 

tides. 

 Seasonal deepening of the thermocline during the winter months and re-

stratification during spring and early summer at all locations. 

 A slight horizontal temperature gradient between the Brecknock site and the 

shelf location due to tidally driven mixing of the water column on the shelf. 
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4 DESCRIPTION OF MODEL SYSTEMS APPLIED 

4.1 The 3D Fine Resolution Hydrodynamic Model  

The DHI 3-dimensional hydrodynamic model MIKE 3 has been used in these 

investigations to define the flow field upon which the sediment transport calculations 

are performed.  MIKE 3 is a generalised mathematical modelling system designed 

for a wide range of applications in areas such as: 

 oceanography 

 coastal regions 

 estuaries and lakes 

 

The system is fully 3-dimensional, solving the momentum equation and continuity 

equations in the three directions.   MIKE 3 simulates unsteady flow taking into 

account density variations, bathymetry and external forcing such as meteorology, 

tidal elevations, currents and other hydrographical conditions.  A 3D hydrodynamic 

model for the Scott Reef and surrounds has been set-up and calibrated, taking into 

account meteorological and tidal forcing in addition to density gradients created by 

differences in temperature and salinity.  The MIKE 3 “Classic” version has been 

applied, which is a finite difference model with a rectangular grid in the horizontal 

dimension and z-layers in the vertical. It can be run on a single grid or with 

dynamically nested grids. The setup and calibration of the model is described in 

detail in Ref /4/. 

The area covered by the model is shown in Figure 4-1. The origin of the outer grid 

was located at 118.5ºE and 14.5ºS with an angle from North to the y-axis of 55º. For 

all grids the GDA 1994 MGA Zone 51 projection were applied. Twenty five z-layers 

of 20m resolution, with a 30 m thick top layer, were applied. The inner grid has a 

horizontal resolution of 300m. The thickness of the top layer was set to accommo-

date the tidal variation. The bottom layer is bottom fitted representing depths below 

490m. Flooding and drying (in the top layer) was applied. 

 

4.2 Cuttings Discharge Model 

The MIKE 3 modelling system is comprised of a number of modules, with the 

hydrodynamic module (HD) forming the basis for the application models. The 

Lagrangian based particle (MIKE3 PA) module has been applied to describe the 

spreading and deposition of the drill cuttings plumes.  A short description of MIKE 3 

PA is included in Appendix B, while a comprehensive description can be found in 

Ref /3/.  

The currents, from the hydrodynamic model, defined the water movement while the 

dispersion coefficients of the sediments was described using coefficients (1.0, 0.1 

and 0.01) that are proportional to the current in the longitudinal, transverse and 

vertical directions, respectively. A kinematic viscosity of water of 1.2 *10
-6

 was 

applied. 
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Figure 4-1: Area covered by MIKE 3 classic nested model with 8100m, 2700m, 900m, and 300m 
dynamically nested grids shown in blue. Nested within the 300m grid are three 100m 
grids centred at the TOD, TOE and DTU locations (not illustrated (Ref /5/). 

 

While the sediments in the model are transported as particles, whose movements are 

only weakly dependent on the resolution of the input flow field, the resulting 

concentrations are computed within user-defined fixed volumes. The following 

output was computed for each of the drilling simulations:  

 Maximum suspended sediment concentrations [mg/L] are calculated within a 

100 m x 100 m grid for the bottom 2m (during the seabed release of drill 

cuttings) over the duration of the drilling period. The vertical scale of 2 m 

was used in representing the sediment concentrations, units of which are 

[mass/volume]. Some subjectivity exists in the choice of the vertical scale 

used for the computation of suspended sediment concentrations from a 

Lagrangian model such as MIKE3 PA. An estimate of 4 times the depth of 

deposition zone of drilling solids, estimated to be 0.5 m, has been applied 

here.  

 Maximum net sedimentation [mm] within a 100 m by 100 m grid for the 

bottom release of drill cuttings over the duration of the simulation. The 

sedimentation included both non-cohesive (sand) and cohesive (mud) 

fractions. 
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5 RESULTS 

5.1 General 

The results from the 12 month drilling simulation for TOE and TOD and the 18 

month simulation for TOA, are presented in Sections 5.2, 5.3 and 5.4, respectively. 

For each drilling location, contour plots have been provided in terms of: 

 Maximum TSS concentration (in mg/l) over the simulation period in the bot-

tom layer (bottom 2 m) resulting from the discharge of cuttings at the seabed. 

 Accumulated sediment net deposition (in mm) resulting from discharge of 

cuttings at the seabed, the development of which is plotted every 3 months 

over the course of the simulations. The in situ density of settled fine material 

varies over a wide range depending upon the character of the sediment and 

the water column, and will increase with time as the material consolidates. 

For translation between deposited mass and deposited volume, an indicative 

bulk dry density of 400 kg/m
3
 has been applied here. This falls into the range 

corresponding to material deposited on the order of one to several months as 

per Ref /8/, and to “underconsolidated sediments” as per Ref /7/. 

 

Section 5.5 further provides extracted longitudinal and transverse cross-sections of 

the above results along the main channel separating North and South Scott Reefs. 

The 100 m model grid extent does not include Seringapatam Reef, which is situated 

~23 km north of North Scott Reef.  The results showed that no suspended solids 

propagate towards Seringapatam Reef.  

The figures depicting maximum concentrations (in mg/l) adopt a lower limit of 1 

mg/l.  
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5.2 Results for Cuttings Released at the Western Subsea Drill 
Centre (TOE) location 

Figure 5-1 illustrates the spreading characteristic of the seabed plume over the 

duration of the drilling program. It should be noted that Figure 5-1 shows the 

changes in the sediment plume over the 12 month drilling period and is not 

representative of the plume extent at a single point in time. Evident is the 

predominately westward spreading from the TOE location driven by the stronger ebb 

tide.  

Sediment deposition released adjacent to the seabed at the TOE location, is 

illustrated in Figure 5.2 (A) through (D) for increments of 3, 6, 9 and 12 months after 

the start of the simulation. The deposition fields show that the tidally generated flow 

field within and around Scott Reef (see Figure 3-1 and Figure 3-2), play a primary 

role in the deposition pattern in the channel and along the western extent of South 

and North Scott Reef.  

The model results indicate that the maximum net sediment deposition over the 

duration of the drilling program from the near seabed release of sediments is 

approximately 46cm at the TOE location. Figure 5.2 further shows that it is unlikely 

sediment deposition will occur within the lagoon regions of Scott Reef. 
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Figure 5-1 Results for drill cuttings release at the seabed for the TOE location: Maximum TSS concentration 
(in mg/l) in the bottom 2 m of water column. The figure represents the changes in the plume extent 
over the drilling period and does not represent the plume size at a point in time. 
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A) Net deposition (sediment thickness in mm) 

after 3 months’ simulation. 

B) Net deposition (sediment thickness in mm) 

after 6 months’ simulation. 

Figure 5- 2 Results for drill cuttings release at the seabed for the TOE location: A) Net 

deposition (sediment thickness in mm) after 3 months’ simulation, B) Net 

deposition (sediment thickness in mm) after 6 months’ simulation. 
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C) Net deposition (sediment thickness in mm) 

after 9 months’ simulation. 

D) Net deposition (sediment thickness in mm) 

after 12 months’ simulation. 

Figure 5- 2 (Cont) Results for drill cuttings release at the seabed for the TOE location: C) Net 

deposition (sediment thickness in mm) after 9 months’ simulation, D) Net 

deposition (sediment thickness in mm) after 12 months’ simulation. 
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5.3 Results for Cuttings Released at the Eastern Subsea Drill 
Centre (TOD) location 

The spreading characteristics of the seabed plume at the TOD location over the 

duration of the drilling program, illustrated in Figure 5.3 (A), shows that the tidal 

flows through and around Scott Reef dominate the spreading of the plume over the 

12 month simulation. It should be noted that Figure 5-3 shows the changes in the 

sediment plume over the 12 month drilling period and is not representative of the 

plume extent at a single point in time. The model results show that the plume does 

not enter the upper water column and that exposure to North and South Scott Reef is 

unlikely.   

The model results of the sediment deposition footprint of the near-seabed release 

during drilling operations at the TOD location, see Figures 5.4 (A) through (D), 

shows again the importance of the tidal flow patterns in the deposition of sediments. 

Net sediment deposition over the duration of the drilling program from the near 

seabed release of sediments is seen to be approximately 35cm at the TOD location. 

Importantly, the model results show that the sediments from drilling operations are 

unlikely to expose the reef regions of North and South Scott Reef as the suspended 

sediments are unlikely to enter the upper water column. The model results also show 

that sediment deposition is unlikely within or adjacent to the North and South Scott 

Reef regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

 

Browse Environmental Modelling – Upstream EIS 

Sediment Transport Modelling of Drill Cuttings 

Final 29 DHI WATER AND ENVIRONMENT 

 

 

Figure 5-3: Results for drill cuttings release at the seabed for the TOD location: Maximum TSS 
concentration (in mg/l) in the bottom 2 m of water column. The image represents the 
changes in the plume extent over the drilling period and does not represent of the plume 
size at a point in time. 
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A) Net deposition (sediment thickness in mm) 

after 3 months’ simulation. 

B) Net deposition (sediment thickness in mm) 

after 6 months’ simulation. 

Figure 5-4 (Cont) Results for drill cuttings release at the seabed for the TOD location: C) Net 

deposition (sediment thickness in mm) after 9 months’ simulation, D) Net deposition (sediment 

thickness in mm) after 12 months’ simulation. The maximum net deposition values illustrated in the 

figure represent an average over the 100m horizontal resolution of the model grid. 
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C) Net deposition (sediment thickness in mm) af-

ter 9 months simulation. 

D) Net deposition (sediment thickness in mm) af-

ter 12 months’ simulation. 

 

Figure 5-4 (Cont) Results for drill cuttings release at the seabed for the TOD location: C) Net 
deposition (sediment thickness in mm) after 9 months’ simulation, D) Net 
deposition (sediment thickness in mm) after 12 months’ simulation. The maximum 
net deposition values illustrated in the figure represent an average over the 100m 
horizontal resolution of the model grid. 
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5.4 Results for Cuttings Released at the Torosa Infield Floating 
Platform (TOA) location 

Sediments released into the water column from the drilling operations at TOA, lo-

cated 8 km east of the North Scott Reef, due to a seabed discharge are unlikely to be 

transported to South Scott Reef in any amount, see Figure 5-5. It should be noted 

that Figure 5- 5 shows the changes in the sediment plume over the 12 month drilling 

period and is not representative of the plume extent at a single point in time. Net 

sediment deposition over the duration of the drilling program from the near seabed 

release of sediments is seen to be approximately 21cm at the TOA location (Figure 

5.6 (A through to F)). 

The magnitude of the flow field is less then that at both TOE and TOD, and  the 

resulting sediment deposition pattern of the 12 hole, 18 month drilling program 

shows a distinctive northwest southeast orientation again which largely follows the 

current pattern for the subsurface plume.  While the sediment deposition of the 

seabed release are high in and around the TOA they show every indication of 

remaining at depth and will not travel to the surface and impact North and South 

Scott Reef. 
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Figure 5-5: Results for drill cuttings release at the seabed for TOA location: Maximum TSS 
concentration (in mg/l) in the bottom 2 m of water column. The image represents the 
changes in the plume extent over the drilling period and does not represent of the plume 
size at a point in time.
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A) Net deposition (sediment thickness in mm) 
after 3 months’ simulation. 

B) Net deposition (sediment thickness in mm) 
after 6 months’ simulation. 

 

Figure 5-6 Results for drill cuttings release at the seabed for the TOA location: A) Net 
deposition (sediment thickness in mm) after 3 months’ simulation, B) Net 
deposition (sediment thickness in mm) after 6 months’ simulation. The maximum 
net deposition values illustrated in the figure represent an average over the 100m 
horizontal resolution of the model grid. 
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C) Net deposition (sediment thickness in mm) 
after 9 months’ simulation. 

D) Net deposition (sediment thickness in mm) 
after 12 months’ simulation. 

 

Figure 5-6 (cont’d) Results for drill cuttings release at the seabed for the TOA location: C) Net 
deposition (sediment thickness in mm) after 9 months’ simulation, D) Net 
deposition (sediment thickness in mm) after 12 months’ simulation. The maximum 
net deposition values illustrated in the figure represent an average over the 100m 
horizontal resolution of the model grid. 
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E) Net deposition (sediment thickness in mm) 
after 15 months’ simulation. 

F) Net deposition (sediment thickness in mm) at 
end of simulation. 

  

Figure 5-6 (cont’d) Results for drill cuttings release at the seabed for the TOA location: E) Net 
deposition (sediment thickness in mm) after 15 months’ simulation, F) Net 
deposition (sediment thickness in mm) at end of simulation. The maximum net 
deposition values illustrated in the figure represent an average over the 100m 
horizontal resolution of the model grid.



  
 

 

Browse Environmental Modelling – Upstream EIS 

Sediment Transport Modelling of Drill Cuttings 

Final 37 DHI WATER AND ENVIRONMENT 

 

 

5.5 Extracted Cross-Sections for Releases at Western and 
Eastern Subsea Well Centres (TOE and TOD) 

The results of the previous sections are further illustrated via longitudinal and 

transverse cross-sections showing maximum near-bed suspended sediment 

concentrations as well as maximum net deposition over the simulations. The cross-

sections from which results are extracted are overlain upon bathymetry in Figure 5.7.  

Results are presented for the TOE and TOD releases only, as it was shown in Section 

5.4 that the TOA releases do not infringe on the reef. 

Figure 5-8 superimposes results from the simulations describing drill cuttings 

release at TOE (red) and TOD (green), in terms of the maximum simulated TSS 

concentration along longitudinal cross-section ABCDEF. Similar plots are shown in 

Figure 5-9 and Figure 5- 10 for cross-sections GH and IJ, respectively. 

Figure 5-1 superimposes results from the simulations describing drill cuttings 

release at TOE (red) and TOD (green), in terms of the maximum net deposition 

along longitudinal cross-section ABCDEF. Similar plots are shown in Figure 5-12 

and Figure 5- 13 for cross-sections GH and IJ, respectively. 

As per the discussions in Sections 5.2 – 5.4, the cross-sectional results show that 

both suspended and deposited sediments originating from drill cuttings released at 

the seabed primarily remain within the confines of the deep channel, and are 

unlikely to impinge upon the shallow areas of Scott Reef.  
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Figure 5-7 Definition sketch denoting cross-sections ABCDEF, GH and IJ. Black dots denote the TOE and 
TOD locations. 
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Figure 5-8 Results from drill cutting release simulations at TOE and TOD, along the extracted longitudinal cross-section ABCDEF as denoted in Figure 5.7. 
Bottom pane shows bathymetry along the given cross-section, noting the waypoints as per Figure 5.7. Top pane shows max simulated TSS for    
cross-sections ABCDEF over the simulations. Middle pane shows a detail of top pane. Note: TOE is represented by the green line and TOD by the red 
line. 
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Figure 5-9 Results from drill cutting release simulations at TOE and TOD, along the extracted longitudinal cross-section ABCDEF as denoted in Figure 5.7. 
Bottom pane shows bathymetry along the given cross-section, noting the waypoints as per Figure 5.7. Top pane shows max net sedimentation for    
cross-sections ABCDEF over the simulations. Middle pane shows a detail of top pane. Note: TOE is represented by the green line and TOD by the red 
line. 
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Figure 5-10 Results from drill cutting release simulations at TOE and TOD, along the extracted longitudinal cross-section GH as denoted in Figure 5.7. Bottom 
pane shows bathymetry along the given cross-section, noting the waypoints as per Figure 5.7. Top pane shows max simulated TSS for    cross-
sections GH over the simulations. Middle pane shows a detail of top pane. Note: TOE is represented by the green line and TOD by the red line. 
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Figure 5-11 Results from drill cutting release simulations at TOE and TOD, along the extracted longitudinal cross-section GH as denoted in Figure 5.7. Bottom 
pane shows bathymetry along the given cross-section, noting the waypoints as per Figure 5.7. Top pane shows max net sedimentation for    cross-
sections GH over the simulations. Middle pane shows a detail of top pane. Note: TOE is represented by the green line and TOD by the red line. 
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Figure 5-12 Results from drill cutting release simulations at TOE and TOD, along the extracted longitudinal cross-section IJ as denoted in Figure 5.7. Bottom panel 
shows bathymetry along the given cross-section, noting the waypoints as per Figure 5.7. Top pane shows max simulated TSS for    cross-sections IJ 
over the simulations. Middle pane shows a detail of top pane. Note: TOE is represented by the green line and TOD by the red line. 
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Figure 5-13 Results from drill cutting release simulations at TOE and TOD, along the extracted longitudinal cross-section IJ as denoted in Figure 5.7. Bottom pane 
shows bathymetry along the given cross-section, noting the waypoints as per Figure 5.7. Top pane shows max net sedimentation for    cross-sections 
IJ over the simulations. Middle pane shows a detail of top pane. 



  
 

 

Browse Environmental Modelling – Upstream EIS 

Sediment Transport Modelling of Drill Cuttings 

Final 45 DHI WATER AND ENVIRONMENT 

 

6 SYNOPSIS 

 

Modelling results show that the sediment deposition and plume spreading character-

istics of suspended sediments within the Scott Reef region is dominated by tidal 

flows through and around Scott Reef. Strong tidal currents through the channel, 

>0.7 m/s during the spring tide, are generated by the funnelling of the flow field 

within the channel generating a meandering flow that suggests a pathway for (in 

particular near-surface) suspended sediments to move into the South Scott Reef la-

goon. For example, the excursion length scale (maximum distance a particle will 

travel) during the flood tide, using a mean flow of 0.4 m/s as extracted from the 

TOD location, is about 8 km.  

Maximum suspended sediment concentrations in the vicinity of the release points 

are seen to be up to 1250 mg/L at TOE, and 1530 mg/L at TOD, and 2500 mg/L at 

the DTU location. The model results indicate that the maximum net sediment depo-

sition over the duration of the drilling program from the near seabed release of sed-

iments is roughly 46cm at the TOE location, 35cm at the TOD location and 21cm at 

the TOA. For all locations, the sediments show every indication of remaining at 

depth and not travelling to the surface to impact North and South Scott Reef. 

Detailed cross-sectional analyses of the model results also show that both suspended 

and deposited sediments originating from drill cuttings released at the seabed 

remain within the confines of the deep channel, and are thus unlikely to impinge 

upon the shallow areas of Scott Reef. 
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A P P E N D I X  A  

DRILL LAYOUT AND DESCRIPTION OF THE DRILL CUTTINGS AND 
DRILLING MUD 
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Figure B1 Woodside layout at Torosa eastern manifold (TOD) 



   

 

Browse Environmental Modelling – Upstream EIS 

Sediment Transport Modelling of Drill Cuttings 

Final Report 

 
Page 50 

 

 
DHI WATER AND ENVIRONMENT PTY LTD 

 

Table B-1 Estimated discharges from drilling of one well. 
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Table B2 Mass fluxes during drilling (one well) and properties of solids 
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A P P E N D I X  B  

MIKE 21 & MIKE 3 SA, Spill Analysis 
 

Short Description 



 

  

 

 

 

 

 

 

 

 

 

MIKE 21/3 
Particle Analysis Module 

Short Description 
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 Particle Analysis Module 



 

Introduction  

 

 

 

MIKE 21/3 PA 

Introduction 
MIKE 21/3 PA is a software package for the 
simulation of transport and fate of dissolved and 
suspended substances discharged or accidentally 
spilled in lakes, estuaries, coastal areas or at the 
open sea.  

The transport of substances can be simulated in 
two or three dimensions.  

The substance simulated may be a pollutant of any 
kind, conservative or non-conservative, e.g. 
suspended sediment particles, inorganic 
phosphorus, nitrogen, bacteria and chemicals.  

The pollutant is considered as particles being 
advected with the surrounding water body and 
dispersed as a result of random processes. To each 
particle a corresponding mass is attached. This 
mass can change during the simulation as a result 
of decay or deposition.  

The basic - Lagrangian type - approach involves 
no other discretizations than those associated with 
the description of the topography of the model 
area and the wind, current and water level fields.  

This concept has several advantages, including 
e.g.  

• finite differencing phenomena associated with 
numerical dispersion are eliminated 

• computer requirements are drastically reduced  

As compared to e.g. models of the Finite 
Difference Method type.  

MIKE 21/3 PA assumes that current velocities and 
water levels can be prescribed in time and space in 
a computational grid covering the model area. 
This information can be provided e.g. by means of 
a preceding hydrodynamic model simulation.  

Application Areas  
MIKE 21/3 PA can be applied to the study of 
engineering applications, including e.g.  

• sedimentation problems  
• planning and design of outfalls  
• risk analyses. Accidental spillage of hazardous 

substances  
• environmental impact assessment  
• monitoring of outfalls  
• monitoring of dredging works  

MIKE 21/3 PA can be running in three modes:  

• ‘cold start’  
• ‘hot start’  
• ‘data base’ 

The difference between ‘cold start’ and ‘hot start’ 
is basically that the cold start mode provides a 
simulation starting from ‘scratch’ while in the ‘hot 
start’ mode, the simulation is a continuation of a 
previous one.  

The ‘database’ mode is a special device developed 
for on-line monitoring of pollution sources. This 
mode is operated on the basis of a library of flow 
fields in combination with an online registration of 
the current velocity in one or more stations in the 
area of interest. On the basis of correlation 
procedure, library flow fields are then selected 
from single point measurements. 

MIKE 21/3 PA includes formulations for the 
effects of: 

• decaying  
• light attenuation  
• exceeding concentrations  
• line discharge calculations  
• nested grid output facilities  
• cohesive/non-cohesive sediment  
• constant/time varying sources  

 
Spreading of dredged spoils – Øresund Link, Denmark-
Sweden. Suspended sediment concentrations g/m3 in a 
plume (1992/09/21 11:00) 
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Basic Equations 
The overall transport of particles during a time 
interval Δt, results from an advective component 
(current) and a dispersive component, which 
accounts for the non-resolved flow processes.  

The advective component is determined on the 
basis of the Lagrangian principle. An interpolation 
scheme in both time and space is employed to 
generate the velocity vector at off-grid points. In 
the time domain a simple linear interpolation has 
been adopted. In the space domain a bilinear type 
interpolation is employed.  

The particle transport equation at the i’th timestep 
can be expressed as:  

· ∆ ·  

where 

 

, | |  
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The

∆  longitudinal dispersion caused by 
turbulence  

 dispersive displacements are given as:  

∆

 neutral dispersion 

 transversal dispersion 

∆

∆  dispersion caused by wind acting on the 
surface  

where 
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The hydrodynamic flow field is considered to be a 
function of the depth according to the Nikuradse 

law:  logarithmic 

| , |
 8.6 · 2.45 · ln /  

 

The flow field includes wind effects by 

 , .  , ,
1

 

where the velocity distribution due to wind shear 
stresses in the free surface is considered to be 

vgi en by 

· · · , 3/  

Symbol List 
 Particle coordinates in three dimensions at 

time step i (m)  
∆  Time step (sec) 

 Horizontal current velocities (m/s) 
 Settling velocity (m/s) 

 Longitudinal dispersion coefficient (m2/s) 
 Transversal dispersion coefficient (m2/s) 
 Neutral dispersion coefficient (m2/s) 
 Dispersion due to wind (m2/s) 

 A uniform distributed random number [0;1] 
 Friction velocity (m/s) 

 Bottom roughness (m) 
,  Depth integrated current velocity field (m/s) 

 Depth of wind influence (m) 
 Water depth (m) 

 Wind friction coefficient (-) 
 Wind speed (m/s) 

, ,  Particle coordinates (m) 
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Solution Technique 
The spreading of material is calculated by dividing 
the spill into discrete parcels, also termed 
particles.  

The movements of particles are given as a sum of 
an advective and a dispersive displacement. The 
advective component is determined by the 
hydrodynamic flow field and the dispersive 
component as a result of random processes (e.g. 
turbulence in the water).  

The dispersive component is divided into three 
categories of dispersion termed as the neutral ΔDn, 
transversal ΔDT, and longitudinal ΔDL dispersion.  

The longitudinal and transversal dispersion refers 
to the turbulence in the water. The neutral 
dispersion refers to spreading induced by gravity 
effects. A uniformly distributed random variable is 
generated and multiplied by a dispersion 
coefficient and propagates in all directions. Due to 
the central limit theorem, the sum of a large 
random sample tends towards a normal 
distribution independent of the distribution of each 
random variable. The result is therefore a 
Gaussian representation of the dispersion.  

Input  
The basic input data to MIKE 21/3 PA consists of  

• hydrodynamic data including bathymetry  
• bed friction coefficients  
• source data  
• wind data  
• material specifications  
• simulation period  
• dispersion coefficients  
• velocity profile specifications  
• exceeding concentration specification  
• specification of light attenuation  
• line discharge specifications  
• decay coefficients  

The source data can be specified both as constant 
and time varying and the model can run with up to 
64 simultaneous source specifications.  

Output 
Three types of output can be obtained from MIKE 
21/3 PA:  

 

 

• 2D-maps containing the instantaneous output 
data which consists of: 
− particle concentration  
− light attenuation  
− erosion/deposition/net sedimentation 

• 2D-maps containing the averaged or 
accumulated output data which consists of: 
− particle concentration  
− light attenuation  
− erosion/deposition/net sedimentation  
− exceeding concentration  

• Time series of both instantaneous and 
accumulated line discharge rates.  

The 2D output maps can be specified in up to six 
different output areas covering different areas with 
different items selected and including a nested 
grid option. 

Graphical User interface 
MIKE 21/3 PA is operated through a fully 
Windows integrated Graphical User Interface and 
is compiled as a true 32-bit application. Support is 
provided at each stage by an Online Help System. 

Hardware and Operating System 
Requirements 
The module supports Microsoft Windows XP 
Professional and Microsoft Windows Vista 
Business. Microsoft Internet Explorer 7.0 (or 
higher) is required for network license 
management as well as for accessing the Online 
Help.  

The recommended minimum hardware 
requirements for executing MIKE 21/3 PA are 
listed below: 

Processor: 2 GHz PC (or higher) 

Memory (RAM): 1 GB (or higher) 

Hard disk: 40 GB (or higher) 

Monitor: SVGA, resolution 1024x768 

Graphic card: 32 MB RAM (or higher), 
 24 bit true colour 

Media: CD-ROM/DVD drive, 20 x 
speed (or higher) 

File system: NTFS 
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Support 
News about new features, applications, papers, 
updates, patches, etc. are available here: 
http://www.dhigroup.com/Software/Download/DocumentsAndTools.aspx  

 
For further information on the MIKE 21/3 Particle 
Analysis software, please contact your local DHI 
agent or the Software Support Centre: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Graphical User Interface of the MIKE 21/3 Particle Analysis Module, including an example of the Online Help system 

 

 

Software Support Centre 
DHI 
Agern Allé 5 
DK-2970 Hørsholm 
Denmark 
Tel: +45 4516 9333 
Fax: +45 4516 9292 
http://dhigroup.com/Software.aspx  
software@dhigroup.com 

 

http://www.dhigroup.com/Software/Download/DocumentsAndTools.aspx
http://dhigroup.com/Software.aspx
mailto:software@dhigroup.com
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