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Executive Summary 

Background to sediment study 
The Sepik Development Project (Project) consists of four interdependent projects:  

 Frieda River Copper-Gold Project (FRCGP) 

 Frieda River Hydroelectric Project (FRHEP) 

 Sepik Power Grid Project (SPGP) 

 Sepik Infrastructure Project (SIP). 

To quantify the potential impacts of the Project on sediment loads discharging from project-impacted areas, 
Golder Associates Pty Ltd (Golder) was contracted by Coffey Services Australia Pty Ltd (Coffey) to undertake 
a sediment transport study using hydraulic and sediment transport modelling to support an Environmental 
Impact Statement (EIS) for the Project.  The study objectives were: 

 To estimate existing (baseline) suspended and bed load sediment transport rates at key locations along 
the river network and particularly along the lower Frieda River and Sepik River 

 To evaluate the sediment transport implications in terms of potential changes (Project-related changes in 
suspended and bed load sediment transport rates) from the baseline prior to the proposed Project 
development, and 

 To predict Project-related changes in suspended and bed load sediment transport rates (from the 
baseline) assuming the implementation of mitigation measures at key locations and to provide 
predictions of the nature and extent of associated changes to bed levels, stream morphology, flooding, 
over-bank sedimentation and sediment effects on off-river water bodies along the lower Frieda River and 
along the Sepik River below the Frieda River junction. 

 To undertake a high-level quantitative assessment of SIP impacts on sediment discharge along the 
proposed infrastructure corridor. 

Outline of approach to sediment study 
The potential Project impacts on sediment loads was based on: 

 Numerical modelling using a Mobile Bed Sediment Transport (MBST) model developed within HEC-RAS 
at the regional scale including the FRCGP and surrounds for the Frieda and Sepik rivers 

 A semi-quantitative assessment along the infrastructure corridor. 

As a result of the mine development and operational strategy the sediment assessment for this study required 
three separate sediment models: 

 Pre-Project: Ubai/Uba/Nena/Ok Binai/Frieda/Sepik model to define sediment concentrations (suspended 
and bed load), sediment loads and changes in river bed levels under baseline (pre-Project) conditions 

 Construction, Operation and Post-closure: 

▪ Ubai/Uba/Nena/Ok Binai/Niar model to define sediment concentrations and sediment loads for the 
mine area and ISF and changes in river bed levels during construction, operations and post-closure 
as a result of sediment inflow 
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▪ Frieda/Sepik model to define sediment concentrations, sediment loads and changes in river bed 
levels during construction operations and post-closure as a result of outflows from the ISF, local 
inflows to the Frieda River, and inflows to the Sepik River downstream of the Sepik-Frieda river 
confluence to a location at Ambunti some 200 km downstream of this confluence. 

Sediment loads associated with project infrastructure 
In the current study, estimates of additional sediment loads as a result of land clearance, construction 
activities, operation of the mine and associated infrastructure, and the infrastructure corridor were derived 
based on the Revised Universal Soil Loss Equation (RUSLE). 

Based on the Project-impacted areas, the analyses indicate: 

 The overall total increase in sediment loads due to the FRCGP and FRHEP area is around 34.5 Mt over 
the 44-year period from construction through to the initial years of post-closure and rehabilitation.  The 
additional overall sediment load associated with the infrastructure corridor is estimated to be 4.2 Mt.  The 
percentage sediment contribution along the various river reaches due to the Project are outlined below: 

▪ Ubai Creek: 8% 

▪ Nena River upstream confluence with Ubai Creek: 6% 

▪ Nena River downstream confluence with Ubai Creek: 8% 

▪ Ok Binai: 62% (predominantly from spoil dump adjacent to the limestone quarry and Ok Binai waste 
dump) 

▪ Upper Frieda River: 5% 

▪ Infrastructure corridor: 11% 

 Estimated annual sediment loads during the construction period gradually increase but are considerably 
larger in the final three years (Years -3 to -1), reflecting the commencement of the contribution from the 
spoil dump adjacent to the limestone quarry and Ok Binai waste dump (in Ok Binai catchment where the 
majority of the sediment inflow results from these waste dumps) and other mining activities.  However, 
during operations the annual contributions from the FRCGP and FRHEP remain high over the initial 15 
years of operation (up to around 1.5 Mt) after which they reduce to around 0.14 Mt in Year 33.  This 
results largely as a consequence of the assumed impacts of progressive rehabilitation during operations. 

 Contributions in the Ok Binai remain high due to ongoing sediment loads from the spoil dump adjacent to 
the limestone quarry and Ok Binai waste dump until these are totally degraded. 

Simulations under existing conditions 
Simulations under existing baseline conditions effectively provided a verification run for the hydraulic and 
sediment model as well as the base case against which Project impacts can be compared. 

The simulations under existing conditions were run for a period of 44 years, which is comparable to the overall 
period of modelling for construction, operation and post-closure.  A comparison of the observed and estimated 
annual sediment loads (suspended load and base load) at the key stream gauging stations in the Project area 
confirmed generally good agreement between observed and estimated sediment loads and TSS 
concentrations. 
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A summary of annual median TSS concentrations is presented below: 

 Ubai Creek, Uba Creek and Ok Binai: average annual median TSS typically less than 100 mg/L, with 
maximum daily values occasionally increasing to around 300 mg/L 

 Frieda River: average annual median TSS typically around 160 to 170 mg/L, with maximum daily values 
occasionally increasing to around 330 mg/L 

 Sepik River downstream Frieda River confluence: average annual median TSS typically around 170 to 
200 mg/L, with maximum daily values occasionally increasing to in excess of 400 mg/L. 

Outflows from ISF 
A summary of the annual outflows from the FRHEP is presented below: 

 Prior to mid-Year -2 the outflows are equivalent to those under existing conditions. 

 As the ISF impoundment begins to fill during mid-Year -2 the outflows are significantly lower (around 
4,400 ML/d) than compared to existing conditions (15,200 ML/d) 

 From the mid-Year -2 to Year 1 the daily outflows average around 13,000 ML/d compared to around 
17,000 ML/d under existing conditions as filling continues and the FRHEP commences operating 

 From Year 2 to Year 37 the daily outflows average around 18,100 ML/d compared to around 
17,200 ML/d under existing conditions. 

Following closure of the diversion tunnel for the ISF embankment, it is estimated around 99% of the sediment 
inflow load to the ISF (including tailings and waste rock, Project-related sediment load and naturally occurring 
sediment) will be retained within the storage and not conveyed further downstream along the Frieda and Sepik 
rivers. 

Prior to impoundment, during the first 5.5 years of construction, an estimated sediment load of approximately 
13 Mt will be discharged to the upper Frieda River compared to an average estimated natural load of 9 Mt 
over the same period.  The overall sediment load discharged from the ISF over the 39-year period following 
commencement of its operation through to the end of the four-year post-closure period simulated (Years -2 to 
37) is estimated to be approximately 29.0 Mt.  This compares to an estimated 66 Mt under existing conditions.  

Simulations with project 
Predicted annual median TSS concentrations for the various APs both under existing conditions and during 
construction, operations and post-closure are summarised below. 

FRCGP and FRHEP area 
 Estimated annual median sediment concentrations for Ubai Creek will increase significantly above those 

observed under baseline conditions with median annual TSS concentrations increasing to a maximum of 
around 3.000 mg/L before reducing to around 300 mg/L over the period of operations.  Along the Uba 
Creek annual median sediment concentrations are estimated to increase to around 1,000 mg/L in the 
initial years of construction before reducing to levels marginally above baseline conditions by the end of 
operations.  Along the Nena River upstream of the confluence with the Niar River the increases are far 
lower, rising to around 300 mg/L before also reducing to marginally above baseline conditions throughout 
operations.  The reductions in sediment concentrations are largely in response to the rehabilitation and 
natural regeneration of mine-impacted areas. 
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 The spoil dump adjacent to the limestone quarry and Ok Binai waste dump will be developed in the 
upper reaches of the Ok Binai catchment in Year -4 and Year -2, respectively.  After the dumps are 
developed, annual median TSS concentrations are estimated to increase significantly above existing 
levels and are forecast to fluctuate within a range typically of 12,000 mg/L to 15,000 mg/L throughout the 
period of operation until the waste dump is fully eroded.  This is expected to occur around Year 20 of 
operation. 

 Variations in bed levels at the assessment points along the creeks and rivers as a result of FRCGP and 
FRHEP area impacts indicate no significant long-term changes at along the majority of the Ubai Creek, 
Uba Creek and Nena River.  The modelling does, however, indicate bed level increases are likely 
adjacent to the pit and other mine infrastructure in the upper reach of Ubai Creek and also in the Ok 
Binai downstream of the spoil dump adjacent to the limestone quarry and Ok Binai waste dump. 

Frieda River 
 Downstream of the hydroelectric power outlet the pattern in annual median sediment concentrations prior 

to ISF diversion tunnel closure (during Year -2) reflects the conditions with Project impacts relating to the 
mine area and ISF.  Median TSS concentrations are predicted to be around 250 mg/L to 300 mg/L up to 
Year -5, increasing to a peak of 750 mg/L in Year ï 4 (pre-ISF diversion tunnel closure), reducing to 
around 40 mg/L to 60 mg/L in Years -2 to -1 during ISF impoundment and then increasing to 100 mg/L to 
240 mg/L over the first 14 years of operation.  Towards the end of operations, median TSS 
concentrations are predicted to reduce to around 30 mg/L to 40 mg/L.  This is much lower compared to 
the predicted median TSS concentrations under existing baseline conditions of around 170 mg/L and is a 
direct consequence of the reduced TSS concentrations associated with the ISF outflow. 

 Sediment concentrations further downstream along the lower reaches of the Frieda River show a similar 
pattern to those immediately downstream of the ISF. 

 Immediately downstream of the ISF embankment the modelling indicates channel bed levels are likely to 
reduce by around 3 m below baseline levels, stabilising around Year 30 of operations.  In the lower 
reaches of the Frieda River, reductions are lower at around 1 m. 

Sepik River 
 For the Sepik River, impacts relating to the proposed Project are more difficult to clearly identify.  An 

overall comparison of the annual median TSS concentrations at assessment points along the Sepik River 
and at the downstream location on the hydraulic model does indicate they remain comparable to those 
under baseline conditions. 

 A comparison of the estimated bed level changes under baseline conditions with those during operations 
and post-closure indicates changes predicted under existing conditions and during operations are 
generally comparable. 
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Impacts on overbank flooding, off-river water bodies and along 
infrastructure corridor 
Overbank flooding 
 The river valleys in the upper catchments (upper Frieda River, Nena River, Ok Binai and Ubai and Uba 

creeks) are deeply incised and negligible overbank flooding occurs under existing conditions.  This is not 
expected to change as a result of the Project. 

 In the Frieda River immediately downstream of the ISF, hydraulic modelling with the FRHREP in 
operation indicates all flow (and sediment) is likely to be conveyed within the river channel.  This to some 
extent reflects the predicted reduction in bed levels in this reach.  In the lower Frieda River and along the 
Sepik River there is unlikely to be any change to the overbank flooding regime from that estimated under 
baseline conditions. 

Off-river water bodies 
 During the period of operation and post-closure, the risk of overtopping along the Frieda River 

immediately downstream of the ISF is expected to be significantly reduced.  A similar flooding regime to 
that which currently occurs can, however, be expected during construction, operation and post-closure in 
the lower Frieda River and along the Sepik River. 

 On an annual basis, overbank flooding probabilities along the lower reaches of the Frieda River as a 
result of the Project are expected to reduce considerably from those under baseline conditions.  
However, the frequency of higher water levels is expected to remain comparable to that currently 
expected.  Therefore, conditions in the river adjacent to the channels linking the Frieda River with Lake 
Warangai and Lake Diawi are likely to result in inundation to the extent currently observed (both 
frequency and duration). 

 Sediment modelling indicates sediment concentrations in the Sepik River remain comparable to 
those currently observed.  Therefore Project-associated impacts to the off-river water bodies (ORWB) 
and oxbows along the Sepik River are not expected. 

Infrastructure corridor 
 In terms of local impacts along the infrastructure corridor, it is likely there will be increases in TSS 

concentrations where the infrastructure corridor is closely aligned along tributaries in the upper reaches 
of the May River, particularly where the infrastructure corridor crosses into and leaves the May River 
watershed.  This impact will, however, reduce closer to Hotmin given the larger natural upstream 
contributing areas of the May River and consequent higher discharges and natural sediment loads. 

 The modelling has assumed sediment generated as a result of the infrastructure corridor will enter the 
Sepik River and be conveyed to the confluence of the Sepik and Frieda rivers.  This is a conservative 
assumption given it is likely some of the sediment load would be retained at source as a result of 
sediment control measures implemented along the infrastructure corridor or deposited within the minor 
watercourses before entering the larger rivers. 

 Localised accumulations of coarse sediment could occur in the drainage lines downstream of the 
construction areas and where sidecasting along roads occurs, although the extent of the accumulation 
will be dependent on the effectiveness of the sediment control measures that are implemented.  Where 
this accumulation occurs it is likely to be visible and could lead to some dieback. 
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 Along the infrastructure corridor within the Idam River and Faringi, Bapi and Horden river watersheds: 

▪ Ground slopes are generally flatter and rainfall intensities lower than associated with the more 
elevated areas of the May River catchment through which the infrastructure corridor passes. 

▪ Catchment areas of the Idam River and Faringi, Bapi and Horden rivers in the vicinity of the 
infrastructure corridor are relatively large; the additional sediment loads as a result of the SIP will be 
negligible in relation to natural sediment loads. 

▪ The road from Green River to Vanimo already exists and will only be upgraded.  It is therefore 
unlikely that TSS concentrations along this section of the corridor alignment will be noticeably higher. 
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1.0 INTRODUCTION 
1.1 Background to study 
Frieda River Limited (FRL) is proposing to develop the Sepik Development Project (Project) in northern Papua 
New Guinea (PNG).  The potential for Project-derived sediment to have an impact on the downstream river 
environment has been identified as a key risk for the Project.  Mitigation measures that will be implemented by 
FRL during construction and operating phases are aimed at limiting potential sediment related impacts. 

A component of the Project includes the integrated storage facility (ISF) (comprising ISF impoundment, 
embankment and spillway) and the hydroelectric power facility (powerhouse and power tunnels).  The ISF will 
store water for power generation and will provide subaqueous storage of Frieda River Copper and Gold 
Project (FRCGP) mine waste rock and process tailings. 

Flow from the Ubai Creek, Nena River and Niar River will discharge directly into the ISF impoundment and 
through its operation the majority of the sediment load associated with this inflow (from both the natural 
catchment and mine-related construction impacts) and the deposited tailings and waste rock will be retained.  
Outflows from the ISF impoundment will report to the Frieda River downstream of the ISF embankment.  
Sediment loads from the infrastructure further downstream of the ISF (e.g. the Link Road) that are not retained 
in local sediment control structures will, however, be discharged into the river system.  To quantify the 
potential impacts of the Project on sediment loads discharging from project-impacted areas, Golder 
Associates Pty Ltd (Golder) was contracted by Coffey Services Australia Pty Ltd (Coffey) to undertake a 
sediment transport study to support an Environmental Impact Statement (EIS) for the Project.  The study 
objectives were: 

 To estimate existing (baseline) suspended and bed load sediment transport rates at key locations along 
the overall river network and particularly along the lower Frieda River and Sepik River 

 To evaluate the sediment transport implications in terms of potential changes (Project-related changes in 
suspended and bed load sediment transport rates) from the baseline prior to the proposed Project 
development, and 

 To predict Project-related changes in suspended and bed load sediment transport rates (from the 
baseline) assuming the implementation of mitigation measures at key locations and to provide 
predictions of the nature and extent of associated changes to bed levels, stream morphology, flooding, 
over-bank sedimentation and sediment effects on off-river water bodies along the lower Frieda River and 
along the Sepik River below the Frieda River junction. 

The Project comprises four key interdependent components (i.e. Frieda River Copper-Gold Project (FRCGP); 
Frieda River Hydroelectric Project (FRHEP); Sepik Power Grid Project (SPGP); Sepik Infrastructure Project 
(SIP)).  The components/areas associated with the FRCGP mine area and FRHEP are directly considered in 
the sediment transport modelling assessment described in this report.  The components/areas associated with 
the SPGP and SIP are not directly modelled as part of this assessment but were semi-quantitatively 
considered in terms of an additional sediment load to the Sepik River downstream of the confluence with the 
Frieda River.  This aspect is discussed more fully in the context of project impacts associated with the 
infrastructure corridor. 

1.2 Project description 
The Project consists of four interdependent projects:  

 Frieda River Copper-Gold Project (FRCGP)  

 Frieda River Hydroelectric Project (FRHEP) 
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 Sepik Power Grid Project (SPGP) 

 Sepik Infrastructure Project (SIP). 

FRL will own and operate the FRCGP, while it is anticipated that third-party entities will own and operate the 
remaining elements. 

The Project is primarily located within the Sepik River catchment and comprises development of a copper-gold 
deposit in Sandaun Province and supporting infrastructure and facilities in the Sandaun and East Sepik 
provinces (Figure 1).  Details of the four individual projects listed above are summarised in more detail in the 
following sections. 

1.2.1 Frieda River Copper-Gold Project 
The greenfield FRCGP is based on the Horse, Ivaal, Trukai, Ekwai and Koki (HITEK) porphyry copper-gold 
deposits which contain an estimated total combined Measured, Indicated and Inferred Mineral Resource 
(JORC classifications) of approximately 2.7 billion tonnes at an average grade of 0.44% copper and 
0.23 grams per tonne gold.  Copper mineralisation was first identified at Frieda River in 1966/67 and the long 
history of exploration and study activities undertaken by several companies has generated a considerable 
body of information. 

Figure 2 shows the general FRCGP layout around the open-pits including the HITEK deposits and supporting 
infrastructure.  Mined ore will be processed at a process plant located approximately 8 km north-east of the 
open-pits to produce a copper-gold concentrate.  

The FRCGP comprises a large-scale conventional open-pit mine operation feeding ore to a conventional 
comminution and flotation process plant producing a copper-gold concentrate for export to custom smelters.  

Mining inventory comprises approximately 1,500 Mt of mill feed.  The average annual copper-gold concentrate 
production will be 740,000 wet tonnes and the average annual metal in concentrate production will be 
175,000 tonnes (t) copper and 235,000 ounces (oz) gold.  The FRCGP will have mine life of approximately 33 
years preceded by a seven-year implementation period. 

A concentrate pipeline that follows the infrastructure corridor will transport the copper-gold concentrate 
produced at the process plant to a concentrate dewatering, storage and export facility located at the Vanimo 
Ocean Port. 

The FRCGPôs power demand will be approximately 155 MW increasing up to 235 MW by Year 11.  Off-site 
power demands for the Vanimo Ocean Port facilities and two concentrate booster pump stations will require 
approximately 10 MW and 2.0 MW respectively. 

1.2.2 Sepik Infrastructure Project (SIP) 
The mine will be accessed by the infrastructure corridor, which consists of an existing road from Vanimo to 
Green River and a new road through to Hotmin and to the site.  The road will be a public road from Vanimo to 
Hotmin and a private mine road from Hotmin to the site. 

The existing airstrip at Green River is located 150 km from the FRCGP site.  It will be upgraded to cater for 
larger aircraft. 
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Source: Coffey Services Australia Pty Ltd 

Figure 1: Project overview 
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Source: Coffey Services Australia Pty Ltd 

Figure 2: Mine and FRHEP area 
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1.2.3 Frieda River Hydroelectric Project 
The FRHEP includes an ISF and a hydroelectric power facility.  The ISF, to be located in the Frieda River 
Valley downstream of the FRCGP mine site, will store water for power generation and will provide 
subaqueous storage of FRCGP mine waste rock and process tailings.   

The hydroelectric power facility will provide power to the FRCGP from Year 1 of FRCGP mine operation via a 
22-km transmission line.  

The power facility will be capable of producing 600 MW (8 Ĭ 68 MW and 2 Ĭ 19 MW turbines) with a firm 
generating capacity of 400 MW.  At least one turbine at a time will be offline for periods of planned 
maintenance and one on standby for back up. 

The ISF final embankment will be approximately 187 m (RL 235 m) in height, utilising 26 million cubic metres 
(Mm3) of fill material and creating a total storage capacity of 10.8 billion cubic metres (Bm3).  The ISF will 
provide waste rock and tailings storage capacity of 3.5 Bm3 (approximately 4.9 billion tonnes (Bt)).  The 
operating water level will be approximately 225 m RL. 

1.2.4 Sepik Power Grid Project 
The SPGP consists of a new 350 km 275 kV Northern Transmission Line from the FRHEP to the Port of 
Vanimo.  The power line will provide power for the offsite FRCGP facilities.  The Northern Transmission Line 
will be located within the infrastructure corridor. 

1.2.5 Sepik Infrastructure Project 
The FRCGP and FRHEP area will be accessed by a 325-km-long infrastructure corridor, which includes an 
existing road from Vanimo, on the north coast of mainland PNG, to Green River, and a new road through to 
Hotmin and to the site.  The road will be a public road from Vanimo to Hotmin and a private mine road from 
Hotmin to the site. 

The existing airstrip at Green River is located 150 km from the FRCGP site.  It will be upgraded to an 
international airport that will cater for larger aircraft (up to Lockheed C-130) and made open for commercial 
domestic use. 

The existing Port of Vanimo will be upgraded to support the FRCGP and other port users. 

1.3 Key characteristics 
Table 1 to Table 4 provide a summary of the key characteristics of the Sepik Development Project.  Some of 
these aspects are in the process of being refined and may change, particularly in relation to the workforce and 
accommodation facilities. 

Table 1: Key characteristics of Frieda River Copper-Gold Project 

Item Description 
Mining method Large-scale conventional open-pit. 
Mining Approximately 1,493 Mt of mill feed and 1,558 Mt of waste rock to be 

mined from the open-pit over the life of the mine (approximately 33 
years with an additional 7-year implementation period).  Life of mine 
strip ratio of 1.1:1 (waste:ore). 

Open-pit dimensions (final shell) The Horse-Ivaal-Trukai (HIT) open-pit will be 2.6 km long and 2.4 km 
wide, the Ekwai open-pit will be 0.8 km long and 0.6 km wide and the 
Koki open-pit will be 0.7 km long and 0.9 km wide.  The Ekwai open-pit 
void will be used as an intermediate ore stockpile. 
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Item Description 

Mining rate Average production of 44 Mt/year of mill feed and 47 Mt/year of waste 
and peak total material movements of 135 Mt/year. 
The total material mined over the life of mine will be 3,051 Mt 
comprising 1,493 Mt of mill feed (0.46% copper and 0.24 g/t gold) and 
1,558 Mt of waste rock. 

Mill capacity Nominal volumetric processing rates: 
 Years 1 to 8: 6,000 t/h (peak 49Mt/year). 
 Year 8 to LOM: 8,000 t/h (peak 65Mt/year).  

Concentrate and metal 
production 

Concentrate and metal production will include: 
 Copper-gold concentrate production of 672,000 wet metric tonnes 

(wmt) per year with a peak of 1.1 Mwmt per year at 9.5% 
moisture. 

 Average copper metal production 175,000 t per year (peak of 
293,000 t per year). 

 Average gold metal production 227,000 ounces (oz) per year 
(peak of 368,000 oz per year). 

Tailings and waste rock storage The spoil dump adjacent to the limestone quarry and Ok Binai waste 
dump will be developed in the headwaters of the Ok Binai.  The latter 
spoil dump will store NAF waste rock from Year -2 and organic pre-
strip material over the 33-year mine life. 
All waste rock (other than that reporting to the Ok Binai waste dump) 
including potentially acid forming (PAF) waste will be barge placed 
within the ISF. 
At the barge loading station, the waste rock will be stockpiled, 
reclaimed and loaded into 5,000 t barges.  The barges will transport 
and deposit the waste rock for subaqueous storage in the ISF. 
Thickened tailings will be pumped via a dedicated pipeline from the 
process plant for subaqueous storage in the ISF. 

Power requirement and 
distribution 

Power demand for the mine:  
 Approximately 155 MW (1,200 gigawatt hours per year 

(GWh/year)) energy demand increasing to 235 MW 
(1,800 GWh/year) in Year 11. 

Power demand off site:  
 Vanimo Ocean Port concentrate and logistics facilities ï 10 MW 

(75 GWh/year). 
 Two concentrate booster pump stations ï 2.0 MW (15 GWh/year) 

each. 
Power supply will be via a 22-km, 132 kV transmission line from the 
hydroelectric powerhouse to the process plant. 
Power supply to the off-site facilities will be provided by the Northern 
Transmission Line as part of the SPGP. 

Raw water requirement and 
supply 

Raw water will be sourced from the ISF at a rate of approximately 
3,800 cubic metres per hour (m3/h) for ore processing and general 
non-potable consumption.  
Potable water will be sourced from the Nena River upstream of the ISF 
and pumped to the site accommodation village. 

Mine infrastructure area The mine infrastructure area (MIA) will be located close to the HITEK 
open-pits.  The MIA will consist of the following major facilities: 
 Workshops. 
 Warehouse. 
 Muster, training and dining areas. 
 Fuel storage. 
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Item Description 
Overland logistics Overland logistics includes: 

 39 km mine access road from Hotmin to the mine (unsealed 
7.5-m-wide dual lane).  

 33 km unsealed 7.5-m-wide dual-lane Link Road from the 
powerhouse to the mine. 

 A buried 325-km-long pipeline providing transport of concentrate 
to the Vanimo Ocean Port. 

 Equipment and goods will be transported via road along the main 
access route during operations. 

 Coaches will be used to transport personnel between points of 
hire along the public road and from the Green River Airport to the 
mine. 

Ocean/riverine logistics During construction, freight will be imported via existing ports at 
Wewak, Lae and Madang and barged upstream along the Sepik River 
to the Frieda or May River ports until upgrade of the Vanimo to Green 
River Road has been completed.  Freight will then be trucked from 
Vanimo to Green River and barged from the Upper Sepik River Port 
downstream along the Sepik River.  Once the main access road from 
Green River to the mine is complete all freight will be trucked to site.  
During operations, freight will be imported via the upgraded Vanimo 
Ocean Port and trucked to site. 
Bulk carriers for concentrate export, multipurpose feeder vessels for 
containerised cargoes and parcel tankers for diesel will be utilised. 
Riverine transport is not expected to be used during operations. 

Accommodation  Construction: The main construction camp will be located in the 
Nena River valley approximately 5 km from the process plant and 
will accommodate up to 3,500 contractors. 

 Operations: A site accommodation village at the mine site will 
house 1,500 personnel with a further 100 personnel to be 
accommodated at Vanimo for office, logistics and port operations.  

 

Table 2: Key characteristics of Frieda River Hydroelectric Project 

Item Description 
Power supply Hydroelectric power generation will be produced using 8 Ĭ 68 MW and 

2 Ĭ 19 MW Francis turbines. 
The installed hydroelectric power capacity will be approximately 
600 MW with a firm generating capacity of 400 MW.  At least one 
turbine at a time will be offline for periods of planned maintenance and 
one on standby for back up. 
The powerhouse will be approximately 190 m Ĭ 34 m in size and will be 
located at the toe of the dam.  A penstock pipeline will connect the 
tunnel to the powerhouse.  The powerhouse complex will include: 
 Tunnel exit portal and penstock. 
 Main turbine hall housing the generating equipment. 
 Erection bay and workshop area for assembling the equipment 

and undertaking future maintenance to the equipment. 
 Local control room and office facilities. 
 Electrical equipment rooms. 
 An area to locate the step-up transformers and adjacent 

substation building. 
 A tailrace discharging into the Frieda River. 
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Item Description 
Design The FRHEP will include an engineered ISF for the storage of water, 

construction spoil, mine waste rock and tailings, and sediment control. 
Embankment located in the Frieda River Valley and designed as an 
engineered rock-fill embankment with a central asphalt core.  Design 
characteristics include:  
 Embankment height of 187 m (RL 235 m) using 26 million cubic 

metres (Mm3) of fill material. 
 Crest elevation of RL 235 m and maximum operating water level 

of RL 225 m. 
 Total storage capacity of 10.8 billion cubic metres (Bm3). 
 Maximum waste rock and tailings storage capacity of 3.5 Bm3 

(approximately 4.9 billion tonnes (Bt)). 
 Designed to store and release water from a Probable Maximum 

Flood event (26,000 m3/s). 
 Designed to withstand maximum credible earthquake peak ground 

acceleration of 1.09 g.  
 Catchment area of 1,036 km2. 
 Operating life of greater than 100 years. 

Construction facilities The FRHEP will require the development of the following site-based 
facilities to allow construction of the embankment, spillway and 
powerhouse: 
 Quarry. 
 Coffer dams. 
 Diversion tunnels. 
 Concrete batch plant. 
 Maintenance workshop. 
 Geotechnical laboratory. 
The FRHEP will be constructed in a single stage over a 4 to 5 year 
construction duration. 

Overland logistics 40 km unsealed 7.5-m-wide dual-lane FRHEP access road from the 
Frieda River Port to the powerhouse.  

Ocean/riverine logistics The Sepik and Frieda rivers will be required to support transport of 
construction materials for the FRHEP.  The rivers will also provide a 
contingency in the event of loss of access along the infrastructure 
corridor. 

 

Table 3: Key characteristics of Sepik Infrastructure Project 

Item Description 
Vanimo to Green River Road and 
Hotmin Road (public) 

The existing road from Vanimo to Green River will be upgraded, and a 
new road constructed from Green River to Hotmin.  
The road will be at least 7.5-m-wide with a gravel pavement surface, 
built to allow for 12-tonne axle loading.  The remaining road sections 
may be sealed during the operations phase.  
The road will allow for public transport, commercial ventures and 
access to new markets. 
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Item Description 

Sepik River bridge A new public bridge will be built on the Hotmin Road (public) at the 
Sepik River. 
A cross-river ferry service will be required during construction of the 
bridge.  
The proposed Sepik River bridge consists of: 
 Steel box girder superstructure. 
 Dual lane deck with 8.0 m width between kerbs.  
 Total bridge length of 350 m. 

Green River Airport  The existing airstrip at Green River, located 150 km from the mine 
area, will be upgraded for commercial use. 

 The airport will be made suitable for up to Lockheed C-130 sized 
aircraft.  

 The new facilities will include a terminal with the capacity for 80 
passengers, baggage handling facilities, immigration and customs, 
freight handling and storage facilities.  

Vanimo Ocean Port Construction of two new berths at the Vanimo Ocean Port to provide 
import and export facilities for the Project and other users. 

 

Table 4: Key characteristics of Sepik Power Grid Project 

Item Description 
Northern Transmission Line A 370-km-long 275 kV transmission line from the FRHEP to the 

Indonesian border via Vanimo.  
The Northern Transmission Line will provide power to the FRCGP 
facilities based at Green River and Vanimo.  
Excess power will be made available for a power distributor to sell to 
regional users within PNG and for export to Indonesia. 
The Northern Transmission Line will be located within the infrastructure 
corridor. 

Substation Three substations will be located along the Northern Transmission Line 
at the FRCGP site accommodation village, near Green River and at 
Vanimo. 

 

1.4 Project area 
The EIS defines activities associated with the Project in four geographically distinct areas: 

 Mine area ï includes the open-pit, process plant, mine access roads, site accommodation village and 
other ancillary infrastructure.  

 FRHEP area ï includes the ISF, power generation facilities, Frieda River Port, FRHEP access road, and 
quarries to support construction of the FRHEP.  Note that Figure 2 refers to the óISF areaô as these 
figures do not include all features of the FRHEP such as the Frieda River Port. 

 Infrastructure corridor ï includes the access road from Vanimo to the mine site, concentrate pipeline, 
Green River Airport, Northern Transmission Line and other ancillary infrastructure.  

 Vanimo Ocean Port ï includes the export facilities at Vanimo where concentrate will be discharged from 
the pipeline, dewatered, stored and loaded to ocean-going vessels for shipment to overseas markets.  
An industrial area will be located in Vanimo for support facilities.  
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Each should define its own specific study area, but the terms above should be used when referring to these 
areas within the study area. 

1.5 Description of project area 
1.5.1 FRCGP and FRHEP area 
The FRCGP and FRHEP area is located predominantly within the Ubai Creek, Uba Creek and Nena River 
catchments on the northern slopes of the Central Highlands of PNG.  These watercourses discharge into the 
Frieda River where the ISF embankment associated with the FRHEP will be constructed.  Downstream of the 
embankment this watercourse then flows in a northerly direction for some 70 km to its confluence with the 
Sepik River.  The general relief in the FRCGP and FRHEP area and main watercourses are shown 
on Figure 3. 

The FRCGP and FRHEP area extends across a mountainous area with elevations rising to around: 

 2,100 m on the southern boundaries of the Niar River catchment 

 1,500 m in the upper reaches of the Nena River catchment 

 1,400 m in the upper reaches Ubai Creek catchment, and 

 1,100 m in the upper reaches of the Ok Binai catchment. 

 
Figure 3: River network and general topographic relief in FRCGP and FRHEP area 

The watercourses in the FRCGP and FRHEP area are extremely steep, particularly in the upper reaches and 
headwaters, and vegetation is dominated by thick tropical rainforest.  The relevant catchment areas 
associated with the main watercourses in the Nena/Niar River catchment areas are: 

 Ubai Creek upstream of its junction with the Nena River 27 km2 
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 Uba Creek upstream of its junction with Nena River 12 km2 

 Nena River upstream of its junction with Ubai Creek 166 km2 (referred to below as Upper Nena River) 

 Nena River upstream of its junction with Niar River 410 km2 

 Ok Binai upstream of its junction with Nena River 67 km2, and 

 Niar River upstream of its junction with Nena River 600 km2. 

Longitudinal river profiles for Ubai Creek, Ok Binai and Nena and Frieda/Niar rivers are shown in Figure 4 
relative to the approximate extent of the ISF associated with the ISF impoundment. 

Channel gradients in the upper reaches of the creeks/rivers are high and in excess of 350 m/km through many 
reaches.  Along the lower Frieda River (towards the junction with the Sepik River) channel grades reduce 
significantly to around 0.5 m/km and the river channel morphology transitions to a dominantly sinuous and 
meandering channel type.  The overbank flow and floodplain areas adjacent to the lower Frieda River are also 
relatively flat and become inundated during large flood events. 

 
Figure 4: Channel profiles of main rivers in FRCGP and FRHEP area 

At the confluence of the Frieda and Sepik rivers the elevation of the river channel is around 20 m above sea 
level (m ASL).  The Sepik River meets the Bismarck Sea some 400 km downstream of this confluence and 
the resultant average river gradient along the Sepik River are significantly lower at around 0.02 m/km. 

This wide variation in channel gradients from the upper reaches of the FRCGP and FRHEP area along the 
Frieda River and ultimately along the Sepik River has a considerable influence on the sediment mobilisation 
and transport capacities and characteristics within the river system as discussed further below. 
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1.5.2 Infrastructure corridor 
As shown in Figure 1, the proposed infrastructure corridor will include the transmission line plus an existing 
road from Vanimo to Green River, with a new road from Green River through to Hotmin and on to the site 
mine area. 

The catchments through which the infrastructure corridor will pass include: 

 Nena River catchment: A length of approximately 15 km west of the mine area to the catchment divide 
with the May River watershed.  Sediment resulting from the associated infrastructure corridor is 
considered as part of the mine area assessment.  Local elevations on the ridges adjacent to the corridor 
are typically in excess of 1,000 m RL. 

 May River catchment: A length of approximately 55 km crossing the May River near Hotmin.  The terrain 
adjacent to the alignment remains steep although elevations on the adjacent ridges generally do not 
exceed around 500 m RL. 

 Upper Sepik River/Idam River catchments: A length of approximately 150 km extending from the May 
River watershed to the Sepik River crossing (40 km), and from the Sepik River crossing extending to the 
watershed boundary associated with the coastal plain to the north (Bewani Mountains) (110 km).  The 
terrain along this section of the corridor is relatively flat. 

The May River catchment in the vicinity of the infrastructure corridor has both locally steep terrain and higher 
rainfall than for the section of the Idam River catchment through which the infrastructure corridor passes south 
of the Sepik River crossing.  Erosion from the disturbed areas in the May River catchment are therefore likely 
to be higher than those associated with the area traversed through the Idam River catchment and north of the 
Sepik River.  This is discussed more fully in Section 5.2.3 in the estimation of likely contributing sediment 
loads to the Sepik River system. 

1.5.3 Climate and rainfall 
The climate within the FRCGP area is defined as tropical.  Although the occurrence and duration of rainfall is 
generally consistent through the year a high rainfall gradient occurs in the area with annual rainfalls ranging 
from around 10,000 mm in the upper mountainous areas of the catchments to less than 3,000 mm along the 
lower reaches of the Frieda River.  Average annual rainfall in the vicinity of the FRCGP deposit is around 
8,000 mm (SRK, 2018a). 

A summary of the climatic and hydrological patterns in the area by NSR Environmental Consultants (1999) 
noted the following: 

 The area is defined as wet tropical with a mean annual rainfall of around 8,000 mm and estimated mean 
annual evaporation rates of 1,000 mm to 1,250 mm 

 80% of the rainfall occurs at night 

 Within the mine area, rainfall is generally consistent throughout the year, with slightly higher rainfall 
between January and March and lower rainfall between June and September 

 Rainfall and river flows are more strongly seasonal along the Sepik River 

 Mean monthly temperatures in the mine area vary between 21.5 and 23.1ÁC 

 The catchment soils have minimal storage retention, are highly responsive to rainfall and exhibit high 
flow variability. 
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A summary of the meteorological data recorded at more recently installed stations in the vicinity of the Project 
area is provided by SRK (SRK, 2018a). 

Along the infrastructure corridor the climate is also tropical with average annual rainfalls for those sections 
within the May River and upper Sepik Rivers being around 3,000 mm. 

1.5.4 Project development and disturbance areas 
The locations of the main facilities in the FRCGP and FRHEP area are shown in Figure 2.  The HITEK copper 
porphyry deposits are located in the upper reaches of the Ubai Creek catchment with mine infrastructure 
being located within Ubai and Uba creeks and Nena River catchments as well as the Frieda River.  Limited 
infrastructure (e.g. transmission lines, limestone quarry, spoil dump adjacent to the limestone quarry and Ok 
Binai waste dump) will be located within the Ok Binai catchment. 

The infrastructure corridor, including an access road, concentrate pipeline and the Northern Transmission 
Line, will be constructed from the mine site across the floodplains of the May and Sepik rivers to Vanimo (see 
Figure 1).  The access road will comprise a section of new road from the mine site to Green River and a 
section of existing road from Green River to the Ocean Port at Vanimo. 

In total, the Project disturbance area will alienate approximately 16,000 ha as detailed in Table 5.  A more 
detailed breakdown of individual infrastructure development disturbance areas, including the catchments into 
which resulting sediment from impacted areas will discharge, is presented in Table 5. 

It is noted that Table 5 includes the SPGP and SIP with associated infrastructure corridor from the mine area 
to Vanimo.  As discussed in Section 5.2.2, sediment loads from these facilities were considered separately 
from the more detailed assessments outlined below. 

The overall sediment loads associated with Project activities were based on these areas along with estimated 
contributing loads for the various facilities, waste rock production and tailings as described in Section 5.0.  The 
timing of sediment contributions was based on the development schedule provided by FRL as outlined in 
Figure 5 as well as the proposed mining schedule1. 

                                                      
1 The sediment transport assessment was based on an earlier iteration of the mine schedule, however, this is not anticipated to result in material differences to the modelling results. 
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Table 5: Breakdown of areas of disturbance for Project infrastructure  

Item Project Component Area 
(ha) 

Catchment 
Impacted 

Frieda River Copper-Gold Project 
1 HITEK open-pit 520 Ubai 
2 Process plant and ore stockpile 35 Nena 
3 Mine infrastructure area 15 Ubai 
4 Spoil dumps 205 Ubai/Ok Binai 
5 Construction camp and site accommodation village 25 Ubai 
6 Haul roads and access roads (includes existing exploration access road) 220 Ubai/Nena 
7 Conveyor 55 Ubai/Nena 
8 Quarries 40 Ubai 
Frieda River Hydroelectric Project 
10 ISF (embankment, spillway and impoundment) 12,400 Ubai/Frieda 
11 ISF ï embankment 35 Frieda 
12 ISF ï spillway 60 Frieda 
13 Frieda air strip (predominantly existing disturbance) 20 Frieda 
14 FRHEP access road 80 Frieda 
15 Laydown areas 45 Frieda 
16 Spoil dumps 105 Frieda 
Sepik Infrastructure Project 
18 Green River Airport (existing disturbance) 20 Sepik 
19 Vanimo to Green River Road (existing disturbance) 225 Sepik 
20 Hotmin Road (public) 225 Sepik 
21 Vanimo Ocean Port (includes existing land disturbance) 35 Sepik 
Sepik Power Grid Project 
 Northern Transmission Line  1,770 Nena/Sepik 

Total 16,000  
Notes: *Total disturbed area has removed areas where infrastructure footprints overlap.  Therefore, these areas represent the total 

area of disturbance and not the actual size of each project component. 
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Figure 5: Development schedule 
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1.6 Overview of sediment study 
As noted above and shown in Table 5, the majority of the mine infrastructure will be located in the Ubai Creek, 
Nena River and Frieda River catchments.  Numerical modelling has been undertaken for sediment transport 
predictions in these catchments.  The infrastructure corridor will extend north-west from the mine area 
crossing a number of rivers, including the May and Sepik rivers, to the Vanimo Ocean Port.  Semi-quantitative 
assessments have been undertaken for sediment transport predictions in these catchments. 

The open-pit will be located in the upper reaches of Ubai Creek while the waste rock and tailings generated 
from mine operations will be deposited in the ISF impoundment located in the upper Frieda River catchment.  
Quarries/borrow pits and other mine-related infrastructure (including processing facilities, site accommodation 
village, quarries and waste rock conveyor) will also be located in the Nena and Ubai catchments. 

In total, the proposed tonnages of ore and waste rock to be mined over the life of the FRCGP are estimated to 
be approximately 1,493 Mt and 1,558 Mt, respectively.  The ISF impoundment will provide permanent 
subaqueous storage of FRCGP process tailings and waste rock from which acid and metalliferous drainage 
could occur if exposed.  The tailings will be thickened and deposited via a pipeline.  The waste rock will be 
crushed and conveyed to a barge loading facility for transport and deposition (via barge dumping).  
Subaqueous storage of tailings and waste rock will limit the potential for acid generation. 

Water stored in the ISF will be used to generate hydroelectric power before being discharged into the Frieda 
River. 

Sediment loads from major infrastructure development areas will be discharged via sediment ponds or other 
suitable sediment control structures to adjacent watercourses.  Sediment ponds and other sediment control 
infrastructure will be designed for the Project to settle out particles of diameter 0.02 mm and larger.  This is 
equivalent to a medium to fine silt. 

As a result of the mine development and operational strategy the sediment assessment for this study required 
three separate sediment models, consisting of a single Pre-Project model and two model areas defining the 
Construction, Operation and Post-closure conditions based on catchment areas upstream and downstream of 
the ISF, as detailed below: 

 Pre-Project: Ubai/Uba/Nena/Ok Binai/Frieda/Sepik model (noting the Frieda River includes the Niar River 
catchment) to define sediment concentrations (suspended and bed load), sediment loads and changes in 
river bed levels under pre-Project (assumed baseline) conditions 

 Construction, Operation and Post-closure: 

▪ Ubai/Uba/Nena/Ok Binai/Niar model to define sediment concentrations and sediment loads along the 
watercourses and into the ISF and changes in river bed levels during construction, operations and 
post-closure as a result of sediment inflow: 

− occurring from the non-impacted catchments (as for the pre-Project condition) 

− from the mine-impacted areas along Ubai Creek, Uba Creek, Ok Binai, Nena River and Frieda 
River to the ISF embankment. 
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▪ Frieda/Sepik model to define sediment concentrations, sediment loads and changes in river bed 
levels during construction operations and post-closure as a result of outflows from the ISF, local 
inflows to the Frieda River downstream to the Sepik River confluence, inflows from the Sepik River 
upstream of this confluence, and along the Sepik River downstream of the confluence (including 
inflows from the Wario and April rivers) to a location at Ambunti some 200 km downstream of this 
confluence including: 

− naturally occurring sediment from the catchments (as for the pre-Project condition) 

− outflow from the ISF 

− from the mine-impacted areas adjacent to Frieda River downstream of the ISF. 

This is discussed further in Section 2.3 with the modelling undertaken to define sediment loads pre-Project 
(i.e. existing baseline conditions) and during construction, operation and post-closure.  As impoundment of the 
ISF will occur prior to commencement of mine pre-stripping, the results for the construction period necessarily 
take into account contributing sediment loads from all upstream catchments and construction areas prior to 
commencement of ISF river impoundment. 

2.0 OUTLINE OF APPROACH TO SEDIMENT ASSESSMENT 
2.1 Definition of sediment 
Sediment discharge, or transported sediment, comprises wash load, suspended (bed material) load and 
bed load.  Van Rijn (1993) defines these as: 

 Wash load: That part of the suspended load that is composed of particle sizes smaller than those found 
in appreciable quantities in the bed material.  It is in near-permanent suspension and, therefore, is 
transported through the stream without deposition.  The discharge of the wash load through a reach 
depends only on the rate with which these particles become available in the upslope catchment area and 
not on the transport capacity of the flow.  Wash load is commonly taken as the silt and clay fraction of the 
bed sediment, that is the fraction with grain sizes less than 0.062 mm. 

 Suspended (or bed material) load: That part of the total sediment transport that is maintained in 
suspension by turbulence in the flowing water for considerable periods of time without contact with the 
streambed.  It moves with practically the same velocity as the flowing water.  The bed sediment consists 
of particles that are coarser than the wash load. 

 Bed load: The sediment in almost continuous contact with the bed, carried forward by rolling, sliding 
or hopping (saltation). 

Total sediment load is the summation of wash load, suspended (bed material) load and bed load. 

Wash load tends to be uncorrelated with discharge and is a function of the upstream characteristics (sediment 
supply) of the drainage area.  As defined above, this component of the sediment load generally remains in 
suspension unless the stream velocity approaches zero, such as in a reservoir, along river reaches of 
extremely low gradient, or in overbank flow areas and floodplains.  On the other hand, suspended (bed 
material) load and bed load components of the sediment load are better correlated to flow. 

The sediment transport approach used in the current study applies to the estimation of suspended 
(bed material) and bed loads.  In the following sections of this report the suspended and wash loads are 
collectively referred to as suspended sediment. 
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As outlined in Section 3.0, sediment discharge measurements have been undertaken in a number of rivers 
within the Project area since the mid-1990s through to the late 1990s, with very infrequent sampling occurring 
over a limited period at some sites from 2008 to 2011.  Samples are generally taken in the mid to upper levels 
of the flow profile and as a result only the wash load component is generally measured unless suspended 
loads rise to these levels.  Bed load, which is particularly difficult to monitor, has not been measured.  This is 
not uncommon and in most instances this component of the sediment load is approximated as a percentage 
of the suspended sediment load. 

2.2 Approach to estimating sediment loads 
This study is aimed at assessing baseline conditions and potential future impacts of mining and associated 
infrastructure development activities (construction, operation and post-closure) on levels of sediment 
concentration and bed changes within the immediate Project area and downstream river network. 

Given the spatial and temporal variability inherent in the natural system in terms of climate (particularly 
rainfall), catchment physiography and hydrology, and limitations in the availability of measured streamflow and 
sediment data, the analyses have been based on applying a Mobile Bed Sediment Transport (MBST) model 
developed at the regional scale.  The MBST module is part of the Hydrologic Engineering Centreôs River 
Analysis System (HEC-RAS) platform (USACE, 2016). 

MBST combines hydrologic, sediment and hydraulic information for a river system to derive the daily sediment 
budget (suspended sediment and bed changes) based on observed (or modelled) flow conditions and local 
sediment load inputs.  Suspended sediment loads along the river network are quantified based on the local 
sediment inflows (whether from natural sources or as a result of mining) combined with changes in local bed 
contribution (both deposition and erosion) and computed sediment transport capacities within the river reach.  
This takes into consideration the physical characteristics of the river system (such as channel slopes, channel 
widths, overbank flow areas) and natural and mine and infrastructure development induced sediment loads 
and bed composition. 

The overall approach to quantify sediment transport incorporates the following: 

 Defining the river network to be included in the modelling. 

 Defining channel cross-sections along the adopted river network.  These were derived from available 
topographic information (light detection and ranging (LiDAR) data) in the upper Frieda and Nena river 
catchments, contours along the lower Frieda and Sepik rivers based on coarser resolution Shuttle Radar 
Topography Mission (SRTM) data, and measured cross-sections along the latter obtained during recent 
hydrographic field measurement programmes.  The river sections were developed utilising the 
HEC-GeoRAS system (USACE, 2009) along with some manual interpretation based on field 
observations. 

 Hydraulic analyses along the river network to define flow velocities, flow depths and cross-sectional flow 
areas using the HEC-RAS model Version 5 (USACE, 2016). 

 Estimation of sediment inflows under pre-Project conditions and as a result of FRCGP and FRHEP 
operation during construction, mining and during and post-closure. 

 Estimation of sediment transport along the river network for all model scenarios using the MBST module 
within HEC-RAS. 

Each of these components is discussed in detail below while the staged hydraulic and sediment modelling 
development process is outlined in Figure 6. 
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Notes:  PSD ï Particle Size Distribution 

Figure 6: Flow diagram depicting staged model development process 

2.3 Adopted sediment modelling networks 
The mine area is located in the upper reaches of the Frieda River catchment.  As discussed above, the 
longitudinal gradients reduce considerably from in excess of 350 m/km in the vicinity of the mine to around 
0.02 m/km along the Sepik River downstream of its confluence with the Frieda River. 

As noted in Section 1.6 separate sediment models were established, namely: 

 1 Ĭ Pre-Project: Ubai/Uba/Nena/Ok Binai/Frieda/Sepik rivers 

 2 Ĭ Construction, operation and post-closure: 

▪ Upstream of the ISF for Ubai and Uba creeks, Ok Binai, Nena River and Frieda River to define 
sediment concentrations and bed level changes around the mine area and into the ISF 

▪ downstream of the ISF for the Frieda and Sepik rivers to define sediment concentrations and bed 
level changes along these watercourses. 

In defining the extent of the river networks and associated upstream and downstream boundaries in each 
model cognisance was taken of the following: 

Pre-project model 
The adopted river network comprised the overall river network draining from the mine area (Ubai and Uba 
creeks, Ok Binai, and Nena River), Frieda River and Sepik River downstream of its junction with the 
Frieda River. 
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Construction, operational and post-closure models 
As noted above, the construction, operational and post-closure scenario incorporated two models, the first 
comprising the Ubai and Uba creeks, Ok Binai and Nena and Frieda rivers upstream of the ISF and the 
second comprises the watercourses downstream of the ISF to the Sepik River and extending along the Sepik 
River to the downstream extent of the model near Ambunti.  When defining the extent of each of these models 
a number of factors were considered: 

 The mine area (including open-pit, mine infrastructure area, process plant, site accommodation village 
and ore and waste rock conveyor line) is located within the catchments of the Ubai and Uba creeks and 
Ok Binai with haul and access roads and other minor infrastructure adjacent to the Nena and Frieda 
rivers upstream of the ISF embankment. 

 Limited mine infrastructure is located within the Ok Binai catchment, predominantly comprising the 
limestone quarry, spoil dump adjacent to the limestone quarry and Ok Binai waste dump. 

 Downstream of the ISF embankment the main infrastructure will include the hydroelectric power facility 
and access roads. 

 In the initial stages of construction prior to completion and ISF impoundment (during Year -3, runoff and 
sediment from the upslope catchments, the mine area and impacted areas within the ISF storage 
footprint will continue to discharge along the Nena and Frieda rivers.  Following ISF impoundment, 
outflows will be determined by the hydroelectric power generation and environmental release 
requirements. 

 On the Sepik River below the Frieda River confluence, streamflow and sediment data are available at a 
number of locations downstream to Ambunti (located some 200 km downstream of the confluence of the 
Sepik and Frieda Rivers). 

 River channel cross-sections along the Sepik River are available downstream to Ambunti.  The Sepik 
River has a relatively high transport capacity in relation available to suspended sediment concentration 
data. 

 Observed sediment concentrations and associated particle size distribution (PSD) curves derived 
from bed material at various locations along the Sepik River indicate suspended sediment loads 
predominantly comprise clay and fine silt. 

The latter two aspects relating to the Sepik River sediment loads, also discussed in Section 3.2 below, 
suggest the wash load conveyed within the Sepik River will remain largely suspended under both existing 
(pre-Project conditions) and during construction, operation and post-closure (Project-related conditions) until 
ultimately being discharged into the Bismarck Sea. 

On this basis, the adopted river network defined for the construction, operational and post-closure models 
comprised: 

 Ubai Creek through the mine area downstream to its confluence with the Nena River 

 Uba Creek through the mine area downstream to its confluence with the Nena River 

 Nena River between its confluences with Uba and Ubai creeks and Niar River (which extends along the 
majority of the ISF impoundment area) 

 Ok Binai 
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 Frieda River (which includes the Niar River catchment) to its confluence with the Sepik River 

 Sepik River extending from the Frieda River confluence downstream to Ambunti. 

The inflows from the major catchments contributing to this system but not directly simulated included: 

 Upper Nena River 

 Niar River 

 Sepik River upstream of the Frieda River confluence 

 Wario River 

 April River. 

For ease of presentation of results the model upstream of the ISF is referred to in the following sections as the 
Ubai/Nena/Ok Binai model and below the ISF as the Frieda/Sepik model.  Schematics showing the extent of 
the river networks included in each model in the hydraulic and sediment assessment are shown in Figure 7 
and Figure 8, respectively.  The extent of the combined models is consistent with the extent of the single 
pre-Project model. 

3.0 OVERVIEW OF AVAILABLE HYDROLOGIC AND SEDIMENT DATA 
The feasibility of developing the Frieda River copper-gold deposits has been under investigation for a number 
of decades.  As a result, various different data collection programmes to monitor streamflow, rainfall and 
sediment concentrations have been previously established in the immediate vicinity of the FRCGP and also to 
a lesser extent along the Sepik River and several of its tributaries.  These not only provide basic site data 
required to undertake the engineering and environmental studies for the Project but also provide key 
information required to establish baseline environmental conditions against which potential Project impacts 
and changes can be quantified following Project implementation.  An overview of the available data is 
presented below. 

3.1 Hydrometeorological data 
Previous and existing networks 
Overviews of previous and current hydrometeorological networks operating in the vicinity of the FRCGP are 
presented in earlier reports associated with the FRCGP detailing their establishment and operation 
(e.g. Hydrobiology, 2009a, SRK, 2018a).  The monitoring networks of the Project can be summarised as 
follows: 

 The initial network, including several stations operated by the PNG Government, was commenced in the 
mid-1960s. 

 As part of the engineering and environmental studies commencing in 1993, a network of hydrometric and 
rainfall stations with digital recorders was established and operated by Ecowise Environmental Pty Ltd 
(Ecowise).  Immediately prior to its abandonment in 1999, this network comprised seven operational 
pluviographs (from an original installation of 14 sites), and 12 hydrometric stations (from an original 16 
sites).  Rainfall and total suspended solids (TSS) measurements were recorded at some of these 
stations. 
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Figure 7: Sediment modelling network for Ubai//Uba/Nena/Ok Binai/Frieda model 
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Figure 8: Sediment modelling network for Frieda/Sepik model 
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 In 2008 a number of rainfall and hydrometric stations, again with digital recorders, were re-established 
and have been monitored quarterly by Sentinel Pty Ltd (Sentinel).  This monitoring has continued 
intermittently from 2008 to date. 

Details of the stations for which hydrological and meteorological data are available for the current study are 
presented in Table 6 and Table 7, respectively.  The locations of the stations operating prior to 1999 and 
those monitored in more recent years are shown on Figure 9 and Figure 10, respectively.  Locations of 
hydrometric stations in the vicinity of the mine area are also shown in Figure 10. 

3.2 Sediment data 
Periodic sediment sampling has been undertaken at stream gauging sites both in the vicinity of the FRCGP 
and also further downstream on the Sepik River.  This has included TSS and bed material sampling.  No 
sampling has been undertaken to define bed load sediment transport. 

The TSS sampling programme included: 

 TSS sampling undertaken periodically at 16 sites from 1995 to 1998.  Although carried out a number of 
years ago, these provide an indication of suspended sediment loads under baseline (pre-mining) 
conditions.  Around 2,000 samples were taken, the great majority being based on rising stage samplers 
(RSS), with a smaller number from grab and depth integrated (DI) sampling.  For those sites where 
stream discharge measurements were undertaken and streamflow rating relationships were developed 
between river stage and discharge, the concurrent discharges were also available.  This enabled plots of 
TSS versus discharge to be developed. 

 The locations of the TSS sampling sites are shown in Figure 11.  These form a subset of those sites in 
the sampling programme that recommenced in 2007, as discussed below. 

 A summary of the number of TSS measurements considered to be reliable is presented in Table 8, 
while graphs of TSS versus discharge for a number of sites relevant to the study are included as 
Appendix A.  These graphs highlight the large variability in TSS concentrations at all sites but also 
reflect likely inherent inaccuracies in the sampling, particularly associated with those based on the 
RSS measurements. 

 TSS sampling recommenced in December 2007 as part of a quarterly monitoring programme.  A report 
(Hydrobiology, 2009a) was available presenting results for the surveys undertaken in December 2007, 
April 2008, July 2008, October 2008 and December 2008 when a total of 41 sites were sampled.  
Two surface water sediment quality rounds (December 2007 and October 2008) at a subset of 20 sites 
were also carried out in addition to limited sampling in September 2007. 

 Sampling undertaken as part of the ongoing quarterly monitoring programme since 2008.  The locations 
of the currently operated sampling sites are shown on Figure 11. 

 The sampling generally included one TSS measurement per monitoring round.  No concurrent discharge 
(or river stage) was recorded.  Therefore, discharges could only be inferred if the sites were installed with 
automatic water level data loggers and discharge rating curves were available.  In addition, PSDs were 
also derived at most locations from bed material samples collected as part of this programme. 
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Table 6: Daily hydrological data available to current study 

Station Project 
Station No. Latitude Longitude 

Catchment 
Area 
(km2) 

Period of Record 
Streamflow 

Yok Creek (formerly Waste Dump Creek) at Mine (GS 105200) W44/105200 04 38 26 S 141 44 26 E 1.2 12/1994-6/1999, 4/2008-10/2015 
Nena River U/S Gorge (GS 105300) W28/105300 04 40 02 S 141 42 40 E 98 5/1995-6/1999, 4/2008-10/2015 
Nena River D/S Ubai Creek (GS105310) W29/105310 04 39 08 S 141 48 29 E 201 12/1994-6/1999, 4/2008-10/2015 
Ok Binai (GS 105320) W43/105320 04 40 41 S 141 51 40 E 69 7/1995-6/1999, 4/2008-10/2015 
Frieda River D/S Nena Junction (GS 105450) W30/105450 04 39 00 S 141 55 30 E 1 036 1/1981-6/1999, 4/2008-10/2015 
Frieda River D/S Airstrip (GS 105460) W23/105460 04 24 35 S 142 00 18 E 1 387 2/1995-6/1999, 4/2008-12/2010 
Wario River at Nekei (GS 105610) W36/105610 04 31 35 S 142 08 02 E 1 668 2/1995-12/1998, 11/2008-2/2010 
Sepik River U/S May River Junction (GS 105930) W33/105930 04 14 50 S 141 53 46 E 23,000 2/1995-6/1999, 4/2008-11/2010 
Sepik River at Iniok (GS 105940) W34/105940 04 17 14 S 142 01 23 E 25,200 2/1995-8/1997 
Sepik River at Kubkain (GS 105945) W35/105945 04 18 40 S 142 19 37 E 29,500 12/1996-5/1999, 4/2008-12/2010 
Sepik River at Ambunti 1 (GS 105950) W50/105950 04 13 10 S 142 49 31 E 40,900 5/1967-9/1992 

Notes: 1Only average, maximum and minimum daily flows for each month available 

NA = Not Available 

U/S = upstream 

D/S = downstream,  
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Table 7: Daily rainfall data available to current study 

Station Project 
Station No. Latitude Longitude Approx. Elevation 

(m) Period of Record 

May River U/S Mission (GS 105020) W32 04 21 42 S 141 46 19 E 40 1/1996-6/1999 
Waste Rock Creek at Mine W44 04 38 26 S 141 44 17 E 425 12/1994-6/1999, 4/2008-2015 
Lower Nena D/S Ubai Creek  W29 04 39 08 S 141 48 29 E 190 12/1994-6/1999, 4/2008-/2015 
Upper Sepik U/S May River Junction  W33 04 14 54 S 141 53 24 E 40 10/1994-6/1999 
Upper Nena U/S Gorge  W28 04 40 02 S 141 42 40 E 635 5/1995-6/1999, 4/2008-2015 
Ok Binai U/S Tailings Dam Site W42 04 40 41 S 141 51 40 E 110 7/1995-12/1997, 4/2008-11/2010 
Frieda River D/S Nena Junction  W30 04 39 00 S 141 55 30 E 100 2/1995-6/1999, 4/2008-2015 
Frieda River D/S Airstrip (GS105460) W23 04 24 35 S 142 00 18 E 60 5/1995-6/1999, 4/2008-2015 
Wario River at Nekei (GS 105610) W36 04 31 14 S 142 08 03 E 40 2/1995-12/1998 
Wario River U/S Sepik Junction (GS 105620) W49 04 20 18 S 142 15 11 E 30 5/1995-3/1999, 8/2008-12/2008 
Sepik River at Iniok (GS 105940) W34 04 24 35 S 142 00 18 E 25 2/1995-6/1999, 4/2008-2015 
Sepik River at Kubkain  W35 04 18 41 S 142 19 37 E 20 1/1998-6/1999, 4/2008-2015 
May River D/S Usage Junction (GS 105010) W06 04 32 36 S 141 35 34 E 60 1/1995-12/1998, 2008-2010 
Upper Stolle NA 04 45 40 S 141 40 16 E 2,240 4/2008-2015 
Ok Binai at Madang Ridge NA 04 42 49 S 141 46 12 E 627 4/2008-2015 
Ok Mima W01 04 33 39 S 141 41 35 E 480 4/2008-5/2010 
Middle Stolle NA 04 42 06 S 141 40 30 E 850 1/2009-2015 
Ok Binai (GS 105320) W43 04 43 16 S 141 49 08 E 120 1/2009-2015 
Sokamin NA NA NA NA 1/2009-3/2009 
Upper May W31 04 26 42 S 141 36 12 E 40 1995-1999, 1/2009-2010 
Yok Creek (formerly Waste Dump Creek) Top NA 04 38 45 S 141 43 20 E 1,060 4/2008-3/2009 

Notes: 1Only average, maximum and minimum daily flows for each month available 

NA = Not Available 

U/S = upstream 

D/S = downstream 
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Source: Frieda River Project Environmental Review (NSR, 1999).  Locations of some mine infrastructure differ from proposed. 

Figure 9: Locations of hydrometeorological stations in vicinity of the FRCGP and FRHEP area 1994 to 1999 



September 2018 1788839-001-R-Rev3 

 

 
 

 28 
 

 

Source: Coffey Services Australia Pty Ltd 

Figure 10: Locations of existing hydrometeorological stations in vicinity of FRCGP and FRHEP area 
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Source: Baseline Water Monitoring Program Annual Report ï December 2007 to December 2008 (Hydrobiology, 2009a), Sentinel Database. 

Figure 11: Locations of sediment survey sites in vicinity of FRCGP and FRHEP area 
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Table 8: Historical TSS sampling programme 

Station Project 
Station No. Latitude Longitude 

No. 
Rising 
Stage 

No. 
Grab 

No. Depth 
Integrated 

Period of 
Record 

Range in 
Measured 
TSS (mg/L)1 

Yok Creek (formerly Waste Dump Creek) at 
Mine (GS 105200) W44/105200 04 38 26 S 141 44 26 E 2 2 2 11/1998-2/2010 No data 

Nena River U/S Gorge (GS 105300) W28/105300 04 40 02 S 141 42 40 E 143 6 11 6/1995-8/2010 1-3,500 
Nena River D/S Ubai Creek (GS105310) W29/105310 04 39 08 S 141 48 29 E 124 6 17 11/1995-8/2010 1-8,700 
Ok Binai (GS 105320) W43/105320 04 40 41 S 141 51 40 E 98 14 24 11/1995-8/2010 1-1,150 
Frieda River D/S Nena Junction (GS 105450) W30/105450 04 39 00 S 141 55 30 E 223 45 74 6/1995-8/2010 1-6,500 
Frieda River D/S Airstrip (GS 105460) W23/105460 04 24 35 S 142 00 18 E 126 48 48 6/1995-2/2010 8-1,450 
Wario River at Nekei (GS 105610) W36/105610 04 31 35 S 142 08 02 E 64 8 9 6/1995-2/2010 1-430 
Sepik River U/S May River Junction (GS 
105930) W33/105930 04 14 50 S 141 53 46 E 26 29 30 8/1995-10/1998 35-4,700 

Sepik River at Iniok (GS 105940) W34/105940 04 17 14 S 142 01 23 E 12 10 10 6/1995-8/1997 50-3,300 
Sepik River at Kubkain (GS 105945) W35/105945 04 18 40 S 142 19 37 E 37 39 41 11/1996-2/2010 3-35,00 
Sepik River at Ambunti 1 (GS 105950) W50/105950 04 13 10 S 142 49 31 E 21 19 19 5/1996-4/1998 15-895 
Usage River U/S May River Junction 
(GS105120) W03/105120 04 32 24 S 141 35 45 E 46 2 5 6/1995-1/1996 10-150 

May River D/S Usage River Gauge (GS105010) W06/105010 04 32 36 S 141 35 34 E 51 17 20 2/1995-2/2010 1-440 
May River Upstream of Mission (GS105020) W32/105020 04 21 42 S 141 46 19 E 63 25 28 11/1995-2/2010 4-1,050 
Wario River U/S Sepik River (GS105620) W49/105620 04 20 18 S 142 15 11 E 50 51 54 8/1995-10/1998 17-3,500 
Total    1084 319 390   

Notes: 1Based on grab and depth integrated samples (excludes rising stage samples) 

U/S = upstream 

D/S = downstream. 
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 A sediment survey at 36 sites, mostly along the Sepik River and several on tributaries including the May, 
Frieda, Wario and April Rivers, was undertaken from 14 to 27 November 2008 (Hydrobiology, 2009b).  
The locations of the sites are shown on Figure 12.  The sampling formed part of an environmental 
baseline survey with those parameters relevant to the sediment study including: 

▪ flow gauging using Acoustic Doppler Current Profiler (ADCP) technology 

▪ water sampling for TSS analyses 

▪ suspended sediment samples for PSD analyses 

▪ bed sediment samples for PSD analyses 

▪ bank top and levee samples for geotechnical analyses. 

 TSS estimates were derived and are compared in Figure 13 based on distance along the Sepik River 
(Hydrobiology, 2009b).  Although there is some variability in TSS along the river, the concentrations were 
generally consistent at between 400 mg/L and 600 mg/L at locations below the junction of the Frieda and 
Sepik rivers. 

The D50s (median particle size or particle size at which 50% of the material is smaller) associated with 
the TSS samples are presented graphically in Figure 14 (Hydrobiology, 2009b).  These also indicate a 
generally consistent mean particle size diameter of around 5 to 8 microns indicating the suspended load 
in the Sepik River is predominantly clay and fine silt.  Sediment concentration was also generally 
constant along the lower reach of the Sepik River between the Frieda River junction and Ambunti. 

The D50s of the PSDs based on the bed material sampling are also shown in Figure 14.  The D50s for 
the samples were generally between 0.15 mm to 0.23 mm, comparable to a fine to medium sand.  The 
PSDs presented by Hydrobiology (2009b) also indicated the samples were extremely uniform with 
around 90% to 95% of the samples ranging in size from 0.075 mm to 0.30 mm.  This was visually 
confirmed during the site visit by a senior Golder hydrologist in April 2009, where deposits that could be 
readily seen on exposed river beds comprised predominantly grey, uniform sand. 

Comparing the two sample data sets, suspended sediment particles are shown to be around 20 times 
finer than the bed material. 

It is noted that as no bed load sampling was undertaken it was not possible to directly define the total 
sediment load (suspended load plus bed load) based on these data. 

 Ongoing sediment surveys undertaken during previous studies for the Sepik Development Project 
(Hydrobiology, 2011) at 10 sites along the Sepik River and on watercourses within the mine area.  The 
locations are listed in Table 8.  In total 48 additional suspended sediment samples were taken. 

 Sediment samples using a Van Veen grab sampler at a number of locations by BMT WBM (BMT WBM, 
2016) from which PSDs were defined.  These included 70 samples by Hydrobiology from 2007 to 2010 
(as noted above) and 81 samples by BTM WBM (2018) from 2012 to 2013.  No associated sediment 
concentrations were, however, available. 

A summary of all TSS sampling undertaken more recently by Sentinel (2007 and onwards) is presented as 
Appendix B. 
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Source: Sepik River Sediment Survey (Hydrobiology, 2009b). 

Figure 12: Locations of 2008 one-off sediment survey sites along Sepik River 
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Notes: Concentration refers to TSS. 

Source: Sepik River Sediment Survey (Hydrobiology, 2009b) 

Figure 13: Flow and TSS with distance along Sepik River (Nov, 2008) 

 

Source: Sepik River Sediment Survey (Hydrobiology, 2009b). 

Left vertical axis refers to bed sediment, right vertical axis refers to suspended sediment 

Figure 14: D50 (suspended and bed sediment) with distance along Sepik River 
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3.3 Mapping and topographic data 
Mapping for the immediate ISF area and downstream to the Sepik River was obtained from a number of 
sources. 

During earlier studies for the FRCGP, topography for the Frieda River catchment was derived using the SRTM 
digital terrain data.  Subsequently, LiDAR survey data became available covering much of the immediate 
FRCGP and FRHEP area and for reaches along the Frieda River and May River. 

The LiDAR and SRTM digital terrain data were used to derive river channel cross-sections for the hydraulic 
modelling.  This information was augmented with additional river channel surveys along the Frieda River plus 
channel cross-sections along the Sepik River measured during the various suspended sediment sampling 
programmes. 

4.0 STREAMFLOW ASSESSMENT 
As noted in Section 3.1, only limited streamflow measurement data are available for watercourses within the 
Project area, those in the near vicinity, or along the Sepik River at or downstream of its confluence with the 
Frieda River.  The records at most locations are relatively short with intermittent missing data.  Streamflow 
estimates were required to define flows at a number of locations within the Project area and downstream of 
the Frieda and Sepik rivers for a number of the study components including sediment studies, water quality 
assessments and overall site water balance studies (all being undertaken by others except for the sediment 
study presented in this report).  These streamflows were required for the assessment of baseline (pre-Project) 
conditions and during the sediment impact assessments for the construction, operation and post-closure 
phases. 

To provide consistency between the flow estimates throughout the Project area and to account for any 
variation in streamflows under the different scenarios stochastic streamflow generation was undertaken by 
SRK (SRK, 2018a).  This stochastic streamflow dataset is the same dataset that has been used for the site 
wide water balance and load modelling, ensuring consistency in streamflow used for assessments for the 
Project. 

An overview of the historic streamflow information upon which the stochastic flows were based, and the 
stochastic series used in the sediment studies is presented below. 

4.1 Historic streamflow and catchment runoffs 
Estimates of annual catchment runoffs were derived during earlier studies for the FRCGP for a number of 
sites to provide an assessment of variability in surface runoff in the region.  The results outlined in Table 9, 
presented as mm/y estimates, highlight the significant reduction in runoff between the Frieda and Nena river 
catchments and those of the overall, and significantly larger, Sepik River catchment (which includes the Frieda 
and Nena rivers). 

Table 9: Estimated average annual catchment runoffs 

Site Catchment Area 
(km2) 

Estimated Annual 
Rainfall Runoff 

(mm/y) 
Yok Creek at Mine (GS 105200) 1.2 6,240 
Nena River U/S Gorge (GS 105300) 98 5,890 
Ok Binai (GS 105320) 69 6,380 
Frieda River D/S Nena Junction (GS 105450) 1,036 6,570 
Sepik River U/S May River Junction (GS 105930) 23,000 2,250 
Sepik River at Kubkain (GS 105945) 29,500 3,220 
Sepik River at Ambunti (GS 105950) 40,900 2,790 
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Estimated average annual runoffs at the stations in the catchments upstream of the Frieda River range from 
around 5,900 mm to 6,400 mm while for the Frieda River D/S Nena Junction it is approximately 6,570 mm. 

Average annual runoffs for stations on the Sepik River are considerably lower, ranging from around 2,250 mm 
for the station upstream of May River Junction to around 2,790 mm for the station at Ambunti, although the 
runoff at the Kubkain stream gauging station appears to be anomalously high at 3,220 mm.  This marginal 
increase in runoff (in the downstream direction along the Sepik River between the stations U/S May River 
Junction and Ambunti) reflects a combination of: 

 Lower runoff in the upper part of the Sepik River catchment (above the May River junction) as a result of 
lower rainfalls in that area in comparison to the Project area, and 

 Higher runoff contributions from the catchments associated with the May, Frieda, Wario and April rivers, 
which together constitute the main runoff contributing areas to the Sepik River between the stream 
gauging station at U/S May River Junction and Ambunti.  The May River is immediately to the west of the 
Frieda River catchment and the Wario and April rivers immediately to the east of the Frieda River 
catchment.  All catchments associated with those rivers are comparable climatically and 
physiographically to the Frieda River catchment.  Rainfall and runoff in the upper reaches of the May 
River could therefore be assumed to be comparable to the Frieda River catchment, which is in excess of 
6,000 mm annually. 

The average monthly discharges for the two longer term stations, Sepik River at Ambunti (1962 to 1992) and 
Frieda River D/S Nena Junction (1981 to 2015, excluding the missing record from 2000 to 2007), are 
presented in Table 10. 

Average monthly discharges for the Frieda River show some monthly variability with slightly higher average 
flows from February to April.  The averages do not, however, reflect the significant range in daily (and 
instantaneous) discharges that are observed.  The average monthly flows for the Sepik River are more 
seasonally distributed with higher discharges also occurring from February to April. 

Although the periods of available flow data are in some cases only of the order of four to five years in length, 
their overall reliability is considered good, as much of the data have been collected as part of the ongoing 
baseline studies for the Project.  The records have, therefore, been reviewed closely during data collation and 
the sites have been maintained in good order during operation. 

Table 10: Average monthly discharges for Frieda and Sepik rivers 

Month 
Frieda River D/S 
Nena Junction 

(m3/s) 

Sepik River 
at Ambunti 

(m3/s) 
January 225 3,966 
February 257 4,218 
March 250 4,527 
April 244 4,720 
May 215 4,096 
June 208 3,261 
July 211 3,059 
August 219 2,644 
September 210 2,676 
October 229 3,203 
November 208 3,394 
December 212 3,548 
Annual 223 3,616 
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4.2 Stochastic streamflows 
For the current study 100 alternative daily streamflow sequences generated by SRK (2018a) for various 
locations were available for use in the hydrologic and hydraulic analyses.  The duration selected was 44 
years, comparable to the period of construction, operation and post-closure adopted for the simulation of 
sediment impacts. 

The locations at which the flows were derived are consistent with the Assessment Points (AP) adopted to 
evaluate potential Project impacts.  These are listed in Table 11, with their locations shown in Figure 15. 

The HEC-RAS hydraulic model requires inputs of daily flows at numerous locations.  However, each 
sequence of stochastic flows has an equal probability of occurrence and has statistics comparable to those 
associated with the observed flows at the local stream gauging sites. 

The period of FRCGP implementation/construction is planned to extend for seven years (from Years -7 to -1 
although only limited site works will occur in Year -7) with mining extending for 33 years (Year 1 to Year 33).  
The available flow series therefore provided estimated daily streamflow discharge data to evaluate sediment 
concentrations during the following periods: 

 Project Implementation/Construction (7 years) 

 Operation (33 years), and 

 Post-closure (4 years). 

Table 11: Assessment points for project evaluation 

Assessment 
Point Stream Location Easting Northing Catchment Area 

(km2) 
AP1 Ubai Creek Ubai Creek U/S Nena River 587 573 9 482 676 20 
AP2 Uba Creek Uba Creek U/S Nena River 586 686 9 484 334 6 
AP3 Nena River Nena River U/S Uba Creek 585 756 9 485 363 151 
AP4 Nena River FRHEP northern arm 600 888 9 485 937 351 
AP5 Niar River FRHEP southern arm 601 723 9 483 812 652 
AP6 Frieda River FRHEP spillway/offtake 603 751 9 487 432 1,034 
AP7 Frieda River Frieda River at Frieda Airstrip 606 698 9 490 214 1,047 
AP8 Frieda River Frieda River U/S Kaugumi Creek 609 703 9 498 016 1,092 
AP9 Frieda River Frieda River at Frieda Mountain 613 056 9 500 190 1,210 
AP10 Frieda River Frieda River at Lower Frieda GS 612 331 9 509 042 1,345 
AP11 Frieda River Frieda River U/S Sepik River 611 840 9 521 775 1,466 
AP12 Sepik River Sepik River at Iniok GS 613 145 9 525 695 25,200 
AP13 Sepik River Sepik River at Kubkain GS 649 377 9 252 394 29,500 
 

In selecting the sequence, the average daily flow for each 44-year flow series was derived and compared to 
the long-term average of all sequences.  Those series with a comparable average daily flow to the long-term 
average were then reviewed more closely to identify a single, representative flow series with a range of high 
and low flows that reflected the observed variability in daily flows at stream gauging stations such as the 
Frieda River Downstream Nena Junction (GS 105450).  Sequence number 88 was subsequently adopted for 
the ongoing analyses.  This 44-year period represents the ódesignô sequence in the analyses detailed below. 
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Source: Coffey Services Australia Pty Ltd 

Figure 15: Assessment points for comparison of Project-related sediment impacts 
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In summary: 

 Pre-Project flows: provide a representation of baseline conditions 

 Construction and operational flows: incorporate the impacts of mine construction and operation including 
water abstraction and transfer (e.g. open-pit inflows and abstraction for the mine site), changes in flows 
around the open-pit and mine infrastructure, and the effects of the operation of the ISF, and 

 Post-closure flows: incorporate changes in flows at the end of mining operations. 

Overall for the selected sequence the daily flows exhibited typical natural variability, with the average daily 
flows being generally comparable: 

 Project Implementation/Construction: 16,400 ML/d 

 Operation: 17,200 ML/d 

 Post-closure: 16,800 ML/d. 

As larger sediment loads are generally associated with higher flows, in selecting the series it was also 
important to ensure the selected sequence contained a similar proportion of high flows as observed in the 
historic flow series at the existing stream gauging stations in the Project area.  A review of the adopted 
stochastic series (sequence 88) confirmed this to be the case. 

5.0 ESTIMATION OF SEDIMENT INFLOWS 
For the assessment of sediment inflows to the river network, two cases were considered: 

 Sediment loads for the Nena River (and its tributaries), the Frieda River, and point inflows on the Frieda 
and Sepik rivers under existing conditions, and 

 Additional sediment loads to the river and creek systems as a result of mine infrastructure development 
and FRHEP construction (ISF embankment and associated infrastructure) and subsequent operation 
including sediment loads from mine-impacted areas and also the waste rock and tailings deposited in the 
ISF. 

An outline of the approach to the estimation of sediment loads under both conditions is presented below. 

The estimation of PSD curves for sediment discharging from the natural catchments, point inflows associated 
with major tributaries to the adopted river network, from mine-impacted areas and associated infrastructure 
and from the waste rock and tailings is also discussed. 

5.1 Estimation of sediment loads under existing conditions 
Sediment inflows and transport in the river network is likely to vary considerably between the upper 
catchments in the vicinity of the mine and the lower Frieda and Sepik Rivers.  This largely reflects the 
significant differences in catchment topography and vegetation between these areas and flow velocities in the 
steeper upper catchment rivers and downstream in the lower Frieda and Sepik Rivers.  For the current study, 
estimates of sediment loads under existing conditions were based largely on the TSS measurements 
observed at a number of stream gauging stations in the vicinity of the Project area and along the Sepik River 
in recent years. 
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As outlined in Section 3.0, observed TSS and flow data are available for a limited number of hydrometric 
stations and monitoring locations within the Frieda and Nena river catchments and at several sites on the 
Sepik River.  These include: 

 Frieda River D/S Nena Junction (GS 105450) (W30) 

 Nena River U/S Gorge (GS 105300) (W28) 

 Ok Binai (GS 105320) (W43) 

 Sepik River U/S May River Junction (GS 105930) (W33) 

 Sepik River at Kubkain (GS 105945) (W35), and 

 Sepik River at Ambunti (GS 105950) (W50). 

The locations of the stations (referred to by numbers W28, W30, and so on) are shown on Figure 11. 

The approach to sediment inflow estimation and modelling involved deriving a sediment-discharge relationship 
at each of the sites based on the available TSS data and applying this to the available flow record for the 
same sites to derive estimates of annual suspended sediment loads from the upstream catchments.  
Estimates of bed loads were derived as a percentage of these values with the two components being added to 
define overall sediment load. 

As noted in Section 3.0, estimates of daily flows were available for all sites apart from the Sepik River at 
Ambunti.  At this station only mean, maximum and minimum daily discharges for all months were available.  
Nonetheless, the data indicated there is relatively low variability in daily flows within a month in the Sepik 
River as shown by: 

 A less than Ñ20% average variation in the maximum and minimum daily flows about the mean daily flow 
for each month (which, based on professional judgement, is relatively low), and 

 Minimal variation between the maximum and minimum daily flows within a month based on a comparison 
of the available average, maximum and minimum discharges for each month. 

This is consistent with flow patterns and hydrological responses of large catchments in the region with areas 
exceeding 20,000 to 30,000 km2.  For the current studies, daily flows within a month were, therefore, assumed 
equal to the respective average daily flow for that month. 

The observed TSS measurements showed significant scatter against flows for all sites with any ófittedô curve 
likely to have a low level of accuracy.  A generally representative relationship was, however, adopted to 
estimate sediment loads, with the selected curve representing a median of the sediment concentrations based 
on depth integrated and grab sample measurements across the observed range of flows.  The adopted 
TSS-discharge relationships are shown in Appendix A for those sites where sufficient data were available to 
make an initial assessment.  Overall, the historic sediment flow series are considered generally appropriate for 
this study. 

A summary of the average annual loads for the sites based on the adopted relationships is presented in 
Table 12.  It should be noted that the available flow series for the Sepik River at Kubkain is limited (incomplete 
data from 1996 to 1999 and 2008 to 2010).  Therefore, the derived suspended sediment loads at this site 
have been based on applying the stochastic flows representative of existing conditions (developed by SRK) as 
discussed in Section 4.2.  Although not based directly on observed flows, the estimated average annual 
suspended sediment yield is considered to be appropriate for this study. 
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Table 12: Estimated average annual sediment loads from local catchments under existing conditions 

Hydrometric Station 

Average Annual Sediment Load 
Suspended 

Load 
Bed 
Load Total Load 

(t/y) (t/y) (t/y) (m3/y) (t/ha/y) (mm/y) 
Frieda River D/S Nena 
Junction (GS 105450) 1,260,200 378,060 1,638,000 1,260,000 16 1.22 

Nena River (GS105300) 73,300 29,320 102,620 78,940 11 0.81 
Ok Binai (GS 105320) 31,500 12,600 44,100 33,920 6 1 0.50 
Sepik River U/S May 
River Junction (GS 
105930) 

19,570,000 1,957,000 21,527,000 17,313,000 9 0.67 

Sepik River at Kubkain 
(GS 105945) 24,235,000 2,424,000 26,658,000 20,506,000 8 0.70 

Sepik River at Ambunti 
(GS 105950) 31,227,000 3,123,000 34,350,000 22,677,000 7 0.65 

Notes: 1 Estimates of total sediment load for the Ok Binai are potentially inaccurate as discussed in text below. 

As noted in Section 3.2, no bed load data are available.  For the purpose of this assessment, the bed load is 
assumed to be around 40% of the suspended load for the Nena and Ok Binai stations, around 30% for the 
Frieda River station and 10% for the Sepik River stations.  This range in bedload estimates is considered 
appropriate for the following reasons: 

 The relatively steep channel gradients in the Nena and Ok Binai catchments and associated higher flow 
velocities (and associated shear stresses) providing the energy to generate greater bed load movement, 
i.e. saltation and rolling movements. 

 Generally lower flow velocities in the Sepik River and high proportion of clay and silt in the suspended 
load (commensurate with these low velocities). 

The bed load estimates are nonetheless uncertain but probably represent a conservative upper estimate of 
the actual values. 

Also included are the natural annual sediment load estimates expressed as a volume/year (assuming a 
material density of 1.3 t/m3) and an annual load/unit area.  This allows a relative comparison of sediment 
losses between different catchments in the vicinity of the Project area as well as with estimates based on 
studies in other similar topographic and climatic regions in PNG. 

The estimate of total load for Ok Binai in Table 12 appears low and based on a direct comparison to Frieda 
River estimate could potentially be as much as two times larger.  A review of the available sediment discharge 
measurements (see Appendix A) shows a significant scatter, even for those measurements based on the 
depth integrated sampling.  Adjusting the adopted sediment discharge relationship towards the upper 
boundary of the possible range in the TSS-discharge relationship resulted in an increase in the average 
annual sediment loss to around 90,000 t/y.  This suggests the adopted sediment rating curve is possibly 
inaccurate, reflecting the very limited number of sediment discharge measurements available for its definition.  
The actual sediment load from this catchment is considered more likely to be around 60,000 t/y. 

Based on the results for the Ok Binai and Nena sites in Table 12, current average annual sediment loss per 
unit area in the vicinity of the FRCGP and FRHEP area under existing conditions is estimated to be around 6 
to 11 t/ha/y. 
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The estimated current average annual sediment loss per unit area for the Frieda River D/S Nena Junction is 
around 16 t/ha/y.  This suggests losses from the Niar River catchment are some 18 t/ha/y, which is around 
double that of the Nena River catchment.  The reasons for this are not clear but may reflect increased clearing 
in the Niar River catchment and the infrequent, but significant impact of upslope landslips.  However, overall 
sediment concentrations (and loads) are relatively low in the Nena River, Ok Binai and Niar River 
watercourses. 

For the Sepik River the current average annual sediment losses per unit area for the three sites in Table 12 
are consistent with each other, ranging from around 7 to 9 t/ha/y.  This is not dissimilar to average natural 
catchment sediment yield estimates of: 

 14 t/ha/y for the Sepik River basin, based on an annual loss of 85 Mt/y reported by Kineke et al (2000) 
and assuming an overall basin area of around 60,000 km2, and 

 10.5 t/ha/y for the Fly River basin (another large river basin on the southern side of the Star Mountains, 
with its headwaters approximately 70 km south-west of the proposed mine area) under pre-mining 
conditions reported by Milliman (1995). 

Denudation rates (total load expressed in mm/y) vary between the catchments but are generally between 
around 1 mm/y in the upper, predominantly uncleared catchments around the mine to 0.7 mm/y for the overall 
Frieda and Sepik River catchments.  This indicates the denudation rates are potentially higher in the upper 
catchment areas.  These rates can be compared to a review of estimates in literature of denudation for large 
rivers in PNG of: 

 0.7 to 0.8 mm/y for the Sepik River and 0.8 mm/y for the Fly River (pre-mining) based on the sediment 
loads for these catchments outlined above 

 0.7 mm/y for the Ramu River (Chappell et al, 2011) 

 0.9 mm/y for the Sepik and Ramu rivers combined (Milliman, 1995) 

 2.98-4.05 mm/y for Ok Ningi, 1.72-2.96 mm/y for Ok Tedi, 0.37-0.46 mm/y for Ok Menga, 
0.30-0.56 mm/y for Alice River, in the Fly River Basin (Pickup et al, 1981), and 

 0.79 mm/y for Purari River at Wabo, which drains from the Southern Highlands in a south-easterly 
direction further to the east of the Fly River Basin (Pickup et al, 1981). 

5.2 Estimation of sediment loads resulting from mining and 
infrastructure corridor 

5.2.1 Outline of approach 
5.2.1.1 General 

Increased sediment loads are likely to occur in local watercourses in the vicinity of the Project area and 
for some distance downstream as a result of land clearance and construction activities and operation of the 
mine and associated infrastructure.  In the current study, estimates of these additional loads have been 
derived based on the Revised Universal Soil Loss Equation (RUSLE) (Renard et al, 1997).  This derives 
sediment loads (or soil losses) on an annual basis using the following equation: 

A = R Ĭ K Ĭ LS Ĭ C Ĭ P 

where: 

 A = computed average soil loss per unit area (t/ha/y) 

 R = rainfall-runoff erosivity factor (MJ*mm/(ha*hr*y)) 
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 K = soil erodibility factor (t*ha*hr/(ha*MJ*mm)) 

 LS = slope length-slope gradient factor 

 C = cover management factor, and 

 P = support practice factor. 

The analysis was based on applying the soil loss equation to the various Project areas impacted by mining, 
ISF embankment construction and along the infrastructure corridor.  These included open-pit, waste rock prior 
to its deposition in the ISF, haul roads, process plant, run-of-mine (ROM) pad and crusher areas assuming the 
development sequence over the life of the mine provided by FRL.  This provided an estimate of the likely long-
term average annual soil losses from the Nena River, Ok Binai and Niar River that would flow into the ISF. 

Downstream of the ISF the Project-related sediment loads comprised: 

 sediment outflows discharged from the ISF storage, which were provided to this study by SRK 
(SRK, 2018b) and are discussed below in Section 7.1.2. 

 outflows from the Frieda River catchment 

 Project-related sediment loads from the disturbed areas adjacent to the Frieda River 

 Project-related sediment loads from the disturbed areas in the May River and Sepik River catchments 
upstream of the confluence of the Sepik and Frieda rivers. 

The adopted parameter values for the various mine components (including open-pit, mine construction and 
site accommodation areas) are described below.  These were largely based on recommendations in MSC 
(2007) and the observations from the site inspection undertaken by a senior Golder hydrologist in April 2009. 

The main limitations with the RUSLE approach are that: 

 It predicts average annual soil loss and not losses for a particular storm event 

 It predicts sediment entrained in the erosion event and not sediment yields reporting into a basin 

 It is effective for erosion on short slopes (<300 m) and not for concentrated flows or long slopes, and 

 It does not take into account soil dispersivity in assessing soil erodibility (K in above equation). 

As either conservative assumptions were applied in selecting appropriate parameter values for the RUSLE 
analyses or these limitations were not applicable in the current studies, the above factors are not expected to 
impact on the study results. 

5.2.1.2 Rainfall erosivity (R) 

The rainfall erosivity factor (R) is a measure of the ability of rainfall to cause erosion.  It is a product of 
two components: total energy (E) and maximum 30-minute rainfall intensity for each storm (I30) accumulated 
over a year.  In the absence of site data, Rosewell and Turner (1992) have identified a strong correlation 
between R and the 2-year ARI, 6-hour storm intensity (S (mm/hr)) as follows: 

R= 164.74 Ĭ 1.1177S Ĭ S0.6444 

Where there is significant seasonality in site rainfall, this value would be likely to vary through the year 
with lower values associated with lower rainfall periods during which more extensive construction should occur 
(to minimise soil loss). 
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The PNG Flood Estimation Manual (SMEC, 1990) provided estimates of the two-year daily point rainfall (P2) 
for a number of rainfall stations located in the Sandaun (West Sepik), Southern Highlands and Western 
Province regions of PNG.  These were located in the same general area as the Project with many at similar 
elevations.  Based on these data an estimated P2 for the area was adopted as 127 mm per day.  The PNG 
Flood manual recommends a factor of 0.83 be applied to the P2 estimate to derive the six-hour storm rainfall 
(105 mm), resulting in a predicted S (2-year ARI, 6-hour storm intensity) of 17.5 mm/h.  The resultant 
estimated R value was 7,300 MJmm/ha/h/y which, given the limited seasonal variability in rainfall, 
was assumed to be constant throughout the year.  This can be compared to estimates for other locations 
in high rainfall areas in PNG and northern tropical Australia such as: 

 Tabubil and Kiunga with 2-year ARI, 6-hour rainfall intensity of 19.3 mm/hr and R of 9,500 MJmm/ha/h/y 

 May River with 2-year ARI, 6-hour rainfall intensity of 17.8 mm/hr and R of 7,630 MJmm/ha/h/y 

 Telefomin with 2-year ARI, 6-hour rainfall intensity of 9.9 mm/hr and R of 2,170 MJmm/ha/h/y, and 

 Cairns with 2-year ARI, 6-hour rainfall intensity of 22.6 mm/hr and R of 15,190 MJmm/ha/h/y. 

Based on the limited rainfall data available to define the estimated value for S and its variability within the 
region (compare estimates above for Tabubil and Kiunga with the Project area), the value for R could be as 
high as around 10,000 MJmm/ha/hr/y. 

Based on the RUSLE equation, increasing the R value would result in a commensurate increase in the 
sediment load. 

5.2.1.3 Soil erodibility (K) 

The soil erodibility factor is a measure of the susceptibility of soil particles to detachment and transport by 
rainfall and runoff.  Soil texture is the principal component affecting K, but soil structure, organic matter and 
profile permeability also contribute. 

Site-specific data on soils is limited apart from soil sampling undertaken as part of the soil and rehabilitation 
study for the Project (Golder, 2011).  Samples from 29 locations in the Project area were obtained over a 
depth of 20 cm from the ground surface.  The PSDs indicated that overall the coarse fraction (>2 mm) was 
very low with a high proportion of clay/silt and lower proportion of sand-sized particles. 

It was therefore assumed that the soils associated with impacted areas of the Project comprised: 

 60% clay/silt/very fine sand, 20% sand and 20% coarse sand/cobbles 

 0% organic material 

 a medium to coarse granular soil structure, and 

 material of low to moderate permeability (increasing surface runoff). 

The K factor was derived based on a nomograph relating these parameters (MSC, 2007).  This resulted in a 
K value of 0.07 being adopted, which is at the higher (conservative) end of estimates generally applied in soil 
erosion studies. 

5.2.1.4 Slope length-slope gradient (LS) 

This factor describes the combined effect of slope length and slope gradient on soil loss (noting that it is not 
simply a multiplication or division by either factor).  It represents the ratio of soil loss per unit area at a site to 
the corresponding loss from a specific experimental plot of known length and gradient (percent). 
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Slope lengths (actually, the horizontal projection of the plot length) and gradients used in deriving the 
LS factor were adopted based on likely slope lengths and gradients of the various impacted areas (waste rock 
dump, spoil dumps, pit wall slopes, exposed slopes adjacent to haul roads, and so on) and local topographic 
conditions.  As this factor increases with increasing slope length, it was assumed that in the case of the spoil 
dumps and pits some form of erosion mitigation measure would be incorporated to control the unimpeded flow 
lengths.  This could include adopting a lower slope length in these facilities, reducing the overall slope length 
by incorporating minor benches or horizontal sections on the slopes, and so on. 

The assumed slope lengths (measured parallel to the slope) and slope gradients for the various impacted 
areas are summarised below: 

 Slope length (m)/Gradient (%) 

Spoil dumps 20 m/100% (1:1) 

Open-pit 20 m/100% 

Haul/access roads 40 m/25% 

Site accommodation areas 100 m/10% 

Infrastructure corridor 50 m/15%. 

The gradients adopted for the haul/access roads and site accommodation areas refer to the assumed surface 
grades associated with the side slopes of the pads and roads and not the primary gradient along the road and 
site accommodation area alignments, hence the adoption of a higher gradient than for the actual infrastructure 
surface (longitudinal grade of access roads, pads etc.).  This higher value was adopted to take into 
consideration the likely higher erosion rates from the steeper side slopes adjacent to the roads and site 
accommodation areas.  To take into account sidecasting during construction of the access roads, the areas of 
the roads were increased by 50%.  In terms of the open-pit, the finally adopted gradient is likely to be less 
than the assumed 100% (1(V):1(H)).  However, this more conservative value was retained noting that a 67% 
slope (1(V):1.5(H)) would reduce sediment loads by around 11%. 

5.2.1.5 Cover management factor (C) 

The cover factor is the ratio of soil loss from land under specified construction or rehabilitated conditions 
to that corresponding to continuously tilled, bare soil.  It typically has values between 0.66 and 1.3 for 
construction and mining areas and less for forested and rehabilitated soils (Haan et al, 1994).  The following 
values were adopted based on those recommended by Haan et al (1994) and professional judgement: 

 Soil recently disturbed  1.0 

 Operation areas (concentrator etc.)  0.5 

 Short-term rehabilitation  0.2 

 Long-term rehabilitation  0.05. 

5.2.1.6 Erosion control practice (P) 

The erosion control practice factor represents the ratio of soil loss with a nominated surface condition 
disturbed up and down the slope.  Soil loss can be reduced by reducing the flow velocity as well as minimising 
the tendency for runoff to flow directly down the slope.  The values adopted for the current analyses ranged 
from 1.0 to 1.3, reflecting the methods that are likely to be applied in constructing the waste rock dump, spoil 
dumps, open-pit benches, and so on. 
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5.2.1.7 Delivery ratio 

One final parameter generally applied to the soil loss estimates based on the RUSLE equation is the delivery 
ratio.  This reflects the fact that not all eroded sediment will reach the river with part of the coarser fraction 
possibly settling in minor tributaries, adjacent floodplain vegetation and sediment control infrastructure 
(ponds).  Other factors influencing the delivery ratio include: 

 Catchment area 

 Topography and tributary density 

 Relief and watershed length, and 

 Occurrence of natural or artificial sediment traps. 

Given the relatively steep topography in the FRCGP and FRHEP areas and location of the impacted mine 
areas close to the river network (Nena River, Ok Binai, Uba Creek and Ubai Creek), a higher delivery ratio of 
0.5 was conservatively adopted to define sediment loads for all mine infrastructure except the open-pits (0.2) 
and spoil dump adjacent to the limestone quarry and Ok Binai waste dump (1.0). 

For the open-pits, sediment loads conveyed to the local watercourses are likely to be reduced considerably 
from total estimated loads derived using the RUSLE equation.  This reflects that open-pit runoff is to be 
discharged via an open-pit water treatment plant.  In addition, a significant proportion of the runoff not 
conveyed via drainage channels along benches directly to the pit water treatment plant (from Year 1 of 
operations) will accumulate in open-pit sumps.  It is expected the water pumped from these sumps to the pit 
water treatment plant will therefore comprise predominantly silts and clays.  As a result, a lower delivery ratio 
of 0.2 was applied for the open-pits. 

5.2.1.8 Effect of sediment control infrastructure 

It is proposed that sediment ponds, sediment embankments and other sediment control infrastructure will be 
constructed prior to and during mining.  These should be sized to retain particles above 0.02 mm (fine to 
medium silt).  This should be achievable provided the control infrastructure are maintained in good order and 
the sediment ponds are regularly drained and the sediment excavated from the ponds.  The remaining smaller 
sized sediment fractions would, however, discharge through the controls.  As it is likely that the majority of 
sediment discharging from the impacted areas will be relatively fine, for the current study it was assumed all 
sediment discharged downstream of the controls would be finer than 0.02 mm in diameter (fine silt and larger).  
The other factor to be considered will be the frequency the ponds will need to be emptied and cleaned to 
remain effective.  This will require ongoing maintenance throughout construction, mine operation and initial 
years of post-closure. 

Other options to control erosion and sediment load that could be considered include: 

 Providing benching when material is placed on steep slopes, to minimise flows path lengths 

 Revegetating surfaces and/or applying material on disturbed surfaces when practicable to promote 
regrowth 

 Using pocket ponds adjacent to access roads and areas of material deposition to promote settlement of 
sediment as close to the source as practicable. 
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5.2.2 Predicted sediment loads resulting from mining and the ISF 
Construction and operation of the mine and its associated infrastructure are likely to result in increased 
sediment inflows into the adjacent watercourses, namely the central and lower reaches of Ubai Creek, Uba 
Creek, Nena River, Ok Binai, Frieda River and rivers in the vicinity of the infrastructure corridor.  In estimating 
the additional loads, the impact areas associated with the mine infrastructure were based on the proposed 
mine layout (see Table 5). 

For the open-pit, the following assumptions were adopted: 

 In Year -1, pre-stripping will occur with temporary sediment controls developed adjacent to the pre-strip 
area.  While diversion channels will ultimately be constructed around the perimeter of the open-pit, runoff 
from the pre-strip area will be discharged to Ubai Creek during this year. 

 From Year 1, open-pit development will then occur progressively below ground level based on the 
adopted annual mine plan.  However, all runoff during operation (including pit runoff and inflow from 
upslope areas not diverted away from the open-pit) and groundwater inflows will be collected in pit 
sumps from which it will be pumped to a water treatment plant to remove sediment and other 
contaminants then be released to Ubai Creek. 

For the other infrastructure: 

 From Year-1, organic waste spoil material (including the upper 2 m of pre-strip material including 
vegetation) will be deposited in the upper reaches of the Ok Binai, with all other waste rock deposited 
sub-aqueously in the ISF impoundment. 

 Tailings will be deposited sub-aqueously in the ISF impoundment. 

 Post-mining the open-pit will fill as a result of local surface water runoff and groundwater inflows and any 
sediment inflow will be retained within the open-pit until full and overflow commences.  Much of the 
sediment inflow is, however, likely to be retained within the pit lake. 

 Construction of the FRCGP and FRHEP infrastructure (mine infrastructure area, crusher, process plant, 
ROM, haul and access roads, site accommodation village, ISF embankment and hydroelectric power 
facility) will occur predominantly during Year -5 continuing to Year -1 (see Figure 5) followed shortly after 
and wherever possible by rehabilitation of exposed areas.  The spoil dump adjacent to the limestone 
quarry and the Ok Binai waste dump will not be rehabilitated, and erosion is assumed to occur at the 
maximum estimated rate based on the RUSLE relationship until all deposited material is eroded, as 
observed at other mines in PNG. 

 ISF impoundment will commence during Year -2 to enable deposition of waste rock and tailings from 
Year 1 onwards.  Tailings will be deposited via two relocatable hinged floating distribution pipelines.  A 
tremie pipe on a relocatable deposition pontoon will allow tailings to be distributed evenly at the bottom of 
the ISF impoundment area.  A tremie-diffuser will deliver tailings gently to follow the underwater beach 
slope and disperse radially out from the diffuser head deposition location.  This will typically result in the 
tailings being deposited in thin uniform layers over a large area from a single point.  The waste rock will 
be crushed and transported via a rope conveyor followed by barge-dumping in the ISF storage.  All 
potentially acid-forming material will be stored sub-aqueously from Year 1. 

 Deposition of the tailings and mine waste rock will commence in Year 1 and continue until Year 33 of 
operations (i.e. the nominal end of the life of mine). 

 To allow for the influence of sidecasting (dumping excavated material alongside the line being 
developed) during construction of the access roads, access roads sediment loss was increased by 50%. 
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 The spoil dump adjacent to the limestone quarry and Ok Binai waste dump located in the upper reach of 
the Ok Binai catchment will erode continuously with no rehabilitation planned following their 
developments in Year -4 and Year -2, respectively.  In addition, organic waste from the removal of the 
upper several meters of the pit as it is developed will be stored in the Ok Binai waste dump commencing 
in Year -2 and continuing through to Year 25.  This will result in changes in the volume of material in the 
dump over this period.  The following conditions have been considered in the estimation of the spoil 
dump adjacent to the limestone quarry and Ok Binai waste dump losses: 

▪ In evaluating the likely sediment loss from the spoil dump adjacent to the limestone quarry and Ok 
Binai waste dump experience gained on other mines in the PNG Highlands suggests erosion losses 
of between 10% to 30% of the cumulative volume would be appropriate.  The loss adopted for this 
study was around 20% of the cumulative volume.  Based on the projected cumulative volume this 
equated to a loss of approximately 15,000 t/ha/y, which is around three times that predicted using the 
RUSLE equation.   

▪ It is also possible that increased losses from the spoil dump adjacent to the limestone quarry and Ok 
Binai waste dump will occur episodically probably as a result of infrequent, more intense storm 
rainfalls.  These episodic events were assumed to occur randomly on 5% of days in each year with 
the sediment loss on those days assumed to be five times higher than would normally occur.   

▪ The adopted overall losses from the spoil dump adjacent to the limestone quarry and Ok Binai waste 
dump are therefore considered to be relatively conservative but appropriate given the waste dumps 
will erode continuously.  As mentioned a delivery ratio of 1.0 has been adopted for eroded sediment. 

Other strategies to minimise sediment loss during mining (apart from the spoil dump adjacent to the limestone 
quarry and Ok Binai waste dump) will be considered such as protecting the faces of the excavated areas, use 
of local sediment sumps and sediment storages with partially impermeable embankments, and implementing 
appropriate designs to minimise the areal extent and slopes of exposed areas to reduce surface erosion and 
flow velocities of surface runoff. 

Based on the assumptions and adopted parameter values for the RUSLE equation outlined above, estimates 
of likely sediment loads from the various impacted areas were derived for both active and rehabilitated areas.  
These are summarised in Table 13.  It is noted that once the ISF is impounded any impacted areas 
submerged are assumed to no longer contribute sediment.  Examples would include access and haul roads, 
laydown areas, etc. within the ISF impoundment area.  Also, for the infrastructure corridor the estimates are 
considered relatively conservative given the low ground slopes that would likely occur along the alignment, 
leading to a lower delivery ratio than has been adopted.  A more detailed output of annual loads for individual 
Project components, grouped according to the catchment in which they contribute, is presented in Table 14.  

Table 13: Estimated annual sediment load contribution from mining, ISF area and infrastructure corridor impacts 

Source 

Estimated Sediment Load (t/ha/y) 

Construction/ 
Operation Prior 
to Rehabilitation 

Rehabilitation 
During 

Construction/ 
Operation 

Years 1-2 
Post-closure 

Longer 
Term Post-
closure 

Open-pit, spoil dumps, quarries, process plant 5,200 1,050 150 50 
Spoil dump adjacent to the limestone quarry and 
Ok Binai waste dump 

Approx. 
15,000 

Approx. 
15,000 

Approx. 
15,000 

Approx. 
15,000 

Mine infrastructure, site accommodation village 1,700 350 50 25 
Haul/access roads, infrastructure corridors in 
mine area, crusher area, laydown area, 
hydroelectric power facility 

2,900 450 60 25 

Infrastructure corridor (May, Idam, Sepik rivers) 1,670 350 50 25 
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Table 14: Estimated annual Project sediment loads (t/y) 

Year Upper 
Ubai 

Mid 
Ubai 

Lower 
Ubai 

Upper 
Nena 

Mid 
Uba 

Upper 
Lower Nena 

Mid Lower 
Nena Ok Binai Upper 

Frieda 
Infrastructure 

Corridor Total 

-7 32,000 4,000 4,000 43,000 7,000 2,000 36,000 0 36,000 0 164,000 
-6 156,000 25,000 4,000 165,000 25,000 10,000 139,000 0 162,000 451,000 1,137,000 
-5 137,000 30,000 10,000 137,000 21,000 18,000 116,000 0 143,000 90,000 702,000 
-4 123,000 49,000 17,000 115,000 18,000 135,000 158,000 287,000 128,000 90,000 1,120,000 
-3 116,000 59,000 16,000 98,000 15,000 224,000 194,000 592,000 192,000 90,000 1,596,000 
-2 348,000 52,000 14,000 83,000 33,000 62,000 70,000 683,000 71,000 90,000 1,505,000 
-1 544,000 45,000 12,000 72,000 11,000 53,000 61,000 771,000 61,000 90,000 1,261,000 
Const (7 y) 997,000 264,000 77,000 713,000 130,000 504,000 774,000 2,332,000 793,000 901,000 7,485,000 
            
1 74,000 39,000 10,000 63,000 10,000 46,000 53,000 900,000  53,000 90,000 1,338,000  
2 65,000 34,000 9,000 56,000 9,000 40,000 47,000 1,015,000  47,000 90,000 1,412,000  
3 58,000 30,000 8,000 50,000 8,000 35,000 42,000 1,082,000  42,000 90,000 1,445,000  
4 53,000 26,000 7,000 45,000 7,000 32,000 38,000 1,170,000  38,000 90,000 1,506,000  
5 48,000 24,000 7,000 41,000 6,000 29,000 35,000 1,268,000  35,000 90,000 1,583,000  
6 45,000 22,000 6,000 39,000 6,000 26,000 32,000 1,315,000  32,000 90,000 1,613,000  
7 42,000 20,000 6,000 36,000 6,000 24,000 30,000 1,338,000  30,000 90,000 1,622,000  
8 39,000 19,000 5,000 34,000 5,000 23,000 29,000 1,362,000  29,000 90,000 1,635,000  
9 38,000 18,000 5,000 33,000 5,000 22,000 27,000 1,330,000  27,000 90,000 1,595,000  
10 36,000 17,000 5,000 31,000 5,000 21,000 27,000 1,309,000  26,000 90,000 1,567,000  
11 35,000 16,000 5,000 30,000 5,000 20,000 26,000 1,309,000  25,000 90,000 1,561,000  
12 34,000 16,000 5,000 30,000 5,000 19,000 25,000 1,285,000  25,000 90,000 1,534,000  
13 33,000 15,000 4,000 29,000 4,000 19,000 24,000 1,241,000  24,000 90,000 1,483,000  
14 33,000 15,000 4,000 29,000 4,000 19,000 24,000 1,145,000  24,000 90,000 1,387,000  
15 32,000 15,000 4,000 28,000 4,000 18,000 24,000 1,004,000  23,000 90,000 1,242,000  
16 32,000 15,000 4,000 28,000 4,000 18,000 23,000 876,000  23,000 90,000 1,113,000  
17 31,000 14,000 4,000 28,000 4,000 18,000 23,000 759,000  23,000 90,000 994,000  
18 31,000 14,000 4,000 27,000 4,000 18,000 23,000 686,000  23,000 90,000 920,000  
19 31,000 14,000 4,000 27,000 4,000 17,000 23,000 318,000  23,000 90,000 551,000  
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Year Upper 
Ubai 

Mid 
Ubai 

Lower 
Ubai 

Upper 
Nena 

Mid 
Uba 

Upper 
Lower Nena 

Mid Lower 
Nena Ok Binai Upper 

Frieda 
Infrastructure 

Corridor Total 

20 31,000 14,000 4,000 27,000 4,000 17,000 23,000 213,000  23,000 90,000 446,000  
21 31,000 14,000 4,000 27,000 4,000 17,000 23,000 261,000  22,000 90,000 493,000  
22 31,000 14,000 4,000 27,000 4,000 17,000 23,000 143,000  22,000 90,000 375,000  
23 31,000 14,000 4,000 27,000 4,000 17,000 23,000 263,000  22,000 90,000 495,000  
24 31,000 14,000 4,000 27,000 4,000 17,000 23,000 173,000  22,000 90,000 405,000  
25 30,000 14,000 4,000 27,000 4,000 17,000 22,000 59,000  22,000 90,000 289,000  
26 31,000 14,000 4,000 27,000 4,000 17,000 23,000 1,000  22,000 90,000 233,000  
27 30,000 14,000 4,000 27,000 4,000 17,000 22,000 0 22,000 90,000 230,000  
28 30,000 14,000 4,000 27,000 4,000 17,000 22,000 0 22,000 90,000 230,000  
29 30,000 14,000 4,000 27,000 4,000 17,000 22,000 0 22,000 90,000 230,000  
30 30,000 14,000 4,000 27,000 4,000 17,000 22,000 0 22,000 90,000 230,000  
31 30,000 14,000 4,000 27,000 4,000 17,000 22,000 0 22,000 90,000 230,000  
32 30,000 14,000 4,000 27,000 4,000 17,000 22,000 0 22,000 90,000 230,000  
33 30,000 14,000 4,000 27,000 4,000 17,000 22,000 0 22,000 90,000 230,000  
Oper (33 y) 1,216,000 579,000 162,000 1,062,000 161,000 702,000 889,000 24,157,000 881,000 2,970,000 30,447,000  

 
34 27,000 12,000 4,000 24,000 4,000 15,000 20,000 0 20,000 90,000 216,000 
35 25,000 11,000 3,000 22,000 3,000 14,000 18,000 0 18,000 90,000 204,000 
36 22,000 10,000 3,000 19,000 3,000 12,000 16,000 0 16,000 90,000 191,000 
37 20,000 9,000 3,000 17,000 3,000 11,000 15,000 0 15,000 90,000 183,000 
Post-clos (4 y) 94,000 42,000 13,000 82,000 13,000 52,000 69,000 0 69,000 360,000 794,000 
Total 2,307,000 885,000 252,000 1,857,000 304,000 1,258,000 1,732,000 24,157,000 1,743,000 4,231,000 38,726,000 

Notes: All values rounded to nearest 1000 t/y. 

Construction Year -7 to -1, Operation Year 1 to 33, Post-closure Year 34 to 37. 
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Sediment potentially entering the ISF impoundment is associated with the river reaches referred to as Upper 
Ubai, Mid Ubai, Lower Ubai, Upper Nena (upstream of the confluence with Ubai Creek), Mid Uba, Nena 
downstream of its confluence with Ubai Creek (divided into the upper and lower reaches), Ok Binai and Niar 
River.  The majority of these reaches discharge directly into the ISF. 

The results indicate: 

 The overall total increase in sediment load due to the FRCGP and FRHEP area is around 34.5 Mt over 
the 44-year period from construction through to the initial years of post-closure and rehabilitation.  The 
additional sediment load associated with the infrastructure corridor is estimated to be 4.2 Mt.  This 
estimated sediment load includes the assumed reduction in sediment due to the implementation of 
sediment control measures reducing sediment delivery. 

 Not all of the additional sediment load associated with the FRCGP and FRHEP area reports to the Frieda 
and Sepik rivers.  A large proportion of the increased load upstream of the ISF (plus the naturally 
generated load from the upstream catchments) is retained within the storage and is not conveyed further 
downstream along the Frieda and Sepik rivers (see Section 7.1.3 for proportion retained in the ISF).  

 Of the total sediment load associated with the FRCGP and FRHEP area over the 44-year period of 
simulation around 19% will be contributed during construction (Years -7 to -1), with 79% during operation 
(Years 1 to 33) and the remaining 2% during the four years post-closure included in the analyses 

 Sediment loads post-closure are estimated to reduce progressively from those predicted during operation 
and estimated for the initial post-closure years considered in this study. 

 Annual sediment loads during the construction period gradually increase but are considerably larger in 
the final three years, reflecting the commencement of the contribution from the organic waste spoil 
material (in Ok Binai catchment where the majority of the sediment inflow results from the spoil dump 
adjacent to the limestone quarry and Ok Binai waste dump) and other mining activities.  However, during 
operations the annual contributions for the FRCGP and FRHEP area gradually reduce from around 
1.25 Mt in Year 1 to 0.14 Mt in Year 33.  This results largely as a consequence of the assumed impacts 
of progressive rehabilitation during operations and the final depletion of the spoil dump adjacent to the 
limestone quarry and Ok Binai waste dump after around year 20 of operation. 

 Contributions in the Ok Binai remain higher due to sediment loads from the spoil dump adjacent to the 
limestone quarry and Ok Binai waste dump. 

The percentage of total sediment contributed along the river reaches due to the Project are outlined below: 

 Ubai River: 8% 

 Nena River upstream confluence with Ubai River: 6% 

 Nena River downstream confluence with Ubai River: 8% 

 Ok Binai: 62% (predominantly from spoil dump adjacent to the limestone quarry and Ok Binai waste 
dump) 

 Upper Frieda: 5% 

 Infrastructure corridor: 11% 
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The analyses indicate an estimated maximum annual sediment load of around 1.4 Mt to 1.5 Mt, occurring 
during Years -3 and -2 of construction, discharging from the mine impacted areas.  This reflects the rate of 
development as outlined in the mine development schedule and commencement of the spoil dump adjacent to 
the limestone quarry and Ok Binai waste dump (see Figure 5). 

The estimated annual sediment loads during the 33-year mine operation are predicted to remain high over the 
initial 15 years of operation (up to around 1.5 Mt) then reducing to around 0.14 Mt at the end of operation.    
These are considered an upper limit as the extent of rehabilitation of exposed cut and fill areas, particularly 
along the haul and access roads and perimeter areas of the mine infrastructure and infrastructure corridor, is 
likely to be more effective than assumed for the modelling.  Also, extensive regeneration of vegetation is likely 
to progressively occur through this period given the high rainfalls and suitable climatic conditions for 
vegetation growth in the area. 

Significant changes in the predicted sediment loads may result due to the following factors and influences: 

 Significant change in the mine development schedule and overall mine water balance from that being 
proposed. 

 Major changes in mine impacted areas. 

 Large-scale landslips. 

 Major changes in the assumptions inherent in deriving sediment loads using the RUSLE equation 

 Changes in rate of erosion and frequency and severity of episodic rainfall events on erosion from the 
spoil dump adjacent to the limestone quarry and Ok Binai waste dump. 

The generally adopted delivery ratio of 0.5 for all impacted areas in the FRCGP and FRHEP area (which 
reflects the proportion of the generated sediment load actually being transported to the river system from the 
impacted areas) may be conservatively high given the impacted areas will in most cases be rehabilitated and 
runoff will also be discharged via sediment ponds and other sediment control measures.  The adopted delivery 
ratio of 1.0 for the spoil dump adjacent to the limestone quarry and Ok Binai waste dump may also be 
conservatively high.  The impacted areas are also in some cases significant distances from the watercourse 
into which sediment-laden runoff discharges.  Sediments would therefore have the opportunity to settle out 
before reporting to the watercourses resulting in lower actual sediment loads than have been adopted. 

Based on the above analyses, the predicted sediment loads resulting from the Project development and 
operation would gradually trend downwards post-closure.  The analyses indicate sediment loads are likely to 
reduce to around 75% of those estimated during the latter stages of operation within four years post closure.  
This downward trend would then be expected to continue.  As noted above, if the effects of rehabilitation or 
natural revegetation were to further reduce sediment loads from treated areas, the long-term loads could 
ultimately reduce to well below this 75% value in the longer term and trend towards those observed from the 
natural catchments under existing conditions (see Table 12). 



September 2018 1788839-001-R-Rev3 

 

 
 

 52 
 

5.2.3  Predicted sediment loads resulting from infrastructure corridor 
The infrastructure corridor crosses into the May River catchment from the upper Nena River, then into the 
Idam River catchment before crossing the Sepik River near the confluence with Green River. 

The overall impacted area of the infrastructure corridor, including areas associated with the access road and 
transmission line, is estimated to be around 1,350 ha.  Given the relatively low surface slopes along much of 
the alignment (particularly sections crossing the upper Sepik River floodplain), it is expected sediment losses 
and discharges to local river systems from the infrastructure corridor will be relatively low.  Nonetheless a 
more conservative initial loss of 1,670 t/ha/y for the first year following construction was adopted based on 
estimates derived using the RUSLE equation.  This is expected to reduce quickly to around 350 t/ha/y, again 
based on the RUSLE equation, as revegetation of the ground surface occurs in areas where progressive 
rehabilitation is possible (e.g. road verges, portions of construction right of way not required as cleared 
easements). 

In quantifying the likely impacts of the increased sediment contribution to the river networks in which the 
infrastructure corridor will be located the following assumptions were made: 

 The impacted area associated with the access road was increased by 50% to allow for sidecasting. 

 A delivery ratio of 0.2 was adopted taking into consideration the lower ground slopes along much of the 
infrastructure corridor, which would result in a larger percentage of sediment being deposited before 
being discharged to the local waterways than would occur in the steeper mine area. 

 Overall sediment discharged to the local watercourses would comprise relatively fine silts and clays, due 
to the effects of the mitigation measures; this would be likely to remain largely in suspension within the 
watercourses and report to the Sepik River. 

 The total sediment load was added to the estimated natural load of the upper Sepik River at the 
confluence of the Sepik River and Frieda River when assessing project impacts on the sediment 
concentrations within the Sepik River downstream of this location.  This is a conservative assumption 
given some of the sediment load would likely be retained at source as a result of sediment control 
measures implemented along the infrastructure corridor or deposited and attenuated within the minor 
watercourses before entering the larger rivers. 

The annual sediment loads associated with the infrastructure corridor are summarised in Table 14.  As noted 
above, the contribution of sediment from the infrastructure corridor of 4.2 Mt for the 44-year simulation period 
is estimated to be around 8% of the overall contribution from the SIP.  A breakdown of the total sediment 
loads over the 44-year period of model simulation is given below: 

 May River: 1,020,000 t 

 Idam River south of Sepik River crossing: 942,000 t 

 Faringi, Bapi and Horden rivers north of Sepik River crossing: 2,260,000 t 
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5.3 Sediment particle size distribution curves 
A PSD curve defines the percentage (%) and resulting distribution of the total sample that is smaller than 
given particle sizes (mm).  The PSDs of bed material and inflowing sediment from natural and mine-related 
sediment sources are therefore critical in quantifying the volume of sediment remaining in suspension or being 
deposited or eroded to/from a river channel. 

More specifically, the PSD of the bed material is used in conjunction with river flow velocity to derive the 
sediment transport capacity of a river reach, while the PSD of the inflowing sediment defines the distribution of 
particles within the sediment being added to the system.  These are used, in conjunction with sediment loads 
from both the natural catchment and mine-related infrastructure, to quantify: 

 Total sediment load within a river reach and proportion exceeding defined grain sizes 

 Amount of sediment remaining in suspension at different discharges, and 

 In conjunction with the estimated sediment transport capacity, the volume of material being deposited to 
or mobilised/eroded from the river channel for all reaches within the river network. 

PSD curves are therefore required to define particle distributions for natural and mine-related sediment and 
bed material. 

5.3.1 PSD curves associated with natural catchment sediment 
Sediment inflows under existing conditions will occur as a result of local natural sediment runoff from 
catchments associated with the river network and point inflows from major rivers that, although not directly 
forming part of the network, still contribute a significant proportion of the downstream flow and sediment loads. 

The point sources include: 

 Upper Sepik River above the confluence with the Frieda River (which includes the contribution from the 
infrastructure corridor) and the Wario and April rivers, which are major tributaries of the Sepik River 
between Iniok and Ambunti, and 

 Upper sections of Nena River and Niar River upstream of the confluence of the Frieda and Nena rivers. 

Local sediment inflows were considered for the catchments of the lower Frieda River and the Nena River and 
its tributaries (Ok Binai, Ubai Creek and Uba Creek).  Although TSS measurements have been carried out at a 
number of sites on watercourses in the upper catchments (Nena River and Ok Binai) and lower Frieda and 
Sepik rivers (see Section 3.2), no samples were collected to define PSD curves of suspended sediment.  
Available information relates to estimates of the D50 for suspended sediment in the Sepik River obtained 
during recent field sampling (see results in Figure 14).  These suggest a D50 of around 0.013 mm, which is 
commensurate with a very fine to fine silt material.  This concurs with field observations made by a Senior 
Hydrologist from Golder during a site visit and boat trip along the Sepik River near Iniok in April 2009. 

Given this limitation, when defining sediment load PSDs for the point sources (tributaries entering the river 
system to be modelled) and from natural catchments a semi-quantitative approach was applied to define 
PSDs as outlined below: 

i) Values for D10, D50 and D90 were adopted based on a review of the bed material PSDs for the Sepik, 
Frieda, and Nena rivers, Ok Binai catchment and Ubai Creek for locations where sediment sampling data 
were available.  Typical material types and the longitudinal extent along the river network over which they 
were applied are shown in Figure 16. 
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ii) PSDs were constructed to reflect ólikelyô distributions. 

iii) Adjustments were made to the initial curves to ensure consistency between the various source locations.  
This adjustment process took into consideration factors such as catchment physiography of the areas in 
the vicinity of the mine and lower Frieda River, locations of the point sources particularly along the Sepik 
River and the PSDs of the bed material throughout the river network. 
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Figure 16: Adopted distribution of PSD curves along river network for sediment inflow from natural catchments 
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The adopted PSDs for sediment inflows associated with point sources along the Sepik River and natural 
catchments along the lower Frieda River and Nena River tributaries are shown in Figure 17.  These derived 
PSDs assume the sediment inflows become finer grained at lower elevations, with the point inflows along the 
Sepik River comprising predominantly clay and fine silt. 

 
Figure 17: Adopted PSD curves for sediment from natural catchment 

5.3.2 PSD curves associated with mine-related sediment 
Mine-related sediment will be associated with those areas where the natural catchment is modified as a result 
of the Project, including the mine area, site accommodation village, crusher, other site infrastructure, ISF 
embankment, haul and access roads, and quarries and spoil dumps (see Table 5 for a summary of the 
impacted areas and their associated areal extents).  As clearing, mining and development of the infrastructure 
sites is yet to occur, no extensive analyses of likely mine-related sediment have been possible to define the 
associated PSDs of the excavated material.  To the extent possible, data from drilling and exploration were 
therefore also considered. 

In assessing suitable PSD curves for these soils, the results of the soil characterisation sampling undertaken 
for the Project were initially reviewed.  Although the sampling locations were limited in comparison to the 
areas to be impacted and sampling was only carried out to shallow depths, they provided some guidance in 
defining possible PSDs.  Overall, the results indicated the soils at shallower depth are likely to be generally 
fine-grained.  Depending on the methods of excavation and construction methods employed when developing 
mine infrastructure sites, the surface material may also comprise larger particle sizes. 

It is, however, proposed that sediment ponds be constructed downslope of the major mine infrastructure 
through which runoff from the impacted areas will be discharged.  These ponds have been sized (as part of 
the earlier studies for the Project) to retain sediment above 0.02 mm, which is comparable to a fine to medium 
silt.  The mine-related sediment was therefore assumed to comprise material ranging from clay to medium silt, 
the assumption being that if larger material was transported from the mine areas it would be retained within 
the sediment ponds.  The adopted PSD curve for sediment runoff associated with mine-related development 
and operations activities is shown in Figure 18. 
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Figure 18: Adopted PSD curve for mine infrastructure generated sediment 

5.3.3 PSD curves associated with bed material 
As noted above, limited sampling of bed material in rivers has been undertaken at selected sites in the vicinity 
of the Project and downstream on the lower Frieda and Sepik Rivers over recent years (see Table 8).  Based 
on the locations of the sampling points, PSD curves of bed material for the various river reaches could be 
defined, as shown in Figure 19.  The assumed bed material sizes were confirmed visually during the April 
2009 field visit and typical bed material along various river reaches and presented in site photos shown in 
Figure 20. 

It is noted that the sediment sampling in the upstream reaches of the Nena River and along the Frieda River 
was selectively undertaken to target the finer grained material present.  To some extent this will bias the 
adopted sediment PSDs in the upper river reaches around the mine site.  However, this is not considered to 
impact on the results of the analyses as the larger particles (cobble-sized and greater) are observed to remain 
in the upper reaches of the catchment and do not play a role in sediment transport in the more downstream 
river reaches. 

The curves indicate a progressive reduction in the size of particles contained within the bed material when 
moving from the upslope areas in the vicinity of the mine to the lower Frieda and Sepik rivers.  This reflects 
the reduced flow velocities and associated lower sediment transport capacities in the lower river reaches.  
In effect, larger diameter material that cannot be conveyed even at relatively high flow velocities is deposited 
and remains in the upper reaches.  Any remaining material, as well as additional sediment from the 
intervening catchment, is conveyed downstream with the larger sediment material being deposited as the 
transport capacity of the river reduces (in line with the change in river bed profile shown in Figure 4). 
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Figure 19: Adopted PSD curves for bed material 
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Lower Frieda River ï typically coarse sands and fine 
to coarse sands 

Upper catchment reach ï typically cobbles and gravels with some bed armouring 

 
Sepik River ï typically fine to coarse grained silts and sands observed in banks 
and floodplain areas 

Figure 20: Views of typical bed material along various reaches of river networks in vicinity of Project 

6.0 SEDIMENT TRANSPORT MODELLING 
The estimation of potential Project impacts on sediment loads in the vicinity of the mine and further 
downstream in the lower Frieda and Sepik rivers was undertaken using the MBST model within the HEC-RAS 
(Version 5) platform.  Since its development by the US Army Corps of Engineers, the HEC-RAS model has 
been used widely in engineering studies world-wide and is acknowledged as an industry-accepted standard 
approach for undertaking combined hydraulic and sediment studies. 

The modelling undertaken in this study included the following scenarios simulations: 

 Under existing conditions to confirm the validity of the model set-up and its ability to generate 
long-term annual sediment loads at sites at which sediment sampling and flow measurements are 
available (both in the upper catchments near the mine area, and in the Frieda and Sepik rivers). 

 During construction, mining and post-mining (post-closure) phases, to quantify potential changes in 
downstream sediment loads during these phases from the existing baseline scenario. 

 The catchments which will be traversed by the infrastructure corridor have not been considered in this 
section but have been captured semi-quantitatively.  A discussion of the likely impacts associated with 
the infrastructure corridor development has been included in Section 7.2.3. 
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Based on these scenarios, changes in suspended sediment (both sediment loads and TSS concentrations) 
exceeded 10%, 50% and 90% of the time were derived at a number of the APs and other selected locations 
immediately downstream of the mine areas (on Ubai Creek, Uba Creek, Ok Binai and Nena and Upper Frieda 
rivers) and on the lower Frieda and Sepik rivers.  These locations are outlined in Table 15.  Predicted impacts 
on river bed levels, morphology and flooding downstream of the mine area were also quantified through the 
modelling assessment.  Results were also assessed at a location on the Ok Binai to provide a more detailed 
sediment transport assessment in that watershed (as also noted in Table 15) to evaluate the impact of 
sediment losses from the spoil dump adjacent to the limestone quarry and Ok Binai waste dump. 

Table 15: Selected locations for assessment of Project impacts 

Location Watercourse and Location Equivalent HEC-RAS Section 
AP1 Ubai Creek U/S Nena River 4083 
AP2 Uba Creek U/S Nena River 832 
AP3 Nena River U/S Uba Creek 5661 
AP4 Frieda River FRHEP northern arm 286446 
AP5 Frieda River FRHEP southern arm Not Modelled 
AP6 Frieda River FRHEP spillway/offtake 277549 
AP7 Frieda River (Airstrip) 273568 
AP8 Frieda River U/s Kaugumi Creek 261432 
AP9 Frieda River (Frieda Mountain) 255356 
AP10 Frieda River (Lower Frieda River GS) 236662 
AP11 Frieda River U/S Sepik River 199972 
AP12 Sepik River (Iniok GS) 189313 
AP13 Sepik River (Kubkain GS) 128763 
Ok Binai Ok Binai U/S Nena River 12554 

Notes: Not Modelled ï No modelling of southern arm of Frieda River (Niar River) directly undertaken due to absence of Project 

infrastructure within this arm. 

6.1 Hydraulic modelling 
The HEC-RAS hydraulic model (Version 5) is a software package for the simulation of one-dimensional steady 
and unsteady flow within a river network.  The model supports sediment transport/mobile bed computation 
and water quality analysis. 

The model takes into consideration both the physical characteristics of the stream network and channel 
materials such as, for example, river channel gradients, channel cross-sections and bed material composition, 
as well as existing or planned infrastructure such as storages and modifications to channel sections that 
impact on flow hydraulics. 

The MBST model is designed to simulate long-term trends of scour and deposition in a river that result from 
changes in flow conditions, channel geometries and changing sediment loads.  The sediment transport 
calculations, based on grain size fractions of the existing bed material and inflowing sediment loads from 
the natural catchment, point inflows (such as tributaries of the adopted river network that are not modelled 
implicitly as well as specific mine-related components along a river reach), simulate river transport capacities 
and trends in deposition and erosion based on flow series appropriate to the various locations within the river 
network.  Provided the flow series includes a suitable range in flows, the model is able to evaluate sediment 
transport through the network under flow conditions that are likely to occur during the period of mining 
operation. 
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Prior to undertaking the sediment transport analyses, a steady-state HEC-RAS hydraulic model was 
developed and executed.  However, as the MBST sediment transport and hydraulic modules are fully 
interrelated, a common set of river cross-sections is used in both modules.  Prior to the simulations, checks 
were, therefore, undertaken to: 

 Ensure river channel gradients and channel cross-sections realistically reflect existing conditions along 
all river reaches. 

 Appropriate riverbank boundaries are selected for cross-sections to ensure flows remain within the 
defined channel for all except higher discharges, when overbank flow could occur.  This is particularly 
relevant along the lower Frieda and Sepik rivers where adjacent floodplains and oxbow lakes occur with 
ground elevations often below those of the river banks.  Failure to adopt suitable channel boundaries in a 
one-dimensional flow model could result in flows being inappropriately distributed across a number of 
individual channels within a cross-section. 

 Appropriate Manningôs ónô hydraulic roughness values are adopted for the channel and overbank flow 
areas at each cross-section.  For the current study, values of 0.03 and 0.1 were assumed for the river 
channel and overbank areas, respectively, the latter reflecting the dense vegetation generally occurring 
on the overbank sections. 

As outlined in Section 1.6, separate sediment models were established for the Ubai Creek/Uba Creek/Ok 
Binai/Nena River/upper Frieda River catchments, and lower Frieda and Sepik rivers catchments.  A summary 
of the physical characteristics and geometric attributes of the river reaches for each model is presented in 
Table 16. 

Table 16: Adopted HEC-RAS model geometric attributes 

Reach Name 
Approximate 
Reach Length 

(km) 

Approximate 
Reach Length Gradient 

(m/km) 
Number of Model 
Cross-sections 

Ubai Creek/Uba Creek/Ok Binai/Nena River 
Ubai Creek 10.2 57 37 
Uba Creek 3.5 78 10 
Upper Nena River 7.7 16.1 18 
Middle Nena River 12.8 9.0 43 
Lower Nena River 8.5 3.4 16 
Ok Binai 18.5 23 71 
Upper Frieda River 10 2.6 19 
Lower Frieda River/Sepik River 
Lower Frieda River 71 0.4 24 
Sepik River 199 0.005 30 
 

6.2 Development of river cross-sections 
River cross-sections are a key component of the hydraulic and sediment transport analyses.  For the current 
study, these were initially developed from available topographic information for the Project area using the 
HEC-geoRAS program.  This is an ArcGIS extension (ArcGIS is a general purpose geographic information 
system software program copyrighted by the Environmental Systems Research Institute, Inc., Redlands, CA) 
designed specifically to process geospatial data for use with HEC-RAS. 

The software creates a file of geometric data for input into HEC-RAS and subsequent hydraulic analysis.  The 
imported file is created from data extracted from a Digital Terrain Model (DTM) within ArcGIS.  
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Following hydraulic analysis in HEC-RAS, water surface elevations derived by the model can then be 
exported back to ArcGIS, allowing post-processing and detailed spatial analysis of the results. 

An outline of the hydraulic modelling process is presented below. 

6.2.1 Model surface development 
When creating reliable geometric data (channel cross-sections) for hydraulic analysis, it is important that the 
available topographic data be of sufficient accuracy to define river channels and overbank flow areas at 
required locations along the river network.  For the current study, such data were available from two sources: 

 LiDAR survey data covering much of the immediate Project area and the river reaches and immediate 
overbank areas along the Frieda and Sepik rivers, and 

 SRTM topography data along the Frieda River and Sepik rivers, where LiDAR survey data were 
otherwise unavailable.  It is noted that the SRTM data accuracy and resolution is much lower than LiDAR 
data. 

Two TIN (Triangulated Irregular Network) files were developed for the adopted river network extending 
from the upper reaches of the Nena River (upstream of the Project area) to the Sepik River at Ambunti.  
The first TIN was created from the available LiDAR data and the second from SRTM data.  These were 
subsequently merged with elevation adjusted, where appropriate, to reflect observed ground elevations 
and river gradients along the modelled river network. 

The resultant TIN was then decimated, a procedure carried out in ArcGIS to thin oversampled data 
(in this case the SRTM dataset). 

6.2.2 HEC-geoRAS river geometry development 
Following development of the TIN model, river topology and cross-sections required for HEC-RAS were 
digitised.  This involved: 

 Creating and digitising stream centrelines, flow-path centrelines and cross-section HEC-RAS layers 

 Geo-referencing HEC-RAS layers with required attributes including cross-sectional widths, elevations 
and distances between cross-sections, and 

 Exporting the GIS data into the HEC-RAS platform for processing and hydraulic modelling, noting that 
simulated water surface elevations could also later be exported back into ArcGIS for spatial analysis of 
the model results. 

The exported file was finally checked for consistency based on observed ground elevations and channel 
gradients.  This ensured the cross-sections reflected actual site conditions as accurately as possible. 

6.3 Mobile bed sediment transport (MBST) model 
MBST uses the sediment continuity equation to evaluate sediment budgets for a river network.  Hydraulic 
computations are ñexplicitly coupledò with transport, erosion, deposition, bed mixing and cross-section change 
computations using the set of initial value-boundary value equations.  The result is a continuous simulation of 
the change in cross-sections as sedimentation processes within the reach/section adjust to the hydraulic 
conditions (flow hydrograph) and the base level control boundary conditions.  There are four major 
computational processes solved within HEC-RAS Version 5 to maintain mathematical continuity, namely: 

 Hydrodynamics 

 Sediment transport 
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 Temporal modifiers, and 

 Sorting and armouring. 

6.3.1 Hydrodynamics 
Sediment transport computations in HEC-RAS are based on the ñquasi-steadyò flow approach.  A flow event is 
approximated by computing a series of steady flow profiles.  Each of these steady flow profiles is then 
associated with a duration and transport parameters are generated at each cross-section.  Usually, 
cross-section updates are required more frequently than the flow increment duration, so a computational time 
step is specified within the model.  The geometry file is updated, and new steady-flow hydrodynamics are 
computed at the beginning of each computational time step. 

6.3.2 Sediment transport function 
Seven different transport functions are currently available within the HEC-RAS model including Ackers and 
White, Englund-Hansen, Laursen, Myer-Peter-Muller, Toffaleti, Yang and Wilcock.  For the current study, the 
Toffaleti functions were adopted as these were found to better simulate observed sediment concentrations.  
As outlined in Section 7.1 other functions were also assessed to evaluate the impact on model results.  Total 
transport capacity is calculated by dividing the sediment gradation curve into discrete size classes 
independently computing and weighting a transport potential for each size class.  The sediment continuity 
equation is then solved over each cross-section, computing from upstream to downstream. 

Qualitatively, this represents a change in bed elevation in response to a sediment deficit or surplus in the 
control volume when the capacity is subtracted from the supply.  At the end of each computational time step, 
the aggradation or degradation is translated into a uniform bed change over the entire wetted perimeter of the 
cross-section.  The cross-sectional station-elevation information is updated, and new hydraulics performed 
before the next transport capacity is computed for the next iteration. 

6.3.3 Temporal modifiers 
Physical constraints can result in a fraction of the sediment surplus or deficit translating directly into 
aggradation or degradation within a time step.  HEC-RAS applies temporal erosion and deposition modifiers 
as well as sorting and armouring routines.  Deposition efficiency is calculated by grain size based on the 
computed fall velocity and the expected centre of mass of the material in the water column. 

A similar relationship was implemented to temporally modify degradation.  In cases where capacity exceeds 
supply, the capacity/supply discrepancy is multiplied by an entrainment coefficient that limits the amount of 
material that can be removed from a cross-section in a computational time step. 

6.3.4 Sorting and armouring 
The potential supply limitation as a result of bed mixing processes is a major process in computations 
performed for sediment modelling within HEC-RAS.  HEC-RAS simulates bed coarsening by removing fines 
initially from a thin cover layer.  During each time step, the composition of this cover layer is evaluated from 
which the bed is then assumed to the partially or fully armoured.  The amount of bed material available to 
satisfy excess capacity can then be limited based on the modelled bed cover layer composition. 

Overall, sediment transport computations are undertaken for each river section based on grain size class, with 
the transport rates integrated with the flow hydrographs derived for all cross-sections to compute sediment 
transport capacity at each time step.  These are then compared to the overall sediment load for the section to 
evaluate total sediment continuity. 
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Where transport capacity exceeds supply no deposition occurs and if bed material can be mobilised (that is 
the transport capacity is sufficient to cause mobilisation of the bed material) degradation results.  Conversely 
where supply exceeds transport capacity deposition of a proportion of the inflowing sediment to the 
cross-section results.  A schematic of the local sediment accounting concept between cross-sections is shown 
in Figure 21. 

This comparison of the mass (or volume) of sediment entering and leaving a cross-section allows impacts on 
river bed levels sediment loads within the river network and TSS concentrations associated with changes 
in local sediment loads to be quantified.  The MBST model also allows the estimation of sediment loads 
to be evaluated on a relatively short time step (daily for the current study) that directly considers the variability 
in river flows.  This is an important consideration given the immediate Project area around the mine and 
associated infrastructure is located in an area of high and intense rainfall where daily flows can vary markedly. 

 
Figure 21: Local sediment accounting conceptual framework 

6.4 Model development 
6.4.1 General data requirements 
Modelling using the MBST approach requires the development of input data for each river cross-section 
including: 

 Bed material composition 

 Sediment properties 

 Hydrologic and hydraulic parameters (including channel cross-sections) and 

 Sediment inflows. 

Each of these model components is summarised below. 
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6.4.2 Bed material composition 
Each river cross-section to be modelled (see Table 16 for number of sections) was attributed a bed material 
PSD reflecting local river bed conditions.  These were derived from an analysis of samples collected from the 
various sediment monitoring sites as outlined in Section 5.3.3.  Where a monitoring site was not specifically 
available within a reach the PSD curve associated with the closest available site with comparable stream 
slope and general site conditions was applied. 

In addition, cognisance was taken of the likely extent of bed armouring along the river channels as observed 
during the field trip for those rivers in the upper parts of the river networks.  It was also assumed the river beds 
in these reaches were generally stable with minimal bed erosion under existing conditions (as evaluated 
based on a review of the model output of bed levels).  The adopted bed material PSDs are summarised in 
Table 17. 

Table 17: Adopted bed material PSDs for sediment models 

Sediment Model River Reach HEC-RAS Sections Adopted Bed PSD 

Ok Binai Ok Binai 344 to 932 
932 to 18500 

W28 
W43 

Ubai Creek/Uba Creek/ 
Nena River/Frieda River/ 
Sepik River 

Ubai Creek 332 to 715 
715 to 10219 

W28 
W43 

Uba Creek 199 to 3525 W28 
Middle Nena 412 to 12816 W28 
Lower Nena 280274 to 289418 W28 

Frieda 

273586 to 280274 
243895 to 273586 
224788 to 243895 
199972 to 223042 

W28 
W28/W22 
WS22 
XSB41 

Sepik 1042 to 199097 XSB41 
Notes: See Figure 19 for relevant PSD curves. 

6.4.3 Sediment properties 
Adopted sediment PSDs for inflowing sediment are described in Sections 5.3.1 and Section 5.3.2 for natural 
and mine-related sediment, respectively.  These PSDs ultimately determine the component of inflowing 
sediment that remains in suspension or is deposited as bed load and the component of the bed material that 
is remobilised if flow velocities are sufficiently high. 

In addition to the PSDs the threshold soil fraction size is an important parameter in the sediment modelling.  
No specific definition is available to quantify this value although it is sometimes referred to as material not 
found in appreciable quantities in the bed material.  For the current analyses, the threshold value was 
therefore based initially on the grain size for which 10% of the bed material within the current river reach was 
finer (Einstein, 1950).  This was subsequently modified during the analyses to provide agreement between the 
annual observed sediment loads derived from the available TSS and flow data and simulated sediment loads 
at the stream gauging stations on the Frieda River D/S Nena Junction and the Sepik River at Ambunti.  In 
effect, the threshold wash load was adjusted to enable óverificationô of the sediment load component in the 
sediment model. 

This approach provided confidence that the model could reliably estimate sediment loads within the FRCGP 
and FRHEP area and downstream on the lower Frieda and Sepik rivers, particularly when simulating the 
impacts following the commencement of mining operations. 
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6.4.4 Hydrologic and hydraulic parameters 
The hydrologic data used in the sediment modelling were based on the stochastic flow series as outlined in 
Section 4.2.  These series defined flows at specific locations within each of the modelled river networks that 
will be representative of conditions during construction mine operation and post-closure. 

The flows sequences were then used within the HEC-RAS model to simulate the hydraulic changes in the 
river cross-sections on a daily basis including: 

 Hydraulic radius of each cross-section and associated wetted perimeter of the channel 

 Flow depth, velocity, area and top surface width, and 

 Friction slope. 

Each of these characteristics is important in defining sediment transport capacity along the river reaches and 
in turn rates of deposition and erosion. 

As mentioned the channel roughness was assumed to be 0.03 for the river channel and 0.10 for the overbank 
flow areas. 

6.4.5 Sediment inflows 
Sediment inflows include: 

 Surface erosion from the local catchment (under existing conditions) 

 Sediment loads from mining activities (either as point sources or distributed over the relevant river reach 
in which the impact occurs), and 

 Sediment loads as point sources from tributaries not specifically modelled as part of the current analyses 
but that would contribute to the modelled river network. 

The latter is required to ensure flows and sediment loads from all major tributaries that are not impacted by 
the Project but must be considered in the network are incorporated such as the upper Nena River, Niar River, 
upper Sepik River (upstream of the Frieda River confluence), Wario River and April River. 

The estimated sediment loads to the river from local catchments and major tributaries under existing 
conditions were based on transposition of the observed sediment yields (t/ha/y) for those stream gauging 
stations at which limited TSS and flow data are available (see Table 8 and Table 6, respectively). 

7.0 SEDIMENT TRANSPORT MODELLING RESULTS 
This section of the report provides an overview of the Project impacts including: 

 Hydraulic and sediment characteristics of the modelled river networks 

 Semi-quantitative assessment of likely changes in river bed levels along the various river reaches 
within the modelled network, albeit based on the limited river cross-sectional data available for the 
analyses, and 

 Discussion on Project impacts on overbank sedimentation on the lower Frieda and Sepik rivers including 
sediment impacts on off-river water bodies (ORWBs) adjacent to these rivers. 
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As outlined in Section 2.3, separate sediment models were established for the following cases: 

i) Pre-Project Model 
In this case, the adopted river network comprised the overall river network draining from the mine area 
(Ubai and Uba creeks and Nena River) and also the Ok Binai, Frieda River and Sepik River downstream 
of its junction with the Frieda River. 

ii) Construction, Operational and Post-closure Models 
In this case, the pre-Project model was sub-divided into two components, the first comprising the Ubai 
and Uba creeks, Nena River, Ok Binai and Frieda River upstream of the ISF and the second including 
the watercourses downstream of the ISF to the Sepik River and extending further downstream to the 
lower extent of the model near Ambunti. 

The results are therefore presented separately for each model to provide an overview of the associated 
Project impacts within each network. 

The locations at which the results are presented were selected to coincide with the APs listed in Table 11.  
Additional locations were also selected to include a site in the Ok Binai, sites immediately downstream of the 
mine area on the Nena River, as well as further sites on the Sepik River to allow a more detailed evaluation of 
the spatial distribution of Project impacts.  All locations used for comparison of sediment impacts are shown 
on Figure 15. 

7.1 Sediment model simulations 
The model provides detailed outputs on a daily time step to allow an overview of changes for each river cross-
section, which is important given the large daily variation in streamflows in the modelled rivers.  Outputs 
presented for the selected locations include: 

 Total sediment concentration (mg/L) (suspended plus bed loads) and sediment loads (t/d), and 

 Changes in channel base elevation. 

These model outputs were evaluated for existing conditions, that is under pre-mining conditions, and during 
construction, mining, and post-closure to provide an overview of impacts during all phases of the Project. 

The sediment concentration and sediment load results are presented on an annual basis and include 
estimates at the 10%, 50% and 90% probabilities of exceedance.  The changes in channel bed elevation at 
the selected locations report the daily times series over the period of construction, mine operation and initial 
years post-closure. 

7.1.1 Simulations under existing conditions 
Simulations under existing catchment conditions effectively provided a verification run for the hydraulic and 
sediment model as well as the base case against which Project impacts can be compared. 

The primary rationale for the model scenario under existing conditions was to develop a complete set of 
sediment input parameters that resulted in modelled annual sediment loads being comparable to the most 
reliable observed loads at key gauging stations, namely Ok Binai (GS 105320), Frieda River D/S Nena 
junction (GS 105450), Sepik River at Kubkain (GS 105945) and Sepik River at Ambunti (GS 105950).  These 
stations have the most comprehensive sediment sampling and flow records within the mine area or on the 
Sepik River downstream of the Frieda River and are located on river reaches included within the modelling 
network.  Other hydrometric stations within the area for which more limited flow and sediment data were 
available were also assessed but ultimately not considered due to the data limitations.  Cognisance was also 
taken of the estimated loads along the intervening river reaches to ensure consistency in sediment loads 
throughout the modelled river networks. 
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The simulations were run for a period of 44 years, which is comparable to the overall period of construction, 
operation and post-closure (as detailed in Section 4.2).  This period covered the typical range in flow 
conditions that occurs at these sites and was certainly sufficient to define likely longer-term ranges in 
sediment concentrations observed seasonally and from year to year.  A comparison of the observed and 
estimated total sediment loads (suspended load and base load) at the key stream gauging stations is 
presented in Table 18 indicating generally good agreement between the observed and estimated average 
annual sediment loads. 

Table 18: Observed and modelled average annual total sediment loads 

Gauging Station Name Gauging Station Number 1 Observed (t/y) Modelled (t/y) 
Ok Binai GS 105320/W43 44,100 38,170 
Frieda River D/S Nena Junction GS 105450/W30 1,638,000 1,613,000 
Sepik River at Kubkain GS 105945/W35 26,658,000 26,845,000 
Sepik River at Ambunti GS 105950/W50 34,350,000 33,806,000 

Notes: 1See Figure 11 for gauging station locations. 

The annual average sediment loads (t/d) and TSS results including the 10%, median and 90% exceedance 
concentrations (mg/L) under existing conditions derived from all years of simulation are presented in Table 19 
for the various APs within the modelled river reaches and additional reporting locations.  Detailed TSS results 
including the 10%, median and 90% exceedance values for all years simulated are presented as Appendix C. 

The results indicate sediment concentrations in the tributaries of the Nena River are relatively low under 
existing conditions, with an average of the median values for all years of around 30 to 60 mg/L for the Ubai 
and Uba creeks and around 60 mg/L for the Ok Binai.  The average of the median value in the Nena River 
downstream of the Ok Binai confluence increases to around 180 mg/L reflecting a higher sediment 
contribution from the wider Nena River catchment excluding the above tributaries. 

The average of the median annual sediment concentrations downstream of the confluence of the Nena and 
Niar rivers (i.e. the Frieda River) (AP6) is around 160 mg/L, reflecting a similar contributing load from the Niar 
River catchment.  The average of the median annual sediment concentrations then remains comparable along 
the Frieda River, probably due to contributions of relatively fine sediment from the adjacent floodplains, limited 
inflows from the local catchments and sediment deposition in the lower reaches of the Frieda River.  
Downstream of the confluence of the Sepik and Frieda rivers the average of the median annual sediment 
concentrations initially remains at around 160 mg/L, predominantly reflecting the sediment contribution from 
the upper Sepik River catchment.  The Wario and April rivers also contribute to sediment load further 
downstream along the Sepik River with the average of the median TSS levels downstream of Kubkain 
increasing marginally to around 200 to 270 mg/L. 

Table 19: Modelled average annual sediment concentrations and sediment loads under existing conditions 

Assessment 
Point 1 River 

Average Annual TSS (mg/L) 2 Average 
Sediment 
Load (t/d) 

90% 
Exceedance Median 10% 

Exceedance 
Upstream of ISF 
AP1 Ubai U/S Nena 7 26 242 58 
AP2 Uba U/S Nena 22 57 152 11 
AP3 Nena U/S Uba 129 149 174 504 
AP4 Frieda River FRHEP northern arm 139 181 285 1,430 
AP5 Frieda River FRHEP southern arm Not modelled 
(12050) Ok Binai 22 57 182 105 
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Assessment 
Point 1 River 

Average Annual TSS (mg/L) 2 Average 
Sediment 
Load (t/d) 

90% 
Exceedance Median 10% 

Exceedance 
Mid-catchment, Downstream of ISF 

AP6 Frieda River FRHEP 
spillway/offtake 

113 163 338 4,410 

AP7 Frieda Airstrip 110 160 327 4,420 
AP8 Frieda U/S Kaugumi 111 162 327 4,420 
AP9 Frieda Mountain 110 161 327 4,430 
Lowland Plains 
AP10 Frieda Lower Frieda GS 108 169 311 4,640 
AP11 Frieda U/S Sepik 65 167 347 4,740 
AP12 Sepik Iniok GS 100 164 372 61,560 
AP13 Sepik River (Kubkain GS) 123 194 399 73,550 
(23480) Sepik Near D/S Model Extent 183 266 428 92,620 

Notes:  1See Figure 15 for locations.  Numbers in brackets for óRiverô reflect cross-section number for non-AP in HEC-RAS modelling. 
2Average annual values presented derived from averaging median, 90% and 10% exceedance values for each year of 

simulation. 

It should also be noted that there is variability in annual median TSS values at the various APs.  This reflects 
the variability in flows from year to year and must be considered when evaluating the likely impacts of the 
Project on sediment levels, as discussed below.  Also, comparing these results to the actual sediment 
sampling should be treated with caution for the following reasons: 

 The measured data are extremely limited and reflect one-off sampling on individual days (normally 
four times per year), and 

 Days of observation are unlikely to coincide with periods of higher flow (and TSS) due to the difficulty of 
reaching the sites (normally by helicopter) during inclement weather conditions that are more commonly 
associated with periods of high discharge. 

Nonetheless, the estimated averages of annual median TSS values are certainly of similar magnitude to those 
observed during the sampling. 

Overall, the modelling results suggest contribution to sediment loads (and flow volumes) in the Sepik River 
from the Frieda River catchment is minimal under existing conditions.  In terms of sediment load the Frieda 
River contribution is around 8% of the combined load of the Frieda and upper Sepik rivers at their confluence.  
This can be compared at this location to the ratio of average annual flows for the Frieda River and Sepik River 
of around 14% and the ratio of the Frieda River catchment area to that of the Sepik River of around 6%.  This 
indicates the upper Sepik River has a similar sediment contribution per unit flow and per unit area as the 
Frieda River. 

During the field trip undertaken by Golder in 2009 it was apparent that the observed bed material along the 
lower Frieda River is predominantly coarse to fine sand while along the Sepik River is fine sand and silt (refer 
to photos in Figure 20).  The river channels have a high degree of sinuosity, particularly along the Sepik River.  
This channel morphology reflects the reduced channel grades (see Figure 4) and related lower flow velocities 
which results in coarser material (gravel sized and larger) being preferentially deposited in the upper reaches 
of the Frieda River with progressively finer material being conveyed further downstream and then deposited in 
the lower reaches of the Frieda River and then the Sepik River. 
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Although these results provide a base case against which potential Project impacts on sediment loads and 
concentrations could be compared, changes in bed levels over time were also derived during the modelling 
and are shown in Figure 22 for the APs (excluding AP5, which was not modelled).  The results for the upper 
catchments (Ubai Creek, Uba Creek and Ok Binai) and Frieda and Sepik Rivers indicate the channel 
elevations may vary marginally naturally in the coming years from those currently observed.  This may, 
however, also indicate inaccuracies in the available cross-sections along the river reaches or the adoption of 
unrepresentative bed material PSDs.  Nonetheless, these modelled forecasts of changes in bed levels under 
existing conditions must be considered when assessing potential Project impacts over the same river reaches 
and time periods.  This is discussed in Section 7.1.3. 

The results, based on the 44 years of the simulation, indicate: 

 In the upper reaches of the Ubai River(AP1) and Nena River (AP3), the variations in bed levels are 
relatively minor suggesting the river reaches in this area are relatively stable under current conditions. 

 Along the lower Nena and Frieda rivers (AP4 to AP11) the change in bed levels is variable with some 
cross-sections aggrading while others reduce (degrade) in elevation.  This may reflect inaccuracies in the 
current bed profile at several of the sections or possibly the impacts of recent higher flow events 
changing channel bed elevations along localised sections of the river.  No pattern is evident and, as 
discussed previously, the river bed levels are predicted to change naturally in the future although 
maximum changes are generally only of the order of plus or minus 1 m.  It is likely, however, that the 
changes are a result of the river adjusting to an equilibrium, where the bed profile becomes more uniform 
than is currently the case.  This adjustment is typically in response to larger flows during the simulation 
period.  This can be seen in Figure 23, where the current bed profile is compared to that estimated after 
44 years indicating existing peaks and troughs in the lower Frieda River are forecast to adjust over time.  
This óchange under existing conditions is also generally predicted for a number of the locations in the 
simulations during mining and post-closure (see Section 7.1.3).  Identifying any FRCGP and FRHEP 
impacts on bed levels in the lower Frieda River must, therefore, also consider these apparent ónaturally 
occurringô future bed level changes under existing conditions. 
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Figure 22: Estimated variation in bed elevations ï existing conditions 
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Figure 23: Predicted changes in bed profile along Sepik, Frieda and Nena Rivers and Ubai Creek 

 Within the Sepik River the bed elevations show both aggradation and degradation in bed levels of up to 
around 2 m to 3 m in the vicinity of AP12 and AP13.  The reason for these changes is not readily 
apparent but may reflect inaccuracies in the assumed bed level applied in the modelling and the 
tendency for the river channel to move towards a lower natural level at this section.  This indicates there 
will likely be some ongoing bed load movement along the river in the future under existing catchment 
conditions. 

 Sediment transported in the Sepik River predominantly comprises extremely fine silts and clays, which 
have very low settling velocities.  Although there are some changes in bed levels over time the volume of 
sediment flowing into and from the Sepik River reach modelled is comparable annually.  Even though 
flow velocities in the Sepik River are not generally high at around 1.5 m/s, it is likely much of the 
sediment being transported through the modelled section of the Sepik River will also remain in 
suspension further downstream of Ambunti unless flow velocities reduce considerably. 
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7.1.2 Assumptions on sediment outflow from integrated storage facility 
Waste rock and tailings will be progressively deposited in the ISF during mine operation as below: 

 Waste Rock (total 1,558 Mt): 

▪ All waste rock (other than that reporting to the Ok Binai waste dump) including potentially acid forming 
waste (PAF) will be crushed and conveyed to a barge loading station via a 9 km overland conveyor. 

▪ At the barge loading station, the waste rock will be stacked (24-hour capacity), reclaimed and loaded 
into 5,000 t barges.  The barges will transport and deposit the waste rock for subaqueous storage in 
the ISF. 

 Tailings (total 1,493 Mt): Thickened tailings will be pumped via a dedicated pipeline from the process 
plant for subaqueous storage in the ISF. 

Water from the ISF will be discharged downstream from the ISF either via the hydroelectric power facility or 
spillway system.  The discharge from both sources will, however, enter the downstream river system at a 
similar location immediately downstream of the ISF embankment (upstream of AP6). 

Estimates of daily outflow volumes and their associated TSS concentrations from the ISF were derived by 
SRK (SRK, 2018b).  It is noted that these TSS estimates do not allow for any reductions associated with 
mitigations measures planned around the spillway and hydroelectric intake (e.g. silt curtains).  A summary of 
the annual outflows and combined sediment loads for both spillway and hydroelectric facility is presented in 
Table 20. 

An overview of the annual outflows from the ISF impoundment (both hydroelectric facility and spillway) are 
summarised below: 

 From Year -7 to mid-Year -2 the outflows are equivalent to those under existing conditions 

 For the latter part of Year -2 the outflows are significantly lower at around 4,400 ML/d compared to 
15,200 ML/d under existing conditions as the ISF impoundment begins to fill 

 From mid-Year -2 to Year 1 the daily outflows average around 13,000 ML/d compared to around 17,000 
ML/d under existing conditions as filling continues and the hydroelectric power facility then commences 
operating 

 From mid-Year 2 to Year 37 the daily outflows average around 18,100 ML/d compared to around 
17,200 ML/d under existing conditions. 

However, there is a significant reduction in the range of estimated daily flows in the Frieda River downstream 
of the ISF and hydroelectric power facility once this becomes operational.  

For the purpose of the sediment transport assessment, all sediment outflow from the ISF impoundment during 
its operation (Years -2 to 37) was assumed to have a maximum particle size of 6 Õm (equivalent to a very fine 
silt) and smaller (SRK, 2018b). 

Prior to impoundment, during the first 5.5 years of construction, a sediment load of approximately 13 Mt will be 
released to the upper Frieda River compared to an average estimated natural load of 9 Mt over the same 
period.  The overall sediment load discharged from the ISF over the 39-year period following commencement 
of its impoundment through to the end of the four-year post-closure period simulated (Years -2 to 37) is 
estimated to be approximately 29.0 Mt.  
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Table 20: Summary of annual outflows from ISF impoundment 

Year Flow (ML) Sediment (t) 
-7 6,948,351 2,404,422  
-6 6,096,883 2,133,529  
-5 5,777,489 1,809,800  
-4 5,623,591 2,269,208  
-3 5,955,850 2,934,755  
-2 (Before/After Embankment Closure) 2,931,111/795,435 1,308,284/41,473 
-1 3,954,912 112,004 
1 4,678,205 320,475 
2 4,859,394 717,337 
3 6,234,435 921,621 
4 6,572,394 979,468 
5 6,507,825 850,786 
6 6,553,600 775,821 
7 6,529,750 882,748 
8 6,441,587 1,079,586 
9 6,393,817 1,111,307 
10 6,372,172 790,685 
11 6,482,998 941,195 
12 6,637,024 1,329,259 
13 6,574,606 1,349,484 
14 6,802,860 1,470,984 
15 6,774,695 1,611,444 
16 6,773,318 1,532,249 
17 6,984,611 1,373,734 
18 7,221,155 1,266,366 
19 7,221,882 1,220,383 
20 6,901,331 1,263,076 
21 6,901,730 1,117,423 
22 6,918,489 747,912 
23 6,692,131 702,244 
24 6,636,915 690,105 
25 6,640,647 718,403 
26 6,679,290 658,636 
27 6,643,905 517,687 
28 6,658,099 310,183 
29 6,645,991 181,395 
30 6,669,199 224,840 
31 6,647,628 228,152 
32 6,656,235 203,650 
33 6,704,120 206,891 
34 7,272,067 178,279 
35 4,412,269 108,074 
36 6,610,913 137,027 
37 6,602,031 170,484 
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This compares to the total sediment load of approximately 3,152 Mt forecast to enter the ISF over the same 
period comprising: 

 Natural catchment sediment of approximately 66 Mt, based on sediment loads at AP6 (see Table 19) 

 FRCGP-related and FRHEP-related impacts, 34.5 Mt 

 Waste rock (1,558 Mt) and tailings (1,493 Mt). 

The outflow sediment load from the ISF storage therefore represents around 1.0% of the overall inflow load. 

7.1.3 Simulations during construction, operation and post-closure 
Based on the mine development plan outlined in Table 5 and shown on Figure 5, estimated sediment loads 
associated with the impacts of mining were derived for the period of construction, operations and the initial five 
years post-closure (covering a 44-year simulation period).  For the assessment and presentation of modelling 
assessments Years -7 to -1 reflect the implementation period, including four years of construction, with 
operation commencing in Year 1 and finishing in Year 33, followed by closure.  The hydroelectric scheme will, 
however, begin to regulate flows and reduce sediment outflow to the downstream Frieda River towards the 
end of Year -2. 

The annual median sediment concentrations (50% exceedance probability) for existing conditions and periods 
of construction, operations and post-closure are summarised in Table 21 and outlined in more detail in 
Table 22 and Table 23 for the APs for each year (-7 to 37) for the Ubai/Uba/Nena/Ok Binai/Niar and 
Frieda/Sepik systems, respectively.  Also included are estimates for the Ok Binai and the Sepik River 
downstream of the confluence with the April River.  It is noted that the sediment concentration estimates are 
not presented for AP4 as this location is within the ISF impoundment while AP5 was not modelled as part of 
the simulation study.  The relatively high TSS concentrations for the Ok Binai (several orders of magnitude 
higher than under existing conditions) reflect the ongoing sediment contribution from the spoil dump adjacent 
to the limestone quarry and Ok Binai waste dump. 

Table 21: Summary of average sediments concentrations during construction, operations and post-closure 

Location 1 Average of Annual Median Sediment Concentrations (mg/L) 
Existing Construction Operations Post-closure 

AP1 2 26 1,358 346 81 
AP2 2 57 654 112 56 
AP3 2 149 258 182 168 

Ok Binai 2 57 2,598 6,291 51 
AP4 Within ISF impoundment 
AP5 Not modelled 
AP6 3 163 287 159 29 
AP7 3 160 284 156 29 
AP8 3 162 307 161 31 
AP9 3 161 309 163 32 
AP10 3 169 327 159 38 
AP11 3 167 262 158 52 
AP12 3 164 243 147 129 
AP13 3 194 254 185 165 

Sepik D/S April River 3 266 292 266 238 
Notes:  1AP4 within ISF impoundment, AP5 not modelled. 

2Construction period from Year -7 to -1, operation from Year 1 to 33, post-closure from Year 34 to 37 
3Construction period from Year -7 to -2, operation from Year -1 to 33, post-closure from Year 34 to 37 
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Table 22: Sediment concentration estimates (mg/L) for 50% exceedance during construction, operation and 
post-closure ï Ubai/Uba/Nena River/Ok Binai/Niar network 

Year AP1 (Ubai) AP2 (Uba) AP3 (Nena) Ok Binai 
Existing 26 57 149 62 

-7 (Construction) 281  582 190  128  
-6 1,175  1029 312   80  
-5 1,230  684 291   56  
-4 1,206  542 272  3,151  
-3 1,300  353 248  5,678  
-2 2,954  732 231  6,493  
-1 1,256  252 217  7,364  

1 (Operation) 1,055  215 211  8,611  
2 432  160 203  11,955  
3 637  152 194  11,087  
4 399  183 193  11,240  
5 379  186 191  11,603  
6 340  132 188  13,586  
7 385  99 184  15,670  
8 301  119 182  14,904  
9 272  122 181  12,657  
10 272  116 180  9,710  
11 320  154 179  12,656  
12 368  111 174  13,344  
13 312  127 177  10,293  
14 318  124 176  9,132  
15 312  102 176  8,697  
16 342  64 173  8,797  
17 316  76 175  2,973  
18 268  103 175  2,761  
19 222  86 177  2,423  
20 206  85 176  2,161  
21 192  95 176  1,578  
22 209  61 175  868  
23 253  87 175  1,737  
24 88  72 176  1,076  
25 86  88 178  370  
26 214  71 175  72  
27 205  95 177  55  
28 342  82 175  51  
29 366  53 175  42  
30 271  93 177  39  
31 236  71 177  41  
32 232  51 172  46  
33 98  49 172  58  

34 (Post-closure) 88  65 171  48  
35 81  64 169  59  
36 74  56  167  48  
37 65  44  163  40  



September 2018 1788839-001-R-Rev3 

 

 
 

 78 
 

Table 23: Sediment concentration estimates (mg/L) for 50% exceedance during construction, operation and 
post-closure ï Frieda/Sepik network 

Year AP6 AP7 AP8 AP9  AP10 AP11 AP12 AP13 Sepik R. 
(Ambunti) 

Existing 163 160 162 161 169 167 164 194 266 
-7 (Construction) 263 272 279 283 318 267 274 279 300 

-6 307 299 341 343 366 229 231 242 284 
-5 289 282 301 302 298 289 224 241 292 
-4 762 713 767 788 606 301 222 257 299 
-3 515 515 518 526 533 498 254 272 326 
-2 128 132 132 156 152 142 209 226 291 
-1 40 42 41 53 76 98 158 194 285 

1 (Operation) 66 65 65 72 112 114 123 172 263 
2 128 126 125 128 138 138 128 189 268 
3 147 145 145 147 156 181 124 176 281 
4 160 157 156 157 161 185 125 176 287 
5 126 124 124 125 125 128 164 199 295 
6 127 125 124 125 125 136 121 164 275 
7 143 140 140 141 137 146 129 161 257 
8 177 173 173 173 165 164 129 160 257 
9 168 165 165 165 161 183 176 198 289 
10 122 119 119 119 119 142 177 229 290 
11 160 157 157 156 151 162 144 197 283 
12 202 196 197 197 188 209 167 195 269 
13 203 199 200 199 190 209 138 172 268 
14 226 218 220 220 210 227 143 175 259 
15 234 235 240 240 229 243 179 229 283 
16 214 221 226 227 217 240 153 202 252 
17 192 195 193 195 187 190 177 203 270 
18 189 188 193 193 185 189 131 162 238 
19 175 175 177 179 174 177 125 153 226 
20 199 198 200 201 187 187 157 174 251 
21 124 123 136 135 141 149 131 158 256 
22 116 115 118 118 115 122 115 149 246 
23 109 108 110 110 109 114 120 149 220 
24 109 106 109 109 108 114 138 170 257 
25 112 110 111 112 109 116 119 164 256 
26 97 96 111 112 110 120 146 179 242 
27 74 73 93 96 101 105 160 214 285 
28 31 31 42 45 76 71 130 181 286 
29 30 30 39 41 45 49 110 150 230 
30 36 36 42 45 48 50 100 146 248 
31 35 35 40 43 48 52 146 184 242 
32 31 31 35 38 43 48 136 173 252 
33 45 45 48 50 56 53 118 145 205 

34 (Post-closure) 28 28 31 32 36 42 88 131 212 
35 19 19 22 22 32 39 149 185 268 
36 24 24 26 26 30 63 147 181 251 
37 27 27 29 29 36 63 142 182 254 
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For the APs upstream of the ISF embankment the construction and operation periods were adopted as 
Years -7 to -1 and Years 1 to 33, respectively.  For the APs downstream of the embankment the construction 
and operation periods were adopted as Years -7 to -2 and Years -1 to 33, respectively.  The change 
downstream accounted for the commencement of operations of the hydroelectric scheme in Year -2.  The 
annual estimates are shown graphically in Appendix C for predicted sediment concentrations associated with 
10%, 50% and 90% exceedance probabilities. 

The results in Table 21 represent annual median sediment concentrations through the different periods of 
mine development and should therefore only be interpreted as a summary of the order of magnitude of the 
overall predicted changes over the simulated period.  The results presented in Table 22 and Table 23 provide 
a means of directly comparing the annual median sediment concentrations at each AP and the additional 
locations also considered on the Ok Binai and the Sepik River downstream of its confluence with the April 
River.  

Predicted changes in the bed levels at the various APs during construction, operations and post-closure are 
shown in Figure 24.  Predicted annual median TSS concentrations for the various APs both under existing 
conditions and during construction, operations and post-closure are shown in Figure 25. 

A discussion of the results is presented below for the various river sections. 

Ubai/Uba/Nena/Ok Binai/Niar network (upstream ISF) 

The Ubai/Uba/Nena/Ok Binai/Niar network comprises the catchments upstream of the ISF embankment 
located in the upper reach of the Frieda River.  The major tributaries of the Frieda River include: 

 Ubai Creek: where the majority of the mine-related infrastructure including site accommodation village, 
laydown areas, sections of the ore and waste rock rope conveyor, road/pipeline and infrastructure 
corridors, process plant and offices, quarries and the main open pit are located 

 Uba Creek: where the Koki open pit is located and that flows into the upper Nena River 

 Upper Nena River: where limited mine components are located and that merges with Ubai Creek some 
8 km downstream of the open pit 

 Nena River: where access and haul roads, quarries and the ISF will be constructed 

 Ok Binai: where the spoil dump adjacent to the limestone quarry and Ok Binai waste dump will be 
located 

 Niar River: through which the infrastructure corridor passes. 

Sediment concentrations in these watercourses are therefore a function of both inflows and natural sediment 
loads from the undisturbed catchments and sediment inflows from FRCGP-impacted areas including open pits 
and spoil dumps. 

During construction, annual median sediment concentrations are expected to increase significantly in Ubai 
Creek to a maximum of around 3,000 mg/L as the mine infrastructure is developed.  This compares to existing 
annual median concentration of around 30 mg/L.  Although pre-stripping of the pits will commence towards the 
end of this period (Year -1), actual mining will not occur until Year 1.  Non-impacted upslope runoff will be 
diverted around the open-pit and be discharged directly into Ubai Creek.  Pumping of water (with likely 
elevated sediment concentrations) from the pit sumps to Ubai Creek will occur via the water treatment plant 
following its installation in Year 1 and, possibly, sediment ponds.  Sediment contributions from the pit to 
downstream river systems were therefore assumed to be negligible after Year 1. 
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Notes: No changes in bed level were derived for AP4 or AP5, as noted in Section 7.1.3. 

Figure 24: Estimated variation in bed elevations ï during construction, operations and post-closure 
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Figure 25: Estimated variation in annual median TSS concentrations ï under existing conditions and during construction, operations and post-closure 
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During operations, annual median sediment concentrations in the vicinity of AP1 are expected to reduce 
considerably to 500 mg/L to 700 mg/L in Years 1 to 2 of operation.  Peak sediment concentrations are, 
however, estimated to remain elevated at around 3,000 to 4,000 mg/L for very short, isolated periods in these 
years. 

From Year 3 of operation, annual median sediment concentrations are predicted to further reduce to levels of 
around 200 mg/L.  This remains higher than the median TSS concentrations under existing conditions of 
around 30 mg/L.  As noted in Appendix C, more extreme sediment concentrations are predicted to 
occasionally occur, with maximum concentrations of up to around 3,000 mg/L predicted to be exceeded 10% 
of the time.  Analyses also suggest high TSS concentrations can occur both during periods of high flow as a 
result of sediment inflow from the natural upslope catchment and also during periods of lower flow, which 
coincide with periods of minimal rainfall.  In the latter case, the high sediment inflows resulting from FRCGP 
impacts are the major contributor resulting in the increased sediment concentrations. 

In terms of duration of flow at AP1 (Ubai Creek), discharges up to around 1.5 m3/s are exceeded 
approximately 80% of the time over the 44-year period of simulation and the associated number of 
consecutive low flow days could be expected to reach up to around 25 days.  Under existing conditions, the 
average TSS concentration for flows up to this discharge is less than 10 mg/L compared to around 1,800 mg/L 
during construction, operation and post-closure. 

Average annual median sediment concentrations progressively reduce further downstream along the middle 
and lower reaches of Ubai Creek (AP3) as a result of settlement of some of the sediment mobilised in the 
upper reaches of Ubai Creek and additional inflow of relatively lower TSS concentrations from the natural 
catchment. 

In Uba Creek annual median sediment concentrations at AP2 are estimated to increase to an annual median 
of up to around 1,000 mg/L in the initial two years of construction before reducing to 300 mg/L by the 
commencement of operation.  This is significantly higher than the annual median concentrations of around 
60 mg/L under existing conditions.  Maximum values are estimated to rise to around 2,000 mg/L (see 
Appendix C).  During operation, the annual median TSS concentrations are, however, estimated to gradually 
reduce to levels currently observed (see Figure 25). 

In the Nena River at AP3 located around 2 km upstream of the confluence with Uba Creek, annual median 
sediment concentrations are forecast to increase to around 300 mg/L in the initial years of construction.  This 
compares with estimated levels of around 150 mg/L under existing conditions.  TSS concentrations are then 
estimated to gradually reduce during operation and remain generally constant at around 180 mg/L, which is 
marginally higher than observed under existing conditions.  The relatively minor changes in TSS 
concentrations for AP3 (and the upper Nena River) reflect the limited infrastructure to be developed along this 
tributary. 

The spoil dump adjacent to the limestone quarry and Ok Binai waste dump will be developed in the upper 
reaches of the Ok Binai catchment commencing in Year -4 and Year -2, respectively.  Non-acid forming waste 
rock from the progressive development of the pit will also be transported to the Ok Binai waste dump 
throughout the majority of mine operation.  No rehabilitation of this dump has been assumed and sediment 
losses are therefore likely to remain high throughout the Project.  During construction and prior to 
development of the spoil dump adjacent to the limestone quarry and Ok Binai waste dump, annual median 
TSS concentrations are estimated to range up to around 120 mg/L, compared to existing levels of around 
60 mg/L.  After the dumps are developed, estimated annual median TSS concentrations increase significantly 
and are forecast to fluctuate up to around 15,000 mg/L throughout the period of operation until the spoil dump 
adjacent to the limestone quarry and Ok Binai waste dump are fully eroded.  Maximum TSS concentrations 
are, however, estimated to increase up to around 25,000 mg/L, albeit infrequently. 
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Based on estimated rates of erosion from the spoil dump adjacent to the limestone quarry and Ok Binai waste 
dump it is estimated to take approximately 20 years from commencement of its development for the material 
to be fully eroded to the downstream watercourse. 

Prior to closure of the diversion tunnel associated with the ISF embankment, sediment inflows in the Nena 
River (AP4) will occur as a result of the contributing sediment inflow from the associated natural catchment as 
well as inflows from the mine infrastructure adjacent to this reach of the river, including quarries, access 
roads, spoil dumps, adjacent road and rope conveyor corridors and the ISF embankment.  Annual median 
sediment concentrations in the reach of the Nena River to be impounded are predicted to increase from 
around 300 mg/L during Year -7 up to around 700 mg/L prior to ISF impoundment.  Over this period, annual 
sediment concentrations with a 10% exceedance probability are estimated to be up to around 1,300 mg/L.  
These compare to an existing average annual median sediment concentration of around 150 mg/L. 

During operations and post-closure, the sediment concentrations estimated for AP1, AP3 and along the Ok 
Binai reflect those associated with the inflows from the upstream tributaries to the ISF, noting the sediment 
inflows from the Niar River catchment will remain comparable to those under existing conditions.  Minor 
additional sediment inflows into the ISF, excluding the deposition of waste rock and tailings, will be associated 
with sediment inflows from the adjacent natural catchment as well as from mine infrastructure located adjacent 
to the ISF storage that is not impounded. 

During operations and post-closure, sediment concentrations are estimated to progressively reduce in 
response to the rehabilitation and natural regeneration of mine-impacted areas (see Table 22, Table 23, 
Figure 25, and Appendix C for changes at APs).  Based on the assumed rate of rehabilitation, sediment 
concentrations comparable to those observed under existing conditions could be approached by the end of 
operations along the impacted reaches of Uba Creek but will remain slightly elevated along the Nena River.  
TSS concentrations along the Ubai Creek are predicted to remain elevated; however, in the Ok Binai they will 
remain substantially higher due to the ongoing sediment losses from the spoil dump adjacent to the limestone 
quarry and Ok Binai waste dump until these are fully degraded. 

Variations in bed levels at the APs as a result of FRCGP impacts (see Figure 24) indicate no significant 
long-term changes at AP1, AP2 and AP3.  The modelling does, however, indicate bed level increases are 
likely adjacent to the pit and other mine infrastructure in the upper reach of Ubai Creek and also in the Ok 
Binai downstream of the spoil dump adjacent to the limestone quarry and Ok Binai waste dump.  The changes 
in bed levels at these locations are shown in Figure 26. 

Over the period of simulation, the increase in bed levels in the Ubai Creek in the vicinity of the pit is estimated 
to be around 5 m while in the Ok Binai the increase is estimated to be around 2m to 3m.  It is likely larger bed 
level changes will be observed locally depending on the locations the sediment is deposited into the Ok Binai.  
The higher bed levels are also likely to remain for an extended time into the future until sufficient large floods 
occur to remobilise the deposited material and transport it further downstream to be ultimately deposited in the 
upper reaches of the ISF impoundment. 
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Figure 26: Changes in bed bevels in upper reaches of Ubai Creek and Ok Binai 

Below the confluence with the Niar River, the Frieda River will be impounded by the ISF storage.  As noted in 
Section 7.1.2, the overall mass of mine-related material (sediment from mine-impacted areas, waste rock and 
tailings) to be deposited in the ISF storage as a result of the FRCGP is around 3,152 Mt over the 44-year 
period of simulation.  During this period, only around 1.0% of the combined inflow sediment, waste rock and 
tailings is expected to be discharged downstream of the ISF. 

The estimated changes in bed levels at the APs upstream of the ISF highlight the importance of implementing 
suitable sediment control measures around the mine infrastructure.  This will assist in reducing the likelihood 
of larger diameter sediment material being mobilised and transported to the river network where any local 
deposition would result in increases in bed levels (river aggradation). 
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Frieda/Sepik network (downstream ISF) 

The Frieda/Sepik model (see Figure 8) extends some 77 km from the ISF located on the Frieda River to the 
junction with the Sepik River and a further 200 km along the Sepik River to Ambunti.  The catchment areas of 
the Frieda and Sepik rivers at their junction are approximately 1,466 km2 and 25,200 km2, respectively.  The 
Wario and April rivers, the next major tributaries of the Sepik River downstream of the Frieda River, have 
catchment areas (including areas immediately adjacent to the Sepik River) of approximately 2,000 km2 and 
5,800 km2, respectively.  The Frieda River catchment area is, therefore, relatively minor in comparison to 
these other contributing catchments. 

In terms of outflows from the ISF, during Year -2 the diversion tunnel will be closed and releases from the ISF 
will commence.  The outflow from the ISF therefore comprised: 

 Year -7 to mid-Year -2: Flows and TSS concentrations based on the Ubai/Uba/Nena/Ok Binai/Niar model 
simulations incorporating construction impacts upstream of the ISF embankment 

 Mid-Year -2 to Year 37: Flows and TSS concentrations based on the modelled SRK outflows from the 
ISF. 

The combined annual average TSS concentrations and annual volumes of discharge from the ISF(AP6) are 
shown in Figure 27.  This indicates flows downstream of the ISF (pre- and post-diversion tunnel closure) are 
generally comparable (on an annual basis), although lower flows are forecast in Years -2 to 2 and Year 35.  
Annual TSS concentrations in Years -7 to -3 are higher but are forecast to reduce significantly in Years -1 
to -1 before again increasing to a peak of around 240 mg/L in Year 15.  They are forecast to then decline to 
around 30 mg/L in Year 28 and remain around that level in subsequent years. 



September 2018 1788839-001-R-Rev3 

 

 
 

 88 
 

 

Notes: Years -7 to -2.5 based on pre-ISF diversion tunnel closure, subsequent years based on ISF operation 

Figure 27: TSS concentrations and releases from ISF 

Downstream of the hydroelectric power outlet (AP6) the pattern in annual median sediment concentrations 
largely reflects that of the actual conditions (with SPD impacts) prior to ISF diversion tunnel closure (during 
Year -2) and ISF outflows thereafter.  Median TSS concentrations are predicted to be around 250 mg/L to 
300 mg/L up to Year -5, increasing to a peak of 750 mg/L in Year -4 (pre-ISF diversion tunnel closure), 
reducing to around 40 mg/L to 60 mg/L in Years -2 to -1 and then increasing to 100 mg/L to 240 mg/L over the 
first 14 years of operation.  From Year 28 median TSS concentrations are predicted to reduce to around 30 
mg/L to 40 mg/L.  This is much lower compared to the predicted median TSS concentrations at AP6 of around 
190 mg/L under existing conditions.  As shown in the graphs in Appendix C, sediment concentrations post-
closure of the ISF diversion tunnel show minimal variability with the estimates based on the 10%, median and 
90% exceedance probabilities being similar.  The ISF therefore has a major role in attenuating the reservoir 
outflow discharges as well as reducing median TSS concentrations below those estimated under existing 
conditions, particularly from around Year 21 of operation. 

The average annual median sediment concentrations along the middle reach of the Frieda River (represented 
by AP7, AP8 and AP9) show a similar pattern to that forecast for AP6.  This highlights the limited sediment 
inflow from the adjacent natural catchment and impacts of the limited mine-related construction along this 
reach. 
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Post-closure the annual median sediment concentrations along the middle reach of the Frieda River are 
estimated to be around 30 mg/L to 40 mg/L, which is significantly below the 120 mg/L to 200 mg/L estimated 
to occur under existing conditions.  As mentioned above this is a direct consequence of the reduced TSS 
concentrations associated with the ISF outflow. 

In the lower reaches of the Frieda River (AP10 and AP11) sediment concentrations are slightly higher than 
those observed in the middle reach with average annual median TSS values increasing up to around 
230 mg/L in Year 15.  As for the middle reach, the median TSS concentrations then reduce to around 50 mg/L 
in the latter years of operation and post-closure.  The marginally higher TSS levels along the lower reach and 
higher variability in TSS concentrations within the years (as evidenced by the larger spread in estimates for 
the 10%, median and 90% exceedance probabilities) reflect the increasing contribution of sediment from the 
local contributing catchment of the lower Frieda River.  Again, however, the long-term median TSS levels are 
forecast to be significantly below the estimate of around 160 mg/L under existing conditions. 

In the Sepik River at AP12 the annual median TSS sediment concentrations show some variability, typically 
ranging between 120 mg/L and 200 mg/L.  This compares to a forecast annual average median TSS of 
around 165 mg/L under existing conditions.  The estimates based on existing conditions also exhibit similar 
annual variability (see Figure 25) with negligible differences in the two sets of annual median TSS 
concentrations up to around Year 23 of operation.  This year coincides with the start of significant reductions 
in TSS concentrations predicted for the ISF outflow in comparison to those occurring under existing 
conditions.  This reduction appears to be conveyed through to the Sepik River.  However, given the far lower 
sediment contribution from the Frieda River in comparison to that of the Sepik River upstream of the 
confluence of these rivers, the overall impact is a reduction in the annual median TSS concentrations in the 
Sepik River from current levels generally ranging between 170 mg/L to 185 mg/L to estimated levels ranging 
from 130 mg/L to 180 mg/L.  There is, however, annual variability in the estimated values.  For the 10% 
exceedance probability, the median annual TSS values typically range from 300 mg/L to 400 mg/L in the 
Sepik River at AP12. 

Further downstream at AP13 (downstream of the junction of the Sepik River and April River) annual median 
TSS concentrations are predicted to be higher than at AP12 and fluctuate around 190 mg/L, which compares 
to the estimated average annual median TSS value under existing conditions of around 180 mg/L.  At AP13 
there is also an increase in the 10% exceedance values to around 350 mg/L to 450 mg/L when compared to 
those estimated for existing conditions.  This increase in TSS concentrations at AP13 largely reflects the 
influence of the sediment contribution from the April River and is not related to the Project. 

In assessing the likely Project impacts on the TSS concentrations the following key points are noted: 

 Annual median TSS values under existing conditions show considerable variability, largely reflecting the 
natural variation in flows and sediment loads 

 Annual median TSS values as a result of the Project also show similar variability at all APs 

 There is considerable reduction in the annual median TSS concentrations at AP6 (immediately 
downstream of the ISF) from those estimated under existing conditions as a result of development of the 
ISF and operation of the FRHEP, with the retention of 99% of FRCGP and FRHEP area-derived 
sediment (including tailings and waste rock) within the ISF. 

 The reduction in TSS concentrations of outflows from the ISF after closure of the diversion tunnel during 
Year -2 of construction will have a potentially significant influence on TSS concentrations immediately 
downstream of the ISF embankment and further downstream in the lower Frieda River, i.e. the 
concentrations will reduce compared to existing concentrations. 
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For the Sepik River, impacts relating to the proposed Project are more difficult to clearly identify.  An overall 
comparison of the annual median TSS concentrations at AP12, AP13 and at the downstream location on the 
Sepik River does not indicate any significant differences between those estimated under existing conditions 
and with the Project.  There is, however, predicted to be a minor reduction in TSS levels (of the order of 
20 mg/L to 30 mg/L) during the later years of operation.  Prior to this time any apparent changes in sediment 
concentrations in the Sepik River could equally be associated with the inherent natural variability in the Sepik 
River flows and TSS concentrations.  This is particularly the case given the far higher percentage contribution 
of flow and sediment load from the upper Sepik River in comparison to the Frieda River.  As also observed in 
the graphs in Appendix C, such minor differences are well within the natural variation in annual median 
sediment concentrations in the Sepik River. 

The change in the overall longitudinal bed profile along the Sepik/Frieda and Nena/Ubai systems at the end of 
the 44-year period is shown in Figure 23 while bed level changes at the various APs are shown on an annual 
basis on Figure 24.  Figure 23 indicates changes in the bed profile over the period of operation are 
comparable to those likely to occur under existing conditions.  This indicates Project impacts on bed level 
changes are likely to be negligible. 

The modelling does, however, predict a reduction in bed level at AP6 and AP7 on the Frieda River as a result 
of the FRHEP.  The latter is more pronounced after Year 24 of operation.  A closer review of the ISF outflows 
after closure of the diversion tunnel (in Year -2) indicates: 

 Forecast median daily outflows from the ISF are around 210 m3/s compared to 178 m3/s under existing 
conditions 

 The lower flows from the ISF are significantly higher than under existing conditions, with a daily outflow 
of 150 m3/s from the ISF being exceeded 95% of the time compared to 80 m3/s under existing conditions 

 Estimated median daily TSS concentrations from the ISF are around 110 mg/L compared to 230 mg/L 
under existing conditions 

 Estimated maximum daily TSS concentrations from the ISF are around 370 mg/L compared to in excess 
of 2,000 mg/L under existing conditions. 

As a result, based on the ISF outflows the sediment carrying capacity of the Frieda River downstream of the 
ISF exceeds the actual sediment load being discharged as a result of FRHEP operation.  This, combined with 
a more consistent and higher downstream flow regime due to the controlled discharge of water from the 
FRHEP, is estimated to result in increased local erosion in the river reach immediately downstream of the ISF 
embankment.  A comparison of the bed level changes for the 44-year period of simulation shown in Figure 22 
and Figure 24 indicate lowering of the bed occurs primarily around AP6 (approximately 3 m) and AP7 
(approximately 1 m), with more limited reductions at AP9 and AP10, when compared to those estimated under 
existing conditions.  The more limited reduction in bed levels over the lower Frieda River during operations is 
likely to occur due to the river gradient in this section gradually reducing when compared to that observed 
along the upper Frieda River, with associated lower flow velocities and erosion potential, and the channel in 
this reach comprising a coarse material that provides some bed armouring. 

As noted previously, the suspended sediment in the Sepik River comprises extremely fine silts and clays.  
These have very low settling velocities and even though flow velocities in the Sepik River are not generally 
high, at around 1 m/s to 1.5 m/s, it is likely that the material being transported will remain in suspension 
downstream of Ambunti unless flow velocities are to reduce considerably below those observed in the 
modelled reach of the Sepik River. 
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Within the Sepik River over the 44-year period of analyses the results indicate there will be both increases and 
reductions in bed levels of the order of up to 2.5 m along the river reach between the Frieda-Sepik river 
junction and some 200 km downstream to Ambunti.  A comparison of the bed level changes over time under 
existing conditions with those during operations and post-closure does, however, indicate changes predicted 
under current conditions and during operations are generally comparable.  These bed level changes along the 
Sepik River during operation are therefore considered to reflect predicted changes that will occur naturally 
without the Project.  As noted previously, they could also be associated with inaccuracies in the SRTM DEM 
used in defining some of the hydraulic model cross-sections. 

Predicted long term bed level changes in Frieda River 

As noted in Figure 24 there is predicted to be a reduction in bed levels in the Frieda River, particularly along 
the reach in the vicinity of AP6 and AP7.  To quantify if these reductions will continue beyond the previously 
simulated 44-year period, an additional simulation extending to 100 years duration was undertaken.  The 
results of the analyses showing the predicted long-term changes in bed levels at AP6 to AP9 are shown in 
Figure 28. 

The results indicate: 

 AP6 ï stabilises around Year 30 of operations with a final minimum channel elevation some 3 m below 
existing level 

 AP7 ï stabilises around 37 years post-closure with a final minimum channel elevation some 1 m below 
existing level 

 AP8 ï stabilises around 17 years post-closure with a final minimum channel elevation some 0.8 m below 
existing level 

 AP9 ï ongoing minor reduction with a final minimum channel elevation around 1.2 m below existing level. 
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Figure 28: Predicted long term changes in bed levels along Frieda River 
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7.2 Overbank flooding and sediment concentration assessment 
7.2.1 Overbank flooding 
Periodic high flows along the lower Frieda and Sepik rivers currently result in overbank flooding and the 
potential for deposition of sediment on adjacent floodplains.  In conjunction with the results of the sediment 
transport analyses, a high-level assessment of the sediment impacts of the Project and its associated 
infrastructure on overbank flooding and likely changes in sediment deposition, particularly along the lower 
Frieda River and Sepik River was therefore undertaken. 

The HEC-RAS modelling undertaken for the sediment transport analyses provides an estimate of flow depths 
within the various river reaches for each simulated discharge and, based on adopted river bank elevations, 
estimates of the durations that overbank flooding will occur.  For these periods associated sediment 
concentrations are also derived in the current sediment transport modelling. 

Ubai/Uba/Nena/Ok Binai/Niar network (upstream ISF) 

The river valleys in the upper catchments (upper Frieda River, Nena River, Ok Binai and Ubai and Uba 
creeks) are deeply incised and negligible overbank flooding occurs. 

Along the Nena River and Ubai Creek the sediment concentrations at higher discharges increase significantly; 
however, as noted above the flows are all contained within the river channels therefore potential risks and 
impacts of overbank sediment deposition occurring along these rivers as a result of the Project are expected 
to be low. 

Frieda/Sepik network (downstream ISF) 

Under future conditions with the ISF in operation, releases from the storage will occur through the diversion 
tunnel prior to the commencement of the hydroelectric power facility operation and via the spillway following 
closure of the mine.  During operation, releases will occur through the hydroelectric power facility. 

As noted in Table 20, the annual outflows from the ISF during operations are estimated to generally range 
between around 6,000,000 ML to 7,000,000 ML.  The maximum daily discharge from the ISF during the 33 
years of operations and 4 years post-closure is predicted to be 272 m3/s.  Assuming the ISF was not 
developed, the maximum daily discharge at the location of the ISF embankment is estimated to be around 
1,107 m3/s.  The hydroelectric power scheme, therefore, provides significant regulation of maximum flows 
immediately downstream. 

The sediment modelling undertaken in the current study indicates annual median sediment concentrations in 
the lower Frieda River during operation will generally range from around 120 mg/L to 200 mg/L.  Comparison 
of sediment concentrations pre-mining and during construction and operation indicates: 

 Upstream of AP7 with the ISF in operation, TSS concentrations during minor overbank flooding 
(discharges with an annual exceedance probability (AEP) of around 5%) would be around 200 mg/L 
compared to the levels under existing conditions of around 320 mg/L. 

 Downstream of AP9 to the confluence of the Frieda and Sepik rivers, sediment concentrations during 
minor overbank flooding (discharges with an AEP of around 27%) could on some occasions increase up 
to around 430 mg/L compared to the current levels of around 300 mg/L. 

To quantify the potential impacts of the Project on overbank flooding and associated overbank sediment 
concentrations an analysis of the frequency water levels is likely to be equalled or exceeded at AP7, AP11 
and AP13 for (i) existing conditions and (ii) with the Project during operation and post-closure, was 
undertaken.  The frequency distributions of water levels under existing conditions and with the Project are 
presented in Figure 29. 
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These results indicate that at AP7 water levels with the ISF in operation are estimated to be lower than under 
existing conditions.  River cross-sectional data indicates overbank flow at this location is likely to occur for 
water levels exceeding around RL 48 m, indicating the frequency of overbank flooding will be significantly 
reduced along the upper reaches of the Frieda River downstream of the ISF with the hydroelectric power 
facility in operation and post-closure.  At AP11 overbank flooding is likely to occur for water levels above 
RL 23 m.  Comparison of the results in Figure 29 shows no difference in the frequency this level is exceeded 
under existing conditions and with the Project in operation indicating the extent and frequency of flooding 
along the lower Frieda River is likely to remain comparable. 

In terms of the Sepik River, the Frieda River catchment only represents around 6% of the combined Frieda-
Sepik river catchment area.  Flows and flood conditions in the Sepik River downstream of the junction with the 
Frieda River are therefore predominantly governed by flows from the upper Sepik River.  The results for AP13 
in Figure 29 indicate there is essentially no change in water levels between the estimates based on existing 
conditions and those with the Project.  As a result, overbank flooding, which would occur when water levels 
exceed around RL 19.7 m, is predicted to remain unchanged around 5% probability of exceedance along the 
Sepik River with the Project operational. 

Hydraulic analyses indicate that during flooding along the Frieda and Sepik rivers in excess of around 80% of 
the flow occurs within the river channel.  Overbank flow as a proportion of the total discharge is therefore low 
and, based on this, it would be expected that sediment loads transported onto the adjacent floodplains will 
also be low.  Therefore, given the relatively low probabilities of overbank flooding along the Frieda river as a 
result of the ISF, the Project is likely to result in reduced sediment deposition and minimal along the lower 
Frieda River.  Adjacent to the Sepik River  there is likely to be minimal change from those observed under 
current conditions. 

The results of the modelling are very much dependent on the accuracy of the available river cross-section 
data.  Given these data along the lower Frieda River were limited to a relatively small number of measured 
sections, the results associated with these analyses and the conclusions drawn should be treated with 
caution.  However, given the floodplains adjacent to the Frieda River are relatively flat it is not considered that 
the interpolation of river cross-sections will lead to any significant inaccuracies. 

Based on the sediment and hydraulic analyses the following findings can be interpreted with regards to risks 
and impacts of overbank flooding and sediment deposition during the operational and post-closure phases of 
the Project: 

 Although sediment concentrations of the river reaches in the upper catchments near the mine area in 
Ubai Creek are predicted to be extremely high (estimated to increase to 20,000 mg/L for short and 
infrequent periods towards the end of construction) the watercourse is located within deeply-incised 
valleys and no overbank flow occurs. 

 There is likely to be a significant increase in bed levels along the Ubai Creek in the immediate vicinity of 
the proposed open-pit and associated infrastructure.  This results from the inflow of mine-related 
sediment coupled with relatively low stream discharges in this area (related to the relatively small 
upstream catchment area).  The localised increases in the vicinity of the open-pit are estimated to be up 
to 4 m over the simulated 44-year period.  As the river channel is located within a well-defined and 
incised valley with no defined floodplains there is negligible likelihood of any overbank flooding even with 
increased bed levels. 
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Figure 29: Frequency of exceedance of water levels at AP7, AP11 and AP13 
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 Along the lower Frieda River (AP6 to AP11) estimated annual median sediment concentrations 
associated with the Project are significantly lower than in the upper catchments.  Following diversion 
tunnel closure, although average annual median sediment concentrations during the Project are 
estimated to be slightly higher than those currently observed (up to around Year 21) at discharges up to 
when overbank flooding commences, higher flows resulting in overtopping are unlikely to occur due to 
the operation of the FRHEP. 

 In the Frieda River immediately downstream of the ISF embankment, hydraulic modelling with the Project 
indicates all flow (and sediment) is likely to be conveyed within the river channel.  In the lower Frieda 
River there is unlikely to be any change to the overbank flooding regime from that estimated under 
existing conditions.  TSS concentrations from around Year 24 of operation also reduce to less than 50 
mg/L and any overbank flow that could occur will therefore result in reduce overbank sediment deposition 
than under existing conditions. 

 Along the Sepik River, overbank flooding is estimated to naturally occur around 5% of the time.  This is 
supported based on discussions with local communities along the Sepik River near its confluence with 
the Frieda River.  It is not possible to more accurately estimate the probabilities due to limitations in the 
available river cross-sectional data and elevations of the riverbanks (used to forecast overtopping).  
Nonetheless, given the very flat longitudinal river gradient and dense undergrowth on the overbank 
areas, in excess of 95% of the total flow is estimated to be conveyed within the Sepik River channel 
during high floods. 

 The estimated suspended sediment concentrations in the Sepik River at AP13 when overbank flooding is 
expected to commence are in the order of 550 mg/L.  This is comparable under both existing conditions 
and with the Project operating.  At more extreme flood discharges with a 1% probability of discharge, 
sediment concentrations only increase to around 1,000 mg/L, again under both existing and Project 
conditions. 

 As almost all flow is conveyed within the river channel (for both the lower Frieda and Sepik rivers) even 
during large floods that are estimated to result in overbank flow the volume of sediment (both natural and 
mine-derived) deposited on the floodplains is estimated to be less than 5% of the total sediment load 
being transported. 

 Based on the estimated daily sediment loads for the Frieda and Sepik rivers derived in the modelling and 
assuming overbank widths on either side of the river channel of 0.5 km and 3 km for the Frieda and 
Sepik rivers, respectively, the average annual depth of sediment deposition is estimated to be negligible 
for the Frieda River and around 1.6 mm for these two rivers. 

7.2.2 Assessment of Project impacts on off-river water bodies 
A number of off-river water bodies (ORWB) are located adjacent to the downstream reaches of the lower 
Frieda River and Sepik River downstream of the Frieda-Sepik river junction.  These are shown on Figure 30 
and include: 

 Lake Warangai and Lake Diawi adjacent to Frieda River, and 

 Lake Warwi, Lake Mhowi, Wasui Lagoon, Amer Lagoon, Biimba Lagoon and Chambri Lakes adjacent to 
the Sepik River downstream of the Frieda River. 
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Source: Frieda River Project: Hydrology and Meteorology Report (SKM, 2011). 

Figure 30: Off-river water bodies along Lower Frieda and Sepik Rivers 
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In addition, oxbow lakes also occur adjacent to the Sepik River. 

Lake Warangai and Lake Diawi are located on the floodplains west and east, respectively, of the Frieda River 
near its junction with the Sepik River.  Lake Warangai is linked to both the Frieda and Sepik rivers by minor 
watercourses with water flowing either to or from the lake depending at river and lake water levels.  Water 
within the lake is largely supplied from its local catchment (around 185 km2) but is occasionally supplemented 
by river flows (SKM, 2011).  Lake Diawi is linked only with the Frieda River. 

As noted in Section 7.2.1 overbank flooding occurs under existing conditions and is predicted to continue to 
occur along the lower reaches of the Frieda River and across the Sepik River floodplain under existing 
conditions. 

During the period of operation and post-closure, the risk of overtopping along the Frieda River immediately 
downstream of the ISF is expected to be significantly reduced due to FRHEP operation.  A similar flooding 
regime to that which currently occurs can, however, be expected during construction, operation and post-
closure in the lower Frieda River and along the Sepik River. 

On an annual basis, overbank flooding probabilities in the lower reaches of the Frieda River as a result of the 
Project are expected to reduce considerably from those currently expected.  However, as noted above, the 
frequency of higher water levels is expected to remain comparable to those currently expected (see 
Figure 29).  Therefore, conditions in the river adjacent to the channels linking the Frieda River with Lake 
Warangai and Lake Diawi are likely to result in inundation to the extent currently observed (both frequency 
and duration).  The impacts of the Project on sediment inflows into Lake Warangai and Lake Diawi from 
Frieda River would, therefore, be expected to be negligible with inflow TSS levels expected to remain 
comparable to those estimated to occur under existing conditions. 

Lake Warangai will continue to be affected by high flood levels in the Sepik River resulting in backwater in the 
Frieda River and channels directly linking the Sepik River to Lake Warangai.  This will not, however, differ 
from existing conditions as the flows from the Sepik River upstream of the Frieda River are not anticipated to 
be affected by the Project. 

In addition, the sediment modelling indicates the sediment concentrations in the Sepik River remain 
comparable to those currently observed.  Modelled flows and sediment concentrations (and hence sediment 
loads) as a result of the Project construction, operation and post-closure remain comparable to those 
predicted under existing conditions; therefore mine-associated impacts to the ORWBs and oxbows along the 
Sepik River are not expected. 

7.2.3 Assessment of infrastructure corridor 
As outlined in Section 5.2.3, estimates of annual sediment loads to the May River and Idam River and 
ultimately the additional loads to the Sepik River as a result of the SIP have been derived.  These were based 
on applying the RUSLE equation in conjunction with the estimated impacted areas along the infrastructure 
corridor, noting that the loads considered a number of factors including likely sidecasting during construction 
of the access road, impacts of revegetation of the impacted areas and reductions in loads actually entering the 
watercourses (i.e. the delivery ratio). 
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Although it is acknowledged that the erosion rates will likely vary along the infrastructure corridor there is 
insufficient information to undertake a more detailed quantitative assessment at this stage of the study.  A 
more conservative approach in which the higher erosion estimates based on steeper terrain and higher rainfall 
intensities (which influence the soil erosivity) that are likely around the upper reaches of the May River 
catchment were assumed for the entire length of the infrastructure corridor.  Also, as mentioned in 
Section 5.2.3, it has been conservatively assumed that once the sediment associated with the impacted area 
along the infrastructure corridor reaches the main watercourses (May, Idam and Sepik rivers) this will remain 
in suspension. 

As outlined in Section 5.2.3, the estimated sediment loads for the infrastructure corridor were: 

 May River: 1.02 Mt 

 Idam River south of Sepik River crossing: 0.94 Mt 

 Faringi, Bapi and Horden rivers north of Sepik River crossing: 2.260 Mt. 

These overall estimated loads were then added to the naturally occurring sediment load derived for the Sepik 
River upstream of its confluence with the Frieda River.  This combined load was then applied in the sediment 
transport modelling for the lower Sepik River. 

In terms of local impacts along the SIP, it is likely that there will be increases in TSS concentrations where the 
infrastructure corridor is aligned along tributaries in the upper reaches of the May River, particularly where the 
infrastructure corridor crosses into and leaves the May River watershed.  This impact will, however, reduce 
closer to Hotmin given the larger natural upslope contributing areas of the May River and higher discharges 
and naturally occurring sediment loads. 

Localised accumulations of coarse sediment could occur in the drainage lines downstream of the construction 
areas and where sidecasting along roads occurs, although the extent of the accumulation will be dependent 
on the effectiveness of the sediment control measures that are implemented.  Coarser material not captured 
by the control measures and potentially entering the drainage lines will almost certainly be deposited locally 
near the infrastructure disturbance source areas, particularly as the river gradients along the infrastructure 
corridor are low and associated transport capacities of the watercourses are insufficient to convey larger 
sediment particles larger than fine sands.  This was identified from a review of the bed material along the 
various watercourses as discussed in Section 6.4.2 and shown in Figure 20.  Where this accumulation does 
occur it is likely to be visible and could lead to some localised impacts.  

Along the infrastructure corridor within the catchments of the Idam, Faringi, Bapi and Horden rivers: 

 Ground slopes are generally flatter and rainfall intensities lower than associated with the more elevated 
areas of the May River catchment through which the SIP corridor passes. 

 Catchment areas of the Idam, Faringi, Bapi and Horden rivers in the vicinity of the SIP infrastructure 
corridor are sufficiently large such that the additional sediment loads as a result of the SIP are negligible 
in relation to natural sediment loads. 

 The road from Green River to Vanimo already exists and will only be upgraded. 

It is therefore unlikely that TSS concentrations along this section of the infrastructure corridor alignment will be 
noticeably higher. 
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7.3 Discussion of modelling results 
Development and operation of the Project is predicted to increase sediment concentrations of downstream 
river systems, particularly in Ubai Creek and Ok Binai and to a lesser extent in the Uba Creek and Nena River.  
The most significant increases are predicted to be in the Ok Binai as a result of ongoing sediment losses from 
the spoil dump adjacent to the limestone quarry and Ok Binai waste dump.  As noted above it is likely that the 
dump will take around 20 years to erode but the sediment will be deposited either within the upper reaches of 
the Ok Binai or within the impounded reach of the Ok Binai.  The modelling indicates that sediment increases 
downstream of the ISF will be more limited due to its capture of the majority of sediment originating from 
upstream, with the annual median TSS concentrations in the Frieda River downstream of the ISF initially 
being higher than under existing conditions, but then reducing considerably below existing levels from Year 24 
of operation onwards. 

Changes in modelled TSS concentrations downstream of the lower Frieda-Sepik River confluence in the Sepik 
River (AP12, AP13 and further downstream near Ambunti) as a result of the Project are negligible.  The 
material being naturally conveyed in the Sepik River comprises extremely fine (clay and silt) material and is 
mostly derived from the upper Sepik River catchment.  Given the transport capacity of the existing Sepik 
River, it is likely that this material (including any mine-derived sediment) will remain in suspension 
downstream of Ambunti and be discharged to the Bismarck Sea.  The likely extent of deposition and/or 
transport along the coast into the ocean will be dependent on local currents and local bathymetry.  However, 
given the minimal change in sediment loads along the section of the Sepik River modelled it is likely Project-
related contributions to this existing coastal transport rate will be negligible.  

Overall, apart from the ISF impoundment (12,400 ha), the total mine-impacted area associated with the 
FRCGP and FRHEP area is around 1,520 ha.  The largest individual components contributing to FRCGP and 
FRHEP area-related sediment will be haul/access roads (260 ha) and spoil dumps (320 ha), excluding the 
open-pits (520 ha).  Water discharged/pumped from the open-pits will be conveyed to a water treatment plant 
prior to release to the downstream environment.  Although a significant proportion of the spoil dumps etc. will 
be inundated when the ISF is impounded, to minimise FRCGP and FRHEP disturbance areas, it is essential 
that these areas are rehabilitated as soon as possible following construction and that local sediment control 
measures be implemented to minimise the sediment load being discharged to the downstream environment. 

The overall sediment load discharged from FRCGP and FRHEP area over the 44-year period is estimated to 
be approximately 34.5 Mt.  This is in addition to sediment occurring from the natural catchment (66 Mt).  Not 
all this material will, however, enter the ISF as some will be deposited and retained in the local watercourses. 

The overall mine-related material entering the sediment inflow to the ISF will therefore comprise: 

i) Sediment from mine disturbed areas: 34.5 Mt (upper estimate assuming none is deposited in local 
watercourses) 

ii) Sediment from local catchments (66 Mt) 

iii) Tailings: 1 493 Mt 

iv) Waste rock: 1 558 Mt. 
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During the initial approximately 5.5 years of the construction period (Years -7 to -2) the upstream flow and 
sediment is conveyed directly downstream past the ISF embankment.  During this time, a sediment load of 
approximately 13 Mt will be released to the upper Frieda River compared to an average estimated natural load 
of 9 Mt over the same period.  At the end of this period the diversion tunnel will be closed and ISF 
impoundment will commence.  The outflow sediment load from the ISF impoundment over the period of 
simulation following closure of the diversion tunnel (29.0 Mt) therefore represents around 1% of the overall 
sediment inflow load, noting this also includes sediment load contribution from the natural catchment.  

8.0 COMMENTS ON MODELLING ASSUMPTIONS 
The hydraulic and sediment analyses for the Project have been undertaken using the HEC-RAS model.  
Although the model is able to estimate the hydraulic and sediment transport characteristics for the river 
network based on flow series at locations within the modelled network, the analyses and associated 
interpreted results should be considered in the context of the modelling limitations and assumptions as 
outlined below: 

 The hydraulic analyses have been based on a combination of topographic information.  LiDAR data were 
used to define sections in the river network within the Nena River catchment including the Ubai and Uba 
creeks.  However, only a limited number of surveyed river cross-sections were available along the lower 
Frieda and Sepik rivers.  These sections only extended to the riverbanks and adjacent floodplain profiles 
were assumed to be generally level.  The surveyed sections were also related through manual 
adjustment to a common datum where necessary and cross-section elevations were adopted based on 
general river slopes. 

 Suspended sediment sampling is available for a number of the watercourses in the Project area.  No bed 
load sampling has, however, been undertaken.  This should be considered in any ongoing sampling 
program to provide an overall estimate of bed loads for the Project area. 

 The assumed composition of bed materials along the various river reaches was based on the results of 
sampling and observations of the river channels during a field inspection undertaken in April 2009.  The 
adopted bed materials were largely based on the armouring observed in the rivers in the upper reaches 
of the catchments during the field visit. 

 The MBST model provides a level of assessment suitable to evaluate more mobile boundary changes.  It 
also allows the simulation of a time series of flows and, provided the simulations are undertaken over a 
sufficient period, changes in sediment transport under a range of flow conditions.  This approach was 
therefore directly suited to simulations over a long period that extended over construction, operation and 
the initial years post-closure. 

 The MBST model is a mobile boundary model where river hydraulics are updated in response to 
sediment deficits and surpluses.  The model therefore accounts for changing conveyance capacities in 
response to sediment fluxes.  The numbers reported should, however, be considered as estimates 
providing reliable general trends and not detailed absolute volumes of deposition or erosion. 

 The modelling has been undertaken assuming the Toffaleti transport function.  Research suggests 
(USACE, 2016) that this is most suitable for river channels comparable to those observed in the 
lower Frieda and Sepik rivers.  Although alternative functions may provide improved simulation of 
sediment transport for different channel and bed characteristics, the analyses indicated the other 
available methods in the MBST model overestimated sediment concentrations by four to five times.  The 
Toffaleti sediment functions were therefore retained to provide a comparative estimate of sediment 
concentrations between current conditions and those anticipated during mining and post-closure. 
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 In lieu of site-specific data to define the primary modelling input parameters, assumptions were made to 
conservatively estimate sediment transport.  The modelling approach and results presented aim to 
provide an indication of the potential scale, magnitude and spatial distribution of sediment related 
changes of the Project.  The analyses have indicated estimated sediment concentrations can vary by a 
factor of four to five times depending on the adopted sediment transport function applied in the 
modelling.  In adopting the Toffaleti transport function, cognisance was given to the following: 

▪ The Toffaleti function better predicted observed sediment concentrations along those river reaches 
simulated based on the available sediment concentration observations at the limited a number of 
stream gauging stations in the Project area. 

▪ The Toffaleti function better predicts sediment loads in rivers with channel characteristics such as the 
lower Frieda River and Sepik River (USACE, 2016). 

▪ Any underestimation in sediment concentration in watercourses discharging into the ISF may have 
some impact on the reservoir modelling undertaken to quantify TSS concentrations from the ISF 
following closure of the diversion tunnel in Year -2 of construction.  The modelling impacts are, 
however, unlikely to be significant as the overall sediment inflow to the storage resulting from 
sediment losses from mining impacted areas are negligible in comparison to the mass of tailings and 
waste rock deposited in the storage. 

 HEC-RAS is a one-dimensional model.  As flow within the river network can be adequately represented 
by this approach this is considered a valid method for the current assessment. 

 The MBST model is event based.  This means that modelling individual daily flow and sediment patterns 
is possible. 

 The MBST model is applicable to river reach-scale processes so the behaviour of an individual meander 
or off-channel watercourse does not impact the average sediment movement along the system. 

 The MBST model simplifies the interactions between hydraulics, sediment transport and channel 
morphology. 

9.0 IMPORTANT INFORMATION 
Your attention is drawn to the document titled ï ñImportant Information Relating to this Reportò, which is 
included in Appendix D of this report.  The statements presented in that document are intended to inform a 
reader of the report about its proper use.  There are important limitations as to who can use the report and 
how it can be used.  It is important that a reader of the report understands and has realistic expectations about 
those matters.  The Important Information document does not alter the obligations Golder Associates has 
under the contract between it and its client. 
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Note: See Figure 8 of Report for site locations 

Source: Hydrobiology Pty Ltd (2009a).  Baseline water monitoring program annual report – December 2007 to December 2008.  
Draft report prepared for Xstrata Frieda River Ltd, April 2009. 
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Note: See Figure 8 of Report for site locations 

Source: Hydrobiology Pty Ltd (2009a).  Baseline water monitoring program annual report – December 2007 to December 2008.  
Draft report prepared for Xstrata Frieda River Ltd, April 2009. 
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TSS Data (2007 Onwards) 

Note that the following data have been provided from the Sentinel data site and no QA of this data has been 
undertaken by Golder Associates. 

Station Date Time 
WQ TSS 
(mg/L) 

Basecamp 26/2/2010 3:45:00 PM 2210 
OLDW25 4/9/2007 9:00:13 AM <2 
RORWB 14/10/2010 12:00:00 PM 65 
W01 2/9/2007 9:00:09 AM <1 
W01 30/11/2007 9:00:00 AM 3 
W01 18/4/2008 9:00:38 AM 4 
W01 30/7/2008 9:01:19 AM <1 
W01 23/10/2008 9:02:01 AM <1 
W01 10/12/2008 9:02:42 AM <2 
W01 21/1/2009 9:00:33 AM 2 
W02 2/9/2007 9:00:22 AM <2 
W02 30/11/2007 9:00:01 AM 5 
W02 18/4/2008 9:00:39 AM 7 
W02 30/7/2008 9:01:20 AM 3 
W02 23/10/2008 9:02:02 AM 6 
W02 10/12/2008 9:02:43 AM 2 
W02 21/1/2009 9:00:14 AM 10 
W02 30/10/2009 2:10:00 PM 1 
W02 25/2/2010 10:00:00 AM 25 
W02 25/4/2010 10:20:00 AM 7 
W03 2/9/2007 9:00:06 AM <2 
W03 30/11/2007 9:00:02 AM 5 
W03 18/4/2008 9:00:40 AM 8 
W03 30/7/2008 9:01:21 AM <5 
W03 23/10/2008 9:02:03 AM 6 
W03 10/12/2008 9:02:44 AM 4 
W03 21/1/2009 9:00:16 AM 8 
W03 30/10/2009 1:21:00 PM 2 
W03 25/2/2010 9:45:00 AM 47 
W03 25/4/2010 10:10:00 AM 3 
W04 2/9/2007 9:00:20 AM 7 
W04 30/11/2007 9:00:03 AM 12 
W04 18/4/2008 9:00:41 AM 16 
W04 30/7/2008 9:01:22 AM 4 
W04 23/10/2008 9:02:04 AM 54 
W04 10/12/2008 9:02:45 AM 50 
W04 21/1/2009 9:00:29 AM 8 
W04 30/10/2009 12:53:00 PM 2 
W04 25/2/2010 9:13:00 AM 52 
W04 25/4/2010 10:00:00 AM 8 
W05 2/9/2007 9:00:05 AM 4 
W05 30/11/2007 9:00:04 AM 23 
W05 18/4/2008 9:00:42 AM 57 
W05 30/7/2008 9:01:23 AM <2 
W05 23/10/2008 9:02:05 AM 32 
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Station Date Time 
WQ TSS 
(mg/L) 

W05 10/12/2008 9:02:46 AM 23 
W05 21/1/2009 9:00:13 AM 37 
W06 2/9/2007 9:00:10 AM 7 
W06 30/11/2007 9:00:05 AM 33 
W06 18/4/2008 9:00:43 AM 61 
W06 30/7/2008 9:01:24 AM <2 
W06 23/10/2008 9:02:06 AM 40 
W06 10/12/2008 9:02:47 AM 39 
W06 21/1/2009 9:00:03 AM 45 
W07 2/9/2007 9:00:15 AM <2 
W07 30/11/2007 9:00:06 AM 1 
W07 18/4/2008 9:00:44 AM 8 
W07 30/7/2008 9:01:25 AM <1 
W07 23/10/2008 9:02:07 AM 2 
W07 10/12/2008 9:02:48 AM <1 
W07 21/1/2009 9:00:25 AM 2 
W07 30/10/2009 1:42:00 PM 1 
W07 25/2/2010 10:15:00 AM 18 
W07 25/4/2010 10:30:00 AM 2 
W08 1/12/2007 9:00:07 AM <1 
W08 18/4/2008 9:00:45 AM 14 
W08 30/7/2008 9:01:26 AM 16 
W08 24/10/2008 9:02:08 AM 4 
W08 8/12/2008 9:02:49 AM 7 
W08 21/1/2009 9:00:00 AM 8 
W09 1/12/2007 9:00:08 AM 8 
W09 18/4/2008 9:00:46 AM 2 
W09 30/7/2008 9:01:27 AM <1 
W09 24/10/2008 9:02:09 AM <1 
W09 8/12/2008 9:02:50 AM <2 
W09 21/1/2009 9:00:01 AM 17 
W10 1/12/2007 9:00:09 AM 5 
W101 31/10/2009 12:49:00 PM 1160 
W101 26/2/2010 8:23:00 AM 3020 
W101 26/4/2010 8:10:00 AM 377 
W102 16/8/2010 12:00:00 PM 55 
W102(TC) 3/11/2009 12:18:00 PM 3 
W103 3/11/2009 12:38:00 PM 817 
W104 3/11/2009 1:00:00 PM 11 
W105 3/11/2009 1:20:00 PM 184 
W106 3/11/2009 1:40:00 PM 58 
W107 3/11/2009 1:57:00 PM 303 
W108 3/11/2009 2:11:00 PM 82 
W109 5/11/2009 3:43:00 PM 1 
W10a 30/7/2008 9:01:28 AM 21 
W10a 23/10/2008 9:02:10 AM <1 
W10a 8/12/2008 9:02:51 AM 14 
W10a 21/1/2009 9:00:17 AM 19 
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Station Date Time 
WQ TSS 
(mg/L) 

W110 5/11/2009 3:08:00 PM 5 
W111 5/11/2009 1:02:00 PM 2 
W112 5/11/2009 2:57:00 PM 6 
W113 5/11/2009 1:38:00 PM <1 
W114 16/10/2010 12:00:00 PM 1680 
W115 16/10/2010 12:00:00 PM <10 
W12A 2/12/2007 9:00:10 AM 5 
W12A 18/4/2008 9:00:48 AM 5 
W12A 30/7/2008 9:01:29 AM 22 
W12A 23/10/2008 9:02:11 AM 2 
W12A 8/12/2008 9:02:52 AM 9 
W12A 21/1/2009 9:00:22 AM 12 
W15 4/9/2007 9:00:16 AM <2 
W15 2/12/2007 9:00:11 AM 7 
W15 17/4/2008 9:00:49 AM 11 
W15 30/7/2008 9:01:30 AM 9 
W15 24/10/2008 9:02:12 AM 4 
W15 8/12/2008 9:02:53 AM 5 
W15 21/1/2009 9:00:41 AM 17 
W16 2/12/2007 9:00:12 AM 2 
W16 18/4/2008 9:00:50 AM 4 
W16 30/7/2008 9:01:31 AM 6 
W16 23/10/2008 9:02:13 AM 1 
W16 8/12/2008 9:02:54 AM 2 
W16 21/1/2009 9:00:26 AM 4 
W17 2/9/2007 9:00:21 AM <2 
W17 30/11/2007 9:00:13 AM 3 
W17 18/4/2008 9:00:51 AM <1 
W17 30/7/2008 9:01:32 AM <5 
W17 23/10/2008 9:02:14 AM <1 
W17 8/12/2008 9:02:55 AM 2 
W17 21/1/2009 9:00:15 AM 4 
W17 30/10/2009 3:17:00 PM <1 
W17 25/2/2010 11:00:00 AM 29 
W17 25/4/2010 11:20:00 AM <1 
W18 2/12/2007 9:00:14 AM 2 
W18 18/4/2008 9:00:52 AM 16 
W18 30/7/2008 9:01:33 AM <2 
W18 24/10/2008 9:02:15 AM 2 
W18 8/12/2008 9:02:56 AM <2 
W18 21/1/2009 9:00:08 AM 4 
W18 25/2/2010 2:27:00 PM 17 
W18 25/4/2010 4:15:00 PM 3 
W19 1/12/2007 9:00:15 AM 2 
W19 18/4/2008 9:00:53 AM 1 
W19 30/7/2008 9:01:34 AM 1 
W19 24/10/2008 9:02:16 AM <1 
W19 8/12/2008 9:02:57 AM 2 
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Station Date Time 
WQ TSS 
(mg/L) 

W19 21/1/2009 9:00:18 AM 9 
W21 2/9/2007 9:00:11 AM 2 
W21 1/12/2007 9:00:16 AM 2 
W21 17/4/2008 9:00:54 AM 4 
W21 30/7/2008 9:01:35 AM <2 
W21 26/10/2008 9:02:17 AM 10 
W21 8/12/2008 9:02:58 AM <2 
W21 21/1/2009 9:00:30 AM 4 
W22 2/9/2007 9:00:14 AM 42 
W22 1/12/2007 9:00:17 AM 11 
W22 17/4/2008 9:00:55 AM 86 
W22 30/7/2008 9:01:36 AM 32 
W22 24/10/2008 9:02:18 AM 320 
W22 8/12/2008 9:02:59 AM 14 
W22 21/1/2009 9:00:09 AM 58 
W22 30/10/2009 3:35:00 PM 78 
W22 25/2/2010 1:43:00 PM 398 
W22 25/4/2010 3:05:00 PM 14 
W23 18/4/2008 9:01:18 AM 70 
W23 30/7/2008 9:01:37 AM 21 
W23 25/10/2008 9:02:19 AM 300 
W23 8/12/2008 9:03:00 AM 8 
W23 21/1/2009 9:00:12 AM 31 
W23 4/11/2009 2:25:00 PM 78 
W23 25/2/2010 1:26:00 PM 449 
W23 25/4/2010 1:55:00 PM 31 
W24 3/9/2007 9:00:12 AM <2 
W24 2/12/2007 9:00:18 AM <1 
W24 18/4/2008 9:00:56 AM 2 
W24 30/7/2008 9:01:38 AM 28 
W24 23/10/2008 9:02:20 AM 2 
W24 8/12/2008 9:03:01 AM <2 
W24 21/1/2009 9:00:42 AM 13 
W25 2/12/2007 9:00:19 AM <1 
W26 3/9/2007 9:00:07 AM 26 
W26 3/12/2007 9:00:20 AM 9 
W26 12/10/2010 12:00:00 PM 36 
W26A 18/4/2008 9:00:57 AM 11 
W26A 30/7/2008 9:01:39 AM 72 
W26A 27/10/2008 9:02:21 AM 19 
W26A 8/12/2008 9:03:02 AM 10 
W26A 21/1/2009 9:00:36 AM 16 
W27 4/9/2007 9:00:19 AM 4 
W27 2/12/2007 9:00:21 AM 8 
W27 17/4/2008 9:00:58 AM 14 
W27 30/7/2008 9:01:40 AM 19 
W27 23/10/2008 9:02:22 AM 10 
W27 8/12/2008 9:03:03 AM 16 
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Station Date Time 
WQ TSS 
(mg/L) 

W27 21/1/2009 9:00:40 AM 11 
W27 31/10/2009 9:23:00 AM 20 
W27 25/2/2010 1:53:00 PM 15 
W27 26/4/2010 2:30:00 PM 3 
W28 2/9/2007 9:00:18 AM <2 
W28 30/11/2007 9:00:22 AM 4 
W28 18/4/2008 9:00:59 AM 3 
W28 30/7/2008 9:01:41 AM 79 
W28 23/10/2008 9:02:23 AM 2 
W28 8/12/2008 9:03:04 AM 4 
W28 21/1/2009 9:00:19 AM 8 
W28 31/10/2009 2:26:00 PM 1 
W28 25/2/2010 10:30:00 AM 12 
W28 25/4/2010 10:50:00 AM 2 
W29 31/8/2007 9:00:01 AM 4 
W29 1/12/2007 9:00:23 AM 1 
W29 17/4/2008 9:01:00 AM 4 
W29 30/7/2008 9:01:42 AM 4 
W29 24/10/2008 9:02:24 AM 2 
W29 8/12/2008 9:03:05 AM 10 
W29 21/1/2009 9:00:35 AM 6 
W29 31/10/2009 10:05:00 AM 72 
W29 25/2/2010 2:09:00 PM 32 
W29 25/4/2010 4:00:00 PM 2 
W29 Duplicate 29/10/2009 10:05:00 AM 62 
W30 31/8/2007 9:00:00 AM 73 
W30 1/12/2007 9:00:24 AM 8 
W31 5/12/2007 9:00:25 AM 2 
W31 18/4/2008 9:01:01 AM 4 
W31 30/7/2008 9:01:43 AM 6 
W31 27/10/2008 9:02:25 AM 119 
W31 8/12/2008 9:03:06 AM 18 
W31 21/1/2009 9:00:31 AM 19 
W31 31/10/2009 12:29:00 PM 7 
W31 26/2/2010 9:13:00 AM 355 
W31 25/4/2010 9:20:00 AM 44 
W32 5/12/2007 9:00:26 AM 325 
W32 18/4/2008 9:01:02 AM 56 
W32 30/7/2008 9:01:44 AM 20 
W32 27/10/2008 9:02:26 AM 72 
W32 8/12/2008 9:03:07 AM 94 
W32 21/1/2009 9:00:02 AM 48 
W33 5/12/2007 9:00:27 AM 31 
W33 18/4/2008 9:01:03 AM 313 
W33 30/7/2008 9:01:45 AM 185 
W33 27/10/2008 9:02:27 AM 876 
W33 8/12/2008 9:03:08 AM 716 
W33 21/1/2009 9:00:39 AM 1040 
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Station Date Time 
WQ TSS 
(mg/L) 

W33 31/10/2009 1:54:00 PM 296 
W33 26/2/2010 9:08:00 AM 496 
W33 26/4/2010 9:00:00 AM 300 
W33 7/8/2010 12:00:00 PM 310 
W34 5/12/2007 9:00:28 AM 239 
W34 18/4/2008 9:01:04 AM 161 
W34 30/7/2008 9:01:46 AM 100 
W34 26/10/2008 9:02:28 AM 228 
W34 8/12/2008 9:03:09 AM 552 
W34 21/1/2009 9:00:21 AM 273 
W34 31/10/2009 2:37:00 PM 142 
W34 26/2/2010 9:49:00 AM 270 
W34 26/4/2010 9:25:00 AM 232 
W34 11/10/2010 12:00:00 PM <10 
W35 18/4/2008 9:01:05 AM 191 
W35 30/7/2008 9:01:47 AM 181 
W35 26/10/2008 9:02:29 AM 280 
W35 10/12/2008 9:03:10 AM 637 
W35 21/1/2009 9:00:00 AM 306 
W35 31/10/2009 2:56:00 PM 387 
W35 26/4/2010 9:50:00 AM 139 
W35 16/8/2010 12:00:00 PM 323 
W36 3/9/2007 9:00:08 AM 95 
W36 3/12/2007 9:00:29 AM 81 
W36 18/4/2008 9:01:06 AM 16 
W36 30/7/2008 9:01:48 AM 131 
W36 26/10/2008 9:02:30 AM 64 
W36 10/12/2008 9:03:11 AM 221 
W36 21/1/2009 9:00:05 AM 29 
W36 31/10/2009 3:15:00 PM 48 
W36 25/2/2010 1:08:00 PM 425 
W36 25/4/2010 2:20:00 PM 343 
W37 5/12/2007 9:00:30 AM 35 
W37 18/4/2008 9:01:07 AM 23 
W37 30/7/2008 9:01:49 AM 50 
W37 26/10/2008 9:02:31 AM 206 
W37 10/12/2008 9:03:12 AM 76 
W37 21/1/2009 9:00:24 AM 51 
W38A 5/12/2007 9:00:31 AM 58 
W38A 18/4/2008 9:01:08 AM 77 
W38A 30/7/2008 9:01:50 AM 82 
W38A 27/10/2008 9:02:32 AM 232 
W38A 10/12/2008 9:03:13 AM 385 
W38A 21/1/2009 9:00:06 AM 40 
W38A 31/10/2009 3:53:00 PM 77 
W38A 26/2/2010 9:35:00 AM 177 
W38A 26/4/2010 10:15:00 AM 9 
W39 5/12/2007 9:00:32 AM 8 
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Station Date Time 
WQ TSS 
(mg/L) 

W39 18/4/2008 9:01:09 AM 18 
W39 30/7/2008 9:01:51 AM 12 
W39 27/10/2008 9:02:33 AM 19 
W39 10/12/2008 9:03:14 AM 23 
W39 21/1/2009 9:00:07 AM 18 
W40 3/12/2007 9:00:33 AM 47 
W40 18/4/2008 9:01:10 AM 18 
W40 30/7/2008 9:01:52 AM 114 
W40 27/10/2008 9:02:34 AM 35 
W40 10/12/2008 9:03:15 AM 20 
W40 21/1/2009 9:00:04 AM 22 
W41 2/9/2007 9:00:17 AM <2 
W41 1/12/2007 9:00:34 AM <1 
W41 17/4/2008 9:01:11 AM 2 
W41 30/7/2008 9:01:53 AM <1 
W41 24/10/2008 9:02:35 AM 2 
W41 8/12/2008 9:03:16 AM <2 
W41 21/1/2009 9:00:23 AM 8 
W41 25/4/2010 3:15:00 PM 2 
W42 31/8/2007 9:00:02 AM 6 
W42 1/12/2007 9:00:35 AM <1 
W42 17/4/2008 9:01:12 AM 9 
W42 30/7/2008 9:01:54 AM 6 
W42 24/10/2008 9:02:36 AM 9 
W42 8/12/2008 9:03:17 AM <2 
W42 21/1/2009 9:00:34 AM 6 
W42 25/4/2010 3:45:00 PM 2 
W43 31/8/2007 9:00:03 AM 10 
W43 1/12/2007 9:00:36 AM <1 
W43 17/4/2008 9:01:13 AM 5 
W43 30/7/2008 9:01:55 AM <1 
W43 24/10/2008 9:02:37 AM 3 
W43 8/12/2008 9:03:18 AM 2 
W43 21/1/2009 9:00:10 AM 4 
W43 31/10/2009 10:24:00 AM 18 
W43 25/2/2010 1:57:00 PM 18 
W43 25/4/2010 3:30:00 PM 2 
W44 1/9/2007 9:00:04 AM <2 
W44 1/12/2007 9:00:37 AM <1 
W44 18/4/2008 9:01:14 AM 2 
W44 30/7/2008 9:01:56 AM <1 
W44 24/10/2008 9:02:38 AM 4 
W44 8/12/2008 9:03:19 AM 2 
W44 21/1/2009 9:00:11 AM 4 
W45 18/4/2008 9:01:15 AM 24 
W45 30/7/2008 9:01:57 AM 80 
W45 26/10/2008 9:02:39 AM 52 
W45 10/12/2008 9:03:20 AM 54 
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Station Date Time 
WQ TSS 
(mg/L) 

W45 21/1/2009 9:00:38 AM 53 
W46 18/4/2008 9:01:16 AM 36 
W46 30/7/2008 9:01:58 AM 296 
W46 26/10/2008 9:02:40 AM 54 
W46 10/12/2008 9:03:21 AM 54 
W46 21/1/2009 9:00:27 AM 40 
W47 17/4/2008 9:01:17 AM 7 
W47 30/7/2008 9:01:59 AM 10 
W48 18/4/2008 9:00:47 AM 11 
W48 30/7/2008 9:02:00 AM 7 
W48 24/10/2008 9:02:41 AM 1 
W48 8/12/2008 9:03:22 AM <2 
W48 21/1/2009 9:00:20 AM 5 
W48 25/2/2010 1:57:00 PM 11 
W48 25/4/2010 11:10:00 AM <1 
W48 10/8/2010 12:00:00 PM 19 
W49 10/12/2008 9:03:23 AM 74 
W50 8/12/2008 9:03:24 AM 86 
W50 26/2/2010 9:20:00 AM 281 
W50 26/4/2010 9:10:00 AM 588 
W51 27/2/2010 9:30:00 AM 87 
W51 27/4/2010 10:00:00 AM 75 
W53 21/1/2009 9:00:28 AM 96 
W54 21/1/2009 9:00:37 AM 235 
W54 3/11/2009 1:10:00 PM 106 
W54 26/2/2010 8:47:00 AM 905 
W54 26/5/2010 8:30:00 AM 421 
W60 26/2/2010 10:27:00 AM 163 
W60 26/4/2010 9:40:00 AM 161 
W60 7/8/2010 12:00:00 PM 228 
W61 27/2/2010 8:30:00 AM 97 
W61 27/4/2010 9:10:00 AM 98 
W62 27/2/2010 9:46:00 AM 10 
W62 27/4/2010 9:45:00 AM 7 
W62 10/10/2010 12:00:00 PM <5 
W63 27/2/2010 10:03:00 AM 101 
W63 27/4/2010 12:40:00 PM 54 
W64 27/2/2010 11:20:00 AM 242 
W64 27/4/2010 12:15:00 PM 138 
W64 Duplicate 27/2/2010 11:20:00 AM 182 
W65 27/2/2010 1:18:00 PM 228 
W65 27/4/2010 11:30:00 AM 111 
W70 27/8/2010 12:00:00 PM 30 
W71 25/4/2010 2:45:00 PM 39 
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-7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

90% Exceedance 173 253 237 228 219 209 204 198 194 186 188 188 184 179 177 175 173 174 170 172 173 172 169 170 167 170 169 170 169 170 170 174 171 171 170 169 172 166 168 167 166 161 160 149

50% Exceedance 190 312 291 272 248 231 217 211 203 194 193 191 188 184 182 181 180 179 174 177 176 176 173 175 175 177 176 176 175 175 176 178 175 177 175 175 177 177 172 172 171 169 167 163

10% Exceedance 216 466 426 377 341 304 277 254 237 218 242 210 227 209 197 194 197 198 198 190 190 201 186 190 188 202 195 189 188 195 189 192 192 197 187 205 191 192 189 186 181 186 186 182
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90% Exceedance 315 514 473 10 8 24 9 8 8 15 8 12 9 7 8 8 9 8 7 9 8 8 7 7 9 9 8 9 8 8 7 14 8 8 9 7 10 7 7 8 10 9 7 7

50% Exceedance 582 1029 684 542 353 732 252 215 160 152 183 186 132 99 119 122 116 154 111 127 124 102 64 76 103 86 85 95 61 87 72 88 71 95 82 53 93 71 51 49 65 64 56 44

10% Exceedance 920 2007 1924 1444 1344 2630 925 787 772 688 517 478 543 515 561 514 418 541 505 509 483 459 499 460 429 417 460 427 475 483 381 326 353 258 327 320 375 299 292 303 302 319 235 213
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90% Exceedance 35 190 278 462 561 1449 648 581 339 382 175 173 144 243 124 111 166 214 212 200 191 192 201 187 185 174 162 143 117 62 62 65 63 63 201 228 202 66 63 64 60 54 48 41

50% Exceedance 281 1175 1230 1206 1300 2954 1256 1055 432 637 399 379 340 385 301 272 272 320 368 312 318 312 342 316 268 222 206 192 209 253 88 86 214 205 342 366 271 236 232 98 88 81 74 65

10% Exceedance 1671 6170 6200 5936 5169 1229 3053 3256 3405 2813 2296 2346 1650 1415 1499 1166 1155 1165 1151 1074 1121 1279 1106 986 1327 1099 1139 936 1310 1381 1285 832 1272 1137 1006 592 831 798 974 1678 1050 485 282 670
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-7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

90% Exceedance 181 253 238 317 244 30 26 36 76 126 124 98 91 123 120 122 98 101 175 182 188 222 205 173 178 165 159 110 108 98 98 102 86 66 25 26 30 29 24 30 23 20 17 20

50% Exceedance 272 299 282 713 515 132 42 65 126 145 157 124 125 140 173 165 119 157 196 199 218 235 221 195 188 175 198 123 115 108 106 110 96 73 31 30 36 35 31 45 28 19 24 27

10% Exceedance 434 421 399 2252 1350 898 51 87 158 175 188 175 161 162 233 227 148 194 219 215 244 249 240 218 193 191 216 225 122 116 115 117 115 93 72 39 46 46 40 40 36 33 32 38
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90% Exceedance 196 290 257 331 245 30 24 36 75 126 124 98 91 124 120 122 99 102 176 184 190 224 211 178 183 167 162 113 109 100 99 103 102 84 36 35 35 33 28 34 26 26 19 22

50% Exceedance 279 341 301 767 518 132 41 65 125 145 156 124 124 140 173 165 119 157 197 200 220 240 226 193 193 177 200 136 118 110 109 111 111 93 42 39 42 40 35 48 31 22 26 29

10% Exceedance 431 473 427 2162 1334 916 50 86 157 175 187 175 160 161 232 226 148 194 220 217 245 255 245 225 198 195 218 226 125 119 117 118 118 116 86 46 52 51 44 40 39 35 34 40
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-7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

90% Exceedance 180 260 245 327 235 28 22 35 77 129 127 100 93 126 123 125 100 104 179 186 192 226 199 170 179 166 162 112 108 100 99 104 88 67 24 26 29 29 24 30 22 20 17 20

50% Exceedance 263 307 289 762 515 128 40 66 128 147 160 126 127 143 177 168 122 160 202 203 226 234 214 192 189 175 199 124 116 109 109 112 97 74 31 30 36 35 31 45 28 19 24 27

10% Exceedance 408 438 414 2485 1398 912 49 87 161 179 191 182 164 167 238 232 152 199 224 221 249 243 231 216 193 193 218 226 123 118 117 118 117 95 73 39 46 46 41 42 36 33 33 38

1

10

100

1,000

10,000

TS
S 

(m
g/

L)

Frieda River - AP6

90% Exceedance

50% Exceedance

10% Exceedance



Appendix C: Estimated Annual Variations in TSS Levels 

 

1778839-001-R-Rev3 

 

 
 3 

 

 

-7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

90% Exceedance 201 288 258 332 265 54 43 43 80 128 125 99 92 124 121 122 98 102 176 184 190 224 212 179 184 169 163 113 110 101 100 104 104 87 38 37 38 36 31 35 27 26 19 23

50% Exceedance 283 343 302 788 526 156 53 72 128 147 157 125 125 141 173 165 119 156 197 199 220 240 227 195 193 179 201 135 118 110 109 112 112 96 45 41 45 43 38 50 32 22 26 29

10% Exceedance 442 472 428 2249 1325 954 62 93 160 177 188 175 161 162 232 226 148 194 220 217 245 255 245 225 199 196 219 225 125 119 117 119 120 119 89 49 55 53 48 44 40 35 34 40
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90% Exceedance 199 270 245 310 300 60 61 59 89 138 128 102 94 121 117 120 98 100 166 174 181 208 200 170 175 163 157 110 109 101 99 103 100 85 40 38 39 39 34 39 29 28 22 26

50% Exceedance 318 366 298 606 533 152 76 112 138 156 161 125 125 137 165 161 119 151 188 190 210 229 217 187 185 174 187 141 115 109 108 109 110 101 76 45 48 48 43 56 36 32 30 36

10% Exceedance 482 499 421 1790 1229 876 144 139 182 185 193 182 160 160 224 220 146 187 216 208 237 246 237 220 194 192 212 216 122 122 119 116 120 126 89 57 61 67 61 55 52 63 55 54
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-7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

90% Exceedance 38 44 38 47 73 28 19 36 50 72 63 54 63 58 80 64 55 79 84 118 117 106 137 92 112 114 100 102 86 78 68 83 83 69 44 41 40 42 39 39 34 34 34 37

50% Exceedance 267 229 289 301 498 142 98 114 138 181 185 128 136 146 164 183 142 162 209 209 227 243 240 190 189 177 187 149 122 114 114 116 120 105 71 49 50 52 48 53 42 39 63 63

10% Exceedance 556 716 527 2039 1247 797 141 150 212 259 255 236 207 205 255 283 210 235 288 250 286 310 287 275 229 222 247 233 156 154 163 150 158 159 111 70 73 78 79 80 139 86 159 135
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-7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

90% Exceedance 172 142 133 144 165 91 90 82 88 84 89 97 87 91 93 110 107 100 114 106 108 118 114 109 102 98 105 89 82 84 82 87 84 84 81 71 65 73 77 75 58 72 77 76

50% Exceedance 274 231 224 222 254 209 158 123 128 124 125 164 121 129 129 176 177 144 167 138 143 179 153 177 131 125 157 131 115 120 138 119 146 160 130 110 100 146 136 118 88 149 147 142

10% Exceedance 493 435 486 393 472 413 418 346 372 285 346 433 338 340 315 443 447 325 417 303 332 382 328 416 342 338 365 314 331 393 382 344 350 381 408 296 304 373 374 300 323 464 340 346
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90% Exceedance 204 175 156 178 192 126 121 119 121 135 134 135 124 119 117 131 141 130 134 129 129 134 137 119 115 110 124 111 98 98 102 110 109 108 106 94 98 111 99 87 84 99 109 92

50% Exceedance 279 242 241 257 272 226 194 172 189 176 176 199 164 161 160 198 229 197 195 172 175 229 202 203 162 153 174 158 149 149 170 164 179 214 181 150 146 184 173 145 131 185 181 182

10% Exceedance 525 440 509 409 528 443 496 394 416 329 413 548 388 370 308 510 512 347 443 321 355 430 375 463 344 334 380 346 334 427 383 339 385 452 410 298 333 405 384 298 332 456 349 354
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 Error! Unknown document property name.          Page 1 of 1 
 GAP Form No. LEG04 RL2 

5/2018 

The document (“Report”) to which this page is attached and which this page forms a part of, has been issued 
by Golder Associates Pty Ltd (“Golder”) subject to the important limitations and other qualifications set out below. 

This Report constitutes or is part of services (“Services”) provided by Golder to its client (“Client”) under and subject 
to a contract between Golder and its Client (“Contract”). The contents of this page are not intended to and do not 
alter Golder’s obligations (including any limits on those obligations) to its Client under the Contract. 

This Report is provided for use solely by Golder’s Client and persons acting on the Client’s behalf, such as its 
professional advisers. Golder is responsible only to its Client for this Report. Golder has no responsibility to any other 
person who relies or makes decisions based upon this Report or who makes any other use of this Report. Golder 
accepts no responsibility for any loss or damage suffered by any person other than its Client as a result of any 
reliance upon any part of this Report, decisions made based upon this Report or any other use of it. 

This Report has been prepared in the context of the circumstances and purposes referred to in, or derived from, 
the Contract and Golder accepts no responsibility for use of the Report, in whole or in part, in any other context 
or circumstance or for any other purpose. 

The scope of Golder’s Services and the period of time they relate to are determined by the Contract and are subject 
to restrictions and limitations set out in the Contract. If a service or other work is not expressly referred to in 
this Report, do not assume that it has been provided or performed. If a matter is not addressed in this Report, 
do not assume that any determination has been made by Golder in regards to it. 

At any location relevant to the Services conditions may exist which were not detected by Golder, in particular due to 
the specific scope of the investigation Golder has been engaged to undertake. Conditions can only be verified at the 
exact location of any tests undertaken. Variations in conditions may occur between tested locations and there may 
be conditions which have not been revealed by the investigation and which have not therefore been taken into account 
in this Report. 

Golder accepts no responsibility for and makes no representation as to the accuracy or completeness of the 
information provided to it by or on behalf of the Client or sourced from any third party. Golder has assumed that such 
information is correct unless otherwise stated and no responsibility is accepted by Golder for incomplete or 
inaccurate data supplied by its Client or any other person for whom Golder is not responsible. Golder has not taken 
account of matters that may have existed when the Report was prepared but which were only later disclosed to 
Golder. 

Having regard to the matters referred to in the previous paragraphs on this page in particular, carrying out the 
Services has allowed Golder to form no more than an opinion as to the actual conditions at any relevant location. 
That opinion is necessarily constrained by the extent of the information collected by Golder or otherwise made 
available to Golder. Further, the passage of time may affect the accuracy, applicability or usefulness of the opinions, 
assessments or other information in this Report. This Report is based upon the information and other circumstances 
that existed and were known to Golder when the Services were performed and this Report was prepared. 
Golder has not considered the effect of any possible future developments including physical changes to any 
relevant location or changes to any laws or regulations relevant to such location. 

Where permitted by the Contract, Golder may have retained subconsultants affiliated with Golder to provide some 
or all of the Services. However, it is Golder which remains solely responsible for the Services and there is no 
legal recourse against any of Golder’s affiliated companies or the employees, officers or directors of any of them. 

By date, or revision, the Report supersedes any prior report or other document issued by Golder dealing with any 
matter that is addressed in the Report. 

Any uncertainty as to the extent to which this Report can be used or relied upon in any respect should be 

referred to Golder for clarification 
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